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Abstract 

The historical sources on medieval Greek diet provide extensive information on 

the identity of foods consumed, but are less informative regarding the proportions in 

which they were consumed. Thus, there are a number of outstanding questions regarding 

diet in medieval Greece. These include the importance of animal proteins, especially 

marine resources, the importance of maize and millet, and the existence of ethnic or 

gender variation in food use. This dissertation sheds light on these issues through 5 1 3 C 

and 5 1 5 N analysis of archaeological human remains. 

Collagen and carbonate stable isotope analyses are performed on human bone 

from ten medieval and early modern Greek cemeteries, representing Greek Orthodox, 

Frankish and Ottoman Muslim populations. The results do not support extensive legume 

use by any of the populations. Instead, the diet likely included substantial amounts of 

animal protein, perhaps in the form of dairy products and eggs. There is no evidence for 

general marine dependence by any of the ethnic groups. However, a relationship 

between collagen 5 I 3 C and 5 1 5 N values in two island populations likely reflects the 

consumption of some marine resources. Carbonate 5 C values suggest reliance on C3 

grains, with supplementary consumption of C4 grains. This consumption is greatest in 

Ottoman groups, perhaps reflecting the introduction of maize to the Mediterranean at that 

time. Ottoman 5 1 3 C and 5 1 5 N values are also more variable than those of earlier groups; 

this may reflect increased population movement in the Ottoman era. 

The dissertation also addresses issues in the preparation of archaeological bone 

carbonates. The results of an experiment examining the effects of different acid 

treatment solution concentrations and treatment times on samples indicate that shorter 

treatment with a more dilute solution will produce more dependable data. They also 

suggest that differences in solution concentration lead to systematic differences in sample 

S 1 3 C; this has implications for the comparison of data in the literature. Finally, the dry 

yield by weight of the preparation process is shown to serve as a proxy of bone organic 

content. As such, this measure has potential value as an indicator of sample quality. 
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Chapter 1: Introduction 

This dissertation examines questions of resource use in medieval and Ottoman 

Greece using stable isotope analysis of human bone. In the medieval period (taken here 

to span the twelfth through fifteenth centuries CE), many areas of Greece passed from 

Byzantine rule to that of the Frankish Crusaders. At the end of this period, most of the 

region became part of the Ottoman empire, and remained so until the nineteenth century. 

In recent years, research into the era has shown an increasing interest in the implications 

of these transitions for questions of ethnic identification, cultural cross-influences, and 

aspects of daily life such as diet (e.g. Paviot 1991; Lock 1995; Iveson 1996; Greene 

2000). This coincides with a more general interest in diet, ethnicity, class, gender, and 

other aspects of daily life in the medieval Eastern Mediterranean (e.g. Ciggaar 1996; 

Cavallo 1997). The research in this dissertation is conducted in a similar spirit. 

As with many historical cultures, there is a wealth of sources available on diet in 

medieval Greece. These paint a general picture of a diet based on Braudel's 

Mediterranean trinity of grain, olive oil and wine (1966), supplemented to a varying 

extent with other foods. However, examination of the sources shows that there are a 

number of important outstanding questions related to resource use in the period. Two of 

these are general in nature. First, the amount of animal resources consumed is unclear. 

The historical sources allow for radically different interpretations of the role of these 

resources to the 'typical' medieval Greek diet. These range from an image of medieval 

diets as dominated by bread, oil, wine and legumes, with animal resources eaten very 

rarely, to an image in which animal resources, especially dairy products and eggs, were 

extremely important. The second question regarding medieval Greek diets in general 

deals with the importance of marine resources. These may have been consumed as an 

occasional luxury; however, there is also evidence to support an assertion that fish and 

other marine resources were an important staple in medieval Greek diets, especially 

during fasts. This question has also been raised for other eras of Greek history (Gallant 

1985; Powell 1996), and is of considerable interest as it impacts the broader topics of the 

economic importance of fishing and of trade in preserved fish. Thus, there is a 
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fundamental uncertainty about diet in medieval Greece. While it is clear that the daily 

diet was based on bread, the day-to-day use of animal products, especially fish and other 

marine resources, is less clear. In its way, the major problem in medieval Greek diets is 

one of loaves and fishes. 

Apart from these uncertainties, there are a number of other interesting questions 

to be answered. The first relates to the type of grains typically consumed. Documentary 

evidence indicates that wheat and barley were the primary medieval grains. However, 

they were supplemented by others, including millet. Some historical sources suggest that 

millet was most important as a fodder and famine food; however, others suggest 

significant consumption by humans under normal conditions. A related question is 

whether grain use patterns shifted significantly after the introduction of maize to the 

region in Ottoman times. The latter question is of particular interest, as it falls in with the 

recent attention given to the integration of New World cultivars into Old World 

subsistence systems (Andrews 1993). 

Another question relating to variation within the general medieval Greek diet is 

that of differential access by men and women to valued foods such as fish and meat. 

Much attention has recently been focused on the lives of women in Byzantine times (e.g. 

Talbot 1993; Garland 1999). Given the power relationship between men and women in 

medieval Greece, and the association of some foods with power and privilege, it is 

appropriate to ask whether male and female consumption of these foods differed 

significantly. However, the historical sources, though offering suggestive clues, do not 

answer this question. 

A final outstanding question that remains after the historical sources have been 

consulted is whether significant differences were seen between Greek Orthodox 

Christians, Ottoman Muslims and Franks in terms of resource use, and especially in terms 

of the consumption of meat and marine resources. The sources provide some indication 

that such differences did in fact exist, with Greek Christian populations more heavily 

dependent on marine resources and Frankish Western Europeans more heavily dependent 

on meat. However, it may also be argued that these apparent differences stem from 
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biases in the historical documents. This question fits into the current interest in ethnicity 

in medieval Greece in general that was described above. 

Answers to these outstanding questions on medieval Greek diets would shed light 

not only on resource use and subsistence, but also on questions of ethnic variation and 

gender equity in the medieval Eastern Mediterranean. This dissertation attacks all of 

these problems from a novel direction by using stable isotope analysis of human remains 

to reconstruct resource use in medieval Greek communities. Due to the patterns of stable 

carbon and nitrogen isotope distribution in the biosphere, the use of the key resources 

discussed in the questions posed above - animal protein, marine resources and grains 

such as millet and maize - can be assessed through the stable isotope analysis of 

archaeological human bone. Such an analysis offers data that are, in a way, 

complementary to those offered by historical sources. While historical sources offer the 

best detail in terms of the dietary items used but are less informative in terms of the 

relative importance of these resources, stable isotope data are strongest in the latter area. 

Thus, an integrated approach using both sources of information promises to provide a 

superior understanding of past diets. In recent years, an increasing number of studies 

have applied archaeological stable isotope analysis to cultures whose diets are already 

witnessed by historical documents (e.g. Iacumin et al. 1996; Mays 1997; Schutkowski et 

al. 1999; Katzenberg et al. 2000; Dupras et al. 2001). This growing literature offers the 

potential to significantly improve our understanding of diet and resource use in historical 

societies. By extending this approach to medieval Greece, the current study adds to the 

literature by offering insight into a region of historical Europe largely unexamined before 

this time. 

Archaeological stable isotope reconstruction is based on the response of bone 

8 1 3 C and 5 1 5 N to the patterned 5 1 3 C and 5 I 5 N differences in classes of foods. These 

patterned differences include distinctions between C4 plants such as maize and millet and 

most other plants consumed by humans, between marine and terrestrial resources, and 

between legumes and animal resources in general, which allow the questions of interest 

to this study to be addressed. According to current understanding of carbon in 
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mammalian bone, bone collagen 8 1 3 C primarily reflects the 5 i 3 C value of protein in the 
13 13 

diet. In contrast, the 5 C value of bone carbonate reflects the bulk 6 C of the diet. This 

relationship has been utilized by several studies in recent years to allow the separate 

reconstruction of dietary protein and bulk diet 5 I 3 C for past human populations. The 

combination of 8 1 3 C and 8 1 5 N analysis of collagen with 8 1 3 C analysis of carbonate has 

proven especially useful in cases where the addition of a small amount of maize or 

similar plants to a diet dominated by other resources is suspected (Norr 1995; Ambrose 

et al. 1997; Harrison 2000). It is thus appropriate to the research questions addressed 

here. 

This study analyses bone collagen and bone carbonate from a large sample of 

archaeological human remains from the medieval and Ottoman periods. In all, material 

from six sites is included, representing ten populations: medieval Greek Orthodox 

burials from the Athenian Agora, Frankish and Ottoman burials from Corinth, medieval 

and Ottoman burials from Mitilini (Lesvos), Greek Orthodox burials of the Early 

Christian and medieval eras at Nemea, and medieval Greek Orthodox burials from Petras 

(Siteia, Crete) and the kastron of Servia. The selection of sites represents a varied survey 

of Greek Orthodox burials designed to capture geographical variability, especially that 

between coastal and inland areas; the Ottoman and Frankish burials are then compared to 
13 15 

these to address questions of ethnic variation. To place the human 8 C and 8 N values 

in context, 8 1 3 C and 8 I 5 N values for archaeological faunal remains, modern marine 

organisms and dairy products are combined with literature values to create a 

reconstruction of 8 1 3 C and 8 1 5 N in medieval food items to which the human bone values 

may be compared. 

The reconstructed 8 , 3 C and 8 1 5 N values of medieval foods suggest little isotopic 

variation among terrestrial resources, with the exception of C4 grains, which are set apart 

by their 8 I 3 C values. The 8 1 3 C and 8 1 5 N values of most marine resources distinguish 

them from terrestrial resources; however, marine organisms of low trophic level have 

8 1 5 N values similar to those of domesticated animals. Thus, while the dietary questions 

posed for this study may be resolved through 8 1 3 C and 8 1 5 N analysis, there is a potential 
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difficulty in differentiating purely terrestrial-based diets from diets also including smaller 

amounts of marine resources, especially those of low trophic level. This difficulty may 

partially be eliminated by looking for a positive relationship between collagen 8 1 3 C and 

5 1 5 N values, as such a relationship is expected in populations eating significant amounts 

of marine foods. 
13 

Human carbonate 5 C values suggest a primary reliance on C3 grains by all 

groups. However, C4 grains were also consumed. The dietary importance of C4 grains 

varies from site to site; as will be seen, the pattern of this variation may reflect the status 

of millet as a less preferred grain, as well as the adoption of maize in the Ottoman era. 

In general, human collagen 5 1 3 C and 5 1 5 N values suggest that medieval and 

Ottoman Greek diets included substantial amounts of animal products; a primary 

dependence on grain and legume protein is unlikely. As will be discussed, the relative 

patterning of collagen 8 1 3 C and 5 , 5 N at most sites does not suggest primary reliance on 

marine resources. Instead, the general pattern best fits a reconstructed diet in which a 

primary base of grain, olive oil and wine was supplemented by large amounts of 

terrestrial animal protein, possibly in the form of meat but more plausibly in the form of 

dairy products and eggs. An exception to this general pattern is seen in two of the island 

populations, both of which appear to have supplemented this land-based diet with marine 

resources. 

No overall gender patterning is seen in the remains. This may reflect a true 

gender equity in access to valued foods. However, it may also be due to a pattern in 

which men and women ate different foods, with women consuming more dairy resources 

in place of meat. These two scenarios cannot easily be resolved since, in this study area, 
13 15 

dairy resources and meat appear to have had similar 5 C and 5 N values. 

No systematic differences are seen between Frankish and Greek Orthodox 

populations; in these groups, the dietary base seems to have been similar. However, 

statistically significant differences are seen between the Ottoman Muslims and the earlier 

populations. Ottoman collagen and carbonate 5 1 3 C values are significantly more positive, 

a difference likely relating to C4 grain consumption. As well, there is a significant 
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increase in 8 1 3 C and 5 5 N variability in the Ottoman groups. It will be argued that this 

likely reflects the greater population mobility that historical sources document for the 

Ottoman Muslim population. This finding illustrates the potential power of stable isotope 

analysis as a tool for studying mobility in other Mediterranean populations. 

While paired collagen and carbonate analysis has considerable potential for the 

reconstruction of past diets, its accurate use requires a dependable set of methods for the 

preparation of bone carbonate samples and the assessment of diagenetic alteration in bone 

mineral. Here we come to the second focus of the dissertation, which is methodological 

in nature. The current literature shows considerable variability in both the acid solution 

used for carbonate sample preparation and the treatment time used. As overly harsh acid 

treatment can impact bone carbonate sample quality, it is important to determine the 

minimum acid solution concentration and treatment time necessary for sample 

preparation. This dissertation presents the results of a carbonate preparation experiment 

designed to study the effects of changes in acetic acid solution concentration and 

treatment time on bone carbonate. Its results suggest that a reduction in solution 

concentration and treatment time will produce more dependable carbonate data. 

However, a caution also emerges: changing the concentration of the treatment solution 

appears to lead to systematic differences in sample 8 1 3 C values. This has important 

implications for the comparison of data sets in the literature. 

In the course of the analysis, the performance of two potential measures of 

carbonate preservation is also evaluated. One of these, sample 5 l s O value, has been 

suggested by prior researchers as a potentially valuable indicator of preservation in bone 

carbonate 5 1 3 C analysis (Wright and Schwarcz 1996). The other indicator is 'mineral 

yield', a novel measure defined in the course of the carbonate preparation experiment. It 

will be seen that the performance of 5 1 8 0 values is ambiguous, likely due to the complex 

behaviour of carbonate 5 l s O within and between sites. However, mineral yield shows 

good performance as a preservation indicator, allowing suspect samples to be discarded 

from the data set at several sites. 
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In all, the analyses in this work contribute to both our knowledge of medieval 

Greece and the methodology of dietary reconstruction using stable isotopes. The results 

illustrate the potential value of stable isotope analysis to offer insight into past Greek 

lifeways, not only in terms of diet, but also in terms of the movement of populations. In 

the future, stable isotope work will likely add significantly to our understanding of the 

Greek past. 

Information in the work will be presented as follows: 

Chapter 2 presents a historical context for the work. It begins with a brief 

background review of Greek history in the period of interest. It then passes to a 

discussion of available sources of information on Greek medieval diets, and of some of 

their limitations. Following this is a synopsis of the evidence available for the use of 

various foodstuffs in the period, along with a review of the evidence, such as it is, for 

their nutritional roles in the diet. Evidence for cultural, temporal and gender variability in 

medieval Greek diets is also reviewed. The chapter concludes with a summary of diet in 

medieval Greece as it is currently understood. In this summary, the dietary questions at 

the heart of this dissertation are posed. 

Chapter 3 provides the technical and theoretical background to the work. The 

bulk of the chapter consists of a review, on a general level, of the behaviour of the stable 

isotopes of carbon and nitrogen in biological systems. This is followed by a discussion of 

some of the specific problems and concerns involved in tracing stable isotopes from 

human diet to human bone. The chapter concludes with a brief history of the use of 

stable isotope analysis in archaeological dietary reconstruction, and some comments on 

current directions in the field. 

In Chapter 4, a series of burial populations appropriate to examining medieval 

Greek diets is chosen. The sampling rationale for the project is discussed, and the chosen 

sites are presented. Each site chosen is outlined in terms of its location, available natural 

resources, excavation history and specific historical context, and sample collection is 
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described. The chapter ends with a discussion of other samples, both archaeological and 

modern, collected to establish local foodweb values. 

Chapter 5 deals with the choice of sample processing methods and sample quality 

indicators. It begins with a discussion of current theory on the process of bone 

diagenesis. This is followed by a description of the chosen methods for collagen sample 

processing and quality control. The topic then passes to sample processing methods and 

quality indicators currently in use for archaeological bone carbonate. The carbonate 

preparation experiment is described, its results are presented, and their implications for 

carbonate work - both in this project and in general — are discussed. The chapter ends 

with a description of the chosen carbonate processing method and quality indicators. 

Chapter 6 addresses the results of the analysis in terms of evidence for diagenetic 

alteration of collagen and carbonate in the archaeological bone samples. Values obtained 

for sample quality indicators are presented, and their implications are discussed. In 

general, bone collagen shows little sign of alteration. In contrast, carbonate samples 

show clear signs of diagenetic alteration at some sites, and their interpretation is more 

challenging. The discussion of the carbonate samples deals mainly with the choice of a 

dependable data set for this study, but also touches on the implications of the data for 

archaeological carbonate research in general. By the end of the chapter, data sets whose 

5 1 3 C and 5 I 5 N values may confidently be interpreted in terms of original tissue values 

have been chosen. 

Chapter 7 discusses food stable isotope values. This begins with the 

reconstruction of probable stable isotope values for foods that, based on the historical 

data, were likely important to the medieval diet. In the second portion of the chapter, 

these values are combined with historical data from Chapter 2 to suggest values for a 

series of hypothetical diets. These diets serve as illustrations of expected 5 C and 5 N 

values for various diets suggested by the historical sources. They also lend perspective to 

the analysis, addressing the questions of how much isotopic change might be expected 

from a given dietary shift. The questions posed at the end of Chapter 2 are then revisited 

in terms of expected human bone 5 I 3 C and 5 1 : >N values. 
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Chapter 8 presents the stable isotope values obtained for human remains. This 

discussion passes from an outline of the general pattern seen in the burials to a discussion 

of the individual sites. This presentation documents site-by-site stable isotope values, as 

well as internal variation. Following this, variation between sites is discussed. 

Differences in mean values and dispersion are addressed, and statistical analyses are 

performed to test the significance of differences seen. 

In Chapter 9, the dietary implications of the human values presented in Chapter 8 

are discussed in the context of the foodweb values determined in Chapter 7. Discussion 

begins with comments on the values in general, comparing them to those seen in other 

European agricultural groups and proposing likely diets for the majority of populations. 

After this, the topic turns to the dietary implications of between- and within-site 

variability. Various interpretations for the high variability seen in the Ottoman 

populations are considered, and it is argued that the scatter suggests significant residential 
1 T 

mobility in these groups. Internal patterning is also discussed, with an emphasis on 8 C 

values and nursing in infants. Values obtained in this study are then compared to 

literature values for Greek communities in other eras. Finally, the questions that were set 

out in Chapter 2 regarding medieval Greek diet are revisited, and the answers offered by 

stable isotope analysis are discussed. 

Chapter 10 summarizes the important findings of this research project, and points 

to possible directions for continuing research. These findings are not limited to aspects 

of medieval Greek diets: significant information has also been recovered on broader 

aspects of human 8 1 3 C and 8 1 5 N variation, and on aspects of archaeological bone 

carbonate preparation and bone carbonate diagenesis. 
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Chapter 2: Diet in Medieval Greece: A Historical Perspective 

This chapter lays the groundwork for the isotopic exploration of Greek diet that 

will follow in the rest of the dissertation. In order for stable isotope analysis to 

realistically examine medieval Greek diets, it must be rooted in a thorough understanding 

of these diets as understood through the historical sources. This chapter offers a 

reconstruction of medieval Greek diet using these sources. It draws special attention to 

places in which our knowledge is incomplete. In many of these cases, this 

incompleteness stems from the nature of the available data, which offer more complete 

information on the identity of resources used and the social values attached to them than 

on their nutritional importance. It is in these areas that stable isotope analysis of human 

remains offers a truly new perspective, and the promise of significant improvement in our 

understanding of life in medieval Greece. 

While the focus of the chapter will be dietary reconstruction, it begins with a brief 

historical sketch of the time of interest. The purpose here is twofold. First, the section 

will serve as an introduction to medieval and early modern Greece, its political situations 

and its peoples for the reader who is unfamiliar with the era. Second, the section deals 

with some issues of ethnic and religious identity in the era that will become important in 

the historical dietary reconstruction, and, later, in the interpretation of the stable isotope 

data. After this orientation, the discussion passes to medieval diets. It begins with a 

review of the documentary sources available, discussing some theoretical issues involved 

in using these sources. Archaeological data offer some potential to work past these 

difficulties, but have their own shortcomings. This discussion is followed by a synopsis 

of the evidence available for the use of foodstuffs by major group (grains, dairy products, 

and so on). After this review, the evidence for cultural, temporal and gender variability 

in medieval Greek diets is discussed. The chapter concludes with a summary in which 

some outstanding questions that can be addressed by stable isotope analysis are posed. 

2.1. Historical Background: This brief review is based on secondary sources, and 

emphasizes issues of ethnic identification that will be important to later arguments. The 
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time treated will be the medieval and Ottoman periods; the latter is included since one of 

the problems treated in this work is the comparison of Ottoman Muslim diets to those of 

medieval Greek populations. For this work, the term 'medieval' will be understood to 

include the period extending from the battle of Manzikert in 1071 to the fall of 

Constantinople in 1453. In this outline, the areal focus will be on the region within the 

political borders of modern Greece, since all of the chosen study sites - which will be 

described in Chapter 4 - fall within this region. 

The eleventh century falls near the end of a generally prosperous era in the history 

of Greece (see, for example, Kazhdan and Epstein 1985; Treadgold 1988, 1997). Both 

the documentary sources (Treadgold 1997:572) and the archaeological record (e.g. 

Bintliff 1996; Shear 1997) bear witness to rising urban populations in this era, 

suggesting increased population density and stability. Craft and trade activity in these 

towns were also on the rise (Kazhdan and Epstein 1985; Angold 1997). The era was 

marked by considerable economic contact with peoples outside the Byzantine empire, 

especially with Western Europeans, known to the Byzantines as Franks (Cigaar 1996). 

Figure 2.1 (p. 12) provides a general map of the Byzantine Empire in the eleventh 

century; note that the entire area of modern Greece fell under Byzantine rule. 

As reviewed by Kazhdan and Epstein (1985), the Late Byzantine empire had an 

ethnically diverse population. Frankish traders, descendents of Slavic raiders, Jewish 

enclaves and other groups shared the towns and countryside of Greece with descendents 

of the original Late Roman Greek population. However, with the exception of the Jewish 

and Frankish groups, the majority of the population seems to have been united by Greek 

Orthodox faith and Hellenic culture. As reviewed by Nichol (1979), Cigaar (1996) and 

Treadgold (1997), the dominating presence of these two uniting factors was strong. 

While Greek Byzantine culture generally showed little influence by foreigners in its 

midst or outside its borders, it often succeeded in integrating other peoples within its 

borders into the unified whole. 

Despite its general prosperity, eleventh-century Byzantium was losing ground 

against surrounding peoples including the Seljuk Turks, the Normans and the Russians 



Figure 2.1: Extent of the Byzantine State in the Eleventh Century 
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(Angold 1991, 1997; Lilie 1991). As military alliances with Frankish nations became 

more important to Byzantium's defense against such threats, the balance of power in the 

Empire's relationship with the West was altered (Ciggaar 1996). This shift culminated in 

the Crusades. While these were couched in ideological terms as a common battle by 

Christian nations against the forces of Islam, they in fact marked the expansion of 

Western European power into the Eastern Mediterranean. The Fourth Crusade ended in 

war by the Frankish nations against the Byzantine Empire. The Westerners sacked 

Constantinople in 1204, and moved on to conquer most of the empire's lands in 1204/5. 

Riley-Smith (1987) and Lock (1995) detail the complex succession of states that 

followed the taking of Constantinople. A period of chaos ensued as different powers vied 

for control over the former lands of the empire. When matters had stabilized, the Aegean 

was largely under Western control (see Figure 2.2, p. 14). The Greek successor state to 

the Byzantine empire, the Empire of Nicaea, retained partial control of Anatolia. Another 

Greek state, the Despotate of Epiros, controlled the northern half of the Greek peninsula. 

The remainder was broken into Frankish states, principal among which were the Latin 

Empire of Constantinople, based in that city; the Duchy of Athens, controlling Attica and 

Boeotia; the Principality of Achaea, controlling much of the Peloponnesos, and the 

Venetian holdings in the Aegean islands, including Crete. The Latin Empire was short

lived, and essentially collapsed by 1250, losing most of its lands to the Empire of Nicaea. 

The Nicaeans also consolidated with Epiros, and in 1261 took Constantinople and 

refounded the Byzantine empire, controlling much of western Anatolia and almost all of 

the modern territory of Greece, with the exception of the Principality of Achaea, the 

Duchy of Athens, and Crete, which remained under Frankish rule. 

The thirteenth and fourteenth centuries may thus be characterized as a time of 

upheaval during which rule of the Greek-speaking world was shared between states that 

continued Byzantine traditions and states ruled according to Western tradition. The era 

also introduced a new and potent cultural dichotomy to the region: that of Greek versus 

Frank. How complete was this division? Topping (1977d) reminds us that the Frankish 

states were controlled by overlords of different cultures, including the French, Catalans 



Figure 2.2: Greece in the Early Thirteenth Century 
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and Venetians, causing some variation in local Frankish laws and culture. However, all 

of these states shared the common cultural heritage of the feudal West, as well as the 

challenges of rule in their new lands. Thus, some generalizations regarding the Greek-

Frankish divide in medieval Greek society may be drawn. 

The separation between the Frankish and Greek populations began on the most 

fundamental level: in most of the Frankish states, intermarriage between Greeks and 

Franks was discouraged through legal measures (Setton 1975; Riley-Smith 1987; Lock 

1995). Some exceptions to this rule were seen. Marriages between Frankish and Greek 

ruling families were accepted to a certain extent as a matter of statecraft, and thus some 

ruling Frankish families were in fact of mixed heritage (Dennis 1982; Lock 1995). 

Intermarriage also occurred occasionally in the common classes, as some Frankish men 

who came to the region as soldiers, or in other capacities, married into Greek families and 

converted to Orthodoxy (Setton 1975; Lock 1995). Such cases, however, were in the 

minority. On a more general level, many researchers have commented on the strong 

division between the two groups, and the failure of Frankish rule to have significant 

effects on Greek culture (Setton 1975; Topping 1977d; Nicol 1979:113; Riley-Smith 

1987:182; Lock 1995). A l l of these authors stress the role of religion in defining 

individuals' identity, and as a symbol of Byzantine heritage for the Greek Orthodox 

population. Treadgold (1997:812) is of a similar point of view, and sums up the 

perspective well, saying that the Greeks in general "regarded themselves as under foreign 

occupation [and] thought of themselves as Byzantines." 

The next major transition in the area was that to Muslim rule. Throughout the 

time of Frankish domination, Turkish power in the Eastern Mediterranean was on the 

rise. Much of Anatolia had already been lost to Turkish forces by 1204 (see Figure 2.2). 

Through the thirteenth and fourteenth centuries, the Turkish powers expanded their rule 

into Western Anatolia and the Balkans (Inalcik 1976; Nicol 1984). The remnants of 

Byzantine and Frankish Greece fell to the Turkish Ottoman empire in the fifteenth 

century, with Constantinople falling in 1453 and the Morea and most Aegean islands by 
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1462 (Inalcik 1976). With minor exceptions1, Greece remained under Ottoman rule into 

the nineteenth, and, in some places, the twentieth century (Clogg 1992; Palmer 1992). 

With Ottoman conquest, the overriding ethnic dichotomy in Greece became that 

of Greek (or more properly Greek Orthodox) versus Muslim. After conquest, much of 

Greece was re-organized into a system of timars, taxation areas under the control of a 

newly arrived Muslim military upper class (Kunt 1982). The Greek population in these 

districts continued to live there, paying their taxes to the new authority. The Orthodox 

church was left, by and large, to manage its own affairs, although the fortunes of 

particular religious establishments varied; while some were closed, or lost their lands, 

others were left unmolested or even granted special tax exemptions (Lowry 1991). 

As the political and social system of the empire developed, the separation of the 

Greek Orthodox population from wider Ottoman society appears to have become more 

marked. For example, in the early years of the empire Christians loyal to the Ottomans 

were occasionally placed in charge of timars (Kunt 1982). However, under the fully 

developed system, Christians were formally barred from top administrative and military 

posts (Braude 1982; Greene 2000). The power of the Orthodox church was considerable 

by this time, as it governed not only institutions of faith such as marriage but also served 

more general administrative functions (Braude and Lewis 1982; Clogg 1982). Despite 

these inequities, the impression of Greek Ottoman rural life, as reconstructed by 

Matthaiou (1997), is not one of hardship. Rather, life appears to have been quite similar 

to that in earlier centuries and under other governments, with the main concern being 

meeting tax requirements and otherwise staying out of the government's way. In the 

towns and cities, a Greek middle and upper class developed, which wielded a growing 

power in trade and diplomacy within the empire (Clogg 1982, 1992). 

While the Greek Orthodox population was clearly defined as a separate group 

within the Empire, the separation between Christians and Muslims, and the identification 

of 'Greek' with Christianity and 'Turk' with Islam, were not as complete as this would 

suggest. In some cases, it appears that Muslim affiliation of Greek populations coincided 

1 The Venetians controlled Crete until 1669, and occupied the Morea from 1678 to 1718. 
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with ethnic Turkishness. This is especially clear-cut in areas that had seen major Turkish 

immigration after Ottoman conquest. For example, Dimitriades (1991) documents a 

large influx of Turks into Thessaloniki in the years immediately following conquest; 

these new citizens replaced the large numbers of Christians who had fled the city before 

it fell. Inalcik (1976) sees the increased Muslim population of Thrace as the result of 

similar mass resettlement. This being said, however, to associate Orthodox with Greek 

and Muslim with Turk ignores important ethnic variation within each group. To begin 

with, Clogg (1982) describes a variety of ethnic groups within the Ottoman Greek 

Orthodox community. While part of this variation occurred on a larger regional scale 

within the Empire, it is still safe to assume that Orthodox worshippers within Greece in 

the Ottoman period, as in the Byzantine and Frankish periods, included not only Greeks 

but also members of other ethnic groups. Secondly, Muslim did not always mean non-

Greek. The easiest way to escape the restrictions imposed on non-Muslims was to 

convert, and many did so (Vryonis 1975; Topping 1977c; Greene 2000). The 

proportion of converts varied from area to area and from time to time; it was particularly 

high in Crete when it finally fell, a fact that Greene (2000) suggests may have to do with 

the weaker position of the Orthodox church in Crete after years of Venetian rule. In 

some cases, this conversion appears to have been utilitarian; both Topping (1977c) and 

Clogg (1982) describe the existence of substantial numbers of secret Christians among 

the Greek Muslim community. Whatever the sincerity of the belief, it is clear that the 

Muslim population of Ottoman Greece included significant numbers of people who were 

ancestrally Greek. 

From this brief historical review, it is obvious that considerable cultural change 

took place in Greece through the medieval and early modern eras. This included changes 

in the conditions that the Greek population found itself facing, as well as changes due to 

the influx of foreign groups into the area. On the face of it, at least three important 

groups can be identified in the region: Orthodox Greeks, Franks and Muslims. While the 

ethnic distinctions between these groups blurred at times, they were still distinct enough 

to make one speculate that there were differences between them in terms of material 
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culture and everyday life. This further opens the possibility that, although all lived in the 

same area and faced the same choice of natural resources, there were significant dietary 

differences between them. 

2.2. The available sources for Greek medieval diets: Within this historical context, 

there is an abundance of sources from which dietary information may be drawn. The vast 

majority of information comes from historical documents; data from archaeological 

work occupy a subsidiary role in the region for this period. Each of these sources of data 

has both advantages and pitfalls. 

2.2.7. Historical sources: The richest source of information on medieval and early 

modern Greek diet is the body of records left by people of the time. Works containing 

valuable information on diet include histories and social commentaries, travellers' tales, 

regulations for the taxation and sale of foods, records of supplies purchased for troops or 

ships' crews, physicians' comments on diet and the dietary regimes of monasteries. The 

dietary reconstruction presented in section 2.3 is based primarily on such sources. The 

following sections discuss the sources used, the nature of the information that may be 

drawn from them, and some theoretical issues involved in their use. 

2.2.1.a. Sources consulted: Primary sources were consulted when possible2. These 

include the Historia of Niketas Choniates3, the Alexiad of Anna Comnena, the Prodromic 

Poems, the Travels of Evliya Celebi, Liudprand's Mission to Constantinople, and a 

variety of other travellers' accounts from the sixteenth through nineteenth centuries. 

Numerous other works were consulted through secondary sources. These secondary 

sources include some surveys on particular foods, such as that of Teall (1959) on 

Byzantine grain supply and consumption, that of Hill and Bryer (1996) on trachana and 

2 By necessity, the literature survey was limited to translations in English, German or French. In many 
cases, language limitations required the use of secondary sources. 
3 Whenever possible, such works are referred to by their original author. For Choniates, Comnena and 
Liudprand, the chapter number only is given to allow the reference to be located in any translation. For 
publication information on the translations used, please consult the bibliography. 
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those of Stoianovich (1966) and Andrews (1993) on the use of maize and other New 

World cultivars in the Ottoman period. Some other works apply to specific communities 

and classes of people. Especially useful among these are Dembinska's (1985) analysis of 

diet in Byzantine monasteries and the analysis of a nineteenth-century ship's provision 

log published by Matelas and Grivetti (1993). Kazhdan's (1997) survey of Byzantine 

peasant life and agriculture is also useful. Also in this vein, Paviot (1991) has produced a 

comparison of Greek and Turkish diets in the Ottoman period based on travellers' 

accounts, and Lowry (1991) has used local taxation records to reconstruct the diet of one 

Greek Ottoman peasant community. A number of sources are available which treat 

Greek diet in general in the Byzantine and Ottoman periods. These include Jeanselme 

and Oeconomos (1923), who include good information on Byzantine cuisine and dietetic 

theory, Dalby (1996), whose excellent survey of Greek diet from the prehistoric through 

modern eras includes sections on Byzantine and Ottoman diet, and Matthaiou (1997), 

who has published an exhaustive analysis of Greek diet in the Ottoman empire which 

relies heavily on Ottoman taxation laws and records as well as on contemporary records 

of the Greek population. For information on contemporary Western dietary habits, many 

good sources are available. One made use of here is Mennell's (1985) analysis of 

changing dietary habits in England and France in the medieval through modern eras. 

Finally, information is available in some more general social histories of the period. For 

example, Braudel's classic work on the human geography of the Mediterranean in the 

seventeenth century (1966) is a valuable source of information and of comparanda 

between East and West. 

In some cases, sources that were written before or after the primary period of 

interest were used. Such use requires analogies to be drawn between the eras in question; 

some cautions related to such historical analogy are discussed further below. The 

primary use of analogy consisted of the extension of travellers' accounts of Greek diets in 

the Ottoman era (described above) to Greek diets in earlier periods. Some use has also 

been made of data on traditional diet and subsistence in twentieth-century Greece, with 

sources consulted including UNRRA (1947), Allbaugh (1953), Sweet-Escort (1954), 
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Friedl (1965), Aschenbrenner (1972), van Wersch (1972), Beaubier (1976), and 

Trichopoulous et al. (1993). Finally, use has also been made of accounts of food in the 

Classical and Roman eras. The primary sources used for this purpose were Roman: 

Pliny's Natural History, and the treatises of Cato, Varro and Columella on agriculture4. 

Other sources for the era, especially the price edicts of Diocletian, were consulted 

through Humphrey et al. (1998). Apart from these, information for diet in earlier eras is 

drawn from reviews such as Garnsey (1999) and Dalby (1996). 

2.2.1 .b. Information available from historical documents: Historical documents have the 

great advantage of being eyewitness accounts, written by people who were present to 

observe what was being eaten and how. They sometimes offer detailed lists of the types 

of foods consumed at a given place and time. Celebi, for example, describes the various 

guilds involved in the production, processing and sale of foods in Ottoman 

Constantinople (Celebi 1968:117-214). In doing so, he also provides an extensive list of 

foods consumed in the city, from staples to delicacies. The author of the Prodromic 

Poems provides a similar, though less extensive, list for Byzantine Constantinople in the 

form of a passage describing the items needed to run a household (Poem II, lines 38-47). 

The French traveller Olivier (1801), who passed through the Ottoman Empire in the late 

eighteenth century, had a passion for botany, and has produced useful lists of the wild 

and cultivated plants used in Crete and Corfu in that era; Sonnini (1801) provides us a 

similar service for fish and shellfish. Lists of another sort are compiled by governments, 

and these records of prices and taxation rates for foods can give a very good idea of what 

a region produced and imported (Lowry 1991; Matthaiou 1997). When outright lists are 

not available, searches throughout the documents can yield an assemblage of foods 

consumed at the time. Some authors who made frequent mention of foods are very useful 

in this respect. A prime example is the Prodromic Poems, which use food as one of their 

primary sources of imagery and consequently have been used by many authors interested 

in food (e.g. Jeanselme and Oeconomos 1923; Dalby 1996; Matthaiou 1997). 

4 These too were read in translation; details on the translations used are found in the bibliography. 
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In addition to demonstrating the presence of given foods in the diet, these sources 

sometimes provide specific evidence as to their nutritional importance. For example, the 

monastic dietary regimes reviewed by Dembinska (1985) lay out not only the foods to be 

consumed but the amount of each item allowed per person. Similar detail is afforded by 

ships' supply manifests (Matelas and Grivetti 1993). The diaries of travellers, while less 

exact in terms of amount, often note the foods which they felt formed the bulk of the 

local diet; for example, Olivier (1801 [2]:350) states that while the farmers of late 

eighteenth-century Crete had a wide variety of foods available to them, their diet was 

based primarily on barley bread, olives and wild greens. The dietary importance of foods 

may also sometimes be inferred from price and taxation lists. Such lists from the 

Frankish and Ottoman eras offer cost comparisons for various foods, allowing guesses to 

be made as to the relative consumption of, for example, different meats (Lowry 1991, 

Lock 1995, Matthaiou 1997). Finally, the relative importance of dietary items may 

sometimes be inferred from references by various authors to a given food being common 

or rare, cheap or dear. For example, despite numerous mentions of edible dainties and 

luxuries, the sole reference to cane sugar in the Prodromic Poems is as a medicament 

(Poem IV lines 450-451), one of several bits of evidence suggesting that it was still fairly 

rare in the Byzantine era. In contrast, Celebi (1968) describes a wide variety of sugar-

based drinks and confections available in quantity in Ottoman-era Constantinople, 

suggesting that by this time sugar had become a much more common item in the diet. 

However, it must be noted that the data provided by historical documents on the relative 

importance of foods are less abundant, and less precise, than information on the identity 

of foods eaten. 

Contemporary sources also sometimes provide evidence as to variation in food 

consumption between social groups. For example, some travellers (e.g. Spon and Wheler 

1678[l]:350-355; Tournefort 1717:105-112) describe the differences between the diet of 

monks and that of the lay population. Spon and Wheler (1678[1]:350) also mention 

dietary differences between Greek and Turkish lay populations in the Ottoman era. 

References to class variation are common. For example, Choniates (304, 305, 635) 
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describes the poor and humble as eating bread and vegetables, while the wealthy and 

powerful eat meat (145, 384, 388), fish (302, 441) and rich sauces (145, 441). Such 

references can provide valuable inferences as to the relative nutritional practices of 

various groups. 

While historical sources are rich mines of information on past diet, their specific 

limitations do require caution to be applied in their use. One of the major complications 

to be faced is that imposed by the complexity of the social meanings of food. Other 

problems revolve around the question of inferring diet in general from that of specific 

groups, the specific difficulties of making inferences based on travellers' tales, and the 

need to place reasonable limits on historical analogy. 

2.2.I.e. Food as social metaphor: The major limitation in the use of some historical 

documents comes from one of their strengths: the fact that they tell us not only what 

people ate, but what they thought of what they ate. As mentioned above, the attitudes 

displayed toward certain foods can be used to infer their importance to the diet of the 

time, or social differences in their consumption. Such inferences often agree well with 

commonsense expectations. For example, when Choniates (452) and Celebi (1968:120) 

refer to bread as the basic staple of diet, there seems to be little reason to doubt these 

observations. However, the situation is not always so clear. When Choniates (594) says 

that the Frankish invaders' diet consisted of great chunks of meat, boiled beans and 

garlic, was he reporting the situation accurately - or was he trying to paint the invaders as 

uncultured barbarians? Food often serves as a rhetorical device, a potent metaphor for 

valued or despised social traits. 

The literature on the social meanings of food in the Greek world is large, and this 

discussion will mention only a few of the most pertinent sources5. Much of the research 

on the social meanings of food in the Greek world has focused on the Classical and 

Roman sources. The meanings of meat have been especially well-researched. As 

5 For a survey on current research into the social construction of food and eating in general see sources such 
as Goody (1982); Harris (1985); Mintz (1996); Beardsworth and Keil (1997); Counihan (1999), and 
Germov and Williams (1999). 
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discussed in the various articles in Detienne and Vernant's The Cuisine of Sacrifice 

Among the Greeks (1989), meat was intimately associated in Classical Greece with the 

rituals of sacrifice, and thus with the world of men as opposed to women, the civilized as 

opposed to the barbaric, and humans (the consumers) as opposed to animals (the 

consumed). However, meat had more negative meanings. While the orderly ritual 

consumption of meat was associated with the good Greek citizen, unfettered or excessive 

consumption had dangerous connotations. Sources including Shaw (1982) and Garnsey 

(1999:65-71) have explored it as a stereotypical trait of barbarians in Greek and Roman 

sources. Davidson (1996) has also examined excessive meat consumption as a trope for 

dangerous or offensive luxury; he sees a similar symbolic use for fish consumption. 

Similar symbolic uses of meat were made in the early Christian era. Shaw (1998) 

has reviewed the development of the early Christian symbolism of food, especially meat 

and fish. She argues that a dialogue developed in which the consumption of these foods 

- or even, in some cases, the enjoyment of any food at all - became a trope for sinfulness, 

lustfulness and a lack of self-restraint. There was special concern over the moral impact 

of too much food, particularly too much meat, on women. Consumption of meat led 

directly to fleshly desire, and thus limiting it helped to defuse a woman's sexuality, which 

otherwise posed a moral danger to her and to those around her. Other sources 

documenting such attitudes include Grimm (1996) and Counihan (1999). 

Given this background, it is not surprising that some foods were used as rhetorical 

devices by the medieval authors. Such rhetorical flourishes can seriously mislead a 

researcher looking to these authors for dietary information. A prime example is 

Choniates' use of meat-eating as a trope for luxury, self-indulgence and even cruelty. At 

some points in his Historia, meat-eating is used as a trope for good fortune or high living. 

For example, in his account of the protostrator Alexios' removal from power, Choniates 

uses food to contrast Alexios' former life as a high official with his life as a monk: 

During his former life he had abounded in riches and indulged himself in worldly 
pleasures. He had been extremely fond of meat dishes and had delighted in foods dressed 
with rich sauces. Given to feasting splendidly, he would be served at table with meats 
even on fast days ... now he dined on greens and herbs and feasted on fruits and 
sacrificed unburnt offerings and suffered the pangs of hunger (145-146). 
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While this passage could be used as a literal reference for contrasting noble and monastic 

diets, it also shows a deeper meaning of meat-eating: privilege and luxury. Later in the 

Historia, Choniates uses meat-eating as part of his negative portrayal of the emperor 

Isaakios Angelos, who is depicted as a weak, irresolute and self-indulgent man. At one 

point, while the empire is menaced by a rebellion, one of the emperor's nobles sees him 

eating and criticizes him: 

"Would that you showed the same eagerness in attending to the present conflict as you do 
running to banquets, falling with gluttonous appetite on the foods set forth, and wasting 
all your efforts on emptying out dishes of carved meat". Isaakios blushed at these words 
and turned a bright red (384). 

Here meat is a symbol, not merely of luxury, but of irresponsible luxury at the cost of 

duty - a lack of self-control. Later, Isaakios' diet is discussed in more detail: 

Daily he fared sumptuously and served up a Sybartic table, tasting the most delectable 
sauces, heaping up the bread, and feasting on a lair of wild beasts, a sea of fish, and an 
ocean of deep-red wine (441). 

Again, meat plays a prominent role in the luxurious diet. Clearly, a meat-eating ruler 

may not be the best ruler; Isaakios abuses the privileges that allow him to eat well. The 

third personage in Choniates' history who is referred to as a meat-eater is the emperor 

Andronikos Komnenos. In this case, his diet is clearly not intended to convey luxury or 

self-indulgence: 

He was the healthiest of men because he did not indulge in delicacies; neither was he 
incontinent in matters of the stomach, a gourmand drinking neat wine, but in the manner 
of Homeric heroes he preferred meats roasted over the fire, and thus no one ever saw him 
belch (351). 

Here, meat is identified as the meal of a hero or warrior. It seems that Andronikos 

himself was aware of this symbolism and took advantage of it. Choniates (333) relates 

that Andronikos caused buildings to be decorated with scenes of his deeds that included 

the hunting and eating of game, along with other activities including chariot racing and 

the arts of war. The scenes are clearly meant to be heroic, the meat-eating one aspect of 

the aggressive and 'manly' traits of a ruler that Andronikos wished to advertise. 



25 

However Choniates also uses the metaphor of meat-eating to portray him as a cruel and 

wicked man. When Isaakios Angelos was in danger of capture by Andronikos, Choniates 

writes that he prayed for his life, for "he knew that the flesh-eating Andronikos would 

sacrifice him like an ox or savor raw bits of his flesh like Cyclops" (343). At another 

point, speaking of Andronikos' punishment of a suspected political conspirator, 

Choniates writes: "He singled out a certain Mamalos ... reserving him for the last course 

of his Cyclopean feast. Andronikos carved up the meat and smothered it with a rich 

sauce so that it would be worthy to delight no other banqueter except himself (310). 

The 'feast' is a metaphorical one of cruelty, as Mamalos is to be burned at the stake. 

In using meat-eating to evoke images of luxury, self-indulgence and cruelty, 

Choniates carries on the Classical literary tradition discussed above. This tradition is 

further complicated by the writings of early Christian thinkers with their links between 

meat-eating, sin and lust. When taken in this broader context, it is possible to give two 

readings to Choniates' description (594) of the Western invaders as "beef-eating Latins" 

whose typical diet consisted of "chine of oxen cooked in cauldrons, chunks of pickled 

hog boiled with ground beans, and a pungent garlic sauce mixed with other seasonings." 

One is the literal reading given by Kazhdan and Constable (1982:70), who use the 

passage to support a claim that the Byzantines ate less meat than their Western 

contemporaries. However, a more cautious reading at least admits the possibility that 

Choniates means us to see the Franks in the same light as he painted Alexios, Angelos 

and Andronikos: as powerful, self-indulgent and cruel warriors. The possibility also 

arises that Choniates wished the reader to recall images of the Western barbarian as meat-

eater seen in surviving Classical sources6. 

Given that a food loaded with symbolic meaning may be included in an account to 

impart this meaning, as Choniates does with meat, references to a food may not in fact be 

an accurate reflection of the use of the food in question. One possible case of this, 

Choniates' description of the Franks, has just been discussed. Another cautionary note 

6 Barbarian invaders are tagged by some other late authors as meat-eaters; see for example the early 
eighteenth century Chronicle of Galaxeidi, which refers to invading Uzes as "dressed in skins like bears, 
eating raw meat like wild beasts" (Rosser 1996:140). 



26 

may be taken from the descriptions of diet in the Prodromic Poems. One of these, a 

begging poem to the emperor, seems to portray the general Byzantine populace of the 

time as eating a lot of meat and fish. The embroiderer can expect to find his cupboard 

stocked with tuna and dried mackerel (Poem III lines 92-94), the cobbler and his family 

eat stew and salt meat for dinner (lines 128-130), and even a porter eats tripe stew and a 

nice cut of meat (lines 185-186). However, it seems clear that the poet actually intends 

these meals to symbolize plenty and affluence. At each point in the poem where an 

average person is depicted as enjoying a meaty meal, the poet contrasts his own poor self, 

subsisting on bread (lines 147, 197) or even going hungry (lines 95ff). He specifically 

laments the cruel world that lets tradesmen eat well but poets go hungry (lines 55-84) - a 

clue that the meals he describes for his neighbors may be literary inventions, or at least 

exaggerations. This idea is supported by the fact that in the other poems, meat or fish is 

linked with plenty. One, a satirical complaint against high-living churchmen, describes 

their elaborate feasts consisting of dish after dish of the best fish, cuttlefish and other 

dainties (Poem IV, lines 172-205, 317-337). In another, the poet petitions the emperor 

for his largesse and says that he cannot eat like a poor man, surviving on wild greens; 

what he would really like is a stew rich in chunks of meat or a nice cut of lamb (Poem II, 

lines 101-106). When the poet describes his neighbor the cobbler, and even a lowly 

porter, eating meat-rich diets, he is describing the diet that he feels he is worthy of. Their 

stews and grills are brought into the poem to play off against the brown bread the poet 

eats, and may not reflect the diets of average Byzantine workers. 

2.2.1 .d. Working from the specific to the general: Another limit to the detail and 

accuracy of the dietary inferences drawn from the historical sources is the difficulty of 

moving from the specific case to the general. In the case of this study, the groups for 

whom the most precise information on relative consumption of foods is available — 

monks, nuns and sailors - were separated from the general population by special 

circumstances and dietary regulations. The sailors whose diet is studied by Matelas and 

Grivetti (1993) may have eaten a diet typical of Ottoman Greeks in general. Then again, 
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they faced circumstances that differed from those of much of the rest of the population. 

The food procured for them had to be relatively compact and easily stored. Although the 

ship's log records periodic shore purchases of fresh foods, most dietary calories came 

from dry bread, oil and dried or salted meat (Matelas and Grivetti 1993:264-266). This 

may or may not have been true of the more general populace, who seem from travellers' 

records to have eaten a large amount of seasonal fruits and vegetables (Paviot 1991). It 

may also be significant that the sailors were consuming food purchased for them on the 

basis of convenience to ports and cost effectiveness. Although their preferences were 

likely taken into account, this pattern of eating may still have differed from that they 

would have chosen for themselves. 

The monks and nuns whose diet was reviewed by Dembinska (1985) had a diet 

that likely departed even further from that of the general population due to religious 

proscriptions. The most significant of these was a complete or near-complete prohibition 

on meat (Dembinska 1985). Although this prohibition might be relaxed on some feast 

days (Dembinska 1985:447), it was general enough to be noted by travellers stopping at 

monasteries (e.g. Sandys 1658:64; Spon and Wheler 1678[1]:206, 1678[2]:311; Grelot 

1683:55; Tournefort 1717:105). Monks and nuns were also subject to special 

prohibitions from time to time on the most basic of foods, such as oil, wine and cooked 

legumes (Dembinska 1985:446). The details of these special rules are discussed at more 

length in the sections below dealing with specific foods. However, one may note in 

general at this time that while we do know what foods monks and nuns were supposed to 

eat and in what amounts, this information translates poorly to the general population. It 

is more useful as an indication of a minimal but adequate diet for the time. Dembinska 

(1985:434, 448) cites a Middle Byzantine monastic source to the effect that the monastic 

diet must be strict but should not interfere with the strength the monks needed to 

accomplish their duties (which often involved heavy labour). This suggests that the 

monastic diet provided basic nutrition without luxury: what might have been consumed 

by lay people in the poorest circumstances or in times of want. The monastic rules are 
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also useful as a further insight into the ideology of food in the period, since they show us 

where foods fell on a scale of value/luxury by when they were forbidden. 

The above cases are extremes, where it is easy to see how the data on a given 

group likely depart from more usual consumption patterns. However, more subtle 

instances exist. As Matthaiou (1997) reviews, information on rural populations must be 

used with caution on urban populations, and vice versa. These two groups faced very 

different situations. For example, the urbanite had to purchase all food to be consumed, 

making price lists a valuable source of information on the proportions in which food may 

have been bought and consumed. In contrast, rural populations could be - and had to be 

- self-sufficient for their food needs, and also had greater access to wild foods. This 

could lead to a more varied diet - or, given local production patterns and the need to 

exchange some crops in their totality for cash to pay taxes, it may have led to dietary 

restrictions. 

2.2.1 .e. The reliability of the traveller: Another caution refers to one of the information 

sources in particular: the traveller's tale. Accounts of life and diet in Greece made by 

visiting foreigners can be extremely useful, as outsiders tended to notice and comment on 

things too 'humble' or 'trivial' to be given much attention by local authors. However, the 

fact that they are written by outsiders also leaves them open to charges of bias and of 

misinterpretation of what is observed. Eisner (1991) reviews the pitfalls of travellers' 

accounts: these include the extension of observations on one family or individual into 

comments on what 'the Greeks' do in general; misunderstandings due to language 

barriers or false assumptions; distortion of observations due to cultural bias, and the 

'improvement' of events to create more dramatic storytelling or prove a pet theory. To 

this one might add the distortion created by customs of hospitality: a guest was often 

given better food than was typical of the everyday diet. Certainly, all of these problems 

may be seen from time to time in travellers' accounts. Take, for example, Morison's 

assertion that Greek cheeses "etoient assez bon pour des grecs, mais qu'ils ne vaudroient 
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rien pour des Francois " (1704:736). Morison says that he bases the observation on the 

'disagreeable' odour given off by a shipment of cheese and on the prior experiences of 

the (French) captain of the ship transporting the cheese. However, it is more truly a 

product of Morison's cultural biases and his desire to make a rhetorical point, which he 

proceeds to do: 

... toute la science, la sagesse, la politique, l'esprit & la valeur qui firent considerer les 
anciens Atheniens comme les premiers hommes du monde, ont degenere dans les 
Atheniens modernes, jusqu'au point de n'etre pas meme capables de faire de bons 
frontages!8 

While this comment may provide an interesting reflection on the importance of cheese in 

Morison's own food culture, it does not serve as a useful indication of the preservation 

standards involved in Greek cheesemaking. Similar biases, especially when they are less 

blatantly obvious, may cause problems when travellers' tales are used as a source of 

information on diet. However, they do not preclude such use provided that caution is 

taken in interpretation. Knowing the locale of the episode related and the ethnic 

background of the people described is one useful precaution. For example, Guys 

(1783:280-284) observed a diet extremely rich in dairy products on his way through 

Anatolian Greece. However, he also mentions that the villagers he stayed with are 

Bulgarians, opening the possibility that the primacy of dairy products in their diet reflects 

the typical pastoral lifeway of Bulgarian populations and not general food habits in 

Anatolian Greece. In some cases, the traveller himself will point out that his observations 

should not be taken as 'typical': Olivier (1801[2]:206-209) comments that, although his 

party was given meat, rice, vegetables, fruit and honey during their stay at a monastery, 

the monks themselves typically consumed a frugal diet based on snails, cheese, olives 

and vegetables. The unspoken biases of the traveller can even, on occasion, yield useful 

information of their own. For example, Liudprand of Cremona, a Lombard bishop sent 

as an envoy to Constantinople in the tenth century, describes the food as "swimming in 

7 "were good enough for Greeks, but would be worthless to the French." 
8 "... all the science, the wisdom, the statesmanship, the spirit and valour which caused the ancient 
Athenians to be considered the best in the world have degenerated among the modern Athenians to the 
point that they are not even capable of making good cheese!" 
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oil like a drunkard's feast, and sprinkled with the most dreadful fish brine" (31). While 

the description cannot be used as an indication of the amount of oil really consumed, it 

does reflect a basic truth about Greek cuisine at the time: it retained a dependence on 

olive oil and garum (fish sauce), in comparison to Western European cuisine, which had 

substituted butter as a cooking fat and no longer used garum (Mennell 1985; Dalby 

1996). Used with due caution, travellers' tales prove a rich source of dietary information. 

2.2. l.f. Placing limits on historical analogy: The use of analogy to infer diet in one 

period from records that document it in another depends on the assumption that diet 

remained unchanged between two given eras. This assumption may rest on the short time 

separating the two eras, the lack of evidence for other cultural changes, or the importance 

of climate and practicalities, as opposed to cultural preferences, dictating the dietary 

practice. Even with the use of such restrictions, to draw an analogy between two eras 

risks simplification or outright error. For a discussion of the validity of, and cautions 

surrounding, the use of analogy in archaeology, see for example Kelley and Hanen 

(1988). In this work, analogy has been used with caution, as a supplementary source of 

information. Its most important application is the use of accounts of Greek diet during 

the Ottoman era to fill in some of the missing details for diet in earlier periods. The 

assumption being made here is that the small time span separating the two periods did not 

have serious effects on the diet of the average Greek individual. This seems permissible 

especially for rural diets, which are liable to be affected more seriously by a change in 

climate or available resources than by a change in landlords, and for monastic diets, 

which were heavily influenced by religious tradition. Thus, most information taken from 

these sources deals with rural and monastic life. In the case of twentieth-century data, the 

analogy is to a period further removed from our time of interest and data must be used 

with more caution. The attraction is the availability of precisely surveyed accounts 

whose actual topic of interest was often food and nutrition. Accounts chosen are those 

focusing on rural areas where researchers were of the opinion that the diet was highly 

traditional. Caution has been taken to be aware of foods or practices that may be 
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anachronistic for the target period, such as the easier availability of sugar and of large 

volumes of oil for deep-frying, and the increased use of potatoes9. The Classical and 

Roman eras are removed from the medieval period by a broad gap of time, culture and 

religion. They have primarily been used to lend a historical perspective to food usage in 

later times, by illustrating the roots in which later food traditions were grounded. 

2.2.2. Archaeological Data: In comparison to historical documents, archaeological data 

will contribute much less information to this review due to the small amount available. 

What information could be found has been used. This includes published reports on 

faunal remains recovered from Sarachane (Kosswig 1986), Knossos (Sackett 1992) and 

Corinth (Williams et al. 1997, 1998) as well as unpublished data from Mitilini and the 

Athenian Agora. Data from land-use surveys have also been useful, particularly those in 

Barker and Lloyd (1991). Randsborg's (1991) review of European and Mediterranean 

archaeology in the first millennium CE also includes some useful observations on 

subsistence that may be extended to later medieval periods. 

Lhis short list belies the great potential of archaeological data to add to 

knowledge of historical Greek subsistence patterns. Survey data offer information on 

changing land-use patterns that is often not available from contemporary records, 

allowing trends in the production of certain foods to be examined (Alcock 1993). 

Excavated food refuse represents a record free of biases imposed by what chroniclers of 

the time thought was important to note about diet, or what they wished others to think of 

said diet. It also reflects foods consumed regardless of whether they were cultivated or 

gathered, taxed or untaxed. Thus, for example, while informally gathered shellfish were 

not taxed in Ottoman times (Matthaiou 1997:204-205) and thus would be invisible in a 

study based on taxation records, they survive well in archaeological assemblages and are 

documented in Ottoman-era middens in Constantinople (Kosswig 1986) and Mitilini 

(Ruscillo-Cosmopoulos, pers. comm.). Thus, archaeological data offer the potential to 

9 For a good discussion of the utility of twentieth-century dietary surveys in the reconstruction of earlier 
Greek diets see Foxhall and Forbes (1982:63). 



32 

bypass some of the theoretical problems noted above for historical documents10. 

The minor role of archaeological data in this review, considering their many 

advantages, is due primarily to two factors. The first of these is the small amount of 

published data available. Byzantine archaeology has traditionally been characterized by a 

strong focus on art and architecture (Rautman 1990). This has limited the amount of 

information available by biasing excavation and publication efforts towards monuments 

and public buildings, especially churches, and away from middens and habitation sites. 

More recently, the focus of interest in medieval Greek archaeology has expanded to 

include questions of land use and ethnicity, with a corresponding increase in regional 

surveys and in the excavation of habitation sites. Some of the data from such studies 

offer general insights into subsistence. However, intensive excavation and study of 

middens will be needed to contribute detailed information on diet (see for example 

articles in Lock and Sanders 1996). The second factor is the traditional rarity of dry- and 

wet-sieving in Greek historical archaeology (Payne 1985; Snodgrass 1987). This 

decreases the utility of some assemblages that have been recovered, especially for 

questions of marine resource dependence or plant utilization. Fish, for example, are a 

relatively rare find in Greek archaeological assemblages (Powell 1996). However, this 

cannot be accepted as a dependable indicator of a small role in the diet, as it may result 

from recovery techniques. In fact, the archaeological record to date is a relatively 

uninformative witness as to the importance of fish consumption in historical Greece, and 

it is perhaps not surprising that one of the major works on the importance of fish to past 

Greek diets makes no reference to archaeological data at all (Gallant 1985)". 

1 0 There are limitations that the historical sources do not suffer. Foremost among these is the bias toward 
foods with parts that are likely to be preserved in an archaeological context over others, such as oil and 
dairy products, for which the physical evidence is less direct. While techniques such as age profiles of 
domesticated animals and ceramic residue analysis can be brought to bear on this problem, the list of foods 
witnessed by the historical documents is still more detailed than that of those documented by excavation. 
" Admittedly, there are problems beyond that of sieving. These include the bias introduced by the smaller 
and more friable nature of fish bones and their greater likelihood of being eaten, as well as the fact that 
documented methods of preserving larger fish leave most of the bone at the processing site (Curtis 1991). 
Despite this, middens offer much potential data use on questions such as species use and seasonality. 
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2.3. A preliminary reconstruction of medieval Greek diet: With a historical 

background in place, the available sources reviewed, and some theoretical cautions for 

their use addressed, the discussion proceeds to a general reconstruction of medieval 

Greek diets. This will proceed in order of food groups; in each section, the main items 

used will be identified, followed by a discussion of their nutritional importance. Special 

attention is paid to areas where the information available is inadequate and valuable 

insight may be gained from stable isotope analysis. Most discussion of possible variation 

by class, gender and ethnic affiliation will be left to a separate section at the end. 

2.3.1. Grain as the fundamental staple: The base of the Greek diet in all historical 

periods appears to have been grain. Medieval Greece was no exception to this general 

rule: bread served as the primary dietary staple. 

The grains in primary use appear to have been wheat and barley. Of these two, 

the grain of preference appears to have been wheat. This is suggested, for example, by 

the Late Roman price edicts of Diocletian, in which the price of barley was set at 60%, 

measure by measure, of that of wheat (Diocletian, Price Edict, Humphrey et al. 

1998:501). Teall (1959:99-100) has noted a similar price relationship for the medieval 

period proper, and argues that the bread of the poor was typically barley bread. Both 

Choniates (264, 305) and Anna Comnena (257) describe barley cakes as very basic food, 

useful for army rations. In contrast, fine wheaten bread was eaten by the privileged 

(Prodromic Poems IV lines 394-400). Finally, a higher esteem for wheat in Ottoman 

Greece is indicated by some grain taxation schedules, in which the tax on wheat was 

twice that on barley, oats or millet (Matthaiou 1997:40). The continuity between these 

different eras strongly suggests that wheat was consistently more prized throughout the 

medieval period. This is reinforced by eyewitness accounts for the Ottoman era and the 

twentieth century reporting that barley was used partially, or exclusively, as animal 

fodder (Sandys 1658; Friedl 1965; Aschenbrenner 1972). 

Another medieval grain crop was millet, which is mentioned by Roman authors 

including Columella (2.7), Cato (1.6) and Pliny (18:24-26). Its continued cultivation 
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through our period of interest is documented by references to it in Byzantine medical 

theory (Teall 1959:99), Frankish taxation records (Topping 1977b) and Ottoman-era 

travellers' accounts (Olivier 180T[6]:492-505). The question of the value placed on 

millet, and of how extensively it was used, is an interesting one. Gallant (1991:116) and 

Garnsey (1988:51) have suggested that the grain had a low status in Classical and Roman 

times, serving as a food of the poor and as a stopgap in the case of failure of more 

preferred crops. However, the evidence is mixed. Columella (2.7) calls millet a useful 

grain; later (2.9), he praises millet porridge as a dish "not to be despised even in times of 

plenty". This might be taken to indicate that he did not see millet as less palatable; on 

the other hand, the phrase might also carry the connotation that millet was more normally 

associated with lean times. This ambiguity persists in later periods. For example, the 

Byzantine physician Simeon Seth did not consider millet a good food, and remarked that 

it was acceptable when nothing else was available (Teall 1959:99). In Ottoman Greece, 

millet was taxed at a lower rate than other grains such as wheat (Matthaiou 1997:217). In 

contrast, an Ottoman-era traveller passing through Corfu reported millet to be a major 

crop (Olivier 1801 [6]:492-505). It was mixed with wheat or barley in a 1:2 ratio to make 

bread, and was a major staple of the population. This use may have been a response to 

growing conditions, as he says that one of these areas grew millet and maize because 

growing conditions were poor for other grains (502). Olivier's observations suggest that 

in addition to economic factors, medieval millet use may have varied according to local 

growing conditions. The variability in millet use by region and by economic status is an 

interesting problem. Unfortunately, while the scattered sources show that this variability 

existed, there is little firm evidence for the general importance of millet among the 

dietary grains. This is one problem for which stable isotope analysis could potentially 

offer valuable information. As will be reviewed in Chapter 3, millet, as a C4 grain, is 

isotopically distinct from wheat and barley. Its use is thus detectable through 8 1 3 C 

analysis of human remains. Such an analysis has the potential to document variation in 

millet use between medieval Greek communities, and thus to examine questions of 

regional and class differences in its use. 



35 

For the early modern era, maize must also be included in the list of Greek grain 

crops. There is good evidence that maize was grown early in the Ottoman 

Mediterranean, starting in the sixteenth century (Stoianovich 1966; see also Andrews 

1993). Andrews (1993:201) speculates that it may have been initially adopted as animal 

fodder and only later used as human food. Braudel (1966[1]:245) considers that maize 

played a significant role in Mediterranean self-sufficiency in grains by the seventeenth 

century. Records concerning the uses maize was put to indicate variability and an 

ambivalent role similar to that of millet. In the regions of Greece and Anatolia through 

which Robert de Dreux passed in the seventeenth century, maize was grown largely as 

fodder, although he notes some human consumption in the form of polenta (de Dreux 

1925:162). In contrast, Olivier (1801 [6]:492-505) reported that maize was cultivated as a 

food crop along with millet in Corfu. It was put to a similar use, being mixed with wheat 

or barley in a proportion of 1:2 to make bread. The Corfiotes told Olivier that maize 

bread was more digestible, but the millet bread was preferred for its taste (Olivier 

1801[6]:494). By this time, use of maize had thus spread beyond areas of Ottoman 

domination, as Corfu was never part of the Empire. Matthaiou (1997:217) feels that 

maize was widely used in Ottoman Greece, and that most rural Greeks of the era 

normally ate either maize or barley bread. This broad adoption of maize may have been 

encouraged by Ottoman taxation policies. Stoianovich (1966) has concluded that this 

was the case in the Balkan regions to the north, where maize crops were not taxed. 

However, in the twentieth-century traditional communities surveyed, a lower status for 

maize is clear. Its main use was as fodder (Friedl 1965:23; Aschenbrenner 1972:52). It 

also seems to have been in use as an emergency food; in one of the communities, eating 

maize bread was considered a sign of desperate poverty (Friedl 1965:23). Again, as with 

millet, stable isotope analysis has important information to offer regarding the 

consumption of maize. Maize, like millet, is a C4 grain, and thus should be detectable 

through S 1 3 C analysis of human bone. If maize use did indeed become important in the 

Ottoman era, or if there was a temporal shift in its dietary importance, this should become 

apparent in human stable isotope values. 
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Other grains traditionally grown or used in Greece include oats, rye and rice 

(Gallant 1991:37; Dalby 1996:90). Oats and rye were of minor significance, but rice 

became quite important in later times. Its high price in Diocletian's list (Diocletian, Price 

Edict, Humphrey et al. 1998:501) suggests that the grain was used for specific dishes 

rather than as a staple, which would agree with its reported use in Western Europe at the 

time (Mennell 1985). In contrast, rice became a common dietary item in the Ottoman era 

(Braudel 1966[1]:101, 165,216,321; Matthaiou 1997:63). 

Moving from the species of grain used to evidence for its nutritional importance, 

we see excellent evidence that grain formed the cornerstone of the Greek diet throughout 

medieval times. This was certainly the case in earlier times. Foxhall and Forbes' (1982) 

review of grain allotments from Classical and Roman sources shows a heavy dietary 

dependence on grain; the weights of grain distributed per person suggest that 70% to 

75% of dietary calories may have come from this source. This primary dependence on 

bread continued into the medieval era. Teall (1959) has shown through a study of 

references by contemporary chroniclers and economic records that the Byzantine 

populace consumed bread as their major staple. A similar conclusion was reached by 

Jeanselme and Oeconomos (1923) based on a survey of contemporary writers, especially 

physicians. They found good evidence for bread as the major item in the diet, especially 

for the poor of the cities and countryside. Grain is described by contemporary authors as 

the essential food of the common people. Choniates (452, 495, 635) refers to bread as 

one of the necessities of life, and as the basic food of the poor. The Prodromic Poems 

also mention bread as the most basic of foods for the humble (e.g. Poem III lines 147, 

197). A similar pattern was seen in Ottoman Greece. After a review of taxation and 

other records, both Matthaiou (1997:216-217) and Lowry (1991:287) concluded that 

bread formed the bulk of the diet for rural populations. Matthaiou feels that this was 

even true of groups such as transhumant shepherds, for whom access to dairy products 

was easy but grain could require a cash purchase. The importance of grain to Ottoman 

Greek diets was noted by travellers in this period. In the sixteenth century, Moryson 

(1907:89) reported a diet for Greek sailors based on "Bisket," supplemented with onions, 
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garlic and dried fish. Olivier (1801 [2]:350) related that the peasants of eighteenth-

century Crete subsisted mainly on barley bread, along with olives and wild greens. Spon 

(Spon and Wheler 1678[2]:350-351) noted that during their long fasts, most Greeks ate a 

restricted diet rich in grain; one man is described as eating little else than bread and 

olives. Studies of twentieth-century traditional diets also show a central importance for 

bread (Allbaugh 1953; Friedl 1965; Aschenbrenner 1972; Beaubier 1976; Kafatos and 

Mamalakis 1993). In all, the role of grain as the linchpin of the Greek diet can be seen as 

a constant from Classical times, and may be securely assumed for the entire medieval 

period. 

In a very few cases, the data extend beyond the general impression of a central 

role for grains to data that allow their importance in terms of calories and protein to be 

estimated. The only medieval information exact enough to allow an estimate comes from 

surviving Byzantine typika, or monastic regulations. According to these, monks and nuns 

received 650 to 900 g. of grain per diem, or roughly 50% by weight of the total diet, 

including wine (Dembinska 1985:459-461). Using nutritional values from the FAO Food 

Composition Tables for the Near East (FAO 1982) and Bowes (1998)12, this ration would 

supply about 65% of total calories and perhaps 80% of protein. The estimate for protein 

is likely too high, as Dembinska's data do not include some foods - eaten occasionally or 

in small quantities - that were not tallied in the typika allotments. These included fish, 

shellfish and eggs, and, for some typika, dairy products. While the caloric importance of 

these over the year was likely minor, their significance for protein may have been 

proportionately greater. 

The problem with extending these figures to the general medieval Greek diet is 

that it is likely that grain constituted more of the monastic diet than of the lay diet. As 

Dembinska (1985) describes, monastic diets were restricted in relation to lay diets, with 

little or no meat permitted and foods such as fish and olive oil periodically prohibited. 

The frugal nature of this diet is referred to by Choniates in his account of Alexios' 

1 2 Dembinska (1985) uses nutritional values that depart substantially from FAO figures. Thus, her tables 
are used for raw food weights only, with nutritional values calculated from FAO data. 
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monastic exile; Alexios prided himself on the restriction, saying that those who ate meat 

and savory dishes were "unable to control themselves, even a little" (145-146). In 

contrast, Botaniates, in a similar exile, was said to tell his friends that the meatless diet 

was the only thing that bothered him about his new life (Comnena 71). The author of the 

Prodromic Poems complains bitterly about the restricted monastic diet (Poem IV lines 

334-337, 394-415). Travellers in seventeeth-century Greece still noted this difference, 

depicting monks as never eating meat, and as eating fish and oil less often than the lay 

population (e.g. Sandys 1658:64; Spon and Wheler 1678[2]:311; Grelot 1683:55). 

Thus, it is likely that grain contributed fewer calories and less protein to the typical lay 

diet than it did to the monastic diets. Unfortunately, the food consumption data available 

for the medieval lay population are not sufficiently detailed to test this assertion. 

Detailed data for much later periods show a substantial caloric and protein 

contribution by grain, although less than that seen in Byzantine monasteries. A 

nineteenth-century ship's supply log studied by Matelas and Grivetti (1993) showed that 

sailors were provided with 750 g of bread per diem, or 45% of the diet by weight, 

furnishing 48% of the total calories offered and 47% of protein. Allbaugh's survey of 

diet in Crete in the late 1940s showed that cereals composed 30% of the diet by weight, 

contributing 39% of dietary calories and 47% of protein (Allbaugh 1953:506). A later 

sample (1960) of rural Cretan men following a traditional diet consumed an average of 

410 g of bread and other grain products per diem (Kafatos and Mamalakis 1993:211). 

Total dietary calories are not given; however, the proportion of bread in the diet by 

weight works out to just over 20%, suggesting decreased importance in comparison to the 

earlier Cretan group. Like the monastic data, the modern data may be poor models for 

medieval grain consumption. Research by Kafatos and Mamalakis (1993) and Matelas 

and Grivetti (1993) suggests that one of the major changes of the twentieth century has 

been the replacement of starch staples, especially bread, by other foods. This would 

make the figures based on twentieth-century traditional diets an underestimate of the 

grain dependence of earlier Greek populations. 
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Thus, in sum, Greek medieval diets were quite clearly grain-based. The monastic 

data likely overestimate the nutritional role of grain, while modern data may 

underestimate it. It is thus reasonable to conclude that the caloric importance of grain to 

the average medieval Greek diet fell somewhere between the 20% to 45% seen in recent 

times and the 65% recorded for medieval monasteries. The bulk of this grain was likely 

usually wheat or barley, with rice appearing more often in Ottoman diets. The 

importance of millet seems to be variable, and may have been linked to economic factors. 

Similar economic factors may have influenced the use of maize, which first became 

available in Ottoman times and may have increased in overall importance through the 

Ottoman era. The uncertainties in maize and millet use could be tested using stable 

isotope analysis. Such testing could clarify the relationship between economic well-

being and millet consumption in earlier eras, and could document the spread of 

dependence on New World maize through Greece and through the larger Ottoman world. 

2.3.2. Legumes: a crucial dietary component? The other field crops of historical 

importance in Greece are the various legumes. As will be seen, some information 

suggests that these were highly important to medieval diets. However, other data suggest 

a less crucial role. 

Authors of the Roman era mention several species of legumes, including broad 

beans, chickpeas, peas, lentils, vetch and lupin (Pliny 18.30-32; Varro 1.32; Columella 

2.7; Cato 1.34-37). The soil-enriching quality of these crops was already well-known 

and exploited by farmers of the time (e.g. Columella 2.10; Pliny 18.36). Some of these 

legumes were not grown primarily for human use. The vetches were commonly used as 

animal feed or sown to enrich the soil (Cato 1.37; Columella 2.7; Pliny 13.37), while 

lupins were eaten by both humans and animals, becoming more important as a human 

food when other crops failed (Columella 2.7, 2.10; Pliny 13.36). In the Byzantine era all 

of these legumes are still mentioned as part of the Greek diet (Jeanselme and Oeconomos 

1923:4-5; Dembinska 1985:459). The sole change in legume use from Roman and 

medieval times to the early modern era appears to have been the addition of New World 

legumes to the older suite of crops (Matthaiou 1997:92; Olivier 1801 [6]:493). 
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Several sources suggest that legumes were generally important to past Greek 

diets. Garnsey (1999:15) and Dalby (1996:90) feel that they were consumed in large 

amounts in Classical and later times. A staple role in the Roman era may be indicated by 

the way in which writers of the time treat them: Pliny, Varro and Columella all discuss 

the legumes along with the grains, and Columella especially seems to see little distinction 

between the two groups, treating them all as staple crops (Pliny, Natural History 18.30-

32; Varro, On Agriculture 1.32; Columella, On Agriculture 2.7). Garnsey (1999:15, 78) 

sees legumes as especially important to the Roman-era poor, and relates that they were 

also used as symbols of frugality or lack of pretension. Despite such images, they appear 

to have been enjoyed by all classes. Pliny calls bean pottage a delicacy (Natural History 

18.30), and there are legume recipes in Apicius' Cookery (Edwards 1984), a collection of 

recipes whose other dishes, which included game and exotic birds prepared with 

elaborate spices, were not intended for the poor. 

An important role for legumes appears to extend into the medieval period. As in 

earlier times, legumes were consumed by all classes and elaborate recipes for them, 

flavoured with imported spices, survive (Jeanselme and Oeconomos 1923:4-5). The poet 

of the Prodromic Poems includes two legumes, chickpeas and lentils, in his list of things 

a well-stocked urban household needs (Poem II line 45). Later, in Ottoman times, 

Matthaiou (1997:92) argues an important role for legumes in both Greek and Turkish 

diets. Lowry, as well, concluded based on tax revenues from crops mat the Greek 

peasants in the area he studied depended heavily on beans in addition to their bread 

(Lowry 1991:287). Spon (Spon and Wheler 1678[2]:350-351) noted that during their 

long fasts, most Greeks ate a restricted diet rich in grain, legumes and other vegetable 

products. However, studies of twentieth-century traditional diets vary in the role given to 

legumes. Legumes were eaten infrequently in rural Messenia of the 1960s 

(Aschenbrenner 1972:59). In contrast, Beaubier's (1976:56) study of Paros in the early 

1970s found that legumes were quite important, being eaten roughly once a week in 

warm seasons, and three to four times a week in winter. In all, while legumes seem 
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generally to have played an important role in medieval and later Greek diets, their 

importance is less clear-cut than that of grain. 

As for grain, a few sources allow the importance of legumes to the diet to be 

estimated more exactly. The Byzantine typika studied by Dembinska (1985) show a 

variable importance for legumes. In these diets, 55 to 210 g of dried legumes were 

allowed per diem. These amounts would have contributed anywhere from 6% to 24% of 

daily calories and 14% to 42% of protein. As with grain, the protein contribution may be 

an overstatement due to the consumption of animal proteins not listed in the typika. Also 

as for grain, these figures may overestimate the importance of legumes to the average 

Greek diet. In the typical monastic diet, with its low level of animal protein 

consumption, legumes may have assumed disproportionate importance. For example, 

Grelot (1683:142-143) specifically referred to the large number of pulses consumed by 

the monks he visited. Unfortunately, precise data are not available for the medieval 

Greek lay population. Data for lay populations from later eras suggest a modest 

contribution by legumes. For example, the nineteenth-century sailors studied by Matelas 

and Grivetti (1993) were provided with only 53 g of dry legumes daily, which constituted 

about 4% of total dietary calories and 9% of protein. Allbaugh's survey of diet in Crete 

in the late 1940s lumped legumes in a category with nuts; together these provided 7% of 

calories and 17% of dietary protein. However, Allbaugh (1953:113) notes that the 

dietary contribution of legumes was likely underestimated because the survey was 

conducted in the fall, and most legumes were consumed in winter since they were more 

economical to prepare when a fire was already lit to heat the home. As with grain, it is 

possible that the twentieth-century data underestimate legume consumption. However, 

even the Byzantine typika, which report tightly controlled diets, suggest that legume 

consumption was variable and sometimes quite low. This stands in interesting 

contradiction to the considerable importance suggested by Matthaiou (1997) based on 

Ottoman taxation records and price lists. 

Thus, the importance of legumes to medieval Greek diets is less clear-cut than 

that of grain. While some authors have suggested a primary importance, the detailed data 
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available suggest that real consumption levels were sometimes quite low. Legume 

consumption is another problem that could potentially be clarified using stable isotope 

analysis of human remains. As will be reviewed in Chapter 3, legumes generally show 

stable nitrogen isotope values distinctive from those of most other foods. This opens the 

possibility of using bone 5 1 5 N analysis to determine the contribution of legumes to past 

Greek diets. If these truly did contribute major amounts of protein to the average diet, a 

detectable effect on human bone 5 ] 5 N would be expected. 

2.3.3. Oil and wine: Liquid staples: Along with grains and legumes, oil and wine 

formed the other basic elements of the medieval diet. The fundamental importance of 

these liquid staples is another factor that appears to have remained constant in Greece 

over the period of study. 

2.3.3.a. Oil and olives: In earlier times, the olive was one of the primary agricultural 

products of Greece. The importance of olives to Roman-era agriculture is witnessed by 

the extensive attention given by Cato (64-69, 144-146), Pliny (15.3-6), Varro (1.55) and 

Columella (5.8-9) to olive cultivation and oil production. A passage in Pliny (15.3) 

reflects its extensive use by all classes: "Nature ... did not intend us to be sparing in the 

use of oil, and she has made it universal even among common people." The sources 

attest to the continued importance of olive oil through the medieval period and into the 

modern era. Jeanselme and Oeconomos (1923:11) mention it as an essential aspect of the 

lower-class Byzantine diet. Oil was among the basic rations issued to Byzantine monks 

(Dembinska 1985). It was eliminated from their daily diet only as part of the harshest 

form of fasting, H,epo<j>ayia ('dry eating'). As described by Dembinska (1985), 

E,£po(j)ayia was imposed during Lent or as a special punishment. The fact that 

elimination of oil was one of the most extreme forms of fasting (short of not eating at all) 

shows what a crucial food it was thought to be. Other evidence for the importance of oil 

is seen in preserved descriptions of Byzantine cuisine. One of the best-known witnesses 

for the role of olive oil in upper-class Byzantine cuisine is Liudprand, who complained 
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that the dishes at the imperial table tasted strongly of olive oil, fish sauce, garlic and 

onions (11, 20). The impression was likely influenced by the fact that by this time 

Western upper-class cuisine used animal fats in place of oil (Mennell 1985). However, 

the essential point that oil was important enough in the dishes to be readily evident is 

likely accurate. This is also suggested by recipes from the era, which feature olive oil 

prominently (Jeanselme and Oeconomos 1923). Later, during the Ottoman period, the 

sources reviewed by Matthaiou (1997:102) show that oil was an essential staple of the 

diet for both Greek and Turkish populations. Celebi (1968:163) counted six hundred 

shops in Ottoman Constantinople selling oil. Its prominence was noted by various 

Western travellers. Olivier (1801[2]:368) noted the heavy consumption of olive oil on 

Crete, and also mentioned olives as a frequent item of the Greek diet in Constantinople 

(1801[2]:10). In the Morea, Pouqueville (1805:384-387) said that he saw olives eaten at 

almost every meal. He also noted that oil was important to the daily diet; his reaction to 

its presence in many dishes is reminiscent of Liudprand's. Studies and accounts of 

traditional Greek diets of the twentieth century document the continuing importance of 

olive oil (Allbaugh 1953:100; Aschenbrenner 1972:58; Beaubier 1976:56-58; Kafatos 

and Mamalakis 1993). 

It is clear from the above that olive oil would have been of primary nutritional 

importance to the Greek medieval diet. In a humble diet, one based on grain and 

legumes, olives and olive oil would have been one of the main sources of fat and a 

considerable source of calories. The typika reviewed by Dembinska (1985) provide one 

estimate of oil's nutritional importance. A l l of them document a yearly allotment of 15 

kg (16.4 1) of oil per person. This works out to an average daily allotment of about 41 g, 

or 45 ml. Since oil was not allowed during some periods of the year, the daily allowance 

of oil on days when it was permitted would actually have been greater. Over the year, the 

contribution of oil works out to about 10% of total calories, and 60% to 70% of fat. The 

proportion of fat contributed by the oil is somewhat approximate since the supplementary 

foods not included in the typika are often rich in lipids. In comparison, the nineteenth-

century ship's supply log indicates that sailors were provided with about 49 g of oil per 
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day, representing 11% of total calories and 35% of fat; in this diet, large amounts of fat 

came from animal products (Matelas and Grivetti 1993). Allbaugh (1953:506) found a 

more important role for oil in Cretan farming communities in the late 1940s, as it 

supplied 29% of calories and 79% of lipids. 

While these figures all support an important role for olive oil, there is 

considerable variability between them. This is not surprising, given the long periods of 

time separating the observations and the different groups represented (monks and nuns, 

sailors and farming families). However, the pattern is interesting, with the twentieth-

century farmers showing a very high contribution of oil to both calories and lipids. 

Allbaugh (1953:111) comments that oil consumption in Crete at the time of study was 

higher than usual in the rest of Greece, and thus part of the explanation for higher 

consumption may be regional tradition. As well, Crete was also still recovering from the 

disastrous occupation of the Second World War. Some foods (including sugar, flour and 

rice) were still distributed on ration (Allbaugh 1953:100). In contrast, oil production in 

the country as a whole had returned to pre-war levels by that time (Sweet-Escort 1954). 

Thus oil, which was not rationed, may have assumed proportionately greater importance 

in the diet, especially as the number of livestock available to provide dairy products and 

eggs - two of other potential sources of fats - was still low in comparison to pre-war 

numbers (Allbaugh 1953:279). This is speculation only, and the variation between the oil 

consumption rates suggested by the three data sets serves more than anything else as a 

reminder of the complex influences of local habit, local circumstances and social change 

over time that are at work behind the food consumption data that have survived to the 

present day. 

2.3.3.b. Wine: To modern North Americans, the position of wine as one of the major 

caloric staples of the medieval Greek diet comes as a surprise. However, along with 

olive oil and wheat, it is the third of what Braudel (1966[1]:215) calls the essential trinity 

of Mediterranean crops. The Classical Greeks consumed it at most meals, mixed to 

various proportions with water (Dalby 1996:23). This was true of the poor as well as the 
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rich, although the poor could not expect wine of high quality (Garnsey 1999:118). 

Roman authors considered wine, like oil, an essential food of civilization. Cassius Dio, 

speaking of the Pannonians, claimed that they produced little wine, and that of poor 

quality, drinking beer instead, and went on to state that they had "nothing to make a 

civilised life worthwhile" (Garnsey 1999:71). The relative value placed on wine in Late 

Roman times is clear in the price edicts of Diocletian. Wine varied in price from fine 

vintages down to table wine; the best quality beer cost only half as much as the poorest 

wine (Diocletian, Price Edict, Humphrey et al. 1998:502). Wine is treated by Byzantine 

authors as a basic staple. Choniates refers to it as a dietary essential, along with bread. 

These two, eaten alone, made for a diet of poverty. The exiled Isaakios Angelos is 

described as existing in rustic deprivation, "living on wine and measured bread" (452; 

also see 635 for a similar reference). The consumption of wine in excess, however, is 

depicted as a sign of moral weakness. Chrysos is said to have revealed his barbarian 

nature by drinking wine unmixed with water (507), and the greedy Isaakios Angelos is 

decried for drinking "an ocean of deep-red wine" (1223). Anna Comnena (249) linked 

excessive wine drinking with both barbarism and lechery. One of the Prodromic Poems 

shows the poor monks drinking water (Poem IV lines 132-137, 394-395). This may 

reflect fasting and penitentiary practices, but in the satire it is played as a dire situation; 

the character speaking relates that he becomes ill from drinking water instead of wine. 

More commonly the poet draws a distinction between the bad, sour wine of the lowly 

(Poem IV lines 298-299, 394-415) and the good, sweet wine of the fortunate (Poem III 

lines 134, 184; Poem IV lines 298-299, 394-415). From other sources, Jeanselme and 

Oeconomos (1923) provide a similar picture. The labouring poor drank wine of second 

quality mixed with water, or sometimes water alone. In contrast, the rich drank good 

quality wine, and used it in their cooking. Wine remained a staple in the Ottoman period, 

and the most basic table varieties were very cheap, as befitted a staple food (Matthaiou 

1997:110). In this era, of course, a large percentage of the population was not supposed 

to be consuming wine, as Islam prohibits it. The continuing importance of wine into the 
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twentieth century is documented by several observers including Friedl (1965), 

Aschenbrenner (1972) and Beaubier (1976). 

Dembinska's analyses of typika indicates a substantial caloric importance for 

wine in the monastic diet. Monks and nuns were supplied with a yearly allotment of 213 

to 319 litres (Dembinska 1985:459-460). This made for a mean daily allotment of 583 to 

874 ml; as wine, like oil, was forbidden on some days, the actual consumption on 

permissible days would have been higher. The contribution that this would make to 

dietary calories is uncertain as the caloric content of the wine would depend on its 

alcohol content and sweetness. Using values for modern table wine (Bowes 1998), this 

amount would provide 11% to 14% of daily calories. There is no indication that monks 

and nuns would have consumed more wine than the rest of the Byzantine population; in 

fact, the periodic imposition of wineless days (Dembinska 1985) would lead to lower 

consumption. Thus, these data seem to indicate with fair certainty that the Greek 

medieval population took in a high percentage of its daily calories in the form of wine. 

This practice is in agreement with patterns seen in contemporary Western Europe, where 

all classes consumed large daily amounts of wine, beer or other alcoholic drinks (Mennell 

1985). In contrast, nineteenth-century sailors were allotted 98 g of wine per day, 

providing under 2% of daily calories. Allbaugh's (1953:514) Cretan study population 

consumed just under 30 g of wine per person per day, contributing less than 1% of total 

dietary calories. The daily alcohol consumption of Cretan men in 1960 suggests a higher 

consumption of roughly 150 g per diem, though this still falls far short of the monastic 

values (Kafatos and Mamalakis 1993, consumption recorded as g. of 100% alcohol). The 

nineteenth- and twentieth-century figures stand in more or less consistent contrast to 

Dembinska's, suggesting that the caloric importance of wine in the daily diet decreased 

between the middle Byzantine era and the nineteenth century. 

2.3.4. Dairy products and meat: In moving to animal products, the review passes from 

foods likely to have been primary staples in terms of overall calories to foods that most 

recent analyses (e.g. Dalby 1996; Garnsey 1999) refer to as supplementary to the average 
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diet. However, in terms of protein, these may well have assumed a disproportionate 

importance. Dairy products, which appear to have been of greater overall importance, 

will be treated first, and the topic will then pass to meat. 

2.3.4.a. Dairy products: As Braudel (1966:34) observed, dairy products are an efficient 

solution to the problems of the Mediterranean environment, allowing exploitation of 

mountainous areas that are difficult to use for any other form of subsistence. Their 

importance to medieval Greek diets thus comes as no surprise. 

In terms of the species of animals used for dairy production, the sources from 

Roman to modern times are fairly consistent in attesting a primary role for the milk of 

sheep and goats. Columella (7.2) described the sheep as the source, par excellence, of 

dairy foods, calling it first among animals for its wool and for its provision of milk and 

cheese to feed the country folk. His comments on slaughter (7.3) reflect a dairy-based 

pattern of herd management: he advises that most lambs be sold to butchers before 

weaning so that profit may be made both from them and from their mothers' milk. His 

descriptions of goat-tending (7.6) and cheese-making (7.8) show that he also considered 

goats' milk important. In contrast, cattle are treated in the section dealing with draft 

animals (6.1-26). Varro (2.11) recommends sheep and goat milk as the most nutritious, 

and commends cow's milk, with that of the mare and donkey, as a laxative13. Pliny 

(8.70) recommends a breeding regimen for cattle that does not plan on significant milk 

production, and specifically contrasts it to the system used by peoples who depend on the 

animals for milk. Foods mentioned in the edict of Diocletian agree with this pattern: 

while foods as diverse as peacock and Celtic beer are mentioned, the only milk for which 

a price is set is sheep's milk (Diocletian, Price Edict, Humphrey et al. 1998:503). 

Documentary evidence for the Byzantine empire in particular indicates that the 

primacy of sheep and goat continued, at least for the smallholders who constituted most 

of the rural population and would have produced their own dairy products (Kazhdan 

1997). References for Ottoman Greece also suggest that most dairy foods were made of 

1 3 Varro does, however, mention cheese made of cow's milk, calling it the most nutritious of cheeses. 
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sheep's and goat's milk. Pouqueville (1805:389, 442) stated that most dairy products of 

the Greek Morea were made with sheep's milk, and that little cow's milk was used for 

any purpose. Dodwell (1819:144) makes a similar remark about dairy products further 

north on the Greek mainland. A primacy for goat's or sheep's milk on Santorini and 

Crete is suggested by the fact that sheep or goats, but no cattle, are mentioned as being 

herded there (Olivier 1801:263, 350-351). Turkish populations may have had a higher 

opinion of cow's milk, as C^elebi (1968:141-143) mentions cattle as often as sheep in 

connection with Constantinople's dairy industry. Twentieth-century traditional diets 

show a uniform preference for sheep's or goat's milk over cow's milk. The dairy 

products consumed in Vasilika came exclusively from sheep or goats (Friedl 1965:30-

31). The same was true of Crete in the 1940s, with the exception of evaporated milk, 

which must be discounted as a novel import (Allbaugh 1953:111). In Messenia, cattle 

were kept primarily for traction and the family's milk was provided by goats 

(Aschenbrenner 1972:57-58). Thus, data over time generally suggest a preponderance of 

sheep's or goat's milk, with cow's milk more variable and perhaps based on regional or 

ethnic factors. 

Usually, milk was converted into other products prior to being consumed. The 

dairy food most frequently attested to in Byzantine sources is cheese. The Prodromic 

Poems mention cheese several times. The better varieties were evidently thought of as 

good food. Vlach cheese is on the menu for a man who eats other fine things such as 

good sweet wine and stewed meat (Poem III lines 118-134), and a luxury dish served to 

the heads of the monastery includes two kinds of cheese (Poem IV lines 205-215). Some 

kinds of cheese were of poorer quality, like the Cretan cheese that the poor monk is given 

along with dried mackerel and spoiled tuna (Poem IV lines 109-110). Less frequent 

references are made to other dairy preparations. One of these was trachanas, a dried 

mixture of milk or cheese and roasted grain. This was a travel food; prepared for 

consumption simply by stirring it into hot water, it was important to soldiers and 

shepherds (Foxhall and Forbes 1982; Hill and Bryer 1996). The Prodromic Poems also 

mention yoghurt or another soured milk dish (Poem III lines 176-180). Yoghurt became 
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an important item of the diet in the Ottoman period; its use by both Greek and Turkish 

populations is remarked on by a number of travellers (e.g. Spon and Wheler 1678[1]:172; 

Pouqueville 1805:390). Butter is also frequently mentioned, specifically in the context of 

Turkish cuisine (e.g. Grelot 1683:240-241; Thevenot 1686:32). In this era, travellers 

mention a substantial trade in certain regional kinds of cheese (Morison 1704:735; 

Pouqueville 1805:94). Celebi's (1968) description of the guilds gives an idea of the 

importance and elaboration of dairy foods in this period; in addition to cheese, yoghurt 

and butter, the people of Constantinople could purchase kaimak, curds, sweet dishes of 

milk cooked with rice or almonds, hot drinks based on milk or cream, and fresh cow, 

buffalo or sheep's milk for use at home. In traditional twentieth-century communities, 

various kinds of cheese were the dominant dairy food, although children might be given 

boiled milk to drink (Friedl 1965; Beaubier 1976). 

The importance of dairy products to medieval diets may have been considerable. 

In many areas of Greece, sheep and goat herding allows land that is too steep and barren 

for agriculture to be brought into production. Dairy products from these herds may be 

used on the spot or, in the form of salted cheese, stored or traded. Large sheep herds (up 

to 1,000 animals) mentioned by Varro (2.10) could indicate a significant role for dairy 

products in farmers' diets in the Roman era. Surveys of Roman Greece by Lloyd (1991) 

and Mee et al. (1991) also suggest a significant role for pastorialism. Alcock (1993) has 

argued based on these and other studies that pastorialism enjoyed increased importance in 

the Roman era; this would imply a parallel importance for dairy products. In the Late 

Roman era, it seems that dairy foods were important as an affordable source of protein. 

Cheaper per unit weight than any concentrated protein source but beef, goat, mutton or 

salted fish, an Italian libra of cheese (about 330 g) could be had for 8 denarii. To place 

this in perspective, a farm labourer was to make no more than 25 denarii per day on top 

of room and board (Diocletian, Price Edict, Humphrey et al. 1998:503-504). 

A similar role in later times is suggested by Byzantine references to rural diets: 

labourers existed on bread and cheese, while shepherds lived primarily on dairy products 

(Jeanselme and Oeconomos 1923:12). The frequent references made to dairy products in 
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the Prodromic Poems suggest an important place in the urban diet. While some cheeses 

were luxury foods, others should definitely be classed as foods of the poor, and thus 

presumably cheap enough to figure significantly in humble diets (Poem IV lines 109-

110). According to sources studied by Matthaiou (1997:218-219), the importance of 

dairy foods in the average rural diet persisted into the Ottoman era. Pouqueville 

(1805:389) saw dairy products used extensively by Greek Moriotes. The commentary of 

Celebi (1968:142-143) shows a considerable importance for dairy products both in terms 

of the variety available and of the hundreds of full-time workers employed in their sale 

alone. In the twentieth century, Friedl (1965:30-34) attested to a considerable importance 

for goat's and sheep's milk, and was told that, within recent memory, shepherds of the 

area had eaten a diet based on bread and cheese. 

One estimate of the caloric importance of dairy foods to the medieval diet is 

provided by the records studied by Dembinska (1985). Monks and nuns of the Byzantine 

period were offered cheese as one of the regular supplements to their regimen of grain, 

pulses, oil and wine. Most of the typika studied provided no exact amount for cheese. 

However, one group of nuns was allowed about 16 kg of cheese per person per year. 

This works out to about 6% of total calories and 13% of total protein; these contributions 

are likely somewhat overestimated as more occasional supplements including fish and 

shellfish are not listed in the typika and thus do not appear in the totals. The sailors 

studied by Matelas and Grivetti (1993) were given 61 g of cheese per day, supplying 5% 

of calories and 6% of protein. Despite the centuries and cultural differences separating 

the two groups, these figures agree closely. Allbaugh's figure of 3% of calories and 5% 

of protein contributed by dairy foods to the Cretan diet of the late 1940s (Allbaugh 

1953:506) is also in rough agreement. These figures, if they can be extended to the 

general medieval population, suggest a relatively modest role for dairy foods in the diet14. 

However, it is debatable how much the data may actually be generalized. Given the clear 

1 4 Note, however, that the importance of dairy protein to a grain-based diet will be greater than is suggested 
by calories or protein weight alone. Dairy proteins are of higher quality than grain proteins (FAO/WHO 
1991), and a relatively small amount by weight may thus play an important role in overall protein nutrition 
(protein quality and its impact on protein nutrition are discussed in detail in Chapter 3). 
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documentary evidence for variation in the consumption of dairy foods - especially 

between rural/pastoral groups and those without easy access to herds - this may be one of 

the food groups that saw considerable geographical variability in its importance. It 

should also be recalled that the populations these data are reported for may show low 

dairy consumption for other reasons. Dembinska provides information for a specific 

group of people known to eat frugal diets. Allbaugh may have seen less dairy use than 

his informants would have wished, as the loss of dairy animals during the war likely had 

a significant impact on dairy consumption (Allbaugh 1953:279; Sweet-Escort 1954:123-

124). Certainly, sources such as those reviewed by Matthaiou (1997) and Jeanselme and 

Oeconomos (1923) suggest a more central importance for dairy foods in the diet. 

2.3.4.b. Meat: As has already been noted, discussion of the importance of meat in past 

diets is complicated by the symbolic associations of meat. However, an examination of 

this importance is possible if the evidence is used with caution. This section is devoted to 

a synopsis of species used in various eras and a summary of available information on the 

frequency and amount of consumption. Detailed discussions of class variability, the 

impact of fasting customs and possible inequities in gender access are discussed later, 

since they involve diet in general rather than meat alone. 

Dalby (1996:58-59) argues that the three most important meat animals of 

Classical Greece were sheep, goat and pig. Roman sources confirm the use of sheep and 

goat meat; for example, Columella (7.3) says that most lambs from a well-managed herd 

will be used for meat, and his remarks on kids (7.6) imply a similar fate. However, the 

domesticated animal prized most for its meat in this period may have been the pig. Varro 

(2.4) discuss the usefulness of pigs as meat animals, and cites an old saying that pigs 

were given to humanity by nature to provide a banquet. Pliny (8.77) makes a similar 

remark, saying that while other animals provide the table with one or two flavours only, 

the pig yields fifty. Columella (7.9) praises the ability of sows to produce two litters of 

piglets per year, provided that the suckling pigs are slaughtered young. In contrast, beef 

appears to have been little used. While Varro (2.5) opens the possibility that cattle will 
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be slaughtered for meat, he focuses on the animals' utility as draft animals. Columella 

(6.1-26) discusses cattle in terms of their draft use only, and Pliny (8.70) seems to regard 

their slaughter for food as a wanton waste of useful animal labour. Birds raised for the 

table in Roman times included chickens, geese, ducks and pigeons, as well as more exotic 

birds such as peacocks (Columella 8.2-15; Varro 3.3-11). In the case of chickens, the 

Roman authors give much attention to eggs (Columella 8.4-11; Varro 3.9). Later in 

Roman times, the prices set by Diocletian suggest the relative values assigned to these 

foods. Of the common domestic meats, pork, goat and kid were the most expensive; 

beef and the meat of mature goats and sheep were less costly. Eggs, at a denarius each, 

were affordable; however, a pair of chickens cost 60 denarii, an amount that could buy 

five Italian librae (roughly 1.5 kg) of pork or almost nine litres of dried beans 

(Diocletian, Price Edict, Humphrey et al. 1998:503). These priorities agree with the 

faunal assemblage recovered from Roman levels in the unexcavated mansion at Knossos, 

which include sheep, goat, pig and cow, with cattle in the minority (Sackett 1992). 

A similar pattern can be traced into the medieval era. According to Randsborg 

(1991:35-39), sheep and goat generally predominate over cattle in Mediterranean faunal 

assemblages of the first millennium CE. Historical documents also portray sheep, goats, 

pigs and cattle as the main domesticated animals of the Byzantine countryside, with 

sheep and goats predominating (Kazhdan 1997). A l l of these were found in Byzantine 

levels at Mitilini (Ruscillo-Cosmopoulos, personal communication) and at the site of 

Sarachane in Constantinople (Kosswig 1986). A number of sources indicate that chicken 

and eggs were quite important and that, while chicken was a fine meal worthy of the 

upper classes, most people had access to eggs i f they wanted them (Kazhdan 1997:55-

56). Eggs were also enjoyed by monastics, who were forbidden meat on most occasions 

(Dembinska 1985). The meats most highly valued in gourmet recipes of the time were 

suckling pig, lamb and kid, along with pigeons and chickens (Jeanselme and Oeconomos 

1923:2). The account of Liudprand falls in with this, as the only meat he mentions is 

goat, in the form of a roasted kid served at a feast (20) and a pair of goats sent by the 

Emperor for Liudprand's table (38). Choniates mentions both pork and beef, the former 
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in connection with both Greeks (640) and Franks (394), the latter in connection with 

Franks alone (394). Faunal remains recovered from Frankish levels at Corinth show a 

general focus on sheep and goat (Williams et al. 1997, 1998). However, cow is present, 

as are some bones likely to be those of domestic fowl. 

Later, in the Ottoman era, references to the consumption of all of these 

domesticated animals and birds are found (Matthaiou 1997). The weight of travellers' 

accounts suggests that mutton was the most popular meat in many areas, especially for 

the Turkish population. Schweigger (1964) mentions mutton several times in connection 

with the Turkish cuisine of Constantinople. Other travellers describing mutton as the 

typical meat of the Ottoman Turks include Blunt (1664:185), Sandys (1658:51) and 

Thevenot (1686:32). Some travellers noted this of Greek populations as well. For 

example, Pouqueville (1805:385-386, 443) said that mutton was the most frequently used 

meat for both Greeks and Turks in the Morea, while beef was rarely used as it was not 

considered a healthful food. Olivier (1801[2]:352) made a similar observation for Crete, 

noting that while mutton and pork were common foods for the Greek population, beef 

was rare, as cattle were kept largely as draft animals. However, Matthaiou (1997:68) 

differs on the role of beef, which she feels became more popular in the Ottoman era. 

Celebi's description of meat slaughter and consumption in Ottoman Constantinople 

(1968:147-9) supports this, as it indicates that a large amount of beef was eaten, most of 

it in the form ofpasdirma (dried and salted meat). The difference may reflect regional or 

ethnic variation in taste. Definitely affected by ethnic variation was the consumption of 

pork, which is not permitted by Islam. The lack of pig remains in Ottoman levels at 

Sarachane may be a reflection of this prohibition (Kosswig 1986). In some cases, the 

effect of this custom could be seen in market prices; Olivier (1801 [2]:350-351) related 

that pork was cheap on eighteenth-century Crete because it was forbidden to the Turkish 

population. The position of chicken and eggs appears to have been similar to that in the 

Byzantine era, with chicken prized as a status dish while eggs were widely available 

(Matthaiou 1997:78-79). Eggs were apparently still part of the monastic diet; Spon 

reported being served eggs, along with cheese, fruit, and honey, at a meal where a bishop, 
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who followed a monastic regime, was another guest (1678[1]:206). Traditional diets of 

the twentieth century followed a pattern that agrees quite closely with earlier travellers' 

accounts of Ottoman Greek populations. In 1940s Crete, the most commonly used meat 

by weight was goat or kid; this was followed by mutton or lamb, chicken, and pork, with 

beef or veal in last place. Eggs were relatively important, falling between goat and 

mutton in terms of total weight used (Allbaugh 1953:512). On Paros in the 1960s, the 

most commonly used meats were mutton, goat and chicken; eggs were also important. 

Beef and pork were rarely used (Beaubier 1976). Friedl's (1965) informal survey 

suggests that the most important meats at Vasiliki were goat and chicken, with eggs also 

eaten in significant amounts. In contrast, lamb was eaten only at Easter, and beef is not 

mentioned at all. 

In addition to domesticated animals and birds, hunted and collected meat was 

likely included in many medieval Greek menus. Hunting generally had upper-class 

connotations in the medieval Greek world, being portrayed as a sport of nobles and 

emperors in Byzantine times (Kazhdan 1997:55). The emperor Andronikos enjoyed the 

hunt, and included references to it in his public imagery (Choniates 333), and Liudprand 

was invited to tour the private imperial hunting park (37-38). The extent to which game 

entered the everyday diet is debatable. In earlier times, the price edicts of Diocletian 

placed boar somewhat above domestic pork. Venison was priced similarly to kid and 

lamb, and a pheasant was worth as much as four chickens - double that, if the bird was 

kept and fattened before being sold (Diocletian, Price Edict, Humphrey et al. 1998:503). 

These figures suggest that while game was more expensive in Late Roman markets than 

domesticated meats, it was within the reach of people who could afford to eat lamb or 

chicken. Of course, the rural population could snare small game, rather than buying it. 

The importance of this source of food is attested to by eyewitness sources of the Ottoman 

era. Both Olivier (1801[2]:262) and Pouqueville (1805:385) remark on the use of hare by 

the general Greek population. The supply of meat thus procured could be substantial. 

Olivier (1801[2]:263, 374-375) remarked that on Santorini and Cyprus, there was such a 

seasonal abundance of wild birds that large amounts were snared and the majority 
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preserved in vinegar or sweet wine. While many of these were exported as luxury items, 

on Santorini some were saved for consumption in the winter. However, on Crete it seems 

that the peasants did not eat most of the wild game they snared and hunted. Instead, 

Olivier was told, they preferred to eat a restricted diet and convert items such as this into 

cash to meet taxes (1801 [2]:350). According to Matthaiou (1997:207), this was common 

practice in the Ottoman era. The inclusion of a certain amount of wild meat in the diet 

persisted into the twentieth century in some communities. Allbaugh (1953:512) found 

the combined importance of wild birds and rabbit by weight to be just below that of pork, 

and roughly the same as that of beef. 

One further wild item deserving specific mention is the snail. Snails are 

mentioned in the price lists of Diocletian, which set the price of twenty large snails 

(representing a significant amount of meat) equal to that of four eggs (Diocletian, Price 

Edict, Humphrey et al. 1998:504). While most usually gathered as wild food, snails 

could be raised in special enclosures, as described by Varro (3.14). The consumption of 

snails was noted by travellers visiting Ottoman Greece. According to Olivier 

(1801 [2]: 12-13), Greeks living in the area of Constantinople area gathered and ate many 

snails. He also mentions them as part of the monastic diet on the island of Milos 

(1801[2]:206). Poucqueville (1805:384) and Sonnini (1801[2]:201) also saw Ottoman 

Greeks eating snails, and it seemed to both of them that these were a fairly common food. 

Sonnini was not impressed, but did see a point to it: "c'est un assez mauvais mets, qui 

n'a de merite que de ne rien couter15" (Sonnini 1801 [2]:201). As documented by 

Allbaugh (1953:512), these were significant in the Cretan diet of the late 1940s. By 

weight, their use fell just below that of eggs, and above all domesticated meats but goat 

and kid. 

The nutritional importance of meat in medieval Greece is problematic. It is 

reasonable to assume that the upper classes must have consumed significant amounts of 

it. As Jeanselme and Oeconomos (1923) review, the recipes of the upper classes included 

many meat dishes. As discussed above, references to meat-eating in Choniates are highly 

"It is quite poor food, whose only merit is that it costs nothing." 



56 

rhetorical; however, the fact that it is only the privileged (rulers, the nobles who feasted 

with them, and conquerors who could take what they wanted) who are said to be eating 

lots of meat may be a reflection of a significant amount of meat in the diets of the upper 

classes. Anna Comnena (48, 265) also makes references to meat as a basic item in noble 

meals. The general impression formed by Dalby (1996:189-198) is that the upper classes 

of Byzantium enjoyed a wide variety of luxury foods including all sorts of meat. Later, 

in the Ottoman period, government records of meat supplied to the Sultan's palace for 

use of its inhabitants, their staff and government officials suggest an allotment of 350 to 

450 g per person per day, suggesting an overabundance of meat in the upper-class diet 

(Stoianovich, cited in Matthaiou 1997:68). The diet of the average medieval person, 

however, is in more doubt. Some sources suggest fairly regular meat consumption. As 

reviewed above, the Prodromic Poems describe a meat-rich diet for average city dwellers 

including a cobbler and a porter, although there is reason to suspect that the references 

are satirical, and thus may not be accurate. By reason of their profession, Dembinska's 

monks and nuns were allowed meat not at all or only on occasional feast days, and thus 

shed no light on the issue apart from confirming that at least this one section of the 

populace ate little or no meat (Dembinska 1985). Kazhdan (1997:55) feels that meat was 

a reasonably regular item of the average Byzantine diet, pointing to references to peasants 

consuming pork or beef on specific occasions. However, both Dalby (1996:196) and 

Matthaiou (1997:210-217) feel that most of the Byzantine and Ottoman era populace 

typically did not eat meat, except at special meals. Matthaiou's conclusion for the 

Ottoman era is based on an extensive review of price lists, taxation and production 

records, and the comments of the Greek population themselves, and this strong basis 

makes it compelling. However, the specific data available on meat consumption in the 

Ottoman era and early twentieth century suggest that it may understate the amount of 

meat in the average diet. According to Ottoman records of the butcher's industry in 

Constantinople, Christian and Muslim commoners consumed an average of 25 to 50 g of 

meat per person per day, considering large domestic animals only (Stoianovich, cited in 

Matthaiou 1997:68). While small, this amount could still contribute a significant portion 
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of dietary protein depending on what else was eaten. A similar daily portion - about 45 g 

per day counting all kinds of meat including snails - was consumed in Crete in the late 

1940s (Allbaugh 1953:512). This amount provided a very small percentage of total 

dietary calories, but about 10% of dietary protein. The mean daily consumption of meat 

in Crete in the 1960s was lower than this, at 30 g per day (Kafatos and Mamalakis 1993). 

In contrast to these figures, the sailors on a nineteenth-century merchant vessel consumed 

much more meat. Their daily allotment was 229 g of dried meat - concentrated in 

calories and protein compared to fresh meat - which provided 15% of dietary calories 

and 23% of protein (Matelas and Grivetti 1993). It seems reasonable to ask whether this 

reflects the special conditions the sailors lived under, and especially the need for stores 

that were rich in nutrients per unit weight and would not spoil. However, even the lower 

figures from the twentieth century communities suggest that meat was a significant aspect 

of the traditional diet. As with dairy resources, it is possible that stable isotope analysis 

will be able to answer some questions in this regard. 

2.3.5. Marine resources: Staple or relish? The importance of fish, molluscs and 

shellfish to the Greek diet in various periods has been a subject of debate (Gallant 1985; 

Braund 1996; Powell 1996; Purcell 1996). With the importance placed on fish as a 

desirable food in Classical sources and the proportion of coastline to land that Greece 

possesses, a significance for marine resources would seem logical. However, there are 

reasons to question this. This section outlines the most important species consumed and 

the methods used to preserve them for later use and transport. It then reviews the 

available data on the importance of marine resources to the medieval diet. As with meat, 

questions of gender, class and ethnic variation are left for the following section. 

The list of marine organisms used as food is extensive. Fish specifically 

mentioned by Classical and Hellenistic writers include tunny, swordfish, eel, bluefish, 

pike, sturgeon, skate, ray, shark, dogfish, bass, bonito, grouper, comber, maigre, 

mackerel, anchovy, pilchard, sardine, sprat, and various types of mullet, bream and 

wrasse (Dalby 1996:68-72). In terms of the cooking and serving of these fish, a line was 
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drawn between fish large enough to be served as individuals and smaller fish such as 

sardines, sprats, anchovies or pilchards that were fried and served in batches. Also used 

in this era were octopus, squid, cuttlefish, lobster, crab, shrimp, and sea urchin, along 

with a number of shellfish including oysters, mussels, clams and limpets (Dalby 1996:73-

74). Most of these, and a variety of others, are described by Pliny in the ninth book of his 

Natural History. Medieval and Ottoman sources mention many of the same species as 

the Classical and Roman works. The Prodromic Poems make reference to tuna, 

mackerel, bluefish, carp, swordfish, lobster, crab and octopus (Poem IV). In the Ottoman 

era, Sonnini observed fisheries in the islands. The fish and shellfish he described as 

important catches included scorpionfish, two kinds of mullet, several kinds of bream, 

carp, dogfish, various tiny fish, octopus, cuttlefish, squid, oysters, mussels and sea 

urchins (Sonnini 1801 [1 ]:274-281, 1801 [2]:202-217). In the same period, Pouqueville 

(1805:386, 454) mentions the use of mackerel, swordfish, eels and sardines. 

The relative importance of the various species is difficult to assess, and would 

have varied by region and season. As described below, mackerel was often preserved, 

and thus might have been more easily available. Preserved fish may also have been more 

attractive in terms of cost; analogy with the earlier edicts of Diocletian suggests that it 

would have been the most affordable of the marine foods (Diocletian, Price Edict, 

Humphrey et al. 1998:503). Sturgeon and mullet, which provided the eggs used for 

caviar and botargo (see below) were also likely quite important. Smaller fish such as 

sardines may also have been more commonly available and thus more frequently used. 

Finally, octopus, cuttlefish, squid and the shellfish may have assumed disproportionate 

importance for Christian populations since they were never forbidden to the lay 

population due to fasts. As reviewed in more detail below, the Greek Christian 

population was encouraged to fast for several weeks of each year, giving up various 

combinations of food including meat, dairy products and fish. As reported consistently 

by travellers of the Ottoman period, molluscs and shellfish were permitted to the lay 

population during even the strictest fasts since they were thought not to have blood (Spon 
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and Wheler 1678[2]:351; Tournefort 1717:105; Sonnini 1801[2]:213, 216-217; 

Pouqueville 1805:303). 

When possible, the medieval Greeks likely enjoyed fresh fish. Freshness was 

prized in earlier eras, and the best season and place in which to eat a given fish was the 

subject of much discussion (Dalby 1996:66-75). Of the many fish involved in the 

luxurious monastic banquet described in the Prodromic Poems (Poem IV), only a few are 

specified as salted or dried; the rest were presumably fresh. Over 3,000 fishermen and 

3,000 sellers of fish were required to supply Ottoman Constantinople (Celebi 1968:159-

161). Although Celebi is careful elsewhere to list the men and shops involved in 

preserving foods or selling preserved food (dried or salted meat, cheese, yoghurt, 

kaimak), he mentions no facilities for preserving these fish, implying that most or all of 

them were sold fresh. A single find of the head of a large fish in Frankish levels of 

Corinth (Williams et al. 1997) suggests fresh fish consumption. However, i f fish was to 

be preserved for more than a day or two, or transported inland for any distance, it had to 

be preserved. This was especially important for large fish caught en masse, like the 

tunny. For such catches, there was little other viable option than to do as described by 

Pliny (9.18) in an earlier era: consume the choice parts fresh, and preserve the rest. 

The production of salted or dried fish was likely similar to the methods recorded 

in the Roman era (Curtis 1991). These produced both wet-salted and dry-salted fish. In 

dry-salted form, fish could be shipped to nearby inland areas or yet further afield. As a 

result of the processing treatment, some of the bones of the fish might be left behind at 

the processing site; the bones most likely to be left behind were those of the larger fish. 

As mentioned above, this has implications for the use of faunal assemblages to 

reconstruct marine resource use and trade patterns. A number of medieval and later 

sources make reference to the use of preserved fish in Greece. Preserved tuna and 

mackerel are mentioned in the Prodromic Poems, with indications that the process of 

preservation was not always perfect; when the tuna began to stink, it was given to the 

lowly monks (Poem III lines 93-94; Poem IV lines 109-110, 237-246). Dried fish was 

used as a travelling food: Fynes Moryson, travelling in 1597, related that the sailors ate a 
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diet based on dried fish, garlic, onions and ship's biscuit (Moryson 1907:89). These 

references support an analogy to the cheap dried fish of the edicts of Diocletian, which 

place the price of this food lower than that of beef, cheese and (considering the 

concentrated nutrition it offers) eggs. The ability of dried fish to be shipped and stored 

made it an important food into the twentieth century. Friedl (1965:36) was told by her 

informants that dried fish had long been a part of the diet at Vasiliki, which is located 

inland, and Allbaugh (1953:512) reported that dried or salted fish constituted the vast 

majority of the fish consumed in Crete. Neither of these communities had access to 

refrigeration, and the attraction of dried fish was likely the same as it had been in earlier 

eras: the ability to keep for long periods with no special storage facilities. 

Another important method of preserving fish was through preserving its eggs as 

caviar (sturgeon eggs) or botargo (salted, pressed mullet roe). Both of these foods are 

salted, and suitable for long travel. Botargo could be produced locally; Olivier 

(1801[6]:477) mentions its production in the region of Patras. In contrast, caviar was 

imported from the Black Sea area (Dalby 1996:189). Fish roe is mentioned in the 

Prodromic Poems (Poem IV lines 178, 188) and both caviar and botargo were mentioned 

in other Byzantine-era sources (Dalby 1996:189). Travellers of the Ottoman era mention 

these dishes frequently (e.g. Tournefort 1717:108; Pouqueville 1805:384; Dodwell 

1819:144). As discussed below, they seem to have been an important food, particularly 

as a fasting dish. 

A final method for preserving fish was the making of fish sauce, or garum. This 

sauce, which was similar to modern Southeast Asian fish sauces, was used extensively in 

Roman-era cuisine (Dalby 1996; Garnsey 1999). While it went out of use in Western 

Europe at the end of the Roman era (Mennell 1985), it persisted in Greece through the 

Byzantine era and was a prominent ingredient in high-status cuisine (Jeanselme and 

Oeconomos 1923). The most famous reference to garum in Byzantine cuisine was made 

by Liudprand, who found the unfamiliar flavour distressing (11, 20, 32). Garum was 

probably made with methods similar to those used in the Roman era (Curtis 1991). In 

this process, fish was mixed with a large volume of salt and left to ferment in a sealed 
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container. Bacterial activity hydrolyzed the fish proteins, producing a salty, protein-rich 

liquid. Depending on the type and quality of sauce desired, Roman garum could be made 

with the flesh of certain fish, whole small fish, or fish heads and entrails. It could thus be 

an efficient way for fishermen to use leftover fish from their daily efforts. Curtis (1991) 

has pointed out that garum should be classed with salted fish as a way of preserving fish 

calories for later consumption, as much of the protein from the fish is included in the 

final product. Modern Southeast Asian fish sauces, produced using methods very similar 

to the Roman procedure, contain an average of 8.9% protein by weight (Leung et al. 

1972). Thus, a few tablespoons of sauce per day could contribute a minor but significant 

amount of protein to a diet. 

As with meat, the nutritional importance of marine resources in the medieval 

period is open to debate. Speaking of the Greek world in general, Curtis (1991:113-114) 

has argued for the position of fish as a staple, stating that "Greeks of all social classes in 

the classical age and later were avid consumers of fresh and processed fish." This point 

of view has been challenged by scholars focusing on Bronze Age and Classical Greece. 

Gallant (1985) examined fishing methods and the ecology of the Aegean to reach the 

conclusion that it would have been impossible to extract enough marine resources from 

the Aegean to make up a significant fraction of the general Greek diet. Instead, he 

argues, fish filled the role of an occasional treat for the privileged and, sometimes, as an 

emergency ration for coastal communities who could turn to fishing i f crops were poor. 

As he makes his argument based on fishing methods and yields of the nineteenth century 

(Gallant 1985:31-33), his point, if valid, should also be true for the period under 

consideration in this study. One proviso to an argument based only on fishing technology 

would be that fishes could also be raised: both Varro (3.17) and Columella (8.16-17) 

devote detailed discussions to keeping fish-ponds. However, these discussions also make 

it clear that such fish-keeping could only be practiced by the wealthy, and thus Gallant's 

objections should be valid for most of the population. Powell (1996) takes a more 

moderate view, arguing that, while marine resources could not have been the mainstay of 

the Greek economy, they likely formed an important part of a mixed subsistence strategy. 
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Like Gallant, Powell bases her argument partially on traditional fishing methods used up 

to the nineteenth century and the ecology of the Aegean, so that although she is interested 

in the Bronze Age, her points about the potential role of fishing in the Greek economy 

should be transferable to the medieval period. Between them, these three views - Gallant 

arguing little importance for fish, Powell arguing an important role in a mixed 

subsistence strategy, and Curtis arguing the use of fish as an essential staple - describe a 

wide range of potential dietary roles for fish in the medieval period. 

The sources available suggest at least as important a role for marine resources as 

for meat. Analogy to Late Roman times suggests that it was no more difficult to afford 

fish than it was to afford meat, as long as one was not fussy as to its type. As mentioned 

above, dried fish was one of the cheapest foods listed, and while top-quality marine fish, 

mussels and oysters were all expensive, second-quality marine fish and sardines were 

comparable to the better domesticated meats, falling just above lamb and kid. An 

important factor highlighted by this price list is the potential role of freshwater fish; 

these were cheaper than marine fish of any size or quality, demonstrating at once their 

lower perceived value and their potential attraction as a food for the poorer classes 

(Diocletian, Price Edict, Humphrey et al. 1998:503). Jeanselme and Oeconomos 

(1923:2) argue that for the Byzantine upper classes, fish were prized as much as any 

meat. This agrees with references to marine foods in Choniates, who mentions fish in the 

same breath as meat when speaking of luxurious diets (441), and uses cuttlefish as a 

symbol for wealth and fine eating (302). It also agrees with the repeated references to 

fish in the Prodromic Poems (see above). At the very least, Byzantine monks and nuns 

had a diet relatively rich in marine resources; the typika described by Dembinska (1985) 

allow five weekly servings of fish or shellfish, which would have been significant in a 

diet otherwise composed of bread, legumes, oil and wine, greens, fruit, and sometimes 

eggs or cheese. Moving into the Ottoman era, Matthaiou (1997:80) is convinced by the 

sources she has studied of the important role that fish played in the general diet. She 

refers to marine resources as an essential staple of the middle and lower classes - both 

Greek and Turkish - of the capital. 
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Travellers to Greece often noted fish consumption. Spon (Spon and Wheler 

1678[2]:252) reported that there was good fishing near Athens, and a fishing industry 

sufficiently developed to present him with 50 to 60 pounds of fish on a day's notice. 

Pouqueville (1805:386, 454) related that fish were very highly thought of by the Moriote 

Greeks, and described a major fishing industry in coastal areas near Corinth, where 

mackerel and sardine were caught in large amounts. He also remarked that botargo and 

caviar were very common foods in the Morea; caviar is said to be like a Greek national 

dish (Pouqueville 1805:384). Some observers specifically linked marine resource use to 

Greek ethnic/religious identity. For example, Tournefort (1717:105-108) mentioned fish 

as a key item in the monastic diet, and remarked that salted fish eggs were a common 

Greek Lenten food, and Dodwell (1819:134) also identified caviar as a common Greek 

fasting food. References to shellfish as Christian Greek fasting foods were made by Spon 

and Wheler (1678[2]:351), Tournefort (1717:105) and Pouqueville (1805:303). Such 

references have led Paviot (1991) to propose that, in general, Ottoman Greek Orthodox 

populations were heavier marine resource consumers than were Ottoman Turks. 

There is little evidence upon which to base a more exact estimate of the 

nutritional role of marine foods. Dembinska's data for marine food consumption take the 

form of an estimate of how often marine products were used. For example, we know that 

the nuns of a certain establishment were allowed one portion of fish or shellfish five 

times a week (Dembinska 1985), but the size of that portion is not given. Much later, the 

nineteenth-century sailors' diet studied by Matelas and Grivetti (1993) included 98 g of 

dried fish per day, contributing 14% of protein and 10% of lipids. These contributions 

were significant, but small in comparison to the role played by dried meat. More recent 

data give the impression that fish was fairly important to the traditional twentieth-century 

diet. On Crete, Allbaugh (1953:512) reported a mean consumption of 26 g of marine 

foods per day. This is less than the 45 g of meat consumed daily, but in terms of protein 

it was likely at least as important as most of it was dried. Thus, more detailed data, 

though very sketchy, suggest a nutritionally significant role for marine resources in the 

Greek diet. 
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The question of the importance of marine resources to the medieval diet is thus 

unresolved; though several sources suggest that they were extremely important, an exact 

figure for this importance cannot be reached. This issue is one that has been of broader 

interest to historians of Greece in various eras, and, as will be seen below, is also of 

interest in terms of gender and ethnic variability in medieval Greek diets. Here, stable 

isotope analysis of archaeological human remains has obvious potential to clarify matters. 

As will be discussed in Chapter 3, marine resources have distinctive carbon and nitrogen 

stable isotope values in comparison to terrestrial resources. This allows the detection of 

significant marine resource use through analysis of human tissues. Application of the 

technique to medieval human remains could thus provide vital information on medieval 

Greek marine resource use and allied issue of economics, gender and ethnic relations. 

2.3.6. Other foods: A number of other food types are recorded as being present in the 

medieval Greek diet. In general, these were of lower caloric importance, although their 

nutritional role was sometimes highly significant due to vitamin and mineral content. 

The food of the most interest for this analysis is cane sugar. 

2.3.6.a. Fruits and vegetables: Fruits and vegetables appear to have formed a significant 

portion of the diet. Green vegetables formed part of the gourmet repertoire, and were 

eaten dressed with oil and garum or oil and vinegar (Jeanselme and Oeconomos 1923). 

While the author of the Prodromic Poems says he does not want to live only on 

vegetables, he still provides an extensive list of vegetables necessary to stock a kitchen 

(Poem II lines 38-42). These include celery, lettuce, endive, cress, kohlrabi, turnips, 

eggplant and cabbage. He also includes fresh and dried fruits among the delicacies eaten 

by the greedy monastery fathers (Poem IV lines 317-337). An extensive repertoire of 

vegetables and fruit was noted by Ottoman-era travellers. Olivier (1801 [2]:347-350) 

provides a long list of vegetable species used in eighteenth-century Crete by the Greek 

population. The plants used are varied, dominated by greens, and include several wild 

plants gathered in season. The importance of wild vegetables was also noted by 
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Pouqueville (1805:303). Vegetables and fruit in general are concluded by Matthaiou 

(1997:92) to have been a substantial element in the average Greek Ottoman diet. Of 

these, fruit may have supplied the most calories, especially sweet dried fruits like raisins 

and figs. Dried figs are mentioned in some situations as fasting food; see for example a 

meal eaten by Spon and Wheler (1678[1]:206) in company of a bishop, who did not eat 

meat, and which was thus composed of grapes, figs, honey, cheese, eggs and melons. 

Tournefort (1717:105) also specifies dried figs as an important part of monks' diets. 

In the late Ottoman period, potatoes became an important item of consumption. 

Olivier (1801[2]:349) did not see them used on eighteenth-century Crete but remarked 

that they would make a good additional crop. By the time the nineteenth-century ship's 

log was composed, potatoes had obviously become significant: they contributed 3.3% of 

daily calories (Matelas and Grivetti 1993). 

Few data for estimates of consumption values are available. Fresh vegetables and 

fruit are not included in the typika reviewed by Dembinska (1985), and very few were 

taken on board the ship studied by Matelas and Grivetti (1993), perhaps because of 

storage difficulties. In late 1940s Crete, almost 2 kg of vegetables per person per week 

were consumed. This contributed less than 3% of dietary energy and 5% of protein, but 

was extremely important in terms of vitamins and minerals (Allbaugh 1953:506). 

2.3.6.b. Honey and sugar: In the Roman era, the options for sweetening foods were 

essentially those described in Apicius (Edwards 1984): honey, dried fruits, and 

concentrated fruit sugars such as boiled grape juice. Honey was considered an important 

resource: Columella (9.2-16), Varro (3.16) and Pliny (11.5-15) all described techniques 

for bee-keeping and honey harvesting. Sugar was known by this era, but not as a dietary 

item per se; Pliny (12.32) describes it as "a kind of honey that collects in reeds" and 

states categorically that it is used only in medicine. Continuation of this use is seen in the 

Byzantine era: the Prodromic Poems contain a reference to a sick man needing sugar 

from the market as part of his cure (Poem IV:450-451). This attitude toward sugar was 

also typical of the Western European attitude at the time, and typified a diet including 
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small amounts of sugar consumed as part of a spice mixture or taken as part of a 

medicinal syrup (Mintz 1996:56-61). However, as the Ottoman era progressed, sugar 

cane production became industrialized in several Ottoman-controlled areas of the 

Mediterranean, and production increased dramatically (Braudel 1966). £elebi 

(1968:136-137) describes imports of sugar to the capital from Egypt, Tarsus, Antioch, 

Damascus, Beirut and Tripoli. Consumption seems to have increased to suit. Celebi 

describes the wide variety of sugar-based drinks and sweets available in the capital. 

Foreigners considered the drinks, especially sherbet, especially typical of the Turks, 

perhaps because they perceived them as a replacement for the forbidden alcohol. They 

are often mentioned as part of the 'typical' Turkish diet (e.g. Schweigger 1964; Maurand 

1901:221-222). Sugar, of course, is one of the food items whose consumption is likely to 

have changed significantly in modern times. An illustration of this change comes from 

the supply logs studied by Matelas and Grivetti (1993): while sugar was not an important 

part of nineteenth-century sailors' diets, it provided 7.5% of calories consumed by 

twentieth-century sailors. As a C4 plant, cane sugar has the potential to influence human 

stable carbon isotope values. As will be discussed in following chapters, this is 

theoretically another area where stable isotope analysis could help to trace the spread of a 

novel food through the Mediterranean area. 

2.4. Patterns of variation: As has already been briefly touched on at points above, 

the data on Greek medieval diet suggest patterned variation in the consumption of several 

foods based on class, gender, cultural affiliation or era. The patterns that seem especially 

interesting are summarized here. 

2.4.1. Variation by class: It appears from sources consulted that the medieval diet 

varied in certain ways along class lines. A l l medieval diets seem to have included 

significant amounts of grain and legumes. The inclusion of oil and wine also seems to 

have been a fairly basic assumption. However, there seem to have been major 

differences in what was eaten along with these basic foods. 
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The most obvious apparent difference lies in the relative contribution of meat and 

fish to the diet. As discussed above, Choniates' Historia and the Prodromic Poems both 

portray the diet of the poor as including little other than bread. Later references from the 

Ottoman era agree that a diet based on grain - and little else - was the fate of the rural 

populace (Matthaiou 1997:217). It was also the diet of the urban poor, who in 

Constantinople were given loaves of 'black' bread by government bakers (Celebi 

1968:121). Many sources suggest that the poor also consumed substantial amounts of 

legumes. In contrast to the symbolism of bread and legumes, meat and fish are 

associated with good fortune and higher social status. In Choniates, meat is the food of 

emperors and conquerors; in the Prodromic Poems, it is the diet of those living a happy 

and privileged life. There is little doubt that this symbolism reflected a real situation, 

with the upper classes adding more meat and fish to the bread-wine-oil basics. 

Descriptions like that in the Prodromic Poems (Poem IV) of the monastery fathers 

gorging on elaborate feasts need not be taken completely literally; the luxurious foods 

are used as illustrations of the wealth and overindulgence of those eating. However, in 

some cases the consumption of rich foods truly does seem to have been overdone: 

physicians of the Byzantine empire reported that gout and stroke were seen in large cities, 

where most of the wealthy lived (Jeanselme and Oeconomos 1923:9). As Matthaiou 

(1997:210) comments, meat was a locus of class struggle: getting it, and eating it, proved 

one's success. 

The variation, if any, in the consumption of eggs and dairy products is less 

certain. Eggs appear to have been eaten by a wide range of the populace, and may not 

have varied by class nearly as much as meat. Dairy products do show some variation; 

recall that the Prodromic Poems mention certain types of cheese as a luxury, and that 

gourmets appreciated imported cheeses, which were likely out of financial reach for 

many people. However, in the Poems, the consumption itself of dairy products does not 

vary as much as the type of dairy products consumed. The poor man had access to dairy 

foods, even though they were not of the type he preferred. Based on this pattern, and on 

the ready access of many poor rural people to goats and sheep, it could be argued that the 
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amount of dairy products consumed varied less (if at all) with class than did the amount 

of meat and fish eaten. 

Another class-based variation that may be proposed is a heavier dependence on 

C4 grain by the lower classes. As reviewed above, millet, and later maize, are described 

in many sources as less highly valued, or even as famine foods or animal fodder. If this 

was indeed the case, it is logical to expect a lower dependence on these grains by the 

upper classes, who could afford to eat more highly valued wheaten bread. 

Finally, i f monks and nuns are considered a class, clear variation can also be seen 

between their diet and that of the rest of society. In this case, the differences are formally 

prescribed and easily quantified. Religious communities were restricted to the 'basic' 

medieval diet of bread, oil and wine, sometimes with large amounts of legumes. They 

were generally disallowed meat, and the ideals behind the typika were of a more modest 

than usual consumption of other tasty additions to the basic diet such as fish and cheese. 

In some cases and at some times of the year, even aspects of the basic diet - oil and wine 

- were forbidden. The symbolism behind the diet is one of determined discipline, of 

mastering the flesh and its weaknesses to live on a more spiritual plane (Shaw 1998). 

A l l of these proposed dietary patterns are testable using stable isotope analysis, 

given the right populations to work with. As noted above, and as will be seen in Chapter 

3, the differentiation of a legume-rich vegetarian diet (proposed for the poor) from one 

rich in animal products should be possible through stable nitrogen analysis. Marine 

resource use should be detectable through carbon and nitrogen analysis, while C4 grain 

use should be reflected in stable carbon isotope values. Stable isotope analysis of human 

remains could thus provide independent evidence for the patterns of variation proposed 

above. This approach would work around some of the problems related to historical 

documents - such as the use of animal products as a literary symbol of luxury - that 

create uncertainty in the class-based patterns proposed using the documentary sources. 

2.4.2. Variation by gender: The possibility of gender variability in the medieval Greek 

diet is brought up by some of the ideas, and some of the customs of consumption, 
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surrounding meat and fish. In Classical Greece, different foods were definitely 

associated with the different genders. Men were associated with meat by way of the 

sacrifice, which was the context for consumption of most meat and a ceremony to which 

women were not typically allowed (Detienne 1989). Men were also associated with the 

consumption of fish and game through the customs surrounding the symposion. This 

male-only social gathering tended to feature dishes rich in meat and fish (Davidson 

1996). In contrast, women were associated with grain foods (Wilkins 1996). Although 

the opposing symbolic associations need not have translated to an actual difference in 

levels of meat, game and fish consumption, it is not unreasonable to ask whether they did. 

With the Christianization of Greece, the association of meat-eating with sacrificial 

ceremonies essentially vanished. However, a social context in which men came together 

and ate meat-based dishes remained in the form of the tavern and, later, the restaurant and 

cafe. In Ottoman Greece and in Constantinople, restaurants and cafes were places where 

only men were expected to socialize (Matthaiou 1997:130-136). This pattern persisted 

well into the twentieth century both in Greece (e.g. Friedl 1965:90) and in Turkey 

(Baysal 1981). According to Matthaiou's review of dishes served in cafes and restaurants 

of the time, most of these were meat- or dairy-based snacks. This recalls the situation 

described by Baysal (1981) and Kiray (1981), who note the predominance of meat dishes 

in men's restaurants in traditional areas of Turkey. Both of these authors report a clear 

resulting dietary difference between women and men in these Turkish communities. As 

men spent time socializing and eating in cafes, they had access to a supplement of meat 

not available to the women. This was not perceived by any of the participants as 

inequality, but rather as a gender difference; women had their own gatherings at home, at 

which sweet, starchy snacks were preferred. The clear parallel to the Greek Ottoman 

situation raises the possibility that a similar discrepancy in meat or fish consumption 

existed in Greek Ottoman communities. This could have been strengthened by a more 

general tendency of men and women to eat apart even at home. The appearance of this 

custom in some twentieth-century communities (Friedl 1965:85 for women not eating 

with men when visitors are present, Allbaugh 1953:77 for this being the general rule for 
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most meals) identifies a further cause for men and women eating separately. In the case 

of communities where women were specifically barred from eating with guests, dietary 

differences may have resulted, as valued foods were more likely to be saved for guests 

and to be in lower supply, making it less likely that the women would share a portion of 

the valued food when they ate their own meal. This proposal is highly speculative. 

However, as a similar social pattern has been shown to have significant dietary health 

effects in a modern population, the idea seems reasonable and worth testing. Here, stable 

isotope analysis also shows clear potential to add to our knowledge base. Direct analysis 

of male and female skeletal remains would avoid the major problem - a lack of direct 

information on women's diets - that faces a researcher wishing to draw definite 

conclusions on gender access to valued foods. 

2.4.3. Ethnic variation: Some ethnic differences in diet appear to have separated the 

Greek, Turkish and perhaps Frankish populations. The most notable ones relate to the 

fasts practised by Greek Christians. During these fasts, meat was always prohibited, and 

other protein- and lipid-rich foods were sometimes prohibited. For example, the eight 

weeks of Lent were divided into an initial week, in which only meat was prohibited, and 

the following seven weeks, during which fish, eggs and dairy products were also 

forbidden (Matthaiou 1997:254). As this custom attracted the attention of outsiders, there 

were many commentaries written on it by travellers of the Ottoman era. Celebi 

(1968:161) remarks that Greek fish-cooks - owners of fish restaurants - prepared special 

meals on their fast days that included legumes, gruel and vegetables, prepared without 

butter. Some Western European travellers went into more detail. Especially detailed 

accounts were given by Spon (Spon and Wheler 1678[2]:351-354), Tournefort 

(1717:108-110) and Pouqueville (1908:303). These all agree closely on the timing and 

nature of fasts as observed by average people. There were four major lay fasts in the 

year. The longest, Lent, comprised one week with meat forbidden and seven weeks with 

meat, fish, eggs and dairy products forbidden. The only exceptions were shellfish, caviar 

and botargo, and sea creatures believed to have no blood (squid, octopus and cuttlefish). 
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The second fast, that of the Holy Apostles, was variable in length but always lasted at 

least three weeks. During it, meat, dairy products and eggs were proscribed, but all kinds 

of fish were permitted. During the third fast, that of the Holy Virgin, meat, fish and dairy 

products were prohibited, and shellfish, molluscs and fish roe were allowed. The last of 

the fasts ran for the 40 days before Christmas; in this period, only meat was forbidden. 

In addition to these blocks of time, a good Christian was also expected to abstain from 

meat on Wednesdays and Fridays. A l l in all, the calendar left only about 130 days of the 

year during which meat consumption was permitted. If this schedule was rigidly 

observed (and according to Tournefort, Spon and Pouqueville it was), a visitor would be 

far more likely to stay with a Greek host on a fast day than on a meat day. This may be 

behind the pattern linking Greek ethnicity to higher fish consumption that Paviot (1991) 

found in the travellers' tales he surveyed. 

Allbaugh (1953:103) commented on the effects of fasting on the diet in twentieth-

century Crete. In the communities he visited, three of the long fasts were still practiced, 

in addition to meatless Wednesdays and Fridays. Observation of the fasts and meatless 

days varied from family to family, and children were often excused from the more 

rigorous fasting. Allbaugh reports that all three long fasts were of the strictest type, with 

no animal products but the 'bloodless' ones (shellfish, molluscs, roe) allowed. The 

fasting diet included, in decreasing order of importance by weight: fresh vegetables 

including potatoes, pulses, olives, grain products, 'bloodless' animals, honey and must 

sweets, fresh fruit, tea with sugar and other sweets. In comparison to the everyday diet, 

there are changes apart from the elimination of meat, fish and dairy products. The 

consumption of 'bloodless' animals rises to take the approximate combined place of 

dairy, eggs, meat and fish; the relative consumption of pulses also rises. Allbaugh's 

observations help to clarify one possible dietary response to fasting: an increase in the 

use of legumes and some kinds of marine foods. If this is taken to be a typical response 

to fasting, we may propose that Greek populations had systematically higher marine food 

consumption, lower meat consumption and higher legume consumption than Ottoman or 

Frankish populations not under the fasting regimen. 
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The question of meat-rich Frankish diets must also be addressed. In section 

2.2.1.C, it was argued that Choniates' reference to "beef-eating Latins" (594) need not be 

taken literally, as it agrees well with that author's rhetorical use of meat consumption in 

other situations. However, it is true that the historical sources for Western Europe of the 

time suggest substantial meat consumption, especially for the upper classes (Mennell 

1985). If the Greek Orthodox population did consume large amounts of seafood and 

avoid meat, this difference may truly have been striking in their eyes. On this note, it is 

interesting to consider a collection of faunal remains recovered from the Frankish levels 

of Corinth (Williams et al. 1997). These remains stem from a refuse pit in the garden of a 

travellers' hospice that likely served the Frankish community. The refuse recovered from 

the pit suggests quite stereotypically 'Frankish' meals: large cuts of sheep, goat, and less 

often pork or beef, brought to table in the form of roasts, sides of ribs and chops. The pit 

was filled fairly rapidly, suggesting that all of these meals were consumed in a short 

period. It is tempting to take this assemblage as evidence that the Franks did, indeed, 

consume large amounts of meat. However, the remains may also say something about 

class, and of the privileges enjoyed by the Frankish rulers of the region. The refuse in the 

garden pit agrees well with the images of 'luxurious' food created by the Prodromic 

Poems: cuts of rib meat, roasts, even whole roasted lamb or kid. It is possible that the 

assemblage represents meals consumed by wealthier sojourners at the hospice - or even 

by its directors, as sources of the time remind us that monastic vows did not necessarily 

prevent those at the top from living well. Thus, while the refuse suggests a diet rich in 

meat for some of the Franks of Corinth, it is less clear whether this diet should be 

considered a function of ethnicity or of class. 

As with class and gender variation, the patterns proposed for ethnic variation in 

medieval Greek diets are testable using stable isotope analysis. If Greek Orthodox 

populations truly consumed significantly more marine resources than Franks or 

Ottomans, the difference should be detectable through stable carbon and nitrogen isotope 

analysis. The question of the Frankish consumption of meat might also be addressed 

through stable isotope analysis. Such analyses would offer the advantage of being 
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indifferent to the rhetorical use of food and to ethnic stereotypes, factors that interfere 

with the assessment of ethnic variation in diet based on historical sources alone. 

2.4.4. Temporal variation: The possibility of temporal variation in Greek diets as one 

moves from the medieval period to the Ottoman era is raised by apparent trends in the 

consumption of potatoes, sugar and maize. As outlined above, cane sugar, while 

available from Roman times, was not widely consumed in Greece until the Ottoman era. 

The New World crops of potatoes and maize also spread through the Mediterranean in 

Ottoman times. In the case of maize, it appears that this spread brought the region a 

fairly important new staple cultivar. Potato consumption would not be detectable using 

isotopic methods. However, as both sugar and maize are C4 cultivars, an increase in their 

consumption would cause an overall increase in C4 plant use (assuming that millet use 

remained constant), and thus could be traced using stable isotope analysis. This would be 

of special interest in the case of maize. The question of the integration of New World 

cultivars into the Old World agricultural round is of interest both for the reconstruction of 

early modern agricultural economies and for the general study of the adoption of novel 

foods into established dietary regimes (Braudel 1966; Andrews 1993). Stable isotope 

analysis of human remains offers an independent method of judging the importance of 

maize in early modern Europe and, for the present study, in Ottoman Greece. 

2.5. The medieval diet: Summary and questions for research: The evidence from 

historical documents and archaeological excavation has allowed a general portrait of the 

medieval Greek diet to be painted. The detail in terms of specific foods used, from 

humble foods such as wheat bread and wine to luxuries such as peacock and mullet, is 

considerable. The information on the social meanings of these foods, and of medieval 

likes and dislikes, is also vividly detailed. However, when talk turns to the nutritional 

importance of different foods, the information becomes less certain. It is quite clear that 

the diet of medieval Greece was based on a staple combination of grain, olive oil and 

wine. The most valued grains, and those which seem to have been eaten most often, were 
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wheat and barley. Ottoman Turkish populations also relied on rice. Millet and maize 

may also have been consumed in substantial amounts. However, their importance to the 

average community is unclear, as surviving records indicate variation in their use. in the 

case of millet, consumption may have depended on economics, or on the local climate. 

In the case of maize, the most obvious variation in use is temporal, as the grain was 

introduced to the area only in Ottoman times. Legumes are often portrayed as a fourth 

staple in this dietary regime, especially for poor populations and monastic communities, 

who may have eaten a diet based overwhelmingly on grain, legumes, oil, wine and fresh 

fruits and vegetables. However, the historical sources in which legume consumption is 

detailed more precisely actually show a variable contribution, which was sometimes quite 

low. The questions surrounding the diet of the lower classes become yet more uncertain 

when one considers the evidence for widespread consumption of dairy foods and eggs. 

A l l available evidence suggests that eggs were a common and inexpensive supplement to 

this diet, and were widely used. Dairy products based on sheep's and goat's milk also 

appear to have been used by all classes; the upper classes appear to have had access to 

greater variety and better quality, but consumption of larger amounts is far less certain. 

Thus, there are in essence two possible reconstructions for the diet of the lower classes: 

one in which little animal food was eaten and legumes were a crucial source of protein, 

and another in which substantial amounts of dairy products and eggs were eaten and thus 

much protein came from animal sources. There are few sources in the historical literature 

that provide data precise enough to assess these reconstructions, and all have significant 

problems. For example, Dembinska's data (1985) deal only with monastic diets, which 

were intentionally low in animal resources and strongly focused on grain; they thus 

likely overestimate the role of grain and underestimate the role of animal resources in the 

general medieval diet. However, most early twentieth-century sources have the opposite 

problem, as major cultural and technological changes may well have decreased the 

importance of bread to the diet. 

Meats preferred in medieval Greece included goat, mutton and chicken; wild 

foods such as snails could also be important. The consumption of beef was apparently 
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uncommon. Most of the hard data on food consumption suggest that such meats were a 

less common supplement to the diet for most of the population. However, the records of 

the time also suggest that meat was sensitive to class, and that affluent sectors of the 

population may have consumed considerable amounts. This may also have been true of 

Frankish populations living in the area. Marine resources consumed included salted fish, 

preserved fish roe and fish sauce, in addition to fresh fish, molluscs and shellfish. If 

fasting rules were followed strictly, one would expect significant consumption of these 

products, especially botargo, shellfish and molluscs, by Greek Orthodox communities 

able to afford them. Marine resources were undeniably of considerable symbolic 

importance to medieval Greek diets in terms of social status and fasting rules. However, 

their general nutritional importance is less clear. There is little hard evidence on the 

issue, and the more general references made by medieval and Ottoman-era authors could 

be taken to support levels of marine resource use ranging from considerable to 

occasional. Much of the potential gender and ethnic variability in diet revolves around 

the consumption of fish and meat. It is possible that differential locations for the 

consumption of these varied resources led to lower female access, and to a significantly 

different diet. There is also good evidence that Greek Orthodox populations differed 

from both Frankish and Turkish populations as a result of fasting practices. These 

practices led to a significant substitution of marine resources, especially molluscs, 

shellfish and roe, for meat and sometimes for dairy foods. 

Thus, much is known about medieval Greek diet. However, there are still some 

uncertainties regarding general resource use and the variation of diet by class, gender and 

ethnicity. Several of these involve foods that will be seen in Chapter 3 to have distinctive 

stable isotope values, and could thus be clarified through stable isotope analysis of human 

remains. Such an analysis would work around some of the problems with the historical 

sources, such as lack of detail on the relative consumption of foods and distortions caused 

by the social values attached to foods, that contribute to the uncertainties in question. 

Based on the historical data, and on principles of stable isotope analysis discussed 

in Chapter 3, a series of questions for further research may be posed. These questions are 
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approachable through stable isotope analysis, and answers to them would improve our 

knowledge of health and nutrition in the era, of the economic importance of some 

pursuits, and of the real-life impact of some of the values and beliefs surrounding food. 

They are as follows: 

1) How important, relatively speaking, were animal and plant proteins to the medieval 

Greek diet? The available evidence is contradictory, with some sources suggesting a 

near-vegan16 diet with significant legume use and others indicating a strong reliance on 

animal-derived foods such as eggs, dairy products or marine resources. Insight into this 

problem would not only improve understanding of medieval Greek diets, but would also 

offer potentially valuable information on medieval agricultural economies. 

2) How important were marine resources, specifically, to the diet? Symbolically 

speaking, marine resources were clearly of great import: for some their consumption was 

a marker of privilege, for others a symbol of proper piety. However, this great symbolic 

importance might have gone along with minor nutritional impact. New information on 

this debate from a different perspective would be valuable, and could shed light on topics 

such as coastal economies and trade with inland areas. 

3) Did diets truly differ by ethnicity in the manner proposed in the preceding pages? 

The question is of especial interest for the apparent divide in marine resource use 

between Greeks and Franks. Did such a division truly exist, or was it more in the minds 

(and the pens) of those who lived at the time? An answer, either affirmative or negative, 

would provide an interesting perspective on the ways in which two ethnic groups, faced 

with the same resource base, made their choice of diets. 

1 6 In this work, the term vegan will be used frequently. It is not meant to imply a given philosophical 
approach to diet, but rather is used as a convenient term to denote a diet that includes no animal products, 
whether for religious, economic or other reasons. 
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4) How significant was C4 grain use? Did its importance increase over time? The 

available data suggest that millet and maize use varied by region and according to 

practical exigencies. There are also indications that maize became increasingly important 

in Ottoman times. Gaining information on the general use of C4 grain would be useful in 

its own right in terms of insight into the agricultural economy of the time. As well, such 

information might begin to lay down a background of data against which significant 

increases in C4 grain use might be detected in other populations. Given the low status 

accorded to C4 grains and their possible role as famine foods, such increases in C4 

dependence could be of interest as indicators of economic stress. Cane sugar is a possible 

confusing element in this approach. Documentary sources indicate that the use of this C4 

plant product also increased in the Ottoman era. As will be seen in Chapter 3, cane sugar 

and maize have similar stable carbon isotope values, and thus, it is possible that increased 

cane sugar use will mimic the isotopic effects of increased Ottoman C4 grain use. 

5) Were there significant gender differences in access to meat or fish? There are some 

reasons to believe that medieval Greek diets varied by gender, with men enjoying easier 

access to meat and fish 1 7. These reasons relate to status differences as well as gender 

patterning of activities. Women were less likely to join in home meals at which visitors 

were present, and perhaps generally less likely to eat with the men of the household. 

Thus, they may have received less of the valued foods that were felt appropriate for 

visitors, or for the head of the household. Men may also have had greater access to meat 

and fish through social activities outside the home. While the evidence for gender 

differences in diet is tenuous, testing the idea is of interest because of implications for 

broader issues such as women's health and the power of women inside the home. 

The remainder of this dissertation will pursue these questions through the stable isotope 

analysis of human remains. 

1 7 The evidence for class-based variation is more definite. However, this question is not treated in the 
current study, as locating archaeological populations of definitely different class affiliation from a single 
locale (and thus a common resource base) did not prove possible. 



7 S 

Chapter 3: Technical and Theoretical Background 

The purpose of this chapter is to provide a theoretical background for the stable 

isotope analysis which will be described in the following chapters. Chapter 2 briefly 

mentioned the potential of archaeological stable isotope analysis to answer some 

outstanding questions regarding diet and resource use in medieval Greece. This chapter 

will discuss the basis behind this potential in far greater depth. It begins with a brief 

introduction to stable isotopes in general. It then proceeds to a discussion of the 

behaviour of stable carbon and nitrogen isotopes in biological systems. This information 

will illustrate the principles of 5 1 3 C and 5 1 5 N variation in foodwebs, and will provide a 

background for assumptions in following chapters regarding variation in foodstuff 8 I 3 C 

and 8 1 5 N values and its expected impact on 5 I 3 C and 8 1 5 N in human tissues. The 

discussion then passes to a review of some of the specific problems and concerns 

involved in tracing stable isotopes from human diet to human bone. The chapter 

concludes with a brief historical sketch of the use of stable isotope analysis in 

archaeological dietary reconstruction, serving to anchor the current analysis in the 

background of work that has been previously done. 

3.1. Stable isotopes: Measurement, notation, fractionation: The brief outline in 

this section is intended to provide a general introduction to the definition and 

measurement of stable isotopes, the notation used to express stable isotope values, and 

the principles behind fractionation. A more complete coverage of this information may 

be obtained from a text such as Hoefs (1997), or from background chapters of volumes 

devoted to stable isotope applications, such as Ehleringer and Rundel (1989). 

Atoms of each element possess a constant number of protons in their nuclei. In 

contrast, the number of neutrons can vary, creating different isotopes of the element. 

These are identified in terms of the number of nucleons contained in their nuclei. For 

example, l 2 C denotes the species of carbon whose nucleus contains six protons and six 

neutrons for a total of twelve nucleons. Each element has a limited number of stable 
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isotopes; the other isotopes of that element are radioactive and spontaneously decay into 

other atomic species at characteristic rates. Carbon, for example, has two stable isotopes: 

C and C. The amount of C and C present in a carbon-containing substance will not 

change spontaneously over time; in contrast, the amount of 1 4 C present in that substance 

will decline over time due to radioactive decay. The abundance of light stable isotopes 

such as carbon and nitrogen is typically measured using dual inlet gas mass spectrometry. 

Due to the difficulty of measuring the absolute isotope content of a substance, isotopic 

content is expressed using differential notation: 

5X Shi 

R sample 

Tf 
V standard 

x 1000 

Here, Rsampte and Rslandard are the ratios of isotope abundance of a sample of the substance 

and of a standard, respectively; they are usually calculated with the heavier isotope in the 

numerator. The standard is a specific substance with a closely measured isotopic 

composition whose 5 value is zero by definition. A standard is defined internationally for 

each element to ensure overall uniformity of notation and consistency of reported 5-

values among laboratories. The expression bXsld gives the deviation in parts per thousand 

(per mil, or %o) of the isotopic content of the sample in relation to the standard. It is 

referred to as the delta value of the sample, and is expressed in terms of the heavier 

isotope. A negative value indicates that the sample in question is depleted in the heavier 

isotope relative to the standard, while a positive value indicates the opposite. 

The slight differences in the weights of isotopes of an element cause differences 

in their behaviour. This can lead to changes in stable isotope composition, or 

fractionation. Fractionation may be seen in the course of phase changes: due to their 

lower mass, atoms of a light isotope of a given element participate more quickly in 

processes such as evaporation and diffusion than atoms of the heavier species of that 

element. Fractionation can also occur in chemical reactions, since isotopes of an element 

differ in terms of the strength of the bonds they form within molecules and this can lead 



80 

them to participate preferentially in reactions. Depending on the fractionation effect seen 

at individual steps in a reaction chain, the individual products of the reaction may be 

depleted or enriched in the heavier isotope of an element relative to the reaction 

substrates, or may show no change. 

3.2. Stable carbon isotopes in ecosystems: The two stable isotopes of carbon are 1 2 C 

and l 3 C . Of these, I 2 C is more abundant, making up 98.89% of modern atmospheric 

carbon, while 1 3 C represents 1.1%. This abundance has not remained constant over time. 

Studies of CO2 trapped in Antarctic ice, and of curated plant tissues, show a gradual 

decline in atmospheric 5 1 3 C that began in the nineteenth century and continues in our era 

(Friedli et al. 1986; Marino and McElroy 1991). This change is likely due to the burning 

of fossil fuels and forest biomass, both of which are 13C-depleted in relation to air (Friedli 

et al. 1986). Stable carbon isotope ratios are expressed in relation to the standard Peedee 

belemnite (PDB), a marine limestone (Craig 1957), using the format: 

5 , 3 C 
C , / l 2 C 

sample sample 

"c /"c 
standard standard 

- 1 x 1000 

Since PDB is more abundant in C than are most organic compounds, the 5 C values of 

organic matter are usually negative. 

3.2.1. Stable carbon isotopes in the autotrophs: The source of organic carbon is the 

activity of photosynthetic organisms, which convert light energy to chemical energy 

through the incorporation of carbon dioxide from the atmosphere or hydrosphere into 

their chemical pathways. The organisms capable of fixing C 0 2 in this way include some 

bacteria, the algae and the higher plants. 

One of the major determining factors of 6 1 3 C values in the autotrophs is habitat -

terrestrial, marine or freshwater - which determines the 81 C value of the CO2 used in 

photosynthesis. The other is the photosynthetic pathway used, which determines the 
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degree of fractionation between CO2 and tissue carbon. Within this framework, 

autotroph 8 I 3 C varies according to individual factors such as growing conditions. As 

well, autotrophs show internal variation in 81 C. The following discussion begins with 

the bases of 5 1 3 C variation within the autotrophs. This is followed by a summary of the 

general range of 5 1 3 C values shown by autotrophs from various ecosystems. 

3.2.1 .a. Variation in carbon source: Terrestrial, freshwater and marine autotrophs draw 

on different pools of inorganic carbon, each with a characteristic 5 1 3 C value. In terrestrial 

ecosystems, most carbon fixation is carried out by the higher plants, using atmospheric 

CO2. The 8 I 3 C value of atmospheric C 0 2 before the onset of anthropogenic changes is 

estimated to have been about -6.4%o (Friedli et al. 1986). Observations in the 1950s gave 

a 8 I 3 C value of around -7%o (Keeling et al. 1979). Due to ongoing fossil fuel impact, this 

value had shifted to around -7.5%o by 1980 (Mook et al. 1983, cited in Friedli et al. 

1986), and the current value is -7.8%o to -7.9%o (Keeling et al. 1989, cited in Marino and 
1 -1 

McElroy 1991). In any era, the 8 C value of CO2 available to most terrestrial plants is 

uniform, as the atmosphere shows homogenous values under most conditions. An 

exception is seen in areas covered by thick forest canopy, where local CO2 8 1 3 C may be 

up to 7%o more negative due to the addition of respired CO2 from the soil (van der Merwe 

and Medina 1991). 

In marine environments, autotrophs draw on dissolved inorganic carbon 

compounds including CO2 and carbonates. These have a typical 81 C value of 0%o, 

although some variability occurs with depth, water temperature and other factors (Parker 

1964; Deuser et al. 1968; Craig 1970; Kroopnick et al. 1970). Thus, the initial carbon 

source used by modern marine autotrophs is about 8%o less negative than that used by 

modern terrestrial autotrophs. The issue of anthropogenic changes in oceanic 8 1 3 C values 

is more complex than that of anthropogenic changes in atmospheric 8 I 3 C. As reviewed 

by Raven and Falkowski (1999), the ocean is a major sink for anthropogenic CO2. 

However, as the oceans contain roughly 50 times as much soluble inorganic carbon as the 

atmosphere, the anthropogenic carbon added to them is diluted in a far larger overall 
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carbon pool. Because of this, significant changes in overall oceanic 5 1 3 C due to recent 

human activity are not expected. Thus, 5 1 3 C spacing between the carbon at the base of 

marine and terrestrial ecosystems was likely somewhat narrower in the past. While 

overall oceanic 8 I 3 C values were likely similar to those seen today, atmospheric 8 I 3 C was 

less negative by 1.5%o, implying a spacing closer to 6.5%o. This question is returned to in 

Chapter 7 when § 1 3 C values of medieval dietary items are reconstructed. 

Like marine autotrophs, freshwater autotrophs draw on dissolved inorganic 

carbon in local water. However, the 5 1 3 C values of dissolved inorganic carbon in 

freshwater bodies are generally lower than those of the seas and oceans, and are highly 

variable. In one study (Parker 1964), river and lake water dissolved inorganic carbon 

5 I 3 C varied from -10%o to -4%o. Hitchon and Krouse (1972) report an even larger range 

of -24.4%o to -1.3%o in a single drainage system. 

3.2.1 .b. Variation in photosynthetic pathway: In photosynthesis, CO2 is captured 

through an enzymatic reaction and passed through a series of subsequent reactions to 

yield carbohydrates, which are used to synthesize the tissues of the plant. The initial 

fixation reaction discriminates against C, causing autotrophs to show tissue 5 C values 

that are lower than that of the atmosphere. However, the degree of l 3 C depletion that an 

autotroph will show relative to atmospheric CO2 varies according to the photosynthetic 

pathway used. 

The majority of autotrophs use the Calvin-Benson or C3 photosynthetic cycle. 

Most terrestrial autotrophs, including all trees and shrubs and most of the important 

cultivars, are C3 plants (Bender 1971). Most higher marine plants also follow the C3 

pathway (Andrews and Abel 1979; Benedict et al. 1980). In the Calvin-Benson cycle, 

the initial step of fixation is by the carboxylation of ribulose bisphosphate (Calvin and 

Benson 1948). This reaction discriminates heavily against l 3 C , producing a fractionation 

of-17%o relative to atmospheric C 0 2 (Park and Epstein 1960; Wheian et al. 1973). 

The second important photosynthetic pathway is the C4, or Hatch-Slack, cycle. 

Here, C 0 2 is initially fixed by the carboxylation of phosphoenolpyruvate (Hatch and 
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Slack 1970; Lerrnan and Queiroz 1974; Vogel et al. 1978). The C4 pathway is 

primarily used by higher terrestrial plants, especially grasses adapted to hot dry climates. 

These include some important agricultural crops such as maize, millet and sugarcane 

(Bender 1971). CO2 fixation in this system involves less fractionation than is seen in the 

Calvin-Benson system. Part of the reason for this is that the process of C 0 2 fixation by 

phosphoenolpyruvate discriminates against 1 3 C far less than the ribulose biphosphate 

reaction, producing a fractionation effect of only -3%o (Whelan et al. 1973). As C4 plants 

are adapted to hot, dry conditions, their abundance in terrestrial ecosystems varies with 

climate. Field studies show that the plant communities of warmer, drier areas tend to 

include more C4 plants. These communities, in turn, show average or bulk ground cover 
13 

5 C values closer to those typical of C4 plants (Teeri and Stowe 1976; Vogel 1978; 

Vogel et al. 1978; Tieszen and Boutton 1989). 

The third photosynthetic cycle does not use a distinctive chemical pathway, but 

rather is able to use aspects of both C3 and C4 pathways as needed (Walker 1960; 

Lerrnan and Queiroz 1974). The crassulacean acid metabolism, or C A M , pathway is seen 

in some groups of terrestrial plants adapted to extremely hot or dry conditions. The 

group does not include any staple cultivars, but it does include some human foods such as 

the pineapple. When it is not too hot and dry, C A M plants utilize a C3 photosynthetic 

pathway. However, under conditions of heat and water stress, a partial C4 pathway is 

used. The degree to which C3 and C4 paths are used depends on environmental factors 

such as temperature and water availability, and the fractionation associated with CO2 

fixation thus varies from that typical of C3 plants to that typical of C4 plants (Queiroz 

1969; Lerrnan and Queiroz 1974; Osmond et al. 1973). 

3.2.I.e. Variation between individuals: Variation in autotroph 8 1 3 C values can also 

result from genetic factors and local conditions influencing carbon metabolism. These 

can lead to 5 1 3 C differences between two autotrophs, even i f they are utilizing the same 

photosynthetic pathway and drawing on the same pool of carbon. For example, Tieszen 

(1991) compiles data on trees and shrubs from three locales that show a consistently 
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greater fractionation value for trees. He links this to the growth pattern of the plants, and 

suggests a genetic basis for the difference. Results obtained by Tieszen and Fagre 

(1993a) on maize strengthen the argument for intraspecies variation, as there are 5 1 3 C 

differences between some strains that cannot be linked to environmental factors. Local 

growth conditions can also influence 5 1 3 C within a single species. As reviewed by 

Tieszen (1991), light conditions, water stress, osmotic stress, soil nutrient content, 

temperature and altitude all can have significant effects on plant 5 1 3 C values. 

3.2.1 .d. Variation within individuals: A final group of factors in the 5 1 3 C variability of 

autotrophs is those that cause variation within an individual. These are related to the 

metabolic processes by which carbon is used to construct biochemical fractions and 

tissues. As reviewed by Tieszen (1991), a number of studies have indicated that the 

biochemical fractions of plants vary systematically, with lipids and proteins showing 

lower 5 1 3 C values than the whole plant, while the 5 I 3 C value of cellulose is typically 

higher. The most firmly established of these relationships is the characteristic 1 3 C 

depletion of lipids. In experiments using bacteria, DeNiro and Epstein (1977) proved that 

lipid synthesis in those organisms was associated with a substantial fractionation effect, 

with 1 2 C preferentially taken up from the substrate. Since the mechanisms of lipid 

synthesis are the same for all higher organisms, this effect explains the more negative 

5 1 3 C values of lipids in plants (DeNiro and Epstein 1977). While the mechanism of l 3 C 

enrichment or depletion of some of the other fractions and molecules in plants is not as 

completely documented, all presumably relate in a similar way to fractionation effects in 

basic physiological pathways. 

On a higher level of organization, differences are seen between the tissues of 

single plants. For example, Park and Epstein (1960) found leaves to have more negative 

5 1 3 C values than stems and roots of the same plant, Lowdon (1969) reported leaves to 

have more negative 8 1 3 C values than seeds, and Tieszen and Fagre (1993a) found 

significant 5 I 3 C differences between the parts of maize seeds. Tieszen (1991) suggests 
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that such differences relate primarily to the different proportions of biochemical fractions 

making up the tissues. 

3.2.I.e. Literature values for autotrophs: With some background mechanisms for 5 1 3 C 

variation in the autotrophs described, the variability seen in autotroph 6 1 3 C values may be 

described in context. While there is substantial overlap between 5 I 3 C values for 

autotrophs in each habitat and of each photosynthetic type, the overall patterning imposed 

by the mechanisms described above remains clear. 

5 1 3 C value patterning in the terrestrial autotrophs largely reflects the different 

photosynthetic pathways used. On average, C 3 plants show the lowest S 1 3 C values, 

falling between -36%o and -20%o (see Figure 3 .1 , p. 86) . This range has been confirmed 

by the large-scale surveys of Bender ( 1 9 7 1 ) , whose plant samples showed 5 1 3 C values 

ranging from -33.2%o to -21.6%o with an average of -27.7%o, and Smith and Epstein 

( 1 9 7 1 ) , who found values ranging from -34.3%o to -23.2%o. South African C 3 grasses 

surveyed by Vogel et al. ( 1 9 7 8 ) showed values ranging from -27.6%o to -23.3%o. Deines 

( 1 9 8 0 ) compiled values for C 3 plants from a number of other studies and arrived at a 

similar range, from -33%o to -23%o with a mean value of -26%o. The range of values 

relates to species-specific and locale-specific factors. For example, leaves from thick 
13 

forest undergrowth analyzed by van der Merwe and Medina ( 1 9 9 1 ) produced 5 C values 

of -36.0%o to -34.5%o. Another factor in the wide range of values reported may be 

variation in the plant tissues chosen for analysis. 5 1 3 C data gathered for C 4 plants show 

higher values. Smith and Epstein ( 1 9 7 1 ) obtained a range of -18.6%o to -11.5%o, while 

Bender ( 1 9 7 1 ) reported a range of -19.5%o to -11.4%o, with an average of -13.5%o. A 

group of South African C 4 grasses produced 8 1 3 C values ranging from -16.4%o to -11.0%o 

(Vogel et al. 1978) . Deines' survey of figures from several studies ( 1 9 8 0 ) shows C 4 

plants to be in the -16%o to -9%o range, with a mean value of-13%o. Thus, i f mean values 

are considered, C 3 and C 4 plant § 1 3 C values differ from each other by 13%o to 14%o. 

Again, the range of values documented may relate to a combination of species 

differences, variation in growing conditions and inconsistency in the tissues chosen for 
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analysis. The 5 1 3 C values of C A M plants vary between the ranges typical of C3 and C4 

plants, depending on their growth conditions (Bender et al. 1973; Lerman and Queiroz 

1974). Values cited by Deines (1980) for C A M plants range from -34%o to -11%0, 

spanning the observed range for C3 and C4 plants. Thus, a complete overlap is seen (see 

Figure 3.1). 

The 8 1 J C value of marine dissolved inorganic carbon suggests that marine 

autotrophs should have 5 1 3 C values that are uniformly higher than terrestrial ones. 

However, there is a great deal of variation. Figures cited for plankton in some studies 

range from -31%o to -12%o (Deuser et al. 1968; Sackett et al. 1965; Schwarcz 1969). 

Macroalgae discussed by Fry and Scherr (1989) range from -35%o to -5%o. Deines (1980) 

cites a range of ca. -28%o to ca. -16.5%o for a large survey of higher marine plants, but 

less negative values of up to -5.5%o have been cited elsewhere for such plants (e.g. 

Andrews and Abel 1979). This variability reflects a number of factors. First, as S I 3 C 

values for dissolved oceanic carbon vary by locale and depth, the baseline 8 1 3 C value of 

the carbon pool available to marine autotrophs is not constant. In addition to this, some 

variability is caused by physiological differences between marine autotrophs. For 
13 

example, the seagrasses show significantly higher 8 C values in comparison to other 

marine autotrophs, with typical 8 1 3 C values in the -15%o to -5%o range (Parker 1964; 

Andrews and Abel 1979; Benedict et al. 1980; Keegan and DeNiro 1988). Finally, 

marine autotroph 8 1 3 C values can also be affected by local environment. For example, 

plankton have been shown to vary in 8 1 3 C by water temperature, with plankton in colder 

waters having more negative 8 1 3 C values (Sackett et al. 1965; Deuser et al. 1968). The 

impact of all of these variables is minimized if marine autotroph communities are studied 

at a more local level. Such studies tend to yield smaller ranges, such as the range of 

-27%o to -23%o cited for arctic plankton by Schell et al. (1989), the range of -22.2%o to 

-20.6%o found for plankton in one estuary by Gearing et al. (1984), and the range of 

-14%o to -10.8%o given for plankton in a single bay by Parker (1964). Thus, while the 

overall 8 I 3 C range of marine autotrophs is great, the range seen in one locale can be much 

narrower. 
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Lower 8 C values for freshwater dissolved inorganic carbon suggest lower 5 C 

values for freshwater autotrophs. In some cases, this is seen. For example, Schwarcz 

(1969) cites a range of -36%o to -27%o for freshwater algae. Even more negative values 

have been recorded; for example, Rau (1978) reported a 5 I 3 C value of-47%o for algae in 

one lake. However, not all freshwater autotroph S 1 3 C values are lower than those of 

marine autotrophs. Estep and Vigg (1985) reported an algae value of -17.3%o for one 

body of water. Deines (1980) gives a range of -30%o to -7%o for higher freshwater plants, 

with most values being -17%o or lighter. Thus, as seen in Figure 3.1, documented 5 I 3 C 

values of freshwater autotrophs overlap those of marine autotrophs almost completely. 

3.2.2. Stable carbon isotope ratios in the heterotrophs: Heterotroph 5 1 3 C values depend 

on the 5 1 3 C values of their diets. This causes systematic differences between terrestrial, 

marine and freshwater heterotrophs, and among heterotrophs consuming different 

proportions of carbon derived ultimately from C3 and C4 plants. Internal variation 

between fractions and tissues is also seen. In this section, discussion will begin with a 

summary of some factors in the relationship between 5 1 3 C values of heterotrophs and 

their tissues to the diets they consume. Discussion will then move to a summary of 

literature 5 I 3 C values for heterotrophs of different biomes and dietary habits. 

Generally speaking, the whole-body 5 C values of heterotrophs are very close to 

the 5 I 3 C values of the digestible portion of their diets, a basic relationship well-

documented by feeding studies (e.g. DeNiro and Epstein 1978a; Fry et al. 1978; Teeri 

and Schoeller 1979; Miller et al. 1985). Some studies have yielded evidence for a small 

trophic level effect, with heterotroph whole-body 5 1 3 C values roughly l%o less negative 

than the values of their diets. This +l%o shift was documented in a laboratory setting by 

DeNiro and Epstein (1978a) . However, it has been most clearly demonstrated in field 

studies of animals at different trophic levels. For example, Schoeninger (1985) found 

i 
Note that some other feeding studies (Fry et al. 1978; Teeri and Schoeller 1979; Miller et al. 1985) do 

not document this effect. 
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Kenyan herbivorous and carnivorous mammals to show similar ranges of 8 1 3 C, with a 

slight offset suggesting a trophic level shift of +l%o. Pelagic food web 5 1 3 C data 

collected by Rau et al. (1983) suggest a trophic level shift of +0.7%o to +1.4%o. Work by 

Gearing et al. (1984) and by Estep and Vigg (1985) found evidence for 8 1 3 C trophic level 

shifts of similar magnitude in estuarial and freshwater food webs. This effect has not 

been detected in all cases. Studies failing to find evidence for a 8 I 3 C shift between 

animals at different trophic levels include Schoeninger and DeNiro (1984), Ambrose and 

DeNiro (1986) and Hesslein et al. (1991). The reason for this inconsistency may be the 

small size of the trophic level shift, which can easily be swamped by variability between 

ecosystems and even within an individual ecosystem (Schoeninger 1985). 

Provided that heterotrophs are kept on a consistent diet, it appears that their 

idiosyncratic 8 1 3 C variation is relatively low. For example, in the study conducted by 

DeNiro and Epstein (1978a), the whole-body 8 C values of conspecifics fed a uniform 

diet showed ranges of 1.8%o or less. DeNiro and Schoeninger (1983) reported variation 

of less than l%o in groups of rabbit and mink fed constant diets. A similar low variability 

was found in gerbils and mice on monotonous diets (Tieszen et al. 1983; Tieszen and 

Fagre 1993b; Ambrose and Norr 1993). Thus, discounting differences in dietary 8 C, 

8 C variability between individuals is minor. However, considerable 8 C variability 

exists within individuals. This is seen on both fraction and tissue levels. It reflects a 

number of factors, including the metabolic pathway through which fractions and tissues 

are formed, and the differing turnover rates of the various tissues. Some important 

aspects of this variation are detailed below. 

13 • 13 

3.2.2.a. 8 C variation in amino acids and proteins: As with the autotrophs, internal 8 C 

variation is apparent in the amino acids of heterotrophs. Amino acids isolated from 

bovine tendon collagen by Hare and Estep (1983) showed significant variability in 5 1 3 C, 

with a total range of over 15%o. Similar variability was documented by Tuross et al. 

(1988) using whale bone collagen, and by Hare et al. (1991) using bone collagen from 

swine fed controlled diets and from wild herbivores and carnivores. A l l of these studies 
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found some similarities in relative amino acid 8 C patterning; for example, glycine 

shows 8 1 3 C values that are consistently high relative to those of other amino acids. 

The mechanism for the observed patterning of heterotroph amino acids is a matter 

of ongoing research. One study suggests that amino acid 8 1 3 C variation in heterotrophs is 

the result both of 8 1 3 C variability in ingested amino acids and of fractionation effects in 

internal metabolic pathways. Hare et al. (1991) showed high glycine 8 1 3 C values in their 

swine to be a direct reflection of the high 8 1 3 C value of the glycine in the pigs' diet. 

Glutamate and aspartate 8 I 3 C values, however, were higher than those of dietary 

glutamate and aspartate, suggesting that these had undergone fractionation during 

incorporation into the animals' tissues. 

3.2.2.b. 8 1 3 C variability in other fractions and tissues: Significant 8 I 3 C patterning 

extends to other biological fractions and to the various tissues. Lipids are 13C-depleted in 

relation to the whole body for all organisms studied (DeNiro and Epstein 1978a; Vogel 

1978; Tieszen et al. 1983; Miller et al. 1985; Mitchell et al. 1993; Tieszen and Fagre 

1993b). This pattern can be explained by the mechanism cited above for the autotrophs, 

as lipid synthesis is similar in all higher organisms (DeNiro and Epstein 1977). As 

expected from these data, the 8 1 3 C values of lipid-rich tissues such as adipose and liver 

are also typically lower (DeNiro and Epstein 1978a; Tieszen et al. 1983; Tieszen and 

Fagre 1993b). Fractions and tissues that typically show higher 8 C values include bone 

apatite, hair and brain (DeNiro and Epstein 1978a; Jones et al. 1981; Tieszen et al. 1983; 

Ambrose and Norr 1993; Tieszen and Fagre 1993b). An aspect of this variation with 
13 t* 

particular relevance to this project is the patterned relationship between 8 C values of 

bone collagen, bone carbonate, and diet. This will be dealt with in detail later in the 

chapter, in section 3.5. 

3.2.2.c. 8 1 3 C variation due to turnover: The last major aspect of internal S 1 3 C variation 

that will be discussed is tissue turnover. Turnover describes the process by which tissues 

are continually renewed with freshly synthesized material. During turnover, newly 
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synthesized tissue will show a 5 I 3 C value reflecting that of the current diet. Thus, 

turnover can cause internal 5 1 3 C variation resulting from changes in dietary 5 1 3 C. 

3.2.2.c.i. Tissue turnover and 8 1 3 C values: The growth and regeneration of 

tissues leads to a constant renewal of the tissue carbon pool by carbon from items of the 

diet. Thus, when the dietary 5 1 3 C of a heterotroph is changed to a new value, the 5 , 3 C 

values of the tissues begin to change (Jones et al. 1981; Tieszen et al. 1983; Boutton et 

al. 1988; Metges et al. 1990; Hare et al. 1991; Mitchell et al. 1993). Eventually, all 

tissues will equilibrate at the 5 1 3 C value determined by the new diet. The rate at which 
13 

the equilibration of a tissue to a new dietary 8 C value occurs is determined by the tissue 

turnover rate. In some body products, the response of 8 1 3 C to change in dietary 8 I 3 C is 

very rapid, indicating that S1 C value is mainly determined by the momentary S 1 3 C value 

of the digested diet. These products include respired CO2 (Metges et al. 1990), excreta 

(Jones et al. 1981; Wilson et al. 1988), and, under some conditions, milk (Boutton et al. 

1988; Metges et al. 1990). Adjustment of the various tissues takes longer. Tieszen et al. 

(1983) found that liver tissue in their gerbils required 84 days to turn over completely; 

fat, muscle, brain and hair turned over successively more slowly. Tissue turnover rates 

have been shown to correlate with the metabolic activity of the tissue in question, with 

the most rapid turnover seen in the most metabolically active tissues (Tieszen et al. 

1983). Such differentiation can also be seen within tissue types. For example, there is 

evidence that turnover rates in muscle tissue are positively related to muscle activity 

(Snyder et al. 1975). 

3.2.2.c.ii. Turnover and internal 5 1 3 C variation: The most obvious impact of 

turnover on 5 I 3 C variation within the individual is the mixed signal seen between tissues 

if diet changes. Changing diet can lead to a change in proportionate tissue 5 C that will 

last until equilibrium has been reached for all tissues (Tieszen et al. 1983; Hare et al. 

1991; Mitchell et al. 1993). A good example of this is provided by an archaeological 

human population studied by White (1993). The mummification of this population 
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allowed hair to be examined sequentially from the root outward. 8 C values of hair 

segments showed regular shifts, pointing to seasonal dietary variation and to a constant 

flux in tissue 8 I 3 C values for this population. Another role of turnover is seen in the 

reworking of proteinaceous tissues. Hare et al. (1991) point out that the processes within 

the body that alter 5 I 3 C during the incorporation of amino acids should operate over and 

over again on any amino acid that is incorporated, broken down and reincorporated into 

the tissues. This will cause a cyclic effect reinforcing and exaggerating the changes 

typical of incorporation and synthesis. 

13 
3.2.2.c.iii. Turnover and 8 C variation within the skeleton: A special case of 

13 

8 C variability due to turnover is seen in the skeleton. While the skeleton is a single 

organ system, research on bone turnover has demonstrated significant variability in 

turnover rate between bones. The most recent and accurate data on bone turnover rates 
2 

come from in vivo X-ray fluorescence studies of bone lead levels . Long bone cortical 

tissue appears to turn over quite slowly. For example, Gerhardsson et al. (1993) 

documented a mean half-life of 27 years for lead in the tibiae of healthy men. This would 

suggest that 27 years after a major shift in diet, roughly half of the carbon present in 

compact bone should stem from the new diet. In comparison to cortical bone, cancellous 

bone turns over much more quickly. Bones with a high cancellous content tend to show 

fairly short half-lives. Gerhardsson et al. (1993) found a mean lead half-life of 16 years 

for the calcaneus in healthy men. Price et al. (1992) have reported a much shorter mean 

lead half-life of 6.2 years for the carpal phalanx, with several subjects showing half-life 

values of less than 3 years. Such brief half-lives could lead to the full equilibration of a 

cancellous bone to a new dietary 8 1 3 C value within a decade, and significant shifts in 

Lead is a bone-seeking element, with up to 95% of lead storage in the body being in bone. This lead is 
freed during bone turnover, with the result that after lead exposure is halted, bone lead levels will gradually 
decrease. The rate of change in bone lead levels is proportional to bone turnover rates. Using X-ray 
fluorescence, longitudinal studies have tracked the clearing of lead from the bones of living subjects, 
allowing relative turnover rates to be established for some elements of the skeleton (Price et al. 1992; 
Gerhardsson et al. 1993). 
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8 C in much less time. Thus, skeletal 8 C should vary internally in any individual who 

has undergone significant lifetime changes in dietary 8 1 3 C. This internal variability will 

be further added to by the fact that dental enamel, and most dentine, do not turn over at 

all. As a result, the teeth will reflect the 8 1 3 C value of the diet consumed during the time 

of their development in childhood (Sealy et al. 1995). As will be discussed in the review 

of archaeological stable isotope analysis, internal 8 I 3 C variation in the skeleton has been 

used in recent years to allow the study of lifetime changes in diet in past populations. 

3.2.2.d. Literature 8 I 3 C values for heterotrophs: From the above discussion, it is clear 

that while heterotroph 8 I 3 C is primarily determined by dietary 8 1 3 C, a great deal of 

variability within the individual exists. With this variability in mind, a review of some 

literature values for heterotrophs from various biomes is presented (see Figure 3.1). 

The most striking feature of 8 1 3 C patterning in terrestrial autotrophs is the 

variation caused by the consumption of C3 and C4 vegetation. Animals consuming diets 

dominated by C3 resources have relatively negative 8 1 3 C values. For example, Chisolm 

et al. (1982) reported muscle tissue values of -25.5 ± 1.5%o for terrestrial mammals from 

a C3-dominated environment. Deer from another C3-dominated region produced bone 

collagen 6 1 3 C values of -21.7%o to -22.8%o (Katzenberg 1989). Browsing animals, which 

only consume C3 plants, show similar low 8 C values even in regions with substantial 

C4 plant life. For example, Ambrose (1986) reported mean 8 1 3 C values of -21%o to 

-18%o for bone collagen from browsing animals in East Africa, and Vogel (1978) 

reported muscle tissue 8 1 3 C values of -24.5%o to -17.6%o for browsers in South Africa. In 

areas dominated by C3 grasses, grazers have similar values. However, in areas with 

substantial C4 grass cover, grazer 8 I 3 C values are substantially higher than those of 

browsers, while mixed feeders show 8 1 3 C values falling between the two. For example, 

Ambrose (1986) reported bone collagen 8 1 3 C values of -17%o to -12%o for mixed feeders 

at his East African study sites, while bone collagen 8 1 3 C for pure grazers ranged from 



94 

-10%o onward. Similarly, South African grazers studied by Vogel (1978) had muscle 

tissue values of-13.6%o to -6.0%o. 

Tissue 6 1 3 C values of omnivores and carnivores track the values of the animals 

that they feed on. For example, Lee-Thorp et al. (1989) found collagen 5 1 3 C values 

ranging from -21%o to -6%o for carnivores from a variety of African environments. 

Carnivore § C tracked 5 C of prey animals with the addition of a small trophic level 

enrichment; for example, in one C3-dominated area, mean herbivore 5 1 3C(C O | | a gen) was 

-21.0%o, while mean carnivore 513C(COiiagen) was -19%o. 

Another source of variability in terrestrial heterotroph 5 1 3 C is the canopy effect 

typical of thick forests. The animals of forest floors typically show lower 8 1 3 C values 

reflecting the lower values of vegetation in these habitats, with reported bone collagen 

S 1 3 C values ranging from -25%o to -22%o (Ambrose 1986; van der Merwe and Medina 

1991). An opposite effect occurs when terrestrial animals consume substantial amounts 

of marine organisms. For example, Krouse and Herbert (1988) reported that feather 5 I 3 C 

values for birds on one island mirrored the amount of marine food in their diets, varying 

from -22.9%o for pure terrestrial feeders to -9.5%o for marine resource consumers. 
13 13 

Marine heterotrophs tend to have higher 5 C values, reflecting the higher 5 C 

values of marine autotrophs. This tendency is enhanced by the trophic level effect. 

Although the individual effect is small, marine food chains tend to be long, leading to 

relatively high 5 1 3 C values at the upper trophic levels (Rau et al. 1983; Gearing et al. 

1984; Estep and Vigg 1985). Specific 5 I 3 C values vary by locale. Very cold regions 

tend to produce more negative 5 1 3 C values; for example, Schell et al. (1989) reported 

flesh values of -20%o to -19%o for whales living in arctic waters, and Hobson and Welch 

(1992) reported mean muscle 5 I 3 C values ranging from -18.1%o to -16.6%o for marine 

mammal species in the Canadian Arctic. In comparison, bone collagen 5 1 3 C values of 

heterotrophs sampled along the Southern California coast ranged from -16.4%o to -9.6%o 

(Schoeninger and DeNiro 1984), and marine heterotrophs from a seagrass biome studied 

by Keegan and DeNiro (1988) had bone collagen 5 I 3 C values of-14.3%o to -4.7%o. 
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Freshwater heterotroph 5 1 3 C values are highly variable. Some studies have found 

quite negative 5 C values for freshwater heterotrophs. Flesh of freshwater fish analyzed 

by Chisolm et al. (1982) had 6 1 3 C values of-28.8 ± 2.2%o. Flesh of several fish species 

from northern Canada was found to range from -30%o to -20%o (Hesslein et al. 1991). 

Other studies have found higher values. For example, Katzenberg (1989) obtained values 

of -23.1%o to -17.8%o on bone collagen from southern Ontario fish, and bone collagen 

from southern Manitoba fish ranged from -23.9%o to -22.5%o (Garvie 1993). Freshwater 

fish bone collagen analyzed by Schoeninger and DeNiro (1984) ranged from -23.6%o to 

-19.1%o, with an outlying value at -12.7%o. Recent research by Katzenberg and Weber 

(1999) demonstrates the wide range of 5 I 3 C values that can occur in a single large lake: 

they report fish collagen values ranging from -24.6%o to -12.9%o for Lake Baikal. This 

range reflects the long food chains and many local microenvironments in the lake. Thus, 

while freshwater heterotroph 8 I 3 C values are often similar to those of C3-feeding 

terrestrial heterotrophs, they can extend, under some conditions, into the range of values 

typical of terrestrial C4 feeders. 

3.2.3. Summary: 5 , 3 C values of autotrophs primarily reflect their habitat and the 

photosynthetic pathway they use. On an individual level, factors such as growing 

conditions and genetic heritage also play a role, helping to explain the spread of 8 I 3 C 

values seen in nature for groups of plants. Internally, the autotrophs vary significantly in 

tissue and fraction 5 I 3 C. Heterotroph whole-body 5 1 3 C values reflect those of their diet, 

with a small positive trophic level effect. In these organisms, whole-body 5 I 3 C values 

seen in nature are primarily a result of dietary selectivity. Within the individual, both 

tissues and biological fractions vary; this variation is caused by a combination of 8 1 3 C 

variation among nutrients and fractionation during metabolism. The process of tissue 
13 13 

turnover results in changes of heterotroph tissue 5 C with changes of dietary 5 C. As 

tissue turnover rates vary, changes in dietary 5 I 3 C over a lifetime will add to the internal 

5 1 3 C variability of a heterotroph. Despite the complex nature of these relationships, a 

clear pattern is seen when grouped literature values are considered (see Figure 3.1). 
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From these patterns, some preliminary suggestions may be made regarding the 
13 

likely 5 C values of some of the dietary items discussed in Chapter 2. For example, 

wheat and barley, which likely constituted the majority of grain consumed in medieval 
13 

Greece, have more negative 5 C values than maize and millet, both C4 grains. Sugar, 

the product of another C4 plant, will fall in with maize and millet, while oil and wine, 

both products of C3 plants, should have 8 I 3 C values close to those of C3 plants. Less 

negative values are expected for marine resources, although here regional variation in 
13 13 

8 C values makes the expectation less certain. 8 C values for most of the domesticated 

animals will depend on the extent to which they fed on wild C4 grasses or millet and 

maize fodder. These expectations will be dealt with in far more detail in Chapter 7, when 

8 C values of medieval foods are reconstructed using a combination of analytical results 

and literature values. However, the review of 8 1 3 C values in nature makes the basis upon 
13 

which 8 C analysis is used to reconstruct past diets clear, and illustrates in a general way 

some of the variation that can be expected in medieval Greek foods. 

3.3. Stable nitrogen isotopes in ecosystems: This discussion will treat the nitrogen 

cycle in three main segments. The first treats the activity of nitrogen fixers, the typical 

8 1 5 N values of the nitrogenous compounds they produce, and typical 8 1 5 N values of 

nitrogenous compounds available to autotrophs in the soil and water. The second 

segment discusses nitrogen assimilation by the autotrophs, symbiotic relationships with 

diazotrophs and typical 8 1 5 N values of autotroph tissues. The final segment discusses 

nitrogen and 8 1 5 N values in the heterotrophs, including topics such as trophic level effect 

and variation between tissues. 

There are two stable isotopes of nitrogen, I 4 N , making up approximately 99.63% 

of terrestrial nitrogen, and 1 5 N , contributing about 0.37%. Unlike atmospheric 8 1 3 C 

values, atmospheric 8 I 5 N values appear to have remained unchanged over the past several 

million years (DeNiro 1987). Stable nitrogen isotope ratios are expressed in relation to 

atmospheric nitrogen (AIR), as the average natural abundance of 1 5 N in this pool is 
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constant (Sweeney et al. 1978; Mariotti 1983). Following the conventions for stable 

isotope ratios, the format is: 

S 1 5 N 
( , 5 N / 1 4 N 

sample sample 
1 5 N / 1 4 N 

y standard standard J 

x 1000 

3.3.1. Stable nitrogen isotopes in diazotrophs, soil and water: The ultimate source of 

nitrogen in organic compounds is atmospheric N2. Most organisms cannot assimilate this 

directly, and rely instead on nitrogenous compounds (nitrate, nitrite and ammonium) in 

soil and water. The most important source of these compounds is N2 fixation by bacteria 

referred to as diazotrophs; a large amount is also contributed by the recycling of detritus 

nitrogen by decomposers. Together, these compounds form the biologically available 

nitrogen pool at the base of the ecosystem. 

Nitrogen fixation operates by a similar process in all diazotrophs: N2 is reduced 

to NH3 in a reaction catalyzed by nitrogenase. The ammonia produced by the fixation 

reaction is utilized by the organism to synthesize biomolecules including amino acids and 

nucleic acids. Further details on these processes may be found in sources such as Burns 

and Hardy (1975) or Postgate (1998). 

The diazotrophs may be divided into free-living and symbiotic organisms. The 

free-living diazotrophs usually live independently in soil, water or marine sediments, 

while the symbiotic diazotrophs are typically found in symbiotic association with plants 

including the legumes. The nitrogen fixed by symbiotic diazotrophs is made available to 

the host plant as excreted ammonia and from the biomolecules of dead bacteria, freeing 

the plant from dependence on nitrogen compounds in the soil (Burns and Flardy 1975). 

While nitrogen fixation is the initial process bringing nitrogen into the biosphere, 

the presence of inorganic nitrogen (nitrate, nitrite and ammonium) in soils and water is a 

largely a result of the processes of decay. The free-living diazotrophs fix little more 

nitrogen than is required for their own internal processes, while excess nitrogen fixed by 

symbiotic diazotrophs is used by the host plant (Mulder 1975; Postgate 1998; Werner 
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1992) . Thus, fixed nitrogen typically passes to the wider environment only with the 

death and decay of these organisms. During decay, the nitrogen-bearing biomolecules of 

diazotrophs and their symbionts are broken down by microorganisms and fungi, which 

release the excess in the form of ammonium. These microorganisms and fungi also break 

down other dead organisms found in the soil and water, as well as animal wastes. The 

ammonium produced in the decay process is utilized by nitrifying bacteria, which 

produce nitrate as a waste product. Soil nitrate may be metabolized in turn by other 

bacteria, producing nitrite; some will also be reduced to N2 by denitrifying bacteria and 

returned to the atmosphere or to the local pool of dissolved N2. Together, nitrate, nitrite 

and ammonia form the pool of inorganic nitrogen available to the majority of plants. 

More detailed descriptions of these steps of the nitrogen cycle may be found in a source 

such as Postgate ( 1 9 9 8 ) . 

Investigations of the nitrogen fixation reaction have shown little fractionation 

(Hoering and Ford 1960; Delwiche and Steyn 1970; Amarger et al. 1977 ; Kohl and 

Shearer 1980) . The result is that the 5 1 5 N values of diazotrophs are usually close to 0%o 

(Wada and Hattori 1976; Schoeninger and DeNiro 1984; Minagawa and Wada 1984) . 

However, the 5 1 5 N values of the inorganic nitrogen in soils and water are variable, and 

are generally higher than § 1 5 N values of air and of diazotrophs. Most soils have 8 1 5 N 

values between 5%o and 13%o, although more extreme values of -7%o to 38%o have been 

reported (Shearer et al. 1978; Shearer and Kohl 1978; Mariotti et al. 1988) . Values vary 

by locale, soil depth, soil type and season (Cheng et al. 1964; Rennie et al. 1976; 

Shearer et al. 1978; Delwiche et al. 1979) . 5 I 5 N values of oceanic dissolved inorganic 

nitrogen are also generally higher than that of atmospheric N2. Wada and Hattori ( 1 9 7 6 ) 

report an average 5 1 5 N value of 7%o for inorganic nitrogen in ocean waters, and studies 

summarized in a review by Mariotti et al. ( 1 9 8 4 ) produced values of 5%o to 9%o. 

However, the range of variation is considerable, and much higher values such as that of 

24%o reported by Cifuentes et al. ( 1 9 8 9 ) have been reported. Values vary by factors such 

as geographic location, depth, season and the inorganic nitrogen compound tested 

(Cifuentes et al. 1989; Horrigan et al. 1990) . Freshwater systems also produce high 
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variability. Reported 5 1 5 N values for inorganic nitrogen in some freshwater systems 

range from 0.6%o to 40%o (Mariotti et al. 1984; Cifuentes et al. 1989) , with individual 

lakes and rivers showing varying values. 

The variability in soil and water 8 1 5 N values and their tendency to fall above 0%o 

are caused by a number of factors. These include fractionation during ammonium uptake 

by some microorganisms (Delwiche and Steyn 1970; Cifuentes et al. 1989 ; Pennock et 

al. 1996) and the introduction of 15N-enriched nitrogen into the decay cycle via the 

tissues of high trophic-level organisms (Cheng et al. 1964) . However, the most important 

cause appears to be the fact that bacterial denitrification discriminates against 1 5 N 

(Wellman et al. 1968; Delwiche and Steyn 1970; Mariotti et al. 1981 , 1982) . Because 

of this discrimination, denitrifying bacteria acting on inorganic nitrogen in soil or water 

produce N 2 depleted in l 5 N relative to that inorganic nitrogen, causing the 5 1 5 N value of 

the remaining inorganic nitrogen to rise. The magnitude of the discrimination against 1 5 N 

during denitrification is variable, and depends on local factors such as temperature 

(Wellman et al. 1968; Mariotti et al. 1981 , 1982; Bryan et al. 1983) . The extent to 

which denitrification occurs in soil or water also varies depending on local factors such as 

soil moisture (Broeshart 1 9 7 1 ; Mariotti et al. 1982; Cifuentes et al. 1989) . As both the 

amount of denitrification taking place and the fractionation associated with it vary 

according to local factors, denitrification can cause geographic and temporal variation of 

soil and water inorganic nitrogen 5 1 5 N . 

An added factor causing variability in modern soil and water 5 1 5 N is the influence 

of anthropogenic pollutants such as fertilizers and sewage. These substances often have 

5 1 5 N values differing from those typical of pristine soil and water. For example, fertilizer 

nitrates show relatively low 5 1 5 N values ranging from -3%o to 3%o (McClelland et al. 

1997) . Studies reviewed by Mariotti et al. ( 1 9 8 8 ) show the nitrates of sewage and 

domestic animal waste to have typical 5 I 5 N values of 10%o to 20%o. These higher values 

are due to denitrification and volatilization of l 4N-rich ammonium in the early stages of 

decay (Kreitler 1979) . When released into the ground or water, such substances can 

cause a significant 5 1 5 N shift through the food chain (Kohl et al. 1 9 7 1 ; Kreitler 1979) . 
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There are some indications that soil and water 5 1 5 N were less variable before values were 

affected by pollution on a large scale. For example, Kreitler ( 1 9 7 9 ) reported a relatively 

narrow range of groundwater nitrate 8 1 5 N values (2%o to 8%o) for a series of areas 

unaffected by anthropogenic pollution. 

Thus, although the nitrogen fixation process produces an initial product with a 

5 1 5 N value similar to that of air, the biologically available nitrogen present in soils and 

waters tends to have higher 5 i 5 N values that vary widely between localities. Local 

baseline 5 1 5 N values differ, and corresponding variability in 8 1 5 N values of other 

organisms should be expected. This is significant for problems of archaeological dietary 

reconstruction: it is important to have some idea of local 5 1 5 N values in order to interpret 

human 5 I 5 N values. The presence of anthropogenic 5 I 5 N signals in modern ecosystems 

also represents a complicating factor in this respect, as modern 5 I 5 N values in a given 

area may have changed relative to past values. 

3.3.2. Nitrogen in other autotrophs: This section deals with nitrogen use and 5 1 5 N 

values in the other autotrophs. It begins by discussing the majority of autotrophs that are 

completely dependent on nitrogen in the soil and water. It then passes to plants which 

obtain some of their nitrogen from symbiotic diazotrophs. After a brief discussion of 

internal variability in plant 8 I 5 N , a summary of literature 5 1 5 N values for autotrophs in 

different environments is presented. 

3.3.2.a. Nitrogen in non-symbiotic autotrophs: Most autotrophs obtain all of their 

nitrogen from the inorganic nitrogen compounds present in the soil and water. The tissue 

5 I 5 N values of these organisms are determined by the 5 I 5 N value of the nitrogen pool 

they utilize, although there is a certain fractionation associated with uptake. 

In the case of terrestrial plants, the fractionation associated with nitrogen uptake is 

relatively minor. It is related to nitrogen availability in the soil. When abundant nitrogen 

is present, fractionation effects of -5%o to -2%o are seen (Kohl and Shearer 1980; Mariotti 

et al. 1980) . However, fractionation decreases with nitrogen availability, until, with a 
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barely adequate supply, plants show little or no uptake fractionation (Kohl and Shearer 

1980; Mariotti et al. 1982). This relatively minor variation means that the most 

important determinant of 8 I 5 N for non-symbiotic terrestrial plants is soil 5 1 5 N. This 

relationship has been documented in numerous ecosystems, with plants from areas with 

lower soil 51 N values showing lower tissue 8 1 5 N (Delwiche et al. 1979; Virginia and 

Delwiche 1982; Shearer et al. 1983). Thus, the regional soil 5 1 5 N variability 

documented in the preceding section is also seen in plant 8 I 5 N values. 

There are important exceptions to this pattern. First, plant 8 I 5 N may vary within a 

locale as the result of inconsistent local soil 8 , 5 N values. Areas with natural depth 

variation in soil 8 I 5 N show corresponding 8 1 5 N variation between deep-rooted and 

shallow-rooted plants (Shearer and Kohl 1989; Virginia et al. 1989). Some studies have 

also demonstrated temporal fluctuations in plant 8 1 5 N in locales where soil 8 1 5 N varies 

seasonally (Delwiche et al. 1979). Another important factor is the availability of 

additional nitrogen beyond that naturally supplied by the soil. This may be natural; for 

example, sea-spray has an effect on S 1 5 N in coastal plant communities (Virginia and 

Delwiche 1982). Other potential extra sources of nitrogen are anthropogenic in origin. 

The use of modern fertilizers, with their low 8 I 5 N values, leads to lower tissue 8 1 5 N 

values in plants (e.g. Witty 1983). The opposite effect would be expected for 

preindustrial fertilization practices. As mentioned above, decomposing human and 

animal waste tends to have relatively high nitrogen 8 1 5 N values; this should lead to 

higher 8 1 5 N values in plants grown in manured fields. This has significant implications 

for archaeological dietary reconstruction in agricultural communities. Both Ambrose 

(1991:297) and Schwarcz et al. (1999) have suggested fertilizer effects as a possible 

cause of high 8 1 5 N values in archaeological plant remains. 

Another complicating factor in nonsymbiotic plant 8 1 5 N variation is the higher 

8 1 5 N values typical of plants from hot, dry environments. Heaton (1987) has 

demonstrated a negative association between nonsymbiotic plant 8 1 5 N and rainfall, with 

high plant community 8 I 5 N values associated with dry conditions. A similar effect was 
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documented by Ambrose (1991) in the Kenyan Rift Valley. Schwarcz and colleagues 

(1999) suggest that this relationship is due to a link between climatic dryness and soil 

5 1 5 N, with increasing dryness leading to greater evaporation of 15N-depleted ammonia 

from the soil and thus overall 1 5 N enrichment of the soil nitrogen pool. 

In marine autotrophs, the fractionation associated with nitrogen uptake is highly 

variable, and can be as much as -20%o (Wada et al. 1975). It responds to the 

concentration of nitrogen compounds in the water (Wada and Hattori 1976; Cifuentes et 

al. 1989; Yoshioka et al. 1994; Pennock et al. 1996). Due to variable fractionation, the 

response of marine autotroph 5 I 5 N to local nitrogen pool 8 1 5 N is less clear than the 

response of terrestrial plant 8 1 5 N to soil 5 1 5 N. Although some studies document a good 

relationship (e.g. Keegan and DeNiro 1988; McClelland et al. 1997), others show marine 

autotroph 5 1 5 N to respond more strongly to local and seasonal variation in nitrogen 

availability (Yoshioka et al. 1994; Pennock et al. 1996). 

3.3.2.b. Nitrogen in symbiotic autotrophs: A minority of plants maintain symbiotic 

associations with diazotrophs. In such an association, the diazotroph is maintained within 

the autotroph and the nitrogen fixed by the diazotroph is absorbed directly by its partner. 

These plants are capable of using both nitrogen fixed by their symbiont bacteria and 

inorganic nitrogen present in the soil. While symbioses with diazotrophs are seen in a 

variety of organisms from terrestrial, marine and freshwater environments, the major 

group of interest for this study is the legumes. 

In these plants, fractionation during nitrogen assimilation is small, on the order of 

-l%o to +2%o (Amarger et al. 1977; Kohl and Shearer 1980). The nitrogen compounds 

fixed by the symbiont bacteria and passed to the host plant have 5 1 5 N values close to that 

of air. Thus, in general, legumes and other symbiotic plants show 8 1 5 N values that are 

systematically lower than those of nonsymbiotic plants grown on the same soil (e.g. 

Delwiche and Steyn 1970; Amarger et al. 1977, 1979; Shearer and Kohl 1978; 

Delwiche et al. 1979; Virginia and Delwiche 1982; Shearer et al 1983; Virginia et al. 

1989). This relationship is complicated by the fact that the extent to which the plants 
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depend on symbiotically fixed N2 varies according to local conditions. When inorganic 

N is available, N-fixers will typically utilize it, sparing the energy involved in fixation of 

N2; legumes grown with high levels of inorganic nitrogen have been shown to obtain as 

much as 9 8 % of their nitrogen from that source (Kohl et al. 1980; Herridge 1982) . 

Because of this, availability of inorganic nitrogen in the soil is a major determinant of 

6 1 5 N in symbiotic plants (Amarger et al 1977; Kohl et al. 1980) . Legumes grown with 

abundant soil nitrogen will have 5 1 5 N values similar to those of other plants grown on the 

same soil. In conditions of lower nitrogen availability, the plants will rely more heavily 

on nitrogen fixed by its symbiont. Their tissue 5 1 5 N values will approach that of 

symbiotically fixed nitrogen, until the point of complete reliance on this source, at which 

they will have 5 1 5 N values close to 0%o (Amarger et al. 1977 , 1979; Mariotti et al. 1980; 

Kohl etal. 1980) . 

3.3.2.c. Internal variation in plant 5 1 5 N : As with 5 1 3 C values, 5 I 5 N values have been 

shown to vary on the level of plant tissues and parts. For example, Rennie and colleagues 

( 1 9 7 6 ) found a small but consistent 1 5 N enrichment of seeds over stems in beans and 

barley. Mariotti and colleagues ( 1 9 8 0 ) documented modest 5 1 5 N variability, spanning a 

range of less than 2%o, in parts of wheat plants, and Shearer and colleagues ( 1 9 8 0 ) found 

mild inter-tissue differences in soybean plants. In these cases, 5 I 5 N variability between 

plant parts was not consistent, and appeared to result from changing metabolic activity in 

plant parts over the plant's life cycle. After a review of these and other studies, Shearer 

and Kohl ( 1 9 8 9 : 3 5 2 ) conclude that internal variability in plant 6 1 5 N is generally low, 

staying within an overall 2%o range. Part of the variability in plant tissue 5 I 5 N is likely 

due to differences in amino acid composition. However, growth experiments and field 

observations suggest a role for other factors including tissue age, speed and season of 

tissue formation and recycling of N within tissues. 

3.3.2.d. Literature values for autotrophs: In this context, literature 5 I 5 N values for 

various plant communities may be discussed. During this discussion, the reader may 
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refer to Figure 3 .2 (p. 105) , which shows the typical 8 1 5 N ranges of various organisms 

within terrestrial, marine and freshwater ecosystems. 

Because of differences in local soil 8 1 5 N and other factors determining terrestrial 

plant 5 1 5 N variation, works that cite 8 1 5 N values for terrestrial plants from an assortment 

of ecosystems tend to report broad variability. For example, Virginia and Delwiche 

( 1 9 8 2 ) studied a number of Northern California ecosystems and found tissue 8 , 5 N values 

ranging from -7.6%o to 17.5%o for nonsymbiotic plants; the mean value was 2.2%o. 

Values of symbiotic species had a lower mean of 0.8%o and a smaller range, -1.6%o to 

6.3%o. A summary by Schoeninger and DeNiro ( 1 9 8 4 ) including values from several 

studies reported even wider ranges of -7.8%o to 17.5%o, with a mean of about 3%o, for 

non-symbiotic plants, and -6.5%o to 6.5%o, with a mean of about l%o, for symbiotic 

plants. Thus, when field observations from various ecosystems are combined, plant 8 1 5 N 

values vary widely. At this level, the observed values of N-fixing and non-N-fixing 

plants overlap completely, and although the N-fixers show a lower mean and smaller 

range, the difference is minor in comparison to the overall range reported. 

When plant 8 1 5 N values are considered on a more local level, ranges narrow and 

the distinction between N-fixers and non-N-fixers improves, reflecting the importance of 

local factors such as soil S 1 5 N and climate. For example, Virginia and Delwiche ( 1 9 8 2 ) 

found that 8 1 5 N ranges for N-fixing and non-N-fixing plants at individual collection sites 

were smaller than the overall range for all sites. The distinction between 8 I 5 N values of 

N-fixing and non-N-fixing plants improved as well, with mean 8 1 5 N values separated by 

as much as 6%o. Shearer and colleagues ( 1 9 8 3 ) and Ambrose ( 1 9 9 0 ) document similar 

patterns. A l l of these authors remark that within-site variability remains, relating it to 

factors such as variability in the soil nitrogen pool used. However, variation between 

localities explains a significant amount of plant 8 1 5 N variability. Thus, although an 

overall range based on general surveys is given in Figure 3 .2 , the values of plants at a 

specific locality must be established by testing them or their consumers; identity between 

typical plant 8 I 5 N values at two locations cannot be assumed. 



Figure 3.2: 8 N Values in Nature 
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Studies on 5 1 5 N of nonsymbiotic marine autotrophs show regional variability 

reflecting differences in 5 I 5 N values of local nitrogen pools. For example, Wada and 

Hattori ( 1 9 7 6 ) found values ranging from 3.2%o to 9.7%o for marine autotrophs from 

various North Pacific locales, while Keegan and DeNiro ( 1 9 8 8 ) obtained values ranging 

from 1.7%o to 6.2%o for nonsymbiotic algae in a locale where the local available nitrogen 

was heavily influenced by nitrogen-fixing organisms. A broader summary of several 

regions by Schoeninger and DeNiro ( 1 9 8 4 ) cites a range of about 2%o to 16%o for 

nonsymbiotic marine autotrophs; the large range recalls those seen in multi-regional 

surveys of terrestrial plants. In contrast, 8 1 5 N values of symbiotic marine algae and 

plants are less variable, and close to that of the atmosphere, ranging from about -2%o to 

2%o(Wada et al. 1975 ; Wada and Hattori 1976; Keegan and DeNiro 1988) . 

As reviewed by Estep and Vigg ( 1 9 8 5 ) , 6 1 5 N values of freshwater autotrophs can 

be influenced by factors including the activity of N-fixing organisms, runoff from natural 

and anthropogenic terrestrial sources, and recycling of organic detritus within the local 

system. Such variables cause freshwater 5 1 5 N values to differ from system to system. 

For example, Estep and Vigg ( 1 9 8 5 ) reported values of 4.2%o to 6%o for green algae in a 

Nevada lake, and Hesslein and colleagues ( 1 9 9 1 ) reported 5 I 5 N values ranging from 

about 5%o to 8%o for three macrophyte species in a northern Canadian lake. 

3.3.3. Nitrogen in the heterotrophs: The final group to consider in the nitrogen cycle is 

the heterotrophs. These organisms are generally dependent on the nitrogen assimilated 

by the autotrophs. This discussion will commence with a general treatment of nitrogen 

assimilation and metabolism in the heterotrophs, focusing on the processes as they occur 

in mammals and especially humans. This will be followed by a discussion of the 

relationship between heterotroph tissue 5 1 5 N and dietary 5 1 5 N as it is now understood. 

Both the concept of trophic level enrichment and the causes of departure from predicted 

5 I 5 N based on dietary 5 1 5 N will be treated. Finally, a survey of literature 5 1 5 N values of 

terrestrial, marine and freshwater heterotrophs is included. 
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3.3.3.a. Nitrogen in heterotroph physiology: The physiology of nitrogen in the 

heterotrophs is complex, and varies between species. This brief review focuses on 

common aspects of assimilation, nitrogen cycling and excretion that are important to the 

behaviour of nitrogen isotopes in heterotrophic organisms, especially the vertebrates. 

Much of this information will become important in later discussions regarding the 

relationship between dietary and tissue 51 N in humans and other mammals. Unless 

stated otherwise, facts are taken from Guyton (1981) and Stevens and Hume (1995). 

Heterotrophs derive practically all of their nitrogen from ingested proteins. As 

reviewed by Waughman et al. (1981), some heterotroph species have intestinal flora that 

include nitrogen fixing species. However, in mammals, no nutritional importance for 

nitrogen fixed by intestinal diazotrophs has been demonstrated. 

Generally, mammalian digestion of protein involves the enzymatic breakdown of 

ingested proteins in the stomach and small intestine, resulting in a mixture of amino 

acids, tripeptides and dipeptides. These are absorbed into the bloodstream through the 

mucosa of the small intestine, with nitrogen assimilation essentially complete by the time 

the digesta pass to the colon. Most important differences from this basic pattern relate to 

the activity of symbiotic microorganisms. The most important role for this activity is 

seen in the ruminants, which harbour colonies of microorganisms in specialized foreguts. 

These carry out the initial step in protein digestion, breaking down ingested proteins and 

incorporating them into their cell structures or releasing them as ammonia. The ammonia 

is absorbed directly into the host animal's bloodstream; the digesta, including large 

numbers of microbes with their incorporated proteins, pass to the stomach where they 

enter the digestive process described above. In many other mammals, symbiotic 

microorganisms are housed in the colon (e.g. humans) or in an enlarged cecum (e.g. 

rabbits); these utilize nitrogenous compounds in the digesta, incorporating the nitrogen 

into bacterial protein or metabolizing it to ammonia. In this arrangement, the ammonia 

produced by the microbes is absorbed by the bloodstream; however, it is of minor 

nutritional significance. The nitrogen incorporated into the symbiont microbes 

themselves is lost in the feces. As a response to this, several mammals, including rats 
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and rabbits, ingest their own feces. In some, this behaviour is seen only in infancy or 

during times of nutritional stress. However, in many, it normally occurs throughout life, 

and can be important to the nitrogen balance of the animal, contributing a large 

percentage of the total nitrogen assimilated. 

After transport into the bloodstream, amino acids and ammonia are rapidly taken 

up by the body. The amino acids are absorbed by the cells, especially those of the liver. 

After absorption, they may be used as is in protein synthesis. However, many are 

converted into other amino acids through transamination before being incorporated into 

the tissues. Much of the process of transamination takes place in the liver, which then 

releases the converted amino acids, in simple form or linked into plasma proteins, into the 

bloodstream. The other cells of the body take up these amino acids and plasma proteins 

for use in protein synthesis. When the amino acids needed to synthesize a given protein 

are collected in the cell, they are brought into the proper order for protein synthesis along 

mRNA strands, and peptide links are formed. 

In transamination, the cell synthesizes the a-keto precursor of the target amino 

acid; the amino radical of another amino acid is then transferred to it, with the transfer 

catalyzed by the appropriate transaminase. Heterotrophs are not capable of forming a-

keto precursors for all amino acids, and thus some amino acids cannot be synthesized and 

must be obtained from the diet. These are referred to as essential amino acids. The other 

amino acids, whose a-keto precursors can be synthesized using other amino acids or, in 

some cases, using other nutrients entirely, are termed non-essential. The essential amino 

acids are different for various species. For adult humans, they are lysine, leucine, 

isoleucine, threonine, tryptophan, valine, phenylalanine and methionine. For infants, 

arginine and histidine are also essential (Hui 1985). 

The equilibrium of amino acids and proteins in the blood plasma is precise, with 

proteins synthesized or amino acids released in rapid response to tissue needs for protein 

synthesis substrates. Thus, plasma storage of amino acids is inelastic. The tissues, 

including the liver, have an upper limit of protein and amino acid storage capacity. The 

amount of amino acids that can be stored as protein also depends partially on the 
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presence of essential amino acids, as these must be present in a certain amount - either 

assimilated from the diet or recovered from body proteins involved in turnover - to allow 

protein synthesis to proceed. Amino acids passing into the bloodstream in excess of the 

body's protein storage capacity, and nonessential amino acids ingested in the insufficient 

presence of essential amino acids, are converted into energy, and their amino groups are 

released as ammonia. This ammonia may be used by the liver to form the amino group of 

another amino acid or converted by the liver to urea. Much of the urea produced is 

concentrated by the kidneys and excreted in the urine. However, not all urea nitrogen is 

lost, as the kidneys allow a variable portion of it back into the bloodstream. When tissue 

proteins turn over, they are disassociated into their constituent amino acids and returned 

to the plasma pool. They are taken up by the liver in the same way as newly ingested 

amino acids, and used for protein synthesis or energy. Thus, it is possible for a single 

nitrogen atom contained in an amino group to complete the processes of transamination, 

incorporation into a protein and disassembly of that protein more than once. 

3.3.3.b. Stable nitrogen isotopes in the heterotrophs: As nitrogen from the diet is the 

only source of nitrogen in heterotroph tissues, heterotroph tissue 5 I 5 N might be expected 

to reflect dietary S I 5 N . However, the 5 I 5 N pattern seen is considerably more complex. 

Tissue 5 1 5 N reflects dietary 8 1 5 N, but with a trophic level 1 5 N enrichment that is seen for 

a wide variety of organisms under both laboratory and field conditions. In addition, 

considerable variability by ecosystem, species, individual and tissue is seen, only some of 

which is currently understood. 

3.3.3.b.i. The trophic level effect: From the earliest research into heterotroph 

5 I 5 N in the wild, a general 1 5 N enrichment of tissues relative to the diet was apparent 

(Wada et al. 1975). Later, more controlled studies on captive animals allowed this effect 

to be confirmed (Steele and Daniel 1978; DeNiro and Epstein 1981; Minagawa and 

Wada 1984). Subsequently, many attempts have been made to assign an exact value for 

A | 5 N , the trophic level separation between the 5 1 5 N value of an animal's diet and the 5 I 5 N 
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value of its tissues. These have used both laboratory and field observations. Although 

these observations have confirmed the trophic level effect in 5 1 5 N beyond doubt, the 

magnitude found for A 1 5 N has varied. 

The early laboratory experiments gave clear indications that A I 5 N is not constant. 

DeNiro and Epstein (1981) found a range of -0.5%o to +9.2%o. Much of this was due to 

interspecies variation. However, within one species, A 1 5 N between diet and a single 

tissue (bone collagen of mice) still varied from +1.4%o to +3.4%o. Minagawa and Wada 

(1984) obtained similar results, with a total range of -0.1 %o to +9.2%o for A 1 5 N in a 

number of different organisms. Other studies have focused on single or multiple tissues 

from mammals. For example, Hare et al. (1991), working on pigs, found A 1 5 N values of 

+0.9%o to +1.8%o for muscle and +2.2%o to +2.3%o for collagen. Hobson and colleagues 

(1996) found A I 5 N values ranging from +1.7%o (blood) to +3.1%o (liver) for captive seals; 

their A 1 5 N for muscle, at +2.4%o, is somewhat greater than that determined by Hare and 

colleagues. 

In comparison to the laboratory data, values for A I 5 N collected through field 

research show a relatively tight grouping. A number of studies on African terrestrial 

ecosystems have yielded similar A I 5 N values for free-living mammals. These include the 

value of +4.3%o found by Schoeninger (1985), that of +3.9%o found by Sealy et al. 

(1987), that of+5.7%o found by Ambrose and DeNiro (1986), and those of +3.5%o to 

+5.4%o found by Ambrose (1991) for a series of different East African locales. 

Observations made on freshwater and marine foodwebs are in general agreement. These 

document A I 5 N values ranging from +2%o to +5%o, with the majority falling between 

+3%o and +4%> (Estep and Vigg 1985; Wada et al. 1987; Hesslein et al. 1991; Sholto-

Douglasetal. 1991; Hobson and Welch 1992; Yoshioka et al. 1994; Tatrai et al. 1999). 

The extremes of the field-determined values for A 1 5 N cited above are +2%o (diet 

to bone collagen in fish, Sholto-Douglas et al. 1991) and +5.7%o (mammalian herbivore 

to carnivore bone collagen in Kenya, Ambrose and DeNiro 1986). Although the 3.7%o 

range of these figures is substantial, it is far less than the spread of almost 10%o for values 

of A I 5 N documented in a laboratory setting. This tighter resolution may be partially due 
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to the fact that field values cited have mostly been estimated using mammals and fish. 

The laboratory values include determinations for a wider variety of organisms including 

insects, birds and amphibians, and may thus include more physiological variability. It is 

worth noting in this context that A 1 5 N obtained for mammals only in the laboratory 

studies cited above fall within a narrower grouping of +0.9%o to +3.4%o. The lower 

variation in field estimates of A 1 5 N may also relate to a smoothing effect resulting from 

the methods used. Field estimates are made using the average 5 1 5 N values of organisms 

from given trophic levels. This makes them more vulnerable to error in one way, as they 

are not always made on animals that are actually consuming each other. However, in 

another way this may improve them, as individual and species variation are smoothed 

into a mean trophic level effect. 

While laboratory values of A I 5 N for mammals only show a relatively tight 

grouping, they still agree poorly with field data in terms of the actual value of A I 5 N . For 

the field studies cited above, A 1 5 N clusters around a value of about 4%o; for laboratory 

work on mammalian bone collagen, it is lower, in the +2%o to +3%o range. There are 

several possible reasons for this difference. One of them is that laboratory animals are 

less active and less stressed in general than wild animals. Activity and stress both lead to 

increased tissue turnover, and, as will be discussed below, deamination of amino acids 

during protein synthesis and turnover may be a key cause of I 5 N enrichment in tissues 

relative to the diet. Increased tissue turnover implies that a greater amount of body 

proteins will be broken down, transaminated and redeposited to tissue, which should in 

turn lead to increased 5 I 5 N . Thus, wild animals may show greater values for A 1 5 N . 

Another possible difference lies in the impact of heat and aridity on organisms, which is 

also discussed below. As there is some evidence that hot, arid conditions lead to 

increased A 1 5 N in some animal species, it is possible that this effect contributes to 

increased values of A 1 5 N as observed in some terrestrial ecosystems. However, it should 

be noted that A I 5 N in freshwater and marine ecosystems shows a similar range of values, 

and that aridity cannot be a factor there. 
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Part of the variability seen in A I 5 N may result from differences in the relative 

5 I 5 N values of amino acids in various diets. As reviewed by Fern et al. (1984), l 5 N tracer 

research on human physiology suggests that the nitrogen stemming from different dietary 

amino acids is fated to be excreted in different proportions. Thus, depending on amino 

acid 8 1 5 N patterning, diets that appear to be identical in terms of their bulk values may 

not truly be so in terms of the 5 I 5 N of the fraction most likely to be retained in the body. 

This question will be returned to at greater length in section 3.4, when the impact of 

protein quality on human bone collagen 5 1 5 N is discussed. 

In sum, research of the past two decades has produced a number of estimates of 

A 1 5 N . Some of the variation of these figures may reflect important differences in 

metabolism, and other factors discussed below. In terms of 5 1 5 N values expected in 

animals in natural ecosystems, a good mean figure to use for A 1 5 N seems to be about 

+4%o. However, when using this figure it is necessary to keep in mind that laboratory 

results suggest a lower value closer to +2%o to +3%o. 

3.3.3.b.ii. The trophic level effect and nitrogen excretion: In terms of the 

organism's overall mass balance, the cause of the trophic level 5 1 5 N effect seems to be 

the excretion of wastes depleted in 1 5 N relative to the diet. This phenomenon was first 

noted by Steele and Daniel (1978) as a consequence of their research on steers. They 

found that urine was lower than dietary S 1 5 N by an average of -1.5%o. Because 

mammals excrete most nitrogen in their urine, this pattern results in net excretion of l 5 N -

depleted nitrogen, which requires that nitrogen retained in the cow's tissues be enriched 

in 1 5 N relative to the diet. There is evidence for excretion of 15N-depleted nitrogen by 

non-mammals as well. For example, Minagawa and Wada (1984) demonstrated that 

tadpoles excrete nitrogen with a 8 1 5 N value sufficiently lower than that of their diet to 

account for their higher whole-body 5 1 5 N. This research, along with studies reviewed by 

Hare and colleagues (1991), suggests that excretion of 15N-depleted nitrogen is general in 

heterotrophs. This apparent generality has led various authors (e.g. Minagawa and Wada 

1984; Ambrose 1986; Ambrose and DeNiro 1986) to conclude that it is the mechanism 
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responsible for trophic level l 5 N enrichment. The exact cause behind the l 5 N depletion of 

nitrogenous wastes is uncertain. Ambrose (1991) has suggested deamination, synthesis 

of carbamyl phosphate, synthesis of urea in the liver, or concentration of urea in the 

kidneys as possible points for fractionation to occur. Schoeller (1999) suggests 

breakdown of cell proteins during tissue turnover, deamination or urea synthesis as 

possible candidates. Research conducted by Hare and colleagues (1991) supports an 

explanation related to deamination during protein incorporation and tissue turnover. 

They analyzed dietary and tissue amino acids in pigs and found glutamine to have the 

highest 5 1 5 N value. The authors suggest that this reflects glutamine's role as a substrate 

for the synthesis of other amino acids as well as for urea; on average glutamine nitrogen 

should have passed through more transamination reactions, with a higher 5 I 5 N value 

being the result. 

3.3.3.C. Other factors determining heterotroph S I 5 N : While dietary 5 1 S N and trophic 

level discrimination are the main determinants of heterotroph 5 I 5 N , the above discussion 

demonstrates that there is a good deal of variability that these factors do not account for. 

A number of these, as understood at the present time, are outlined in this section. 

3.3.3.c.i. Tissue and amino acid variation: Studies using a variety of tissues from 

the same animal have found systematic differences in tissue 5 I 5 N (DeNiro and Epstein 

1981; Hare et al. 1991; Hobson et al. 1996). Much of this variability is likely linked 

ultimately to patterned 5 1 5 N variation in amino acids. Systematic differences in the 5 I 5 N 

values of amino acids have been reported by researchers including Hare and Estep 

(1983), Macko et al. (1986, 1987) and Hare et al. (1991). It appears from this research 

that at least some amino acids have characteristic relative 5 1 5 N values reflecting their 

most common paths of formation. It then follows that the proportionate amino acid 

content of tissues will be one of the determining factors in their overall 5 I 5 N . This has 

been demonstrated through comparison of tissue and amino acid 5 I 5 N ; for example, Hare 
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and colleagues (1991) demonstrated that 5 1 5 N values of glycine, which makes up about a 

third of bone collagen, have a disproportionate effect on overall collagen 5 I 5 N values. 

Although the amino acid content of tissues influences their bulk 5 1 5 N values, it 

does not produce a constant 5 1 5 N difference between single tissues and the diet. A 1 5 N for 

diet to muscle, for example, has been observed at a range of values (see Table 3.1, 

below). Such variation may be due to intraspecific differences in the exact paths by 

which amino acids are routed to the tissue, differences in the 8 1 5 N and amino acid 

patterning of the diets consumed, or differences in tissue turnover rates. 

Table 3.1: Some Published Values for A 1 5 N m U scie-tiici 

Animal Diet A , 5 N (%«) Source 
Pig C3 lab diet +0.9 Hare et al. 1991 
Pig C4 lab diet +1.8 Hareetal. 1991 
Anchovy Plankton +2.1 Sholto-Douglas et al. 1991 
Roundherring Plankton +2.3 Sholto-Douglas et al. 1991 
Seal Herring +2.4 Hobson et al. 1996 
Mouse Lab diet +2.8 DeNiro and Epstein 1981 

In addition to overall amino acid content, it seems that turnover rates should also 
15 14 

influence tissue 5 N , contributing to inter-tissue variation. As N is favoured in 

ammonia/urea production, nitrogen lost to the urine will be 15N-enriched in comparison 

to nitrogen routed back to tissues. If recycling of amino acids within tissues results, 

overall, in the preferential discard of 1 4 N , the result should be that more intensively 

remodeled tissues will be relatively enriched in 1 5 N given their amino acid profdes. Hare 

and colleagues (1991) discuss this effect and suggest that it accounts for some of the 

differences in 5 I 5 N patterning between collagen amino acids in their laboratory pigs and 

those of a number of wild animals they sampled. Ambrose (2000) has published a 

feeding study in which mouse bone collagen S 1 5 N was seen to increase with age; this 

would also fit a model of tissue 1 5 N enrichment due to turnover. Finally, Katzenberg and 

Lovell (1999) have demonstrated that under some conditions, bone collagen laid down in 

illness has 8 I 5 N values significantly higher than that of collagen laid down prior to 
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illness. They suggest that this reflects an increased proportion of nitrogen derived from 

the catabolism of body proteins in the collagen formed during illness; again, here, 

recycling of amino acids is suggested to lead to increased tissue S 1 5 N. 

3.3.3.c.ii. The arid environment effect: One of the most notable departures of 

heterotroph 8 1 5 N from predicted 8 1 5 N based on diet and trophic level is the systematically 

higher S 1 5 N values seen in terrestrial animals from dry climates (Schoeninger and DeNiro 

1984; Ambrose and DeNiro 1986; Heaton et al. 1986; Sealy et al. 1987; Ambrose 

1991; Thackeray et al. 1996; Schwarcz et al. 1999). As discussed above, both soils and 

plants in arid environments tend to show higher 5 1 5 N values (Heaton 1987, Ambrose 

1991). However, the herbivore 8 1 5 N values found for these areas are higher yet again 

than would be expected given the plant values. Speculation surrounding the cause behind 

this pattern has focused on the physiology of water conservation and urea excretion. One 

possible explanation (Ambrose and DeNiro 1986; Ambrose 1986, 1991) is that the 

animals, in a response to water stress, are excreting urine containing increased amounts 

of urea. Increasing the urea content of the urine allows increased recovery of water by 

the kidneys as the urine is formed. Based on the proposed link between heterotroph 5 1 5 N 

and urea excretion, an increase in urea excretion should logically lead to higher tissue 

8 1 5 N values. An alternative explanation proposed by Sealy et al. (1987) is that high 

heterotroph 5 1 5 N in arid environments results from increased recycling of urea by 

herbivores consuming dry-biome plants low in protein. Recently, Schwarcz et al. (1999) 

have argued convincingly for the first mechanism. They note that while the urea 

recycling mechanism would predict higher 5 I 5 N in ruminants than in non-ruminants, their 

data show similar 5 1 5 N values for ruminants and non-ruminants. As well, while the urea 

excretion model is based on the assumption of a protein-poor diet, high 8 I 5 N has been 

observed in herbivores from hot, arid areas where plant communities are not low in 

protein (Ambrose 1991; Schwarcz et al. 1999), as well as in carnivores (Ambrose and 

DeNiro 1986; Ambrose 1991). There are still some inconsistencies to be answered. 

Schwarcz et al. (1999) note the failure of tissue S I 5 N to follow actual water consumption 
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in some dry climates, and Ambrose (2000) failed to find the expected 5 1 5 N increase in 

rats maintained in hot conditions or on a restricted water supply. Thus, it appears that the 

nature of the relationship between animal 5 1 5 N and climate still requires further 

examination. However, the existence of the relationship is clear, and it must be 

considered whenever animal communities from hot environments are studied. 

3.3.3.c.iii. Effects of migration: As with 5 I 3 C values, 5 1 5 N values may differ 

between tissues as the result of movement between regions with different baseline S 1 5 N 

values. The mechanism behind this effect was discussed in the section dealing with 

carbon, and will not be revisited here. 

3.3.3.civ. Effects of nursing and nutritional stress: One of the most useful 

patterns in mammalian 5 1 5 N values, from the perspective of dietary analysts, is the 

significant tissue 5 1 5 N increase seen in nursing mammals relative to their mothers. S I 5 N 

of mammalian milk is similar to that of blood and other tissues (Steele and Daniel 1978; 

see also sources reviewed in the discussion of stable isotopes in dairy food in Chapter 7). 

Thus, an infant consuming this milk is essentially positioned one trophic level above its 

mother, and should show higher tissue 8 I 5 N values. As reviewed by Katzenberg et al. 

(1996), increased 8 1 5 N values due to nursing in humans was initially confirmed by Fogel, 

Tuross and Owsley using observations on nail clippings from modern human mother-

infant pairs. In these subjects, infants' tissue 5 I 5 N values began to rise as nail tissue 

synthesized after birth replaced tissue formed in utero, peaked at the higher trophic level 

while the infants were obtaining all of their nutrition from mother's milk, and then began 

a decline toward their mothers' nail tissue value as milk began to be supplemented by 

other foods. This phenomenon is of interest whenever 5 1 5 N values of mammalian 

populations are studied. The use of human bone 5 1 5 N values to reconstruct nursing 

behaviour in archaeological populations is discussed in section 3.5. 
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3.3.3 .d. Literature values for heterotrophs: From the above review, it is obvious that 

heterotroph S I 5 N values show considerable variation between biomes and by trophic 

level. The following paragraphs summarize a representative selection of 8 1 5 N values 

from different trophic levels in terrestrial, marine and freshwater environments. As 

shown in Figure 3 .2 , while local variability produces a spread of heterotroph tissue 8 1 5 N 

values, the ranges do show differentiation between the trophic levels, and between 

terrestrial, marine and freshwater ecosystems. 

Published tissue 8 1 5 N values for terrestrial heterotrophs show fairly clear trophic 

level separation on the local level. Herbivores are elevated a trophic level above their 

plant diet, with carnivores elevated above them. Omnivores may assume values similar 

to carnivores or herbivores, or in between, depending on their specific diet. For example, 

Ambrose and DeNiro ( 1 9 8 6 ) found East African herbivore bone collagen to have values 

between 4.3%o and 10.6%o, with an average of 7.1%o, while carnivores had a value range 

of 9.8%o to 17.2%o, with an average of 11.9%o. Schoeninger ( 1 9 8 5 ) obtained similar 

results for bone collagen of Kenyan mammals, with 5 1 5 N ranges of 4.5%o to 8.5%o for 

herbivores and 10.2%o to 12.7%o for carnivores. Katzenberg ( 1 9 8 9 ) , working with 

archaeological bone collagen, found beaver and deer from southern Ontario to fall 

between 4.0%o and 6.7%o. Values for omnivores varied: while bear values fell in with 

those of the herbivores at 4.8%o to 5.2%o, dogs and raccoons were about a trophic level 

higher at 9.3%o to 11.9%o. If any herbivores in a region consume large amounts of 

legumes, they will show lower tissue 5 1 5 N values than other herbivores in their area. For 

example, Katzenberg ( 1 9 8 9 ) reported bone collagen 5 1 5 N of l . l%o to 3.7%o for two 

woodchucks, which consume significant amounts of legumes, in comparison with values 

of 4.0%o to 6.7%o for other herbivores in her sample. 

When terrestrial heterotrophs are examined on a broader geographic level, this 

trophic level 8 1 5 N patterning is erased. For example, Thackeray et al. ( 1 9 9 6 ) surveyed 

baboon bone collagen from sites in southern Africa and found mean 8 1 5 N values ranging 

from 4.2%o to 8.0%o, resulting from differences in plant species consumed and in local 

baseline 8 I 5 N . Similar results were reported by Heaton et al. ( 1 9 8 6 ) for elephants and by 
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Sealy et al. ( 1 9 8 7 ) for herbivores from a variety of South African locales; in the latter 

study, herbivore collagen 5 1 5 N varied from ca. 2%o to ca. 19%o, a range several times 

larger than the theoretical trophic level effect. Schoeninger and DeNiro ( 1 9 8 4 ) , in a 

broad survey of terrestrial herbivore and carnivore bone collagen 5 1 5 N values from 

around the world, found a significant overlap in the values of herbivores (1.9%o to 9.2%o) 

and carnivores (5.9%o to 10%o). 

Like terrestrial heterotrophs, marine heterotrophs show good local trophic level 

separation. In general, their § 1 5 N values are higher than terrestrial values. This is 

partially due to the higher typical S1 iST values of the nitrogen available in marine 

environments. Another important reason is the typically longer food chains of marine 

ecosystems. Marine heterotroph food chains begin with zooplankton, which show 

relatively low 5 1 5 N values. A number of studies on various locales have reported 

zooplankton values ranging from 2%o to 13%o, with the majority falling in the 5%o to 7%o 

range (Wada and Hattori 1976; Minagawa and Wada 1984; Schoeninger and DeNiro 

1984; Jennings et al. 1997) . Most of the larger marine heterotrophs show higher 6 1 5 N 

values reflecting their higher position in the food chain. In general, filter feeders fall 

above the zooplankton, followed by primary and then secondary carnivores. For 

example, Sealy et al. ( 1 9 8 7 ) reported values of 6.8%o to 9.5%o (mean = 8 .4) for filter 

feeders and 9.6%o to 12.9%o (mean = l l%o) for small carnivores in a South African 

coastal environment. Larger carnivores ranged from 13.7%o to 19.4%o. Schoeninger and 

DeNiro ( 1 9 8 4 ) report a range of 1 l%o to 15%o for primary carnivores, and one of 14%o to 

19%o for secondary carnivores, for a variety of marine areas. Hobson and Welch ( 1 9 9 2 ) 

documented an excellent example of trophic level 1 5 N enrichment through a marine food 

chain in the Canadian Arctic. From bivalves with species 5 1 5 N means between 7.9%o and 

10.8%o, enrichment progressed through fish at l l . l % o to 16.2%o and seals at 17.3%o to 

polar bears at 21.1%o. An example of the effect in a Mediterranean system is seen in 

Jennings et al. ( 1 9 9 7 ) . From zooplankton at 5.5%o to 5.8%o, 5 I 5 N increases to plankton-

eating fish at 8.4%o to 11.2%o, with larger fish showing mean values of up to 13.8%o. 
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In general, the 8 1 5 N values of marine organisms in the upper trophic levels will be 

higher than those of terrestrial organisms on nearby land. For example, Ambrose et al. 

(1997) found terrestrial heterotrophs in the Marianas Islands to average 6.3%o; in 

contrast, marine heterotrophs immediately offshore had a mean value of 8.8%o, and large 

deep-water heterotrophs higher yet in the marine food chain averaged 12.4%o. The 

contrast between marine and terrestrial 8 1 5 N tends to be greatest in wet, cool terrestrial 

environments. For example, 8 1 5 N values of salmon stand out well enough against 

Alaskan terrestrial 8 I 5 N values to allow their nitrogen to be traced in salmon-consuming 

bears, and even in vegetation around rivers as a result of bear scat fertilization 

(Hilderbrand et al. 1999). In hot, arid environments the marine-terrestrial 8 1 5 N difference 

may disappear entirely, as was seen by Sealy et al. (1987) for arid African biomes. 

The 8 1 5 N values of freshwater heterotrophs differ by trophic level, with some 

variation also seen by water body. Minagawa and Wada (1984) record zooplankton 

values of 6.8%o to 9.4%o and fish values of 10.7%o to 11.6%o in one Japanese lake. 

Equivalent values from a Nevada lake were similar, with zooplankton 8 1 5 N at 9%o to 

1 l%o and fish 8 1 5 N at 8%o to 12%o (Estep and Vigg 1985). In contrast, a second Japanese 

lake produced zooplankton S I 5 N values as high as 16%o (Yoshioka et al. 1994), and 

Hesslein et al. (1991) reported freshwater fish 8 1 5 N values of up to 15%o in some 

freshwater lakes. Like marine heterotrophs, freshwater heterotrophs typically show 

higher 8 I 5 N values than their counterparts nearby on land. For example, Katzenberg and 

Weber (1999) reported terrestrial herbivore 8 I 5 N values of 4.1%o to 5.4%o in the Lake 

Baikal area; in contrast, 8 1 5 N values of Lake Baikal fish ranged from 7.3%o to 13.7%o 

and seal, a top consumer, had a value of 14.0%o. 

3.3.4. Summary: Stable nitrogen isotope values of autotrophs vary by locale, often 

substantially, causing baseline 8 1 5 N values to vary from region to region. Within a given 

local ecosystem, autotroph 8 I 5 N will show a general separation between symbiotic and 

nonsymbiotic species, with the former typically displaying 8 1 5 N values closer to that of 
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the atmosphere and the latter having 8 1 5 N values similar to those of the available fixed 

nitrogen compounds in the soil or water (usually higher). As heterotrophs consume the 

autotrophs and are consumed in their turn, tissue § I 5 N values increase. The magnitude of 

this tropic level effect in natural ecosystems appears to be about 4%o. The relative 8 1 5 N 

values of different local ecosystems vary due to differences in baseline 8 1 5 N . However, 

in general it holds true that 5 1 5 N of top consumers is higher in marine and freshwater 

ecosystems than in terrestrial ones; this is due to a combination of general differences in 

baseline 8 1 5 N and the longer food chains typical of aquatic environments. A general 

view of 5 1 5 N values observed in terrestrial, marine and freshwater ecosystems is given in 

Figure 3.2 (p. 105). 

The review of 5 I 5 N values provides some preliminary expectations as to the likely 

S I 5 N values of some medieval Greek foodstuffs. Legumes and grains would be expected 

to show relatively low 5 1 5 N values, with legume values lower. However, this could be 

complicated by factors such as fertilization of the fields with manure, which could lead to 

an increase in grain 5 I 5 N values and, to a lesser degree, in legume 8 1 5 N values. On the 

other end of the scale, marine resources are expected to have relatively high 8 1 5 N values; 

these, along with the expected increase in 8 1 3 C, set the expected values for marine 
13 15 

resources apart from those of most other foods. Even more than for 5"C values, 8 , J N 

values of foods are difficult to predict with any certainty based on general ecosystem 

5 1 5 N patterning, since they are ultimately determined by local baseline 8 1 5 N values. 

Independent evidence of baseline 8 I 5 N values, in the form of local plant or animal tissue 

samples, is necessary. These questions will be revisited in far more detail in Chapter 7. 

However, for the moment, the general principles lying behind expected 8 I 5 N variation in 

Greek foods are clear. 

3.4. Isotopes from diet to human bone: This section reviews in detail the factors 

involved in moving from 8 1 3 C and 8 1 5 N values in the diet to 8 I 3 C and 8 I 5 N in bone -

especially human bone. This is necessary to provide a theoretical grounding for the work 
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that will follow. The relative 8 I 3 C values of bone collagen and carbonate have been a 

topic of intensive research for many years. As will be reviewed below, the current 

understanding of carbon streaming from the diet to bone collagen and carbonate indicates 
13 13 13 

that while collagen 5 C primarily reflects the 8 C of protein in the diet, carbonate 8 C 

reflects the 8 1 3 C value of the bulk diet. This effect has been used in recent years to allow 

archaeological dietary reconstructions to deal separately with protein and whole-diet 
13 13 * 

8 C. The paired 8 C analysis of bone collagen and carbonate is especially appropriate 

to the current project, as it will allow the consumption of relatively small amounts of C 4 

grain to be detected. 

It is also necessary to review issues of nutrition in terms of the relative 8 " C and 

8 1 5 N values of bone and the diet. This is especially important for the question of protein 

quality in relation to the proportionate utilization of dietary proteins in collagen synthesis. 

Any reconstruction dealing, as this project does, with an agricultural population is faced 

with a situation in which large amounts of total dietary protein were derived from grain. 

The issue of whether this grain protein is reflected proportionately in the collagen, or 

whether other proteins in the diet are used disproportionately for collagen synthesis, has 

important implication for the interpretation of human collagen values. 

The following discussion is divided into two sections. First, the history of 

research on bone collagen and carbonate 8 , 3 C is reviewed, and current understanding of 

the nutritional origin of the two phases of bone is outlined. Second, aspects of nutrition 

which may cause certain foods to be over- or under-represented in the bone are treated, 

with a particular focus on the question of protein quality and the use of proteins in 

collagen synthesis. 

3.4.1. Stable isotope fractionation between diet and bone: The topic of 8 , 5 N 

fractionation between dietary protein and collagen was essentially discussed in section 

3.3, since so many of the 8 I 5 N observations used to establish a general A I 5 N value for 

heterotrophs were made, in fact, on mammalian bone collagen. Thus, the value used for 

the 8 I 5 N separation between bone collagen and dietary protein should be the same as that 
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established for A 1 5 N in general: about 4%o for free-living mammals, with the proviso that 

laboratory work suggests a somewhat lower value. This is not to say that the relationship 

between bone collagen 5 I 5 N and dietary protein 5 1 5 N is without controversy. However, it 

is fair to say that the mechanism of the relationship between bone collagen 5 1 5 N and 

dietary protein 5 I 5 N was reasonably well understood on a general level early on. A l l 

collagen nitrogen must come from dietary protein; the challenge lay mainly in 

determining the exact isotopic separation to expect. In contrast, the dietary source of 

carbon in mammalian bone collagen and bone carbonate has been a matter of much more 

debate, as has the isotopic relationship of both these substances to carbon in the diet. 

This debate, and its current status, are reviewed in the following pages. 

3.4.1 .a. 5 1 3 C in bone and bulk diet: Patterns and contradictions: In the 1970s and 1980s, 

much research was done on the relationship between the 5 1 3 C values of the collagen and 

carbonate fractions of bone and the 5 1 3 C value of the bulk diet. This approach made 

sense, as research on modern wild herbivores showed a good response of § 1 3 C in both 

tissue fractions to bulk diet 5 I 3 C . For example, DeNiro and Epstein (1978b) found a 

consistent relationship of the two fractions in hyraxes, with a difference between species 

that agreed with a response to bulk diet 5 1 3 C . Land et al. (1980) found a similar 
13 

consistent relationship between bone carbonate and collagen 5 C in deer. Some 

researchers performing such ecosystem work proposed values for A , 3C(C Oiiagen-buik diet) and 

A13C(carbonate-buik diet) based on their results. Vogel (1978) proposed a value of +5.3%o for 

A 1 3C(C On a gen-buik diet) based on a series of African C3 consumers. Sullivan and Kreuger 

(1981) obtained similar values for A l 3C( C Oii agen-buik diet): +5%o for C3-based diets and +6%o 

for C4-based diets. Work by Ambrose (1986) suggested a A I 3C(C Oiiagen-buik diet) value of 

+5%o. The A ,3C(coiiagen-buik diet) values obtained by these studies were quite consistent with 

each other, and with estimates made using archaeological human bone collagen from 

pure C3 environments (+5.1%o, van der Merwe and Vogel 1978; +6.1%o, Vogel 1978). 

Values for A 1 3C( c a rbonate-buik diet) were also consistent. Sullivan and Kreuger (1981) found 
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values of + 13%o to +13.5%o in their initial work on herbivores, and a slightly lower figure 

of+12%o, also for herbivores, in a later study (Kreuger and Sullivan 1984). A value of 

+ 12%o was also indicated by data on herbivores collected by Lee-Thorp and van der 

Merwe(1987). 

In the course of this research, a trophic level difference in the relative patterning 

of collagen and carbonate 8 1 3 C became apparent. Results from several studies showed a 

systematic difference between herbivores and carnivores, with carnivores showing values 

of +3%o to +5%o for separation between collagen and carbonate 5 1 3 C (referred to from 
13 

this point as A C(C a rb-coii)) and herbivores displaying a mean value of around +7%o 

(Kreuger and Sullivan 1984; Lee-Thorp et al. 1989; van der Merwe 1989). The 

systematic nature of this variation suggested some underlying cause relating to the 

differences between herbivory and carnivory, either in dietary composition or in the 

physiology of digestion. This raised the hope of using collagen-carbonate 8 I 3 C 

separation to evaluate resource use in past human societies, with narrower separation 

values indicating more reliance on animal resources (Kreuger and Sullivan 1984; Lee-

Thorp et al. 1989). 

However, during the same period this general picture of consistency was belied 

by data emerging from feeding studies. An early laboratory estimate of A l 3 C ( c o i i a g e n - b u i k 

diet) was given by DeNiro and Epstein (1978a), who found values of +2.8%o and +3.7%o 

for mice raised on two different diets. A later feeding study by the same authors 

produced A I 3C(C Oi!agen-buik diet) values ranging from +3.5%o to +4.4%o (DeNiro and Epstein 
1981). Bender et al. (1981) found A l 3 C ( c o i i a g e n -bulk diet) values of + l%o to +2%o for mice and 

3 

chickens on mixed grain diets, and reported a value of -l%o for a pure maize diet . 

Tieszen and Boutton (1989) reported similar small A I 3C( C 0 | | a gen-buikdiet) values ranging from 

+1.3%o to +1.5%o. Other laboratory research conducted during the 1980s also produced 

variable values for A 1 3C ( C Oiiagen-buik diet), ranging from +0.5%o to +4.6%o (studies cited in 

3 

The animals in question were fed the controlled diets for only three to six weeks, making it likely that 
their tissues showed carry-over effects from the previously fed diets. 
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Ambrose and Norr 1993, Table 1). Thus, the values obtained for A13C(COiiagen-buik diet) in 

laboratory trials in the 1980s suggested a different relationship between bone collagen 
13 13 

5 C and bulk diet 5 C than that implied by values taken from the field. With a range of 
13 

-l%o to +4.4%o, A' J C( 
coiiagen-buik diet) values were both smaller and far more variable. 

3.4.1.b. Models of carbon streaming to bone: In the period of the research performed 

above, two different models of carbon allocation in bone synthesis were being argued. 

The first proposed that both collagen and carbonate are synthesized from a single general 

pool of nutrient carbon, which has a uniform 5 1 3 C value (Schwarcz et al. 1985; 

Schoeninger 1989; Spielmann et al. 1990). According to this scenario, the § 1 3 C value of 

all animal bone collagen should reflect a mass balance of the 5 1 3 C values of nutrients 

consumed, weighted by the amount of carbon contributed by each. Thus, collagen 5 1 3 C 

values should vary more significantly with bulk diet § 1 3 C than with dietary protein 5 1 3 C, 

and A ,3C(carb-coii) should not change with the proportion of nutrients consumed. The 

second model proposed that while bone carbonate is synthesized from a general pool of 

dietary carbon, bone collagen comes preferentially from protein in the diet (Kreuger and 

Sullivan 1984; Lee-Thorp et al. 1989). This model is based on the reasoning that the 

body, when possible, will use ingested amino acids to synthesize its own protein chains. 

In contrast, bone carbonate may be formed from any carbon substrate, and thus may be 

drawn from the carbon of the general metabolic pool, which includes carbon from all 

13 
nutrients. According to this scenario, the 5 C value of an animal's bone collagen should 

13 13 

primarily reflect the 5 C values of proteins consumed, while the 5 C of its bone 

carbonate will reflect bulk diet 5 I 3 C. As well, the proportion of nutrients in the diet 

should impact A 1 3C( C a rb- Coii), since as the protein content of the diet decreases, more non

protein carbon must be used in collagen synthesis. This model also offered an 

explanation for the variability in laboratory measurements of A l 3C( C Oii a gen-buik diet): as 

collagen is primarily derived from dietary protein, its isotopic relationship to bulk diet 

8 1 3 C may vary, since protein 8 1 3 C is often different from that of the diet as a whole. 
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3.4.I.e. Insight from controlled feeding studies: In the face of the data and the two 

competing models of carbon streaming in bone synthesis, feeding studies were designed 

to monitor the relationship of collagen and carbonate S I 3 C to values of bulk diets and 

dietary protein (Kennedy 1989; Ambrose and Norr 1993; Tieszen and Fagre 1993b; 

Ambrose 1997). Insights from these studies have allowed some of the issues in bone 
1 3 * * * * 13 

8 C variability to be clarified. At this time, it appears that bone carbonate 8 C is linked 

to bulk diet 5 1 3 C, although reasons for variation in observed A1 3C(c a rbonate-buik diet) are still 

unclear. In contrast, collagen is synthesized primarily from protein 8 1 3 C, but with non

protein 5 1 3 C playing a variable role that can significantly influence collagen 8 1 3 C. 

13 13 

3.4.1 .c.i. Carbonate5 C and dietary 5 C: Ambrose and Norr (1993; Ambrose 

1997) and Tieszen and Fagre (1993b) fed animals a series of diets in which protein 8 1 3 C 

and carbohydrate/lipid 8 I 3 C varied independently. In both studies, bone carbonate 8 1 3 C 

showed a good correlation with bulk diet 8 I 3 C, suggesting that it is this aspect of diet that 

the carbonate reflects. This is further supported by the fact that Tieszen and Fagre 

(1993b) found a very high correlation between carbonate S 1 3 C and respired CO2 8 1 3 C. 

The S 1 3 C value of respired CO2 is close to the S1 C value of carbon in the body's general 

metabolic pool (Schoeller et al. 1980, 1984). Thus, the relationship found between breath 
13 

and bone carbonate is in line with an explanation of carbonate 8 C as a reflection of bulk 
13 4 

diet 8 C values . 

While the feeding studies support a model linking bone carbonate 8 1 3 C to that of 

the bulk diet, they do not provide easy answers on the subject of the value to be assigned 

to A13C(Carbonate-buik diet)- Values obtained for A 1
 C(carbonate-buik diet) varied little in animals 

studied by Ambrose and Norr (1993; Ambrose 1997), ranging from +8.8%o to +10.9%o. 

Values obtained by Tieszen and Fagre (1993b) were similar, ranging from +8.7%o to 

4 

In their study, bone carbonate C 0 2 is, on average, 10.5%o less negative than respired C 0 2 . This separation 
is in agreement with the predicted fractionation for the precipitation of solid carbonate from dissolved 
plasma carbonates (Tieszen and Fagre 1993b). 
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+ll.l%o . A similar variation was seen in the spacing between respired CO2 and bulk 

diet, with respired CO2 0.3%o to 2.5%o lower than the diet. More recently, Balasse and 

colleagues (1999) found A13C(Carbonate-buik diet) values of 13%o to 14%o for cattle fed 

controlled diets. Thus, aside from those of the cattle, values reported for A13C(Carbonate-buik 

diet) are smaller than those recorded for wild populations. A lower value for A1 3C(C a rbonate-

buik diet) also came from an earlier feeding study: the A1 3C(c a rbonate-buik diet) values for mice 

studied by DeNiro and Epstein (1978a) ranged from +9.5%o to +9.8%o, showing little 

sensitivity to the particular diet consumed. 

The reasons for the lower value of A 1 3C( C a ib o nate-buik diet) seen in controlled studies 

are unclear. One possible explanation is the fact that most of the laboratory data are for 

rodents, whereas the field values cited were obtained from large herbivores. In contrast 

to mice (Tieszen and Fagre 1993b), which have breath CO2 values very close to that of 

their bulk diet, the 5 , 3 C values of breath CO2 for ruminants on controlled diets are 

significantly higher than the values of their diets (Tyrrell et al. 1984; Metges et al. 1990). 

As 8 I 3 C of breath CO, serves as an indicator of blood carbonate 5 1 3 C (Schoeller et al. 
13 

1984), this suggests that ruminant A C( c a rb0 nate-buik diet) may be elevated for physiological 

reasons. This might be taken to explain the general difference between field and 
13 

laboratory observations, and fits with the large value for A C(Carb0nate-buik diet) reported for 

domesticated cattle by Balasse et al. (1999). However, Schwarcz (2000) has pointed out 

that if this were the case, one would expect to see significant 51 3C( c a rbonate) differences 

within C3 ecosystems between herbivores, some of which would show higher 

S l 3C( c a rbonate) due to the mechanism proposed above, and carnivores, which could not. 

Instead, data reported by Lee-Thorp et al. (1989) show no differences between 

herbivores, omnivores and carnivores in terms of 513C(carbonate)- An explanation based in 

species physiology also does not explain the ca. 2%o variation in A13C(carbonate-buik diet) 
5 

An outlying value of 5.8%o is omitted from this range. This was for mice fed a mixture of C4 cellulose 
with a C3 diet; the isotopic change was reflected strongly in the animals' feces, and not in their breath, 
indicating that in this case bulk diet 5 1 3 C differed substantially from 5 I 3 C of the digestible fraction. Indeed, 
all tissue 5 , J C values for this group of animals are the same as those for a C3 diet. This group is also 
omitted from values given for the separation of breath and diet. 
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reported by both Tieszen and Fagre (1993 b) and Ambrose and Norr (Ambrose 1997) for 

animals of the same species on different diets. It is possible that some of the differences 

arise from differences in factors such as age, activity and remodelling; the differences 

between the activities of free animal populations and those of laboratory animals are 

substantial. It is also possible that some of the variation is caused by the error involved in 

calculating 5 I 3 C for the digestible portion of the diet from the 5 I 3 C of its bulk 

constituents. Current studies of fossil mammals commonly assume a high value of 
13 

A C(Carbonate- bulk diet) similar to those from modern field data (e.g. MacFadden et al. 1996; 

Zazzo et al. 2000), although some leave the matter more open (e.g. Bocherens et al. 

1996). 

There are very few clues as to where the value for A C(carbonate-buikdiet) in humans 

should be set. Katzenberg and Weber (1999) have published 8 C(carbonate) values of 

-12.3%o to -13.9%o for three archaeological Siberian populations on pure C3/terrestrial 

diets; assuming a bulk diet 5 1 3 C value around -26%o, this would suggest high 

A C(carbonate- bulk diet) values of 12%o to 14%o. Iacumin et al. (1996) have published mean 

o13C(Carbonate) values of -14. l%o to -14.7%o for Egyptian populations they say were 

consuming a C3-based diet; if bulk diet once again is assumed to be around -26%o, this 

would suggest a smaller separation around 11.5%o. Studies of breath CO2 in modern 

populations provide some additional information, since isotopic separations between 

bone carbonate and bloodstream carbonate reflect the fractionation associated with 

precipitation of carbonate at mammalian body temperature and thus should be similar 

between species (Longinelli 1984; Tieszen and Fagre 1993b). A study of breath CO2 in 

hospitalized infants who had been fed a formula with constant 5 1 3 C composition for some 

time showed that their breath 5 1 3 C values were very slightly lower than the value of their 

diet (Schoeller et al. 1980). Assuming bone carbonate 5 1 3 C to be about 10.5%o higher 

than that of the breath, this would suggest that bone carbonate might be about 10%o 

higher than diet in these children. The same study provides a series of values for breath 

CO2 in European adults; these range from ca. -25%o to -21%o. Assuming a 10.5%o 

difference between breath and bone carbonate, this would suggest bone carbonate 5 1 3 C 
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values of -14.5%o to -10.5%o in this modern population eating a largely C3-based diet. 

These data can give no true figure for A 1 3C( c a rbonate-buik diet) in humans. However, they are 

at least in general agreement with a value of+12%o in adults of normal activity level. As 

this is the value documented for other large animals of various species - from herbivore 

through carnivore - living in natural conditions, it is this value that will be used in the 

current study. 

3.4.I.e.ii. Collagen 8 1 3 C and dietary 5 1 3 C : In contrast to bone carbonate, bone 

collagen shows a poor correlation with bulk diet under various dietary patterns. Ambrose 

and Norr (1993; Ambrose 1997) found A 1 3 C ( c o i i a gen-b uik diet) values ranging from -2.2%o to 

+10.0%o for their rats, a range that does not support a link between bulk diet and collagen. 

Those found by Tieszen and Fagre (1993b) ranged from +0.6%o to +8.8%o. These wide 

ranges argue strongly against a simple mixed-substrate model for collagen synthesis. 

Instead, laboratory data support a model in which dietary protein is the major 

source - but not the only source - of collagen carbon. Hare et al. (1991) showed a good 
I T n 

relationship between collagen amino acid 5 C in swine and the 5 , J C of the same amino 

acids in the animals' diet, suggesting that an important amount of the amino acids had 

come directly from dietary protein. Tieszen and Fagre (1993b) found that collagen 5 1 3 C 

in their mice correlated strongly with dietary protein 8 1 3 C (R 2 = 0.91). A13C(COiiagen-dietary 

protein) values varied from +1.5%o to +5.5%o. The pattern of this variation generally agrees 

with a model in which most collagen carbon is derived from dietary protein, but a 
13 

significant amount of non-protein carbon is also used . The smallest A C(COiiagcn-dietary 

protein) values (+1.5%o and +1.6%o) were found for diets in which adequate or excess C4 

protein was combined with C3 energy nutrients. Here, non-protein dietary carbon has a 

lower 5 1 3 C value than protein dietary carbon. Incorporation of some non-protein carbon 

into collagen would draw its 5 I 3 C value down, which tallies with a low A1 3C( c oiiagen-dietary 

13 

The high 5 C value of collagen relative to dietary protein appears to be caused at least partially by the 
typically high 5 1 3 C value of glycine, an amino acid in which collagen is particularly abundant (Hare et al. 
1991; Tieszen and Fagre 1993b). 
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protein) value. In contrast, the largest A C(COiiagen-dietary protein) value of +5.5%o was obtained 

for a diet in which C3 protein, lipid and cellulose was combined with C4 starch. In this 

situation, an incorporation of non-protein carbon would increase bone collagen 5 I 3 C , 

which would fit with a large A I3C (C0iiagen-dietary protein) value. 

Results reported by Ambrose and Norr (1993) have similar implications. They 

found A C(C0|lagen -dietary protein) 

values ranging from -0.5%o to +12.5%o for their rats. As in 

the Tieszen and Fagre study, the pattern of variation in these values agrees with a model 

in which collagen carbon is primarily drawn from dietary protein carbon, but 

supplemented by carbon drawn from other elements of the diet. However, here it appears 

that the amount of non-protein carbon incorporated into collagen is a function of the 

protein content of the diet. A low-protein combination of C4 protein and C3 energy 

nutrients produced a A13C(COiiagen-dietary protein) value of -0.5%o; this 1 3 C depletion of 

collagen relative to dietary protein strongly suggests participation by non-protein C3 

carbon. Similarly, a low-protein combination of C3 protein and C4 energy nutrients 

produced a A , 3C(CO||agen-dietary protein) value of+ 12.6%o, which strongly suggests participation 

by non-protein C4 carbon. Diets including an adequate supply of C3 protein and a C4 

energy C o m p o n e n t produced A C(C0|lagen-dietary protein) values of +9.3%o and +9.4%o, 

suggesting some participation by non-protein carbon, but to a lesser extent than that seen 

in low-protein diets. A relationship between dietary protein content and the use of non

protein carbon in collagen synthesis is also suggested by a feeding study conducted by 

Kennedy (1988); while rats fed diets adequate in protein tended to have collagen 5 1 3 C 

values reflecting protein values, animals fed an extremely low-protein diet showed 

collagen 8 1 3 C values suggesting incorporation of carbon from other dietary fractions. 

In the context of the high variability in A l 3C(C Oiiagen-dietary protein) that the studies 

above report under various conditions, values reported for purely C3- or C4- based diets 

with adequate protein are quite consistent. Tieszen and Fagre (1993b) reported 

A13C(coiiagen-dtetary protein) values of +3.7%o and +3.8%o for pure C3 and C4 diets. An 

extension of the work done by Ambrose and Norr (Ambrose 1997) found consistent 

A13C(coiiagen-dietary protein) values around +5%o for animals on such diets. That study found 
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that when dietary protein and other nutrients come from similar sources (all C 3 or all C 4 ) , 

A l 3C(COiiagen-dietary protein) does not vary significantly with dietary protein content. This 

suggests that i f non-protein carbon is incorporated into collagen under a pure C 3 - or C 4 -

based dietary regime, little effect is seen. This presumably reflects the small difference 

between bulk diet 8 C and dietary protein 8 C seen in such diets. It is likely not a 

coincidence that these A13C(Coiiagen-dietary protein) values are slightly less than the A 1 3 C( c o i i a gen-

buik diet) values calculated for larger free-ranging herbivores on pure C 3 or C 4 plant diets. 

As reviewed in the discussion of internal plant 8 I 3 C variation earlier in the chapter, 8 1 3 C 

values of plant proteins are typically slightly higher than that of the whole plant. If the 

wild herbivores consumed a plant diet in which the protein 8 1 3 C value was slightly higher 

than the bulk 8 1 3 C value, one would expect A 1 3C(C Oiiagen-buik diet) values a little larger than 

laboratory values for A C(COiiagen-dietary protein) on pure C 3 or C 4 diets, and this is exactly 

what is observed. The consistent values of these field results may reflect the fact that 

they were obtained by comparing mean bone collagen 8 C values for several species 
13 

with the mean tissue 8 C values of C 3 or C 4 plants. This method would be expected to 

introduce a smoothing effect, as interspecific and interindividual differences are 

subsumed in an average value, and, perhaps, generate separation values in close 

agreement to those obtained under laboratory conditions although the animals' diet and 

activities were not controlled. 

3.4.1.d. The meaning of A 1 3C(r^ rjv £olD
 m humans: The above studies demonstrate that 

carbonate 8 I 3 C is a function of bulk diet 8 1 3 C ; in contrast, collagen 8 1 3 C appears to be 

primarily a reflection of dietary protein 8 1 3 C , but with a variable influence by other 

nutrients. The result is that for a single organism, A 1 3 C( c a r b-coi i ) should vary with the 

internal isotopic composition of the diet. For a pure C 3 - or C4-based diet, it appears that 
13 • 

the collagen 8 C value will be roughly 5%o less negative than that of dietary protein; 

assuming a 12%o shift from bulk diet to carbonate, this would imply A l 3 C( C a r b- C oi i ) spacing 

in the neighbourhood of +7%o. For a diet in which the protein 8 I 3 C value is more 
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negative than that of the bulk diet - say, for example, one combining C 4 grain and C 3 -

dependent animals - collagen will begin to show a larger separation from dietary protein 

as non-protein carbon draws it upward. However, A I 3C( c a rb-coii) spacing will increase; this 

is due to the fact that bone carbonate, which will draw the majority of its carbon from the 

C 4 grain, will have a 5 1 3 C value more heavily influenced by the C 4 grain than is that of 

the collagen. Norr ( 1 9 9 5 ) found this effect on South American populations thought to 

have been relying on C 4 grain and the flesh of C3-consuming animals. Results obtained 

by Harrison ( 2 0 0 0 ) on archaeological human populations from southern Ontario suggest 

a similar pattern in the early centuries of maize cultivation in this C3-dominated region. 

In the opposite situation, in which protein 8 I 3 C is higher than bulk diet 8 1 3 C (for example, 

a combination of marine fish and C 3 grain), spacing between collagen and dietary protein 

should be narrow, as collagen 8 1 3 C is drawn down by C 3 carbohydrate and lipid carbon. 

A l 3 C( C a r b-coi i ) spacing should also decrease, as the effect of C 3 carbohydrates and lipids on 

bone carbonate will be greater than the effect on collagen. Lee-Thorp and colleagues 

( 1 9 8 9 ) offered this as a potential explanation for very small A 1 3 C( c a rb- C o!i ) spacing seen in 

some African populations. More recently, Ambrose et al. ( 1 9 9 7 ) detected a possible 

instance of this pattern in two Pacific island populations; 8 1 5 N , 8 1 3 C( C O i i a gen) and 

8 C(Carbonate) for these groups point to a combination of C 3 grain and marine resources in 

the diet, and A 1 3 C( c a r b- C o i i ) is very small. Thus, for human populations it appears that 

13 • 

A C(carb-coii) will largely be a function of the internal isotopic patterning of the diet, and in 

practical terms, its use as a measure of trophic level will not often be possible. It may be 

that under specific conditions, A l 3 C ( C a r b - c o i i ) does indeed track a greater inclusion of animal 

resources in human diets. For example, Katzenberg and Weber ( 1 9 9 9 ) describe human 

values from the Lake Baikal region of Siberia, where plants may be assumed to be largely 

C 3 and freshwater fish and mammals from the lake have higher 8 C values. Here, 

several human groups showed a correlation between high 8 1 5 N and narrow A I 3 C( C a r b-coi i ) , 
13 

and it seems that A C( C a r b- C oii) does trace the increasing inclusion of animal protein -

specifically that of freshwater animals - in the diet. However, in the general sense, 
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13 A C(carb-coii) is more likely to be of interest as a measure of the relationship between 

protein 5 1 C and bulk diet 8 I 3 C. In this light, paired 8 1 3 C analysis of collagen and 

carbonate may be seen to be an especially appropriate technique for situations such as 

that faced in this study, in which a diet based largely on C3 resources may have been 

supplemented by smaller amounts of C4 grain. As the starch staple of the diet, grains 

have an especially heavy influence on whole-diet S 1 3 C. Thus, bone carbonate 8 1 3 C will 

be more sensitive to the inclusion of small amounts of C4 grain in the diet than bone 
13 

collagen 5 C. This phenomenon was used successfully by Norr (1995) and by Harrison 

(2000) to detect small amounts of C4 grain in C3-based diets. As will be reviewed in the 

final section of this chapter, paired 5 1 C analysis of carbonate and collagen is seeing 

increasing use in archaeological dietary reconstruction due to this sensitivity. 

3.4.2. Issues of bone stable isotope values and nutrition: From the general topic of 

isotopic spacing from diet to bone, the discussion can pass to some problems involved in 
13 15 

inferring human dietary 5 C and 5 N values from bone values that have more to do with 

issues of digestion and nutrition. One of these is fairly simple: the potential distorting 

role of high-calorie foods in dietary reconstruction using bone carbonate 8 1 3 C. The other 

- the relationship between protein quality and the use of that protein in collagen synthesis 

- is more complex. Both are important in the particular context of dietary reconstruction 

in an agricultural population. 

3.4.2.a. Carbonate 6 1 3 C and high calorie foods: The major distorting factor to be aware 

of when considering bone carbonate 8 1 3 C is the potential of high-calorie foods with 
13 13 13 

extreme 8 C values to have a magnified impact on carbonate 8 C. Bone carbonate 8 C 

reflects the bulk 8 1 3 C of the diet at the time that the carbonate is laid down. The impact 

of specific foods on this bulk diet 5 C value is determined not only by their 8 C values 

but by their caloric contribution to the diet. As reviewed by Linder (1985b), the caloric 

value of carbohydrates and lipids, which typically form the bulk of the diet, is determined 

by the heat released by their complete oxidation to CO2 and O2. The major determinant 
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of the caloric value of a protein is likewise the energy potential of its amino acid 

skeletons. Thus, the caloric energy of foods is roughly proportionate to the amount of 
7 

carbon they contain , and the impact of high-calorie nutrients such as fats on bulk diet 
13 13 

8 C and carbonate 6 C will be proportionately greater per unit of weight. 

The importance of this effect can be illustrated using a hypothetical meal of the 

bread that Olivier ( 1 8 0 1 ) saw eaten on Corfu, accompanied with olive oil. The bread is 

made of 2/3 wheat flour, 1/3 cornmeal and water. Its bulk 8 1 3 C , using medieval values 

reconstructed for this study (see Chapter 7 ) , is about [(0.66)(-23.896o) + (0.33)(-9.8%o)], 

or -18.9%o; that of the oil is -27.2%o (again, see Chapter 7) . If 3 0 0 g of bread and 5 0 g of 

oil are consumed ( 8 6 % bread and 1 4 % oil by weight), one might expect the bulk 8 1 3 C of 

the meal to be [(0.86)(-18.9%o) + (0.14)(-27.2%o)] = -20.1%o. However, as the caloric 

content of the bread is ca. 2 2 0 calories per 100 g, while that of the oil is 8 8 6 calories per 

100 g, the bread contributes 6 6 0 calories (60%) to the meal, while the oil contributes 4 4 3 

calories ( 4 0 % / . Using these figures, the bulk 8 1 3 C value of the meal is expected to be 

-22.2%o. The difference between the two estimates is considerable. 

This example illustrates the particular potential of lipids to draw bone carbonate 

8 1 3 C values towards themselves and cloak the S1 C signatures of other foods. Here, olive 

oil tends to cloak the importance of maize. While the 5 1 3 C value of the maize-wheat 

bread and oil meal based on calories is slightly higher than the 5 1 C value of pure wheat 
• * * 13 

bread (-23.8%o), it is closer to it than it is to the 5 C value of maize-wheat bread 

(-18.9%o). If a population getting most of its calories in the form of 6 0 % maize-wheat 

bread and 4 0 % oil were studied, bone carbonate 8 1 3 C values might be taken to indicate 

little maize in the diet when in fact 2 0 % of calories were maize-derived. Populations 

eating large amounts of olive oil are not the only ones for which such an effect can be 
7 

As different carbon bonds in foods (for example, double and single bonds in fatty acids) contribute 
different amounts of caloric energy, this relationship is not perfect. However, it will be used as a 
reasonable approximation in this dissertation. The alternative would be to correct the value for each food 
by its specific composition (distinguishing, for example, various oils and dairy fats by their specific fatty 
acid profiles), an approach that would be unworkable given the scope and goals of the work. 
8 

Caloric values are taken from Church and Church (1975) and Pennington (1998). 
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imagined. A similar effect (but opposite in isotopic direction) might occur in agricultural 

populations from some areas of Northern Europe that derived most of their carbohydrates 

from C 3 grains but most of their lipids from the fat of high trophic level marine fish and 

seals. This demonstrates the importance of considering the likely role of lipids in the diet 

when dietary reconstructions are performed, and in general of paying special attention to 

high calorie foods of extreme 5 I 3 C value, which could have disproportionately large 

effects on bone carbonate 5 1 3 C . 

3.4.2 .b. Bone collagen stable isotope values and protein quality: The impact of internal 
13 13 13 

5 C patterning of diets on the A C ( c a r b- C o i i ) and A C(C0))agen-dietary protein) values of human 

populations was outlined above. However, another important complication in the relative 

stable isotope values of collagen and diet comes from the quality of this protein, which 
13 15 

has the potential to affect both 5 C and 5 N values. 

3.4.2 .b.i . Amino acid balance and protein quality: A major determinant of the 

routing of dietary amino acids to protein synthesis or energy metabolism is the amino 

acid balance of dietary protein. The basics of the link between protein amino acid 

composition and protein synthesis are covered in general sources such as Bender (1985) 

and Linder (1985a), from which the following information is taken. When protein is 

ingested, its amino acids are typically released into the bloodstream within the following 

three hours. These are taken up rapidly, mostly by the liver, and either used for the 

synthesis of proteins and other compounds or catabolized. As the synthesis of proteins 

requires amino acids to be present in given proportions, the amount of tissue protein that 

may be synthesized from the protein in the meal is determined by the relative amount of 

amino acids supplied in that meal. Low concentrations of a nonessential amino acid in 

the blood plasma will be compensated for by synthesis of the lacking amino acid, again 

usually in the liver. In contrast, a lacking essential amino acid can only be provided 

through catabolism of tissue proteins. If this is not done, the other amino acids in excess 

of the amount of protein that can be synthesized with the least abundant essential amino 



135 

acid will pass into the energy cycle. For this reason the least abundant essential amino 

acid in a food protein or diet is termed the limiting amino acid. Amino acids will also be 

catabolized for energy when protein is ingested in excess of the body's needs, or when 

food intake is severely reduced and the amino acids are needed for the body's basic 

energy requirements. 

The amino acid patterning of dietary proteins reflects their origin, with proteins of 

animal origin usually falling closer to the mean composition of human tissue proteins. In 

the past, egg and milk protein have often been cited as single proteins that come closest 

to exactly meeting human amino acid needs (FAO/WHO 1991). Proteins falling close to 

these in composition include meat protein and most other animal proteins with the 

notable exception of collagen, whose amino acid profde departs from that of general 

human protein needs. Grains, nuts and legumes contain large amounts of protein by 

weight. However, with the exception of soybean protein, these proteins typically depart 

from human requirements by an undersupply of one of the essential amino acids. The 

limiting amino acid of grains and nuts is usually lysine, while that of legumes is typically 

methionine or cysteine. Thus, when consumed alone, a lower portion of grain, nut and 

legume protein is used for protein synthesis, and a larger amount for energy. 

There are also important differences in the digestibility of proteins. Proteins in 

different foods have different digestibility, as protein digestion and absorption is 

influenced by factors including the presence of tannins and dietary fibre (FAO/WHO 

1991). Depending on its characteristics, a certain amount of the protein will pass through 

the digestive tract unused. This amount is generally greater for proteins in vegetable 

foods than for proteins in animal products, although some vegetable foods such as 

peanuts and refined wheat flour also have very high digestibility. 

Together, the amino acid patterning and digestibility of a protein determine its 

quality. This measure can be expressed through the PDCAAS (Protein Digestibility 

Corrected Amino Acid Score). The PDCAAS of a protein is calculated based on its 

digestibility and its amino acid composition relative to human nutritional needs 

(FAO/WHO 1991). A score of 1.0 indicates a protein ideal for human amino acid needs. 
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In this system, egg white and casein have scores of 1.0, while beef is slightly lower at 

0.92. Soy protein has a score of 0.99; however, most other vegetable proteins have 

lower scores such as that of 0.41 for whole wheat flour, 0.52 for lentils, and 0.52 for 

peanut meal (FAO/WHO 1991). These scores illustrate the general contrast between 

animal-derived and vegetable-derived proteins: due to the lower quality of most 

vegetable-derived proteins, a larger amount of a single vegetable protein is typically 

required to maintain human protein balance. 

3.4.2.b.ii. Protein complementation: Protein utilization in actual human diets is 

greatly modified by the phenomenon of protein complementation. Different proteins 

consumed in the same meal, or even within two to three hours of one another, become 

available to the body at the same time. Thus, an overabundance of an essential amino 

acid in one protein will compensate for its lack in another, with the net result being a 

higher quality protein. This effect may be illustrated by a comparison of the PDCAAS of 

single vegetable-derived proteins to the PDCAAS of a combination of those proteins. 

For example, whole wheat flour alone has a score of 0.41 and pea flour has a score of 

0.69; however, a 50:50 mixture of the two has a score of 0.82 (FAO/WHO 1991). 

As reviewed by Wilson (1985), such combinations of complementary proteins are 

widely used in traditional diets. Particularly well-known examples involving vegetable 

proteins only include maize and beans in American food traditions, rice and soybeans in 

East Asian traditions, millet and groundnuts in West Africa, and wheat bread and peas, 

chickpeas or beans in Europe. In these cases, two vegetable-derived proteins are 

consumed in quantity and together form a high-quality protein. Protein complementation 

can also be achieved by including small amounts of dairy food or other animal-derived 

protein in a grain-based diet. Examples of this approach include the traditional wheat and 

dairy dishes of the Middle East and the addition of fermented fish products to Southeast 

Asian diets based on rice. In these cases, the animal protein, minor in importance by 

weight, provides the essential amino acids that free the larger bulk of vegetable protein 

for use in protein synthesis. The discussion of medieval Greek diets in Chapter 2 
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outlined a number of options for such protein complementation. The most obvious are 

pairing of wheat, barley or other grains with legumes and the addition of dairy foods or 

fish products to meals dominated by grain. As people often eat varied meals, all of these 

options could be exercised; for example, the first meal of the day could consist of bread 

and cheese, the mid-day meal of bread with vegetables, oil and botargo, and the evening 

meal of a legume stew with bread. Protein content and amino acid patterns for some 

representative foods mentioned in Chapter 2 are provided in Table 3.2 (p. 138). 

3.4.2.b.iii. Amino acid requirements and grain diets: The degree to which a 

protein is used for energy metabolism is determined by its quality and the caloric 

adequacy of the diet; as described above, protein quality is defined by human amino acid 

requirements. However, there is a debate in the current nutritional literature as to these 

requirements. The standards referenced in most general texts were published by the FAO 

in 1985 based on earlier nitrogen balance studies (FAO/WHO/UNU 1985). However, in 

the past 20 years some authors have disputed these standards based on stable isotope 

tracer measures of amino acid loss and turnover. They claim that human maintenance 

requirements, especially for lysine, are substantially higher than the 1985 FAO figures. 

For example, while the 1985 FAO minimum requirement for lysine is 12 mg per kg of 

body weight per day, several independent tracer experiments on people accustomed to 

different diets suggest requirements of 30 to 50 mg/kg/day (Young et al. 1989; Duncan 

et al. 1996; Kurpad et al. 1998). The revised amino acid requirement pattern shows 

higher daily requirements for almost all of the essential amino acids, with total daily 

essential amino acid requirements increasing from 87.5 mg/kg/day to 187 mg/kg/day 

(Young and El-Khoury 1996). The lower 1985 FAO figures are claimed to result from 

inaccuracies in assessing subjects' nitrogen balance and incorrect assumptions regarding 

daily nitrogen losses, among other factors (Rand and Young 1999). 

Objections have been made to the revised figures. Millward (1990, 1994) has 

criticized the methodology behind the tracer studies, questioning the extrapolation of 

amino acid balance data from short measurement periods and pointing out that tracer 
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Table 3.2: Calories and Protein in Some Representative Foods 
Food calories 

/100g 
g protein 

/100g 
Essential Amino Acids (mg/g protein) Food calories 

/100g 
g protein 

/100g Isl Leu Lys Thr Trp Val 
Milk (goat, whole) 67 3.2 26* 85 95 66 12 42 
Cheese (hard salted) 393 35.7 67 98 73 37 14 72 
Egg (chicken) 163 13.0 66 88 64 50 16 74 
Lamb (arm chop) 186 28.0 52 77 81 46 13 49 
Tuna (bluefin) 145 25.2 51 75 88 43 10 53 
Caviar (sturgeon) 320 34.0 56 82 71 60 9* 61 
Millet, whole 327 9.9 81 179 22* 33 11 74 
Whole wheat flour 333 13.3 43 67 27* 29 12 46 
Barley flour 350 10.2 46 77 24* 36 11 52 
Cornmeal, whole 353 9.2 31* 126 28* 39 6* 49 
Chickpeas, dry 360 20.5 58 74 69 36 8* 49 
FAO protein 13 19 16 9 5 13 
MIT protein 38 65 50 25 10 35 

Food values are from Church and Church (1975). Most values are for raw foods; meat is for cooked lean 
meat. ' F A O and MIT protein' are the ideal dietary protein amino acid patterns from FAO/WHO/UNU 
1985 and from revised estimates, taken from Young (1998). Starred amino acid values are those which fall 
below MIT ideal dietary protein values. 

amino acids must be provided in amounts that make assessment of balance at low 

concentrations difficult. In a discussion of current directions in research, Waterlow 

(1994) has suggested that assessment methods must advance further before exact 

requirements can be established. Also, Jackson and Margetts (1993) point out that some 

populations whose protein intake would be judged insufficient by the higher standards do 

not show the health problems that would be expected i f this were the case. However, the 

growing number of studies suggesting higher requirement figures does suggest that 

reevaluation of the FAO 1985 figures is in order. In 1991, the FAO recommended that its 

1985 amino acid requirements for preschool children, which are similar to the increased 

requirements suggested by the stable isotope work, be applied for assessment of protein 

quality in all age classes (FAO/WHO 1991). 

One of the implications of higher essential amino acid requirements is that wheat 

and other grain proteins are seen as less adequate when consumed on their own. This in 

turn implies that larger amounts must be consumed or that other proteins must be added 

to the diet. These implications can be illustrated using data for wheat bread. Using the 
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1985 standards, wheat bread can provide the essential amino acids necessary for adult 

protein maintenance when consumed in relatively small amounts. For example, using the 

nutritional values provided in Table 3.2, 345 g of whole-wheat flour (520 g of bread) 

would provide 1000 calories, 40 g of protein and 1080 mg of lysine. Using a daily 

whole-protein requirement of 0.8 g/kg body weight and a daily lysine requirement of 12 

mg/kg body weight, these amounts are satisfactory for the daily protein needs of a 50 kg 

woman (40 g protein, 600 mg lysine) assuming that the caloric deficit is made up by 

other foods. In contrast, wheat protein is less adequate according to the higher amino 

acid requirements. For the example just cited, the overall protein requirement would not 

change; however, the basic lysine requirement of a 50 kg woman increases to 1,500 mg. 

To supply the required lysine, the wheat flour consumption would need to rise to 480 g 

(720 g of bread). The extra lysine could also be supplied as complementary proteins in 

the form, for example, of a small serving (20 to 40 g) of dried legumes, cheese or tuna 

fish. The implications for amino acid streaming to tissue are seen when the role of the 

complementary proteins under the two requirement systems is considered; under the 

1985 FAO system the small amounts of legume or animal protein have no special 

importance to the protein makeup of the diet, while under the higher requirements they 

are crucial to protein synthesis and thus very likely to be incorporated into body tissues. 

3.4.2.b.iv. Protein quality and collagen S I 3 C and 5 1 S N: The implications of 

protein utilization patterns for carbon and nitrogen streaming from dietary protein to bone 

collagen become clear when it is recalled that proteins of different quality often have 

different 8 1 3 C and 5 1 5 N values. The typically higher quality of animal proteins implies 

that in a single ecosystem, single proteins of higher quality may often have higher 

average 5 I 5 N values than lower quality proteins. Further, the importance of legumes to 

protein complementation for many grain-based diets means that the composite high 

quality protein (grain + legume) will have a 5 1 5 N value that is lower than that of grain 

protein alone. A similar situation might occur for carbon as well under certain 

circumstances. For example, in any food system where C3 grains and legumes were 
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combined with meat or dairy from C4-consuming animals, or with marine resources, the 

higher quality proteins in the diet would typically have higher 5 1 3 C values. 

What are the implications of such a situation for human tissue 5 I 3 C and 8 I 5 N 

values? Lower quality proteins, when eaten alone, are less likely to be fully digested and 

more likely to be catabolized for energy than are higher quality ones. This implies that 

higher quality proteins, whether in the form of single proteins or as proteins eaten in 

complementary combinations, will be preferentially used for the synthesis of body 

proteins. The implications for tissue 5 1 3 C are clear. The carbon skeletons from higher 

quality proteins have a better chance of being incorporated into tissue proteins. This is 

due not only to their lower likelihood of being catabolized for energy, but also to the fact 

that high quality proteins are disproportionately rich in essential amino acids, whose 

carbon skeletons are typically incorporated unchanged into bodily proteins. If carbon 

from high quality dietary proteins has a better chance of being incorporated into tissue 

proteins, it follows that the 5 1 3 C value of tissue proteins should preferentially reflect the 

8 1 3 C values of the highest quality proteins in the diet. Thus, a small amount of high 

quality protein added to a diet whose proteins tend to be of lower quality may have an 

disproportionately large effect on tissue protein 8 1 3 C. 

The case for 8 1 5 N values is less clear. Protein digestibility should have some 

effect; i f a larger proportion of a low-quality protein passes through the digestive system 

unused, it follows that a smaller proportion of its nitrogen will be incorporated into the 

body's systems than is the case for high-quality proteins. However, what of the fate of 

nitrogen from proteins that are digested? Lower quality proteins have a greater chance of 

being catabolized for energy shortly after being taken up from the digestive tract. As the 

first step of this process is deamination, and the amino group removed may be excreted as 

urea, it might seem that nitrogen from these proteins has a lower chance of being 

incorporated into tissue proteins. However, this does not consider the fact that the amino 

group from the catabolized protein can also be used to synthesize new amino acids. 

Through this mechanism, deamination and transamination can spread the nitrogen from 

single ingested amino acids through the body's free amino acid pool. For example, l 5 N 
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tracer studies have demonstrated that nitrogen from ingested glycine is disseminated 

rapidly throughout the body's amino acid pool after it is ingested (Krawielitski et al. 

1996). Tracer work using short-lived N (Cooper et al. 1988) has demonstrated that such 

processes are extremely rapid. Thus, a substantial amount of nitrogen from catabolized 

proteins should be transferred to other amino acids in the free amino acid pool, and 

incorporated into tissues regardless of its origin. However, this 'scrambling' of ingested 

nitrogen is not complete. Lysine, for example, is not transaminated, with the result that 

the nitrogen present in tissue lysine is derived only from dietary lysine (Krawielitski et al. 

1996; Massey et al. 1998). On a broader level, Krawielitski et al. (1996) assert that 

nitrogen from the various amino acids is not fully homogenized into the amino acid pool. 

Instead, they argue that 1 5 N tracer work demonstrates that the nitrogen of a single dietary 

amino acid will not be evenly spread over other amino acids in the tissues. They also 

argue that tracer 1 5 N from the limiting amino acid in a diet is less likely to be excreted as 

urea than is nitrogen from amino acids consumed in excess of bodily needs. Thus, 

although transamination may largely homogenize ingested nitrogen, it is possible that the 

nitrogen from higher quality dietary protein has a greater chance of being incorporated 

into tissues, rather than being excreted. This effect, combined with the impact of 

digestibility, would cause tissue 6 1 5 N to disproportionately reflect 5 , 5 N values of high 

quality proteins. 

This is a hypothetical model only. However, it deserves consideration; i f it is 
13 

valid, it could have significant consequences for the inference of dietary protein 5 C and 

S 1 5 N from human tissue protein 5 1 3 C and S I 5 N . These consequences could be especially 

serious for the study of agricultural populations, for it is in these populations that diets are 

likely to include large amounts of plant protein consumed with a complementary protein 

such as legumes, dairy products, meat or marine resources. To begin with, not all meals 

might include balancing proteins. If a third of the day's bread, for example, is consumed 

at breakfast with oil or fruit but without legumes or dairy products, less of the protein in 

that bread might be directed to tissue in comparison to the protein of bread consumed 

with legumes, dairy foods or other animal protein at other meals. In contrast, the amino 



142 

acids of legume, dairy, meat or fish protein would be more likely to become available to 

the body as part of a balanced mixture of amino acids, and thus might be expected to be 

more completely utilized for protein synthesis. Thus in the long term, a greater 

percentage of the wheat protein would be directed to energy metabolism, with a 

corresponding magnification of the contribution of other proteins to tissue synthesis. 

Such effects, i f they exist, might not be expected to create huge distortions in 

collagen 8 1 3 C and 5 I 5 N . In any one human population, these values would still, on 

average, reflect the stable carbon and nitrogen isotope signatures of protein consumed. 

However, they may do so in a non-linear way, reflecting the 5 1 3 C and 8 1 5 N values of 

high-quality proteins such as meat and dairy products more strongly than would be 

expected based on the proportion by weight of meat or dairy protein consumed. 

The above commentary is based on the way in which the body uses amino acids, 

but it was inspired by work in the stable isotope literature reporting human tissue 5 I 5 N 

values higher than would be expected based on the 8 1 5 N mass balance of the dietary 

protein consumed. This pattern has been noted by van Klinken et al. (2000) for European 

archaeological populations. These authors note that 8 1 5 N values for a wide variety of 

European populations tend to fall a full trophic level above herbivores; this would 

suggest that all dietary protein was derived from animal sources when, in fact, many of 

the groups are agricultural and must have derived substantial portions of their dietary 

protein from plants. They suggest a number of possible mechanisms for the pattern. 

These include the fertilization of grain with animal or human manure, which would tend 

to increase grain 8 I 5 N values and could account for the high human 8 1 5 N values, and the 

idea that although substantial grain is being consumed, collagen nitrogen for these 

individuals is, for some reason, coming mostly from animal protein. A mechanism 

involving the preferential use of higher quality proteins in tissue protein synthesis would 

fit the latter proposal. 

Research into the relationship of human tissue protein 8 I 3 C and 8 I 5 N to the values 

of the diet in living populations is currently being carried out using hair (O'Connell and 

Hedges 1999), and promises to clarify such matters when it is complete. An interesting 
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preliminary indication that human tissue protein 5 I 3 C and 5 I 5 N may be biased toward 

some proteins in the diet is seen in hair 5 1 5 N values of modern Europeans (Macko et al. 

1999). In both Britain and Austria, vegans have low hair 5 I 5 N values agreeing with a 

grain-legume based diet; however, ovo-lacto vegetarians have values similar to those of 

people eating meat. This might be taken to suggest that the vegetarians consume the 

same proportion of animal protein, in the form of eggs and dairy products, as do the 

meat-eaters. However, a recent nutritional survey of vegetarians in Britain showed that, 

on average, ovo-lacto vegetarians consume significantly more plant-derived protein (52% 

of dietary protein) than do non-vegetarians (32% of dietary protein) (Jackson and 

Margetts 1993). In this context, the high hair 5 I 5 N values of ovo-lacto vegetarians are 

somewhat surprising. They may indicate a magnification of animal-derived protein in the 

vegetarians' tissues, although more samples, correlated with dietary interviews, are 

needed to move beyond the level of mere speculation. 

One human hair study in which diets were closely quantified does support the 

idea of isotopic amplification of higher quality proteins in the diet, although it was not 

designed to examine the issue. This is the work done by Yoshinaga et al. (1996) in New 

Guinea. In this study, dietary protein 5 1 5 N and 5 1 3 C was established based on a 

combination of a detailed dietary survey and analysis of local foods. The authors 

predicted that hair 8 I 3 C and 5 1 5 N would be about 2%o and 4%o higher, respectively, than 

the values for dietary protein. However, 5 I 5 N values for all four populations studied were 

about l%o higher than the predicted values; at two of the sites, 5 1 3 C values were also 

unexpectedly high. The authors ascribe the difference to systematic under-reporting of 

animal protein consumption; however, it is also possible that the data are real and that 

the higher quality proteins are isotopically over-represented in the tissue proteins of the 

human population. This explanation would account for the whole of the pattern found. 

5 1 5 N is unexpectedly high in all populations. A look at the dietary inventories for the 

four sites shows that the two sites in which unexpectedly high 5 1 3 C values were seen are 

also the two in which 8 I 3 C values of animal resources (C4 feeders or marine) are higher 

than those of the bulk diet. In the other two populations, where human 5 1 3 C values 
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followed expectations, most animal protein comes from organisms whose expected S 1 3 C 

values based on habitat are similar to that of the bulk diet. Thus, unexpected 

participation of the higher quality dietary proteins in keratin synthesis could explain all of 

the inconsistencies seen in the data. 

Studies on human hair keratin, paired with detailed inventories of diet, are the 

more promising avenue for further examination of this issue, as they are not vulnerable to 

concerns regarding possible physiological differences between humans and animals. 

However, a well-designed feeding study would also be useful as it would offer greater 

control over diet, and eliminate questions over the accuracy of dietary inventory such as 

those expressed by Yoshinaga et al. (1996). Unfortunately, the animal studies published 

to date do not help in examining this issue. Although the animals' dietary 8 I 3 C and 8 1 5 N 

is carefully monitored, the diets are monotonous and thus the proportional representation 

of different foods, and of proteins of different quality, cannot be studied. An appropriate 

experiment would be to put animals on a diet that has a good supply of low-quality 

protein, providing them with a small supplement of high-quality protein with distinctive 

5 C and 5 N values in a single feeding every day or two days. If high-quality protein is 

more heavily represented than it should be by weight, tissue 8 I 3 C and 5 1 5 N values should 

be affected more than expected based on a simple mass balance. 

These results are extremely tentative. However, they suggest that in an 
13 15 

agricultural society we should look at human collagen 8 C and 8 N values with caution. 

These may depart from the values that would be expected from the actual protein makeup 

of the diet through the preferential use of higher quality proteins in tissue synthesis. Even 

if such an effect were confirmed, it would likely not be possible to predict its extent for 

any given diet. In addition to factors outlined above, any amplification should rely 

heavily on idiosyncratic factors such as the timing of food consumption and the 

individual's long-term history of health and nutrition. Suffice it to say that we should 

recognize that the isotopic signatures of high-quality protein foods may be over-

represented in populations eating mixed diets. While 8 1 3 C and 8 1 5 N values of their 
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tissues should reflect the importance of legume and animal proteins to the diet, they may 

not do so in a linear way. 

3.4.3. Summary: Moving from human bone values to dietary values: On a general 

level, bone collagen and bone carbonate offer insights into different aspects of the diet, 

providing information on two important factors in real-world nutrition: where 

populations get their bulk calories from and where they get their protein. Because of this 

effect, the combination of collagen and carbonate stable isotope analysis is particularly 

appropriate to research problems such as that faced in this dissertation, in which the 

addition of small amounts of C4 grain to a C3-dominated diet is suspected. However, 

within these parameters, bone stable isotope values are also impacted by the nutritional 

value of foods. High-calorie foods tend to exercise a disproportionate pull on carbonate 

8 C; this is especially true of lipids, which have both high calorie content and extreme 
13 

5 C values. The protein content of the diet and its amino acid composition also have an 

effect on collagen stable isotope values. High-protein diets see a greater contribution of 

protein carbon to collagen. As well, there is reason to believe that the higher quality 

proteins in the diet will have disproportionate effects on collagen 5 C and 8 N . In 

groups who add small amounts of animal protein to diets focusing on grain protein, this 

may result in a non-linear response of collagen 8 I 3 C and 8 ! 5 N to animal protein, with 

stable isotope values changing more rapidly than expected based on the overall protein 

content of the diet. This issue is of particular importance in studies, such as this one, 

dealing with populations who likely consumed a grain-rich diet. 

3.5. 8 I 3 C, 8 1 5 N and archaeological dietary reconstruction: The final topic 

discussed in this review is the application of 8 1 3 C and 8 1 5 N analysis to the reconstruction 

of diets in past human populations. There are several good reviews of the development 

of this field in the literature. For the earlier history of the field, useful sources include 

Price (1989) and Keegan (1989); an excellent review of more recent developments is 

given by Katzenberg and Harrison (1997). This section will review some of the major 
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trends in the development of the field, with particular emphasis on what appear to be the 

most important and interesting trends in archaeological 5 1 3 C and 5 1 5 N work at the present 

time. 

Attempts to apply 8 1 3 C analysis to archaeological human populations began in the 

late 1970s with pioneering work on native North American populations that demonstrated 

human collagen 5 C changes related to the introduction of maize agriculture (Vogel and 

van der Merwe 1977; van der Merwe and Vogel 1978). The suggestion that bone 

carbonate 5 I 3 C values could also be used in the reconstruction of past diets followed soon 

thereafter (Sullivan and Kreuger 1981). Thus, archaeological applications commenced 
13 

less than ten years after the mechanism behind 5 C differences between C3 and C4 

plants was discovered (Hatch and Slack 1970) and concurrently with the initial 
13 * 

systematic work on S C values in modern animals (Vogel 1978; DeNiro and Epstein 

1978a; Fry et al. 1978; Teeri and Schoeller 1979). Applications of 5 , 5 N work to 

archaeological dietary analysis were not far behind. The first application, by DeNiro and 

Epstein (1981), attempted to correlate decreasing human collagen 8 I 5 N values with 

increasing dependence on legumes in past diets. This was followed quickly by the first 

application of archaeological collagen 51 N analysis to the problem of marine resource 
13 

use (Schoeninger et al. 1983). As with 5 C work, these initial attempts occurred not 

many years after the early systematic work with modern plants and marine ecosystems 

(e.g. Delwiche and Steyn 1970; Wada et al. 1975) and were contemporary with early 

controlled work on heterotrophs (Steele and Daniel 1978; DeNiro and Epstein 1981; 

Minagawa and Wada 1984). As will be seen, the early crossover of 5 1 3 C and 5 1 5 N work 

from ecosystem work to archaeological analysis has had one drawback: archaeological 

analysis has been forced at times to share the initial uncertainties of modern ecosystem 
13 15 

work regarding the interpretation of some aspects of 5 C and 5 N variation. 

The initial success of archaeological collagen 8 1 3 C analyses led to other research 

applications through the 1980s. The initial focus was on areas where researchers had 

access to material and a clear problem to solve. Thus, a number of studies examined the 

problem of maize agriculture in the Americas, since the inception of maize agriculture 
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often involved a transition from hunting and gathering in a C3-dominated environment to 

one of significant C4 reliance. Examples of work of this type done in the 1980s include 

the work of Bender et al. (1981) on Hopewell agriculture, van der Merwe et al. (1981) on 

subsistence shifts in Venezuela, Boutton et al. (1984) on the Mississippi valley, Schwarcz 

et al. (1985) on the transition to agriculture in southern Ontario, White and Schwarcz 

(1989) on diet among the Maya and Spielmann et al. (1990) on trade interactions between 
13 

agriculturalists and hunter-gatherers in the American Southwest. Collagen 8 C analysis 

was also being used to determine marine resource use by past societies. Early research 

demonstrating the workability of this application includes work by Tauber (1981) and by 

Chisolm et al. (1982). Examples of the application of the method later in the decade 

include work by Lovell et al. (1986) tracing salmon consumption up the rivers of British 

Columbia, Johansen et al. (1986) documenting temporal and geographic trends in the 

contribution of marine resources to past Norwegian diets, Sealy and van der Merwe 

(1988) reconstructing patterns of marine dependence in South Africa, and Keegan and 

DeNiro (1988) examining diet and marine dependence in the prehistoric Bahamas. 

With the utility of collagen 8 1 3 C studies in archaeology demonstrated, the 1980s 

also saw a focus on the development of indicators to track the effects of diagenesis on 

archaeological collagen. The decade saw the development of many of the currently used 

indicators, including atomic C/N ratio (DeNiro 1985; Masters 1987; DeNiro and Weiner 

1988a), sample collagen yield (Schoeninger and DeNiro 1982b; DeNiro and Weiner 

1988a; Tuross et al. 1988; Schoeninger et al. 1989), amino acid profile (Hare 1980; 

Masters 1987; Tuross et al. 1988) and FTIR profde (DeNiro and Weiner 1988a, 1988c). 

Work was also done on proper preparation techniques, including the optimum method for 

collagen isolation (DeNiro and Weiner 1988a; Tuross et al. 1988; Schoeninger et al. 

1989; Ambrose 1990) and the necessity of treatment to remove humic contaminants 

(Stafford et al. 1988; Mueller 1989; Katzenberg 1989). This literature is discussed in 

detail in Chapter 5, where issues of sample preparation and diagenesis are treated. 

Over the same period, progress in 8 1 5 N analysis was more tentative. Several 

researchers examined 8 1 5 N in skeletal populations. Promising links to aspects of past 
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human diet were found. Schoeninger et al. (1983) demonstrated higher collagen 8 I 5 N 

values in prehistoric populations dependent on marine resources. Schwarcz et al. (1985) 

used 8 1 5 N measurements to argue for a low reliance on legumes among prehistoric maize 

horticulturalists. Demonstrating that applications need not focus exclusively on human 

tissues, Hastorf and DeNiro (1985) published a preliminary study on 8 1 5 N and 5 I 3 C in 

charred food residues from cooking vessels. However, over the same time it was 

becoming clear that the behaviour of S 1 5 N in modern ecosystems is complex to the degree 

of presenting potential difficulties for dietary reconstruction. Studies intended to 

document foodweb 8 1 5 N values found unexpectedly high values in some areas that were 

eventually linked to a pattern of higher 5 1 5 N in hot and arid environments (e.g. 

Schoeninger and DeNiro 1984; Ambrose and DeNiro 1986; Heaton et al. 1986; Heaton 

1987). Keegan and DeNiro (1988) demonstrated that in the seagrass/coral environment 

of the Bahamian region they studied, marine animals of low trophic level had 8 I 5 N values 

lower than those of terrestrial resources. While Schwarcz et al. (1985) used high 8 I 5 N 

values to infer low legume dependence for their maize agriculturalists, they also noted 

high 8 1 5 N values for local freshwater fish, providing an unexpected local source of , 5 N -

enriched protein (see also Katzenberg 1989 on this subject). Such findings had serious 

implications for the interpretations of human 8 I 5 N values, as it became clear than these 

could vary substantially between regions for reasons apart from diet. In a paper 

reviewing the position of the field at that time, Sillen et al. (1989) regarded this as one of 

the most significant challenges facing archaeological stable isotope analysis. 

Another area in which research in this era encountered problems was that of 

carbonate 8 I 3 C analysis. The discovery that modern mammalian bone carbonate 6 I 3 C 

reflects that of the diet (DeNiro and Epstein 1978b, 1981; Land et al. 1980) raised hopes 

that the technique would allow dietary reconstruction by 8 I 3 C in bone no longer 

containing usable protein. While Sullivan and Kreuger (1981) suggested that they had 

been successful in recovering dietary 6 I 3 C signals from bones of considerable age, 

Schoeninger and DeNiro (1982a) contended that archaeological bone carbonate 5 I 3 C 
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values are not representative of in vivo values due to the effects of diagenesis. This 

began a debate over the appropriateness of carbonate 5 1 3 C values in dietary 

reconstruction (Sullivan and Kreuger 1983; Schoeninger and DeNiro 1983) that is 

treated more thoroughly in Chapter 5 where issues of bone preservation are reviewed. 

This argument was complicated by the uncertainties in the same time period over the true 

nature of A 1 3C(C a rb-coii) that were discussed in this chapter; with no agreement over what 

constituted acceptable A 1 3C(C a rb-coii) values in archaeological bone, researchers could argue 

different conclusions on the issue of diagenesis from the same set of data (Sullivan and 

Kreuger 1983; Schoeninger and DeNiro 1983). Uncertainties over the accuracy of 5 1 3 C 

signals in archaeological bone carbonate caused work in this area in the 1980s to focus on 

issues of diagenesis and sample preparation (Nelson et al. 1986; Lee-Thorp and van der 

Merwe 1987; Lee-Thorp 1989). Substantial work was also done toward the 

understanding of the relationship between bone collagen and carbonate 8 I 3 C values in 

living mammals (Kreuger and Sullivan 1984; Lee-Thorp and van der Merwe 1987; Lee-

Thorp et al. 1989). 

At the close of the decade, a preparation method was presented that promised to 

produce usable apatite carbonate 8 I 3 C values from most remains (Lee-Thorp 1989; Lee-

Thorp and van der Merwe 1991). Indications that this method was often successful led to 

the appearance of a growing number of studies on bone and tooth carbonate 5 C in 

archaeological human populations (e.g. Ubelaker et al. 1995; Wright and Schwarcz 

1996, 1998; Ambrose et al. 1997; Iacumin et al. 1998; Katzenberg and Weber 1999; 

Harrison 2000). Bone carbonate 5 I 3 C studies have also been extended into the deep past, 

addressing topics such as australopithecine diet (e.g. Lee-Thorp et al. 1994). However, it 

has become clear through this work that apatite carbonate is not always free from 

diagenetic alteration. As will be seen in Chapter 5, an important branch of the literature 

over the past decade deals with evaluating diagenesis in archaeological carbonates, 

especially in bone, which is the most vulnerable of the hard tissues to these changes (e.g. 

Wright and Schwarcz 1996; Sponheimer and Lee-Thorp 1999a; Nielsen-Marsh and 

Hedges 2000a, 2000b). 
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As reviewed in this chapter, the 1990s also saw the publication of important 

feeding experiments which clarified the relationship of collagen and carbonate 5 1 3 C in 

living mammals (Ambrose and Norr 1993; Tieszen and Fagre 1993b; Ambrose 1997). 

These experiments have shown that the relationship between collagen 5 I 3 C and that of 

the diet is more complex than was previously expected. This may call the conclusions of 

some earlier studies on archaeological collagen 8 1 3 C into question. However, the new 

understanding of collagen and carbonate 5 1 3 C values has led to a growing number of 

studies in which the different information imparted by collagen and carbonate is used to 

extract more information about past diets than would have been available from either 

substance alone. For example, Norr (1995) used the high 8l3C(Carbonate) values and large 

A 1 3C( c a rb-coii) separations seen at one Panamanian site to argue that the diet likely included 

large amounts of maize, but retained a focus on protein sources that were C3-derived -

presumably terrestrial fauna. Similar results were obtained by Harrison (2000) for the 

early stages of maize horticulture in southern Ontario. In another demonstration of the 

power of paired carbonate and collagen 8 I 3 C analysis, Ubelaker et al. (1995) documented 

high 6 C values in both collagen and carbonate from elite skeletons at La Florida, 

Ecuador. Ethnohistorical data predicted that the two groups would differ in animal 

protein consumption; however, these data, combined with similar 8 1 5 N values for both 

groups, suggested that the difference was more in the form of maize consumption, 

perhaps in the form of maize beer. In a study of human diet in the Marianas, Ambrose et 

al. (1997) used a combination of carbonate and collagen analysis to document a 

difference between island populations that was not obvious from collagen values alone: 

high 513C(carbonate) and wide separations between collagen and carbonate 5 1 3 C are seen in 

some populations, indicating unexpected dependence on a C4 plant resource, perhaps 

cane sugar. In a final example, Katzenberg and Weber (1999) added an extra dimension 

to their analysis of diet in Neolithic and Bronze Age Siberia through the use of carbonate 

5 1 3 C analysis. Among the sites whose collagen 8 1 3 C and 5 1 5 N values indicate a 

significant reliance on freshwater fish and mammals, the narrowest A I 3C( c arb-coii) 

separations are seen in populations with the highest 8 1 5 N values. This suggests that for 
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these groups, increasing use of freshwater resources has the dual effect of increasing 

collagen 5 1 5 N and increasing collagen 5 1 3 C relative to whole-diet 5 1 3 C, thus narrowing 

A I 3C(C a rb-coii) spacing. In contrast, a number of the populations show no such relationship, 

suggesting that for these, increasing 5 1 5 N tracks increasing use of meat from terrestrial 

animals, which does not have an effect on collagen 5 1 3 C. 
13 

While some of the problems relating to variation in A C( c a rb-Coii) in modern 

systems have been resolved, those relating to 5 1 5 N patterning have been more 

recalcitrant. As reviewed in section 3.3, the effect of arid environments on mammalian 

5 1 5 N values has been confirmed in several studies, but its causes are less clear. While 

part of the effect can be put down to high baseline 5 1 5 N values in local ecosystems, an 

independent effect within mammals does seem to sometimes be present. However, this 

effect is not observed universally in the laboratory or the field (Schwarcz et al. 1999; 

Ambrose 2000), making its actual mechanism unclear. Despite this ambiguity, collagen 

5 1 5 N measurements have provided useful information in many studies. For example, the 

conclusions of the studies by Ubelaker et al. (1995) and Katzenberg and Weber (1999) 

described in the preceding paragraph would not have been possible without the 5 I 5 N data 

to eliminate the possibility of significant status difference in meat consumption in the 

first study and to help document freshwater resource use in the second. The potential 

value of collagen 5 I 5 N analysis for the tracking of freshwater resource use has also been 

demonstrated by the work of Iacumin et al. (1998) in Nubia. Collagen 5 1 5 N analysis also 

continues to be used to track marine resource use (e.g. Lubell et al. 1994; Ambrose et al. 

1997; Cannon et al. 1999) and legume dependence (e.g. Papathanasiou 1999). However, 

perhaps its most interesting current application is in the reconstruction of weaning 

behaviour. As was reviewed in section 3.3, mammals show distinctly higher tissue § 1 5 N 

during the nursing period. This allows infants whose bone collagen was largely laid 

down during the time of nursing to be identified in cemetery populations (Katzenberg et 

al. 1993). Over the 1990s, 5 I 5 N has been used in several studies to establish weaning age 

in past populations (e.g. Schurr 1997; Herring et al. 1998; Wright and Schwarcz 1999; 
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Dupras et al. 2001). In some of these studies, 8 1 5 N measurements have been combined 

with 5 I 3 C measurements, or with § l 8 0 measurements on dental enamel, to provide a more 

detailed picture of the relationship between the cessation of breastfeeding and the 

introduction of other foods to the infant's diet (Katzenberg et al. 1993; Wright and 

Schwarcz 1999; Dupras et al. 2001). 

These applications introduce two more of the current directions in archaeological 

5 1 3 C and 8 1 5 N analysis. One of these is the concept of the analysis of an individual over 

his or her life span through the analysis of different tissues, or of different portions of the 

same tissue laid down at different times. Wright and Schwarcz (1998, 1999) have 

demonstrated that the timing and nature of the weaning process may be reconstructed 

through comparison of enamel carbonate 5 1 8 0 and dentine 5 I 3 C and 5 I 5 N in teeth formed 
9 

at different ages of infancy . Research performed earlier in the decade revealed the 

potential of 5 I 3 C and 5 I 5 N comparisons between teeth, bones that experience rapid 

turnover and bones that experience slower turnover to detect changes in diet and 

residence over the lifetime of an individual (Sealy et al. 1995). Research on hair (White 

1993) and on other soft tissues (White and Schwarcz 1994) has shown that these, when 

available, can be used in a similar way. Hair, when available, is particularly useful as 

isotopic changes along its length can track dietary fluctuations on a very brief time scale 

(White 1993). Recent research also suggests that in some cases, isotopic comparisons 

between bone or tooth enamel laid down in illness or stress and that laid down in times of 

good health prior to illness may be informative (Katzenberg and Lovell 1999; Wilson et 

al. 2001). The second of these directions is the development of analyses combining 8 I 3 C 

and/or 5 1 5 N assay with 5 1 8 0 analysis. Work done in the 1990s shows that such combined 

analyses have applications apart from nursing research, including the coupling of dietary 

analysis with an evaluation of climate changes over time (e.g. Iacumin et al. 1996). 

Another important trend in recent and current archaeological stable isotope 

analysis is the exploration of analytical alternatives to human bone collagen and 

9 

Similar applications on animal teeth (Balasse et al. 1999; Wiedemann et al. 1999) promise to shed light 
on aspects of domestication and herd management in the past. 
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carbonate. This has included work with mummy tissues (White and Schwarcz 1994; 

Iacumin et al. 1998) as well as lipids isolated from bone (e.g. Evershed et al. 1999). Hair, 

in particular, has received considerable attention (e.g. White 1993; O'Connell and 

Hedges 1999; Macko et al. 1999; Katzenberg et al. 2000). The analysis of hair has 

several potential advantages; not only does it capture a narrow time frame of the diet, as 

described above, but direct comparative studies on hair of modern populations are easily 

accomplished (Macko et al. 1999). A trend that might be considered allied to this is the 

development of methods that use stable isotope values in domesticated animals as 

supplements to, or even proxies for, information gathered on human remains. For 

example, Cannon et al. (1999) demonstrated that collagen 8 1 3 C and 8 I 5 N of dogs from 

pre-contact sites in British Columbia can be used to document resource use at the sites. 

Since dogs ate many of the same foods as humans - through being fed or consuming 

refuse - their collagen values were found to track shifting resource use at the sites in 

much the same way human values did. While an application depends on the presence of 

an appropriate commensal animal and thus is not always feasible, the potential for 

extending isotopic methods to sites where human remains cannot be studied is 

interesting. In a somewhat different application, White et al. (2001) studied deer and dog 

remains from Colha, Belize. Here the concern was less on animals as an item of human 

diets or as a proxy for human tissue values than as the subjects of domestication or 

intentional feeding by humans. The results demonstrated 5 I 3 C values in dogs indicative 

of maize consumption, likely reflecting scavenging of human refuse or intentional 

feeding; in contrast, deer showed no evidence for maize consumption. 

13 15 

A final trend that appears in archaeological 5 C and 5 N analysis over the last 

decade is the expansion of research into areas and cultures previously underrepresented in 

stable isotope work. As was mentioned above, work was performed in various regions in 

the 1980s, but there was a heavy emphasis on New World research. The 1990s have seen 

considerable expansion of research into other areas of the world including the Pacific 

(e.g. McGovern-Wilson and Quinn 1996; Ambrose et al. 1997), Asia (e.g. Lam 1994; 

Katzenberg and Weber 1999), Egypt and North Africa (e.g. Iacumin et al. 1996, 1998; 
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Dupras et al. 2001), and particularly Europe (e.g. Lubell et al. 1994; Mays 1997; 

Richards and Mellars 1998; Papathanasiou 1999; Richards and Hedges 1999; 

Schutkowski et al. 1999; Triantaphyllou 1999; Lillie and Richards 2000; Richards et al. 

2000; van Klinken et al. 2000). In the case of Europe, this seems to be due to the 

realization that, despite the lower isotopic variability seen among many European foods, 

there are still interesting problems to be answered. These include not only the role of 

marine resources (e.g. Lubell et al. 1994; Richards and Hedges 1999) but also other 

issues such as resource use seasonality (Richards and Mellars 1998) and C4 grain use 

(Schutkowski et al. 1999). There also appears to be a growing interest in the use of stable 

isotope analysis to examine diet in historical cultures. Stable isotope analysis has long 

been recognized as a useful tool for examining diets of historical peoples (e.g. Johansen 

et al. 1986; Agelarakis 1989; Kennedy 1989). However, the amount of work on 

historical peoples appears to be increasing (e.g. Iacumin et al. 1996; Mays 1997; 

O'Connell and Hedges 1999; Schutkowski et al. 1999; Katzenberg et al. 2000; Dupras 

et al. 2001). Part of this increase may be due to developments allowing past diets to be 

addressed in greater depth and detail, and allowing questions of historical interest such as 

weaning customs to be addressed (e.g. Dupras et al. 2001). Such work has demonstrated 

the potential of stable isotope analysis to add significantly to documentary sources of 

information on diet and resource use, and it is likely that research integrating stable 

isotope analysis and historical research on diet will become increasingly common as this 

potential becomes known outside the field of archaeological stable isotope analysis. 

3.6. Summary: The preceding review of the behaviour of carbon and nitrogen 

isotopes in ecosystems illustrates the general 8 I 3 C and 8 1 5 N patterning in foods that 

allows researchers to examine diet in past populations through 8 1 3 C and 5 I 5 N analysis of 

archaeological human remains. Such work has been performed for over twenty years. 

From speculative beginnings, it has grown in power and scope; current methods not only 

allow the use of foods including legumes, marine resources, freshwater fish and C4 

grains to be examined, but are also able to shed light on other facets of life. These 
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include short-term dietary changes that reflect seasonal shifts in diet, longer-term changes 

that more likely reflect shifts in residence, and nursing and weaning practices. 

Based on the information reviewed above, it is clear that S I 3 C and 5 1 5 N analysis 

of archaeological bone collagen, paired with 5 1 3 C analysis of bone carbonate, can help to 

resolve the questions posed at the end of Chapter 2. Previous work using 5 1 3 C and 8 1 5 N 

analysis has successfully addressed similar questions for other archaeological 

populations. Based on general ecosystem values, the 5 1 3 C and S 1 5 N patterns that should 

result from the dietary alternatives to be explored are clear. A population consuming a 

diet focused on grains and legumes should differ clearly in its collagen 8 1 5 N values from 

a population eating large amounts of dairy products, marine resources or fish. Marine 

resources should also be differentiated from most other foods based on 5 I 3 C and 8 I 5 N 

values, although the degree of differentiation will depend on 8 C values of domesticated 

animals. Based on the same differences, significant differences in animal product or 

marine resource use by gender, or between Greek Orthodox, Turkish and Frankish 

populations, should be detectable. Finally, the consumption of maize or millet will result 
13 

in higher 8 C values, showing up disproportionately in bone carbonate. Work by Norr 

(1995) and Harrison (2000) has demonstrated that paired carbonate and collagen 8 1 3 C 

analysis is especially appropriate for the investigation of the type of C4 grain use 

suspected here: the addition of small amounts of C4 grain to C3-dominated diets. Paired 

carbonate and collagen analysis can also help to differentiate C4 plant consumption from 

marine resource use in areas where both food types are available (Ambrose et al. 1997). 

This study contributes to current directions in archaeological stable isotope 

reconstruction in two ways. First, it promises to form a useful addition to the growing 

literature on collagen/carbonate 8 I 3 C values in archaeological populations. As well, like 

other recent studies, it examines a region and an era in which little previous work has 

been done (see however Agelarakis 1989, and, for earlier Greek cultures, Papathanasiou 

1999 and Triantaphyllou 1999). In this sense, it forms part of continued efforts on the 

part of the discipline as a whole to extend our knowledge of past stable isotope patterning 

over a broader sweep of cultures and areas. 
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Chapter 4: The Sites and Sample 

The dietary differences in question for this project - use of C3 versus C4 grains, 

legume-rich diets versus those heavy in animal protein, consumption of marine versus 

terrestrial resources - have been successfully examined for many past cultures using 

archaeological stable isotope analysis. 5 I 3 C and 8 1 5 N analysis of archaeological bone 
13 

collagen, coupled with 5 C analysis of bone carbonate, promises to provide similarly 

valuable information on medieval Greek diets. In order to do this, a sample set of human 

remains must be chosen to address the problems at hand. As well, a comparative faunal 

sample is needed to provide an idea of 5 1 3 C and 8 1 5 N values of some medieval Greek 

foods. This chapter outlines the skeletal populations chosen for analysis and details the 

samples taken. It begins with a description of the sampling rationale. Following this, 

each site chosen is outlined in terms of its location, its nature, the natural resources 

available and the sample taken. Each of the sites is also given a brief historical sketch 

covering the time in question, with the intent of clearly pointing out any local events or 

conditions that must be taken into consideration when the dietary information is 

interpreted. The chapter ends with a list of archaeological faunal samples collected, and 

lists of modern samples collected for analysis to aid in the reconstruction of 8 1 3 C and 

8 I 5 N values of other foods. 

4.1. Sampling strategy: The sampling strategy was designed to meet several goals. 

First, a survey of medieval Greek Orthodox sites from different areas was necessary. The 

data reviewed in Chapter 2 suggest that resource use likely varied from region to region, 

especially, perhaps, in terms of C4 grain use. Thus, a single site is unlikely to provide a 

reasonable image of 'typical' medieval Greek Orthodox diet. There is also the question 

of marine resource use. Although there is good evidence that preserved marine resources 

could have been traded inland, it still seems reasonable to suspect that marine resource 

use may have varied by proximity to the sea. Thus, it was decided that both inland and 

coastal sites should be sampled. In order to examine the impact of ethnicity on diet, 
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comparative Frankish and Ottoman Muslim populations had to be added to this selection. 

As well, in order to realistically examine gender-based differences and other aspects of 

internal population variability, it was decided to make sample sizes for the individual 

sites quite large whenever this was possible. Finally, it was decided to limit the sampling 

region to the geographic boundaries of modern Greece. While this has the disadvantage 

of omitting the political heartland of the Byzantine empire, it offers the compensating 

advantage of reducing the geographical area of the survey and thus, to some extent, the 

potential distorting effects of local foodweb 5 1 3 C and 5 1 5 N variation. 

As described in detail in the sections discussing individual sites, identification of 

the populations was achieved through review of the archaeological and historical 

information for each site, and through burial location and style. Ottoman Muslim burials 

were primarily identified by Islamic burial style; Frankish burials were identified based 

on prior archaeological analyses of the cemeteries in question indicating Frankish cultural 

affiliation. The Greek Orthodox burial populations selected vary in date from Late 

Byzantine times to the period of Ottoman rule. In some cases, the use of one burial 

ground extends from Late Byzantine times into the era of Frankish or Turkish rule. Such 

extended use is not unusual, and may be taken as a witness to the continuity of everyday 

life through the changes of rule: life, death and burial in a locale went on, with no 

obvious signs of change in customs or beliefs that would allow burials of later date to be 

eliminated. The review of religion and ethnicity provided in Chapter 2 suggests that the 

time span covered by the Greek Orthodox burials will not be a problem. Researchers 

examining social structure in Greece during Frankish and Ottoman rule have emphasized 

the general separation drawn between Greek Orthodox and other populations in both eras, 

and the strong symbolic association of Greek Orthodox religion with an identity opposed 

to that of the occupiers. As well, the available information suggests that little change was 

seen in many aspects of everyday life for the local Greek populations between these eras. 

Finally, the historical review of diet shows the likely importance of religious affiliation in 

determining aspects of diet such as the consumption of marine resources. Thus, while the 

Greek Orthodox sample includes people who paid their taxes to Frankish or Turkish lords 
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as well as people who spent their lives under Byzantine rule, the sample likely surveys a 

population of fairly unitary beliefs and customs, and is thus likely to successfully uncover 

aspects of 'typical' Greek medieval diet, as well as any contrasts between Orthodox 

Greeks and the invading Franks and Ottomans. 

As discussed in Chapter 3, local foodweb 8 1 3 C and 5 1 5 N values can vary 

considerably within an area as large as the Eastern Mediterranean basin. Thus, domestic 

faunal samples from a number of sites were collected. Sampling focused on sheep and 

goat remains, due to evidence reviewed in Chapter 2 that suggested a primary role for 

these animals as dairy and meat sources; pig and cow were also sampled. Faunal 

samples were not available for some of the sites due to the goals and scope of the 

individual excavations, which examined burial areas rather than dwelling sites, and thus 

did not recover any midden deposits. Thus, faunal 8 I 3 C and 8 1 5 N values from a subset of 

the sites are used to establish values for the study as a whole. Unfortunately, none of the 

faunal populations located included fish remains identifiable by species. This is not an 

unusual situation for the region. After some consideration it was decided to use modern 

Aegean fish purchased in the Athens central market to give an idea of medieval marine 

81 C and 8 I 5 N values. Such an approach has been used by other analysts facing similar 

difficulties (e.g. Keegan and DeNiro 1988; Ambrose et al. 1997; Katzenberg and Weber 

1999). When using modern material as a proxy for archaeological values, the researcher 

must be aware of the possibility that baseline 8 I 3 C and 8 1 5 N values have changed in local 

waters due to anthropogenic impact. However, with this taken into account, modern 
* 13 15 

samples are still useful for providing an idea of past marine 8 C and 8 N values. 

4.2. The sites and human sample: The chosen sample set includes human remains 

from six locales in modern Greece. Of these, two are inland locales on the mainland, two 

are on or near the coast on the mainland, and two are from islands. Three sites include 

multiple populations, for a total of ten burial groups. These include four Orthodox 

Christian populations of the Late Byzantine through Ottoman periods, two Ottoman 

Muslim populations, two Frankish populations and one group of mixed Frankish and 
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Byzantine background. An Early Christian population from one of the sites yielding Late 

Byzantine remains was also sampled, as it offered an interesting opportunity to compare 

Late Roman and medieval samples from a single locale. As detailed in the site 

descriptions, not all of the remains had been previously studied. Thus, estimation of age 

and sex was done by this researcher for some populations, while for others age and sex 

estimates made by other investigators were used. A l l estimates made by this researcher 

were done using methods in Buikstra and Ubelaker (1994). Age estimates are presented 

using their convention - young adult, 18 to 35 years; middle adult, 35 to 50 years, and 

old adult, over 50 years. Age and sex information for all samples is provided in tabular 

form in Appendix A l . During the description of the sites and sample, the reader may 

refer to Figure 4.1 (p. 160), which locates the sites on a map of the area (this map uses the 

political boundaries of the early thirteenth century; names of polities have been omitted 

to permit labelling of the sites, and may be found in Figure 2.2, p. 14). A summary table 

of the human sample is also provided at the end of the chapter, on p. 184. 

4.2.1. The Athenian Agora: The first of the sites selected for study is the Ancient Agora 

of Athens. Located on the central plain of Attica an easy eight kilometres from the coast, 

this site should be considered coastal in terms of ease of access to marine resources in 

medieval times. As the area surrounding Athens was a centre for agricultural and 

especially pastoral activity, all terrestrial resources should have been easily available. 

The climate of the plain of Attica is hot and dry. Modern mean temperatures are 9°C in 

January and 28°C in July. Annual modern precipitation is about 400 mm (Furlan 1977). 

The natural vegetation is dominated in the lower areas by low herbal cover tolerant of dry 

conditions and grazing, and in the higher elevations by evergreen maquis, an assemblage 

of evergreen shrubs and trees interspersed with herbs (Dafis 1975; Lavrentiades 1976). 

The excavation history of this site, which comprises the public and civic heart of 

Classical Athens, is long. Archaeological interest in the Agora began in 1859 with an 

investigation of the Stoa of Attalos by the Greek Archaeological Society (Camp 1986). 

In the following century, plans were made by the American School of Classical Studies at 
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Athens for an excavation to uncover the heart of the ancient city (Shear 1940). This 

began in 1931, and work since then has uncovered the entire former area of the Agora at 

its peak of development, along with some adjacent domestic areas (Camp 1986). Apart 

from information given to clarify the cultural context of the remains sampled, this review 

will discuss only the archaeology of the buildings from which the remains were 

recovered. Information on the Agora in general may be had from sources such as 

Thompson and Wycherley (1970) and Frantz (1988). 

During excavations at the Athenian Agora, a number of burials dating to the 

Byzantine through Ottoman eras have been excavated. These include the burials 

recovered from the Hephaisteion (Dinsmoor 1941), the Church of the Holy Apostles 

(Frantz 1971), the Church of Ayios Nicolaos (Shear 1997) and the unidentified Middle 

Byzantine chapel near the last of these churches (Shear 1997), as well as scattered graves 

not associated with identifiable Christian structures. The remains selected for this study 

come from the Hephaisteion and Ayios Nicolaos. 

The Hephaisteion was constructed in the middle of the fifth century BCE on the 

Kolonos Agoraios at the perimeter of the Agora, as a temple to Hephaistos and Athena 

(Thompson and Wycherley 1970). In the seventh century CE, it was converted into a 

Christian church (Frantz 1965). The building served as an Orthodox house of worship 

for the next twelve centuries. During this use, the floor of the building was used as a 

burial plot for members of the Orthodox faith. At the very end of this period, in the late 

eighteenth and early nineteenth centuries, the burial of a small number of Protestants, 

philhellene travellers from the West, was permitted (Dinsmoor 1941). In 1834, the 

building was deconsecrated and burials ceased (Frantz 1965). In 1939, the floor area of 

the Hephaisteion was excavated completely by the American School to investigate the 

history of the building and its original appearance (Shear 1940; Dinsmoor 1941). 

In the course of excavation, the nature of the building as a place of burial was 

documented, and some skeletal material was recovered. Unless otherwise specified, the 

following details are drawn from the published report (Dinsmoor 1941) and from the 

original excavation notebooks. Burials occupied most of the free space under the floor of 
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the building. The majority were Orthodox, although one Protestant burial was identified; 

contemporary records indicate that some of the Protestant burials had been moved from 

the building by that time. Most of the Orthodox burials were communal, consisting of 

ossuary deposits whose condition indicated repeated opening and re-use of the burial 

space; the excavators suggest that these may have been family crypts (Dinsmoor 1941:8-

9). In some of these, an articulated burial was preserved at the top of the burial chamber, 

indicating that the crypts were used for sequential primary burials, with the bones of 

earlier burials disturbed and intermixed as each new arrival was interred. The artifacts 

recovered from most of the graves suggest initial construction dates in the Late Byzantine 

through Frankish eras, with sporadic use continuing through the Ottoman era. Most of 

the graves sustained damage and looting during the War of Independence, and in many of 

them the skeletal remains were in extremely poor condition. A portion of the more well-

preserved remains was retained for study; the rest were reinterred or discarded. 

Remains from three Hephaisteion graves were chosen for examination using the 

1939 excavation notebooks and unpublished osteological study records kept in the Agora 

offices (Angel, unpublished; Little, unpublished). One of these is a single primary 

inhumation dated to the sixteenth or seventeenth century by ceramics recovered from the 

grave. The other two are communal interments whose terminal use is dated to the 

Ottoman era by artifacts recovered with the remains. A total of fifteen samples of human 

bone were collected; a full list of these samples is given in Table A 1.1 (Appendix 1). 

The second group of remains was recovered more recently. During excavation of 

a medieval residential area in the 1980s and 1990s, two small chapels were discovered 

(Shear 1997). One of these has been identified using its position and size in conjunction 

with historical records as the church of Ayios Nicolaos. The construction and history of 

this church has been interpreted as follows (Shear 1997). The initial construction, in the 

late eleventh or early twelfth century CE, was of a building whose exact layout is 

uncertain. Later, the church was modified into a larger three-aisled structure with a 

narthex. Datable finds and aspects of the building style suggest a date in the last half of 

the twelfth century for these changes. At some point in the thirteenth century, the 
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building was severely damaged and had to be rebuilt. The reconstructed church was 

smaller and slightly offset from the original plans. During this phase, five large plaster-

lined ossuary cists were constructed under the floor and filled with disarticulated human 

bone. Ceramic fragments in one of the cists suggest that its use commenced in the 

thirteenth or fourteenth century; no direct dates are available for the others. In a final 

phase of uncertain date, further architectural modifications were carried out and three 

more small ossuary cists were constructed under the floor. The church was destroyed and 

fell out of use during the Greek War of Independence. This event ends the potential use 

period of the ossuaries, which thus runs from the era of Frankish rule over Athens 

through the Ottoman era. 

Remains from two of the multiple burials were chosen for sampling using the 

excavation notebooks and osteological reports on file at the Agora (Little, unpublished), 

as well as this researcher's analysis of the remains. In total, thirteen samples representing 

nine adult and four juvenile individuals were taken. A full list of the samples taken from 

the Ayios Nicolaos burial population is given in Table A1.2, Appendix 1. 

The historical context of the Athens sample is one of life in an urban environment 

during a period of frequent political upheaval. The Late Byzantine through Ottoman 

history of Athens is marked by a transition from Greek rule to Frankish, and then to 

Ottoman domination. At the outset of this period, Athens was enjoying a phase of 

prosperity and growth. Archaeological evidence for life in the city at the time is provided 

by excavations of a residential quarter in the area of the northwest corner of the Classical 

Agora (Shear 1997). The quarter consists of densely packed courtyard homes lining 

narrow streets, and giving the impression of closely packed urban development. 

After the fall of Constantinople in 1204 the city came under the control of the 

Duchy of Athens, initially ruled by French overlords. In 1311 it was seized by the 

Catalan Company, who made it the second city in their feudal state until it was taken by 

the Florentines in 1388 (Setton 1975). In this period, Athens was an important local 

centre; Setton (1975) reviews documents suggesting that the city had about 10,000 

inhabitants, perhaps a third of whom were Franks. In 1456, Athens fell to the Ottomans, 
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who controlled it for the next 350 years apart from a brief capture by the Venetians in 

1687. According to Setton (1975), early Ottoman documents suggest that Athens 

enjoyed an importance and population similar to those of Frankish times. However, by 

the end of Ottoman rule it decreased substantially in both size and importance. 

As reviewed in Chapter 2, Orthodox worship became an increasingly potent sign 

of Byzantine heritage in the Frankish and Ottoman periods. It is reasonable to assume 

that the individuals buried in the two churches were of Greek Orthodox faith. Thus, with 

the possible exception of a few Frankish converts in the earlier centuries, it is also 

reasonable to assume that they shared this heritage and its cultural connotations. 

4.2.2. Medieval Corinth: The ancient city of Corinth is situated on the northwest shore 

of the Isthmus of Corinth, on a low terrace running parallel to the shore of the Gulf of 

Corinth. Access to the shore is easy, and the site should be considered coastal in terms of 

marine resource availability. The modern climate and vegetation are similar to those of 

the plain of Attica (Dafis 1975; Furlan 1977). 

Like the Athenian Agora, ancient Corinth has a long excavation history. The 

remains sampled for this project stem from recent excavations examining the history of 

the city during the Frankish and Ottoman occupations (Williams and Zervos 1990, 1991, 

1992, 1993, 1994, 1995, 1996; Williams et al. 1997, 1998). These have uncovered a 

sizeable area of structures which, combined with the results of earlier work in the 

Monastery of St. John to the northeast, present a portrait of a major neighbourhood of the 

medieval city (Williams et al. 1998, fig. 1). Full publication of the site is pending; 

however, the references cited above provide a detailed picture of the remains discovered 

and their likely significance. The following review is drawn from information in those 

articles, as well as from personal communications from Dr. Ethne Barnes on work done 

since 1998 and changes in some aspects of interpretation made since that time. 

According to Williams et al. (1998), the neighbourhood is characterized by 

complexes of tightly packed rooms, some with private courtyards, separated by narrow 

streets. Two wider streets lined by colonnades were likely major market areas. One of 
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these runs along the southern border of the Monastery of St. John, which marks the 

northeastern corner of the area. The other, broader street runs north-south and is found in 

the southeastern corner of the excavated neighborhood, in the heart of the area uncovered 

in 1989-1997. This gravelled street, fifteen to twenty metres in breadth, was lined along 

its eastern and western edges by buildings fronted by stoas offering protection from the 

elements to passersby. In the western stoa, there are signs that permanent market tables 

or stalls had been erected (Williams et al. 1997:15). The street comes to a dead end in the 

north, where it meets a complex of buildings including a church. 

The general sequence of events in this medieval neighbourhood appears to be as 

follows (unless otherwise referenced these conclusions are drawn from Williams et al. 

1998). At the time of the Frankish conquest, the area, which lay at the southwestern edge 

of the city, had seen little development. The major structure in place was a small 

Byzantine monastery consisting of a single-apsed church surrounded by a complex of 

small rooms (this complex was designated Unit 2 by the excavators). It appears that in 

the 1260s or 1270s, a spurt of planned building activity took place in the area. Williams 

et al. (1998) suggest that this activity may coincide with an influx of Latin refugees into 

the area after the fall of Constantinople to the empire of Nicaea in 1261, or perhaps with 

increased economic interest in the city after the Duchy of Achaea came under the 

protection of Naples; however, they caution that this speculation cannot be confirmed. 

In these planned modifications to the city, a wide road was laid out heading south, 

toward the fortifications of Acrocorinth, beginning immediately south of the monastery. 

Along this road, at least two complexes of buildings were erected. On the east side of the 

road, a series of buildings including utilitarian areas and an arcade was built. The 

complex on the other side of the street, designated Unit 1, consisted of a paved courtyard 

surrounded by a building, with a garden in the northwest corner and possibly a guard 

tower in the southeast. There is good evidence that this was a hospice, "probably set up 

to serve the sick, the poor, and pilgrims passing through Corinth to and from the Near 

East" (Williams and Zervos 1995:3). Elements of building style strongly suggest that this 

complex is Frankish not merely in date but also in terms of the ethnic affiliation of those 
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who built and used it (Williams et al. 1997:31). One room, judging from the recovery of 

medicine containers, appears to have been a pharmacy (Williams and Zervos 1995:4), 

and an adjacent area likely functioned as a sickroom (Williams and Zervos 1996:6). Two 

other rooms served as kitchens, based on the presence of hearths, cooking utensils and 

faunal refuse (Williams and Zervos 1995:5). At the time when the street was laid out and 

the initial phase of Unit 1 constructed, the Byzantine monastery of Unit 2 appears to have 

been converted to serve as an adjunct to the hospice in Unit 1. The church and narthex 

continued in use, and several areas were dedicated to human burial. The main burial 

area, room 4 of the structure, lay immediately to the east of the narthex. This room was 

converted to burial use by the addition of earthen fill over the original floor. In this area 

were buried the remains of at least 100 individuals, with many later burials cutting 

through earlier interments. Smaller numbers of burials were recovered from the interior 

of the church, the lower levels of its narthex, and room 6 of the complex, which lay 

directly north of the narthex. Final analysis of the stratigraphy and associated finds by 

Dr. A. Rohn indicates that all of these burials are related to this phase of the hospice, and 

may be dated to the second half of the thirteenth century (E. Barnes, personal 

communication 2001). 

Studies of the human remains by Dr. Ethne Barnes (Williams et al. 1997, 1998) 

provide a good match to the supposed functions of Units 1 and 2 in the thirteenth century. 

Several individuals show signs of chronic or acute health problems that might have led 

them to the hospice; for example, one adult male showed chronic septic arthritis in both 

upper limbs, and an adult female was buried with a full-term fetus in transverse position 

within the pelvis, suggesting death in childbirth. Cranial and postcranial skeletal 

markers1 suggest a highly variable population, which presumably reflects the transient 

nature of many individuals using the hospice (Williams et al. 1998 and E. Barnes, 

personal communication 2001). However, the clustering of specific genetic markers in 

1 The findings of this nonmetric trait study will be referenced at several points in this work (see Chapters 9 
and 10). The principles behind nonmetric trait analysis will not be discussed in this dissertation; good 
reviews of these, and of the cautions involved in the use of such methods, are given in sources such as 
Saunders (1989), Barnes (1994) and Larsen (1997). 
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some areas of the cemetery suggests family use of some plots (Williams et al. 1998), and 

thus, by extension, some use of the cemetery by a local long-term population. This 

population provided the first of three samples of human remains from Corinth studied for 

this dissertation. These fifteen samples, referred to from this point as the Frankish 

Cemetery group, are listed by age and sex in Table A1.3, Appendix 1. Sex and age 

assessments in the table are those of Dr. Ethne Barnes. These individuals are considered 

for the purpose of this research project to be most likely Frankish. This attribution is 

suggested by their association with a hospice complex likely to have served Frankish 

travellers, as well as high genetic variability suggestive of large numbers of immigrants 

in the group. 

The initial use phase of the hospice complex appears to have been terminated by a 

series of disasters in the early fourteenth century. This began with a major earthquake in 

1300; this event is attested to in the historical chronicles and is well-linked by coins and 

other evidence to major structural collapses in the complex (Williams et al. 1997, 1998). 

This event appears to have ended the use of the cemetery in room 4 of Unit 2 (Williams 

et al. 1997:245). Some few years later, in 1312, the city was sacked by the Catalans. 

Evidence of the violence was preserved in the fill of a manhole that supplied water to 

Unit 2 and the surrounding domestic neighborhood in the thirteenth century. This 

manhole was found filled with a mixture of ceramics, faunal remains and human bone 

and capped with stones. The ceramics agree with a closing-off date in the early 

fourteenth century, and several of the bones show perimortem sharp-edge trauma; thus 

the fill as a whole strongly argues for a connection to the Catalan attack, with bodies of 

some victims dropped into the well by the invaders (Williams et al. 1997). Major 

structural collapses also occur near this time, witnesses perhaps to a second earthquake. 

After these events, the use of Units 1 and 2 shifted in pattern. Unit 1 was largely 

abandoned, although one section of the building was repaired and continued in use for 

some purpose. Burial activity in Unit 2 resumed in a different pattern. In this period, 

bodies were buried in the upper levels of the narthex of the church and scattered around 

the church itself, which apparently was disused (E. Barnes, personal communication 
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2001). This phase of the cemetery dates to the fourteenth through early fifteenth century. 

The burials within it are distinguished from those of the earlier phase by less genetic 

variability as estimated from cranial and postcranial nonmetric markers. The population 

appears to be a continuation of the earlier burial group, but with few new genes 

introduced (E. Barnes, personal communication 2001). The second sample of Corinth 

human remains analyzed in this study comes from this population. These sixteen 

individuals, referred to from this point as the Ruined Church Cemetery group, are listed 

by age and sex in Table A 1.4, Appendix 1; as before, sex and age assessments are those 

of Dr. Ethne Barnes. The identification of these individuals as Frankish is less certain 

due to the more tenuous connections with use of Unit 1. However a connection is 

suggested by their similarities to the earlier Frankish Cemetery group. 

A final phase of use in the area is represented by burial activity associated with 

the early years of Ottoman domination over Corinth. These burials were recovered from 

the area of the market street south of the ruined church and north of an Ottoman era road 

that transected the former market street, and date to the sixteenth century (Williams and 

Zervos 1990, 1991, 1995; E. Barnes personal communication 2001). They are identified 

as Ottoman Muslim based on burial practices: the heads are turned to face Mecca and the 

hands are placed at the sides. These individuals exhibit some genetic continuity with the 

populations from the other two cemeteries, primarily in females; however, the nonmetric 

markers indicate, for the most part, the introduction of a new group to the site (E. Barnes, 

personal communication 2001). Individuals from this group form the last of the three 

Corinth samples. Information for the fifteen individuals is provided in Table A1.5, 

Appendix 1; sex and age estimations were done by Dr. Barnes. Based on information 

from the burials, the remains are assumed to be Ottoman Muslim in cultural affiliation 

and largely of non-local origin, although the evidence from nonmetric markers suggests 

that some individuals may be descended from local groups. 

At the time the three cemeteries were used, Corinth was an important centre for 

rule and trade in the Peloponessos. The author of the Chronicle of the Morea describes 

its appearance at the time of the Frankish conquests: "a formidable castle, the finest of 
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all Romania ... lies upon a mountain crag ... while the town lies below on the plain, well 

enclosed, indeed, with towers and walls" (Lurier 1964:110-111). After the fall of 

Constantinople in 1204, the city held out briefly under the rule of the Greek magnate 

Leon Sgouras, but fell within a few years to Geoffroy de Villehardouin. Almost 140 

years of rule by the French followed. The energy invested in building suggests that the 

city continued in its importance in the thirteenth century; this is also indicated by the fact 

that the city was the seat of a Roman Catholic archbishopric (Lurier 1964). As described 

above, the fourteenth century opened with a severe earthquake in 1300, and a raid by the 

Catalans in 1311. The severity of the effects on the city may be inferred from the fact 

that the Pope issued the Catholic Archbishop there with a remission of the city's debts to 

the Curia "because of the invasion and destruction of the city and country of Corinth 

which is known to have been subjected to desolation by the Catalan Company" (Setton 

1975:25). The fourteenth-century history of the city was more unsettled. It passed into 

Florentine control in 1358, and was fought over by rival Frankish and Greek claimants in 

the late fourteenth century. Although Corinth came briefly under Greek rule again as a 

result of this conflict, by this time the area was increasingly troubled by rebellion and the 

expanding Turkish threat. The Ottomans took control of the region in 1458. 

4.2.3. The Gatteliusi and Ottoman cemeteries at Mitilini: Mitilini is the capital city of 

the island of Lesvos, one of the largest and easternmost of the Greek islands. Located 

about twenty kilometres off the Turkish coast, the island is fertile and the surrounding 

ocean productive. Access to both marine and terrestrial resources, although not to 

freshwater resources, should thus be considered easy. The climate of Mitilini is slightly 

more moderate than that of Attica, with modern mean temperatures around 8°C in 

January and 26°C in July, and an annual precipitation of 500 mm. Winters are cool, 

damp and windy. According to Dafis (1975), the natural vegetation of the area ranges 

from Mediterranean shrubs such as Erica arborea in south-facing and sunny areas to oak 

forest in north-facing and wet areas. 
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Excavations at Mitilini by the Canadian Universities Mitilini project, in 

conjunction with the Greek Archaeological Service, began in 1983. The preliminary 

results of these excavations are available in the literature (Williams 1984; Williams and 

Williams 1985, 1986, 1987, 1988, 1989); the following descriptions are taken from these 

reports and from personal communications with Dr. E. Hector Williams. 

The first cemetery site sampled is associated with a small church in the fortress of 

Mitilini. This fortress occupies the highest point of land in the city, a limestone 

promontory directly on the coast. The present fortifications were likely constructed by 

the Genoese in the 1370s, and were most recently modified by the Ottomans in the late 

eighteenth to early nineteenth century (Dennis 1982; Williams and Williams 1986). The 

area enclosed by the walls is extensive, and at one time functioned as a Turkish domestic 

quarter (Williams and Williams 1987). Beneath the remains of a nineteenth-century 

mosque, a small church was discovered. As described by Williams and Williams (1987), 

this church is simple in plan, oriented roughly east-west with a single aisle. The date of 

its initial construction is uncertain, but stylistic traits argue for some time in the Middle 

Byzantine period. The base of a minaret tower indicates that the building was converted 

for Muslim worship after the island passed to the Ottomans; at some point after that, it 

was destroyed, and a second mosque was built over it. During use of the building as a 

Christian church, a number of burials were made under the floor of the apse and in the 

area directly surrounding it. These burials were generally of extremely simple form, 

apart from a single individual buried in a well-built stone-lined grave. Grave artifacts 

were restricted to some bronze belt buckles and javelin points (Williams and Williams 

1988). The burials, some single and some multiple, represent a minimum of twenty 

individuals. 

There is good evidence that the burials in this small cemetery pertain to members 

of the Genoese-Byzantine family Gatteliusi. A partially completed sarcophagus 

recovered from the site bears the Gatteliusi crest, and the location of the small church 

within the guarded space of the fortress supports its identification as a Gatteliusi funeral 

chapel (the Gatteliusi, rulers of Lesvos from 1354 to 1462, are discussed in more detail 
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on the following page). The remains were inventoried and studied by this researcher. 

Fourteen samples of human bone were taken; age and sex data are provided in Table 

A 1.6, Appendix 1. 

The second site from Mitilini included in this analysis is the late Ottoman 

cemetery to the south of the fortress promontory, near its base. This area was excavated 

with the intention of examining the Roman and earlier occupation layers below; the 

Ottoman cemetery was discovered in levels superimposed over a series of Roman 

domestic structures (Williams and Williams 1987, 1989). As excavation continued, it 

became clear that substantial remnants of the cemetery were present. These consisted of 

a large number of single burials, both partial and intact. The corpses were interred in 

simple shrouds held with pins, the head facing toward Mecca. Also recovered were 

numerous fragments of Islamic grave markers. Local records indicate that the area was 

used as a Muslim cemetery in the nineteenth century; after the island passed into Greek 

control in 1912, the cemetery was razed and overbuilt (Williams and Williams 1987). 

Altogether, approximately half of the original cemetery was salvaged (H. Williams, 

personal communication). The remains were inventoried and studied by this researcher. 

The population represents a minimum number of fifty individuals, many of which are in 

fragmentary condition due to damage related to later building on top of the cemetery. 

Forty-six samples were taken for isotopic analysis; sex and age information is given in 

Table A1.7. The large number of samples taken relates partially to research goals of the 

Mitilini project, and partially to the rare opportunity for study that the bones offer; few 

confirmed Ottoman Muslim skeletal populations from the Greek world are available for 

study. 

The two eras that the remains pertain to saw Lesvos ruled by outsiders. In the 

negotiations between Western powers in 1204 as to the division of the Empire, Lesvos 

fell to the Latin Empire of Constantinople (Lock 1995:49). However, it was held only to 

1230-1233, when it was taken by John Vatzates and returned to Greek government as 

part of the empire of Nicaea (Treadgold 1997:723 and n. 9). Over a century later, it was 

handed peacefully into Frankish control as the result of an internal political struggle in 
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the empire. As related by Dennis (1982), in 1354 the Genoese adventurer Francesco 

Gatteliusi was asked by the deposed John V Palaeologos to help him in returning to his 

throne; in return, he was offered the hand of Palaeologos' sister, with the island of 

Lesvos as her dowry. He agreed; the coup was successful, and the couple were married 

in Constantinople and returned to the island in 1355 to take up rule. Under Francesco 

Gatteliusi, the currently standing version of the island's upper fortifications was 

constructed. A visitor to the island at the time reported the family to live a courtly life, 

with fine hunting and good food. The family's alliance to the Empire stayed close 

despite periodic political differences, and intermarriage continued, as when a daughter of 

the Gatteliusi was wed to John VII Palaeologos. Gatteliusi dominion over the island 

ended when it fell to the Ottomans in 1462. 

The remains from the small Gatteliusi cemetery thus represent the most privileged 

social stratum on the island, who would have had access to any foods they desired. It is 

safe to say that the family would have identified primarily with their Genoese heritage. 

However, there may well have been significant effects of their mixed ethnic background 

on aspects of their private life such as food habits, especially since it was the female side 

of the original marriage that was Byzantine by origin. 

The second group of individuals in the Mitilini study sample lived in the waning 

years of Ottoman rule in Greece. By the late eighteenth century, Ottoman power in the 

Mediterranean was contracting. At the time of the treaty of Kuchuk Kainardji in 1774, 

the empire still officially included much of North Africa, Egypt, much of the Near and 

Middle East, Greece and the southern Balkans. However, this appearance was somewhat 

deceptive, as North Africa and Egypt essentially functioned as independent vassal states 

at the time (Palmer 1992:43). Nominal control over Egypt would be retained until British 

rule began in 1883; however, much of the empire's North African territory would be lost 

to French expansion by the 1850s. The nineteenth century was marked by increasing 

nationalism in Greece and other areas of the Balkans. In Greece, this would culminate in 

the War of Independence, which, starting in 1821, returned areas of Greece to Greek rule. 

Lesvos itself, however, remained under Ottoman rule until 1912. 
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The Muslims interred in the cemetery of Mitilini were citizens of the Ottoman 

Empire. They enjoyed the same religious privileges as had earlier Muslim populations of 

Greece, and despite the narrowing borders of the Empire, they still lived in a 

Mediterranean Islamic world with broader ties to places as far away as North Africa and 

the Middle East. However, they lived in a very different world from any of the medieval 

populations studied in this dissertation, including the earlier Corinth Ottomans. By this 

era, improved technology in transport and communications made both trade in food and 

movement of peoples easier. The impact of these changes on diet is uncertain; as was 

discussed in Chapter 2, many populations in modern Greece retained a fairly traditional 

diet based on locally grown foods until well into the twentieth century. However, the 

potential impact of the very late date of the population cannot be ignored. Recognizing 

these limitations, the population is included in the study as an outlying group. 

4.2.4. The Early Christian and medieval cemeteries of Nemea: The valley of Nemea is 

located in eastern Arcadia, south and west of Corinth. The climate is cooler than that of 

the coast in both summer and winter, but it receives a similar amount of precipitation 

(Furlan 1977). Ringed by mountains, the inland valley should be considered to have little 

access to marine resources, unless these were brought in dried or salted. The presence of 

a river running through the site in most of its phases opens the possibility of some 

freshwater resource access. The natural vegetation of the area is dominated by evergreen 

maquis (Dafis 1975). 

Nemea has been under archaeological examination for decades, with the main 

efforts focused on recovering details of the site's function as a site of the Sacred Games 

(Birge et al. 1992). However, in the course of these investigations, a significant amount 

of Early Christian and medieval material has been recovered (Miller 1977, 1979, 1980, 

1981, 1988; Birge et al. 1992). This appears to relate to two major periods of Christian 

era use of the area. The first of these phases seems to have been fairly extensive, and 

dates to the fifth to sixth century CE. In this period, Nemea was the home of a farming 

community centred around a Christian basilica. This church was erected in the fifth or 
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sixth century over the Xenon of the sacred site, which had fallen into disuse by the 

second century BCE (Miller 1981, Birge et al. 1992). The basilica was constructed using 

limestone blocks quarried from the surrounding ruins, and was floored with tile (Miller 

1979; Birge et al. 1992:102). Somewhat after the construction of the basilica, an 

attached structure was erected immediately to the southwest. Lamps and coins recovered 

from this structure indicate a brief use period restricted to the sixth century; utilitarian 

artifacts such as farming tools found within it suggest domestic use, perhaps for the 

clergy attached to the basilica (Miller 1988). The size and solidarity of this religious 

complex suggest that Nemea was of some importance in this era. However, excavations 

to date have recovered few other traces of domestic activity. Instead, extensive areas of 

the site show trenching, churned soil levels and plough scars on earlier stone structures 

indicative of farming activity. This destruction is encountered in numerous areas of 

Nemea (Birge et al. 1992). It bears witness to significant activity at the site that must 

relate to a settlement in the immediate area. The other significant activity that took place 

within Nemea itself is burial of the dead. In the Early Christian era, this activity did not 

centre around the basilica, but rather was focused to the north, around the former Temple 

of Zeus and between the temple and the basilica. Burials definitely or likely dating to the 

fifth and sixth centuries were recovered from the areas immediately surrounding the 

temple (Miller 1977, 1980) and interspersed with plots of farmed land somewhat further 

to the south (Miller 1979). The graves are a mixture of simple pit graves, tile-covered 

graves, and built graves using stone slabs from the ruined temple. Artifacts recovered 

from the graves are generally limited to the occasional small personal possession. They 

are dated to the period through stratigraphic associations. This occupation period at 

Nemea appears to end after the sixth century, followed by roughly 600 years of apparent 

minimal use or abandonment (Miller 1988). 

The second period of Christian occupation at Nemea begins in the twelfth 

century. It is attested to by fewer remains than the earlier period. These include a simple 

stone building overlying some Early Christian graves south of the former temple; this 

two-roomed building has two well-built cisterns along its south side and has pottery 
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associations suggesting a date in the thirteenth century (Miller 1977). Apart from this 

structure, medieval activity is primarily suggested by scatters of ceramics, a few coins, 

some trash pits with ceramic dates in the twelfth or thirteenth century, and re-use of the 

Early Christian basilica (Miller 1977, 1981, 1988); there is also some farming activity 

preserved in the form of irrigation ditches (Birge et al. 1992). By this time, the basilica 

had fallen into ruins, as attested by a general cover of twelfth and thirteenth century 

debris that accumulated over its floor (Miller 1981). Through this floor, grave pits were 

sunk into the narthex, nave and southern rooms of the structure. As with the earlier era, 

grave goods are scanty. Where datable, the graves are twelfth or thirteenth century 

(Miller 1981; Birge et al. 1992:104). The same area produced a later series of stone-

lined graves dating to the fourteenth to fifteenth centuries. These are associated with a 

small chapel constructed during this period atop the ruins of the basilica. Due to the 

predominance of multiple burials in this group and the apparent tight dating of all of the 

graves, Miller (1988) suggests that they may stem from a single event. 

Sampling of the material was performed with the primary goal of surveying the 

medieval period. However, the presence of Early Christian remains was an unanticipated 

opportunity to compare a population of this period to the medieval Nemea material and to 

the other medieval samples in the study. The dietary reconstruction in Chapter 2 used 

some historical documents from this period, such as the edict of Diocletian, to draw 

analogies to diet in the medieval period. The underlying assumption is that many aspects 

of common diets did not change between the two eras. Inclusion of the Nemea Early 

Christian remains is an interesting preliminary test of this idea, although a larger 

comparative study would be needed to address it thoroughly. 

With these ends in mind, twenty-nine individuals from the Early Christian period 

and twenty-five from the Late Byzantine through Frankish period were selected for 

sampling. As noted above, the two periods are largely separated spatially within the site, 

with the medieval inhabitants using the ruined basilica as a burial ground while the earlier 

inhabitants preferred areas further to the north. Some mixture may have occurred; 

however, original excavation notes, finds and personal communication from Dr. S. Miller 
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were used to sort out a securely dated sample for each period. Portions of the Nemea 

skeletal material are currently under study by Dr. Marshall Becker; however, age and sex 

assessments for this study were performed by the current researcher. The Early Christian 

samples are detailed by age and sex in Table A1.8, Appendix 1, while the medieval 

remains are presented in Table A1.9. For the medieval sample, some individuals from 

the small late cemetery were included (individuals SNE-46 through SNE-53 in Table 

A1.9). As will be seen in Chapter 8, there are no isotopic differences between the Late 

Byzantine remains and this smaller group. For most purposes in this work, they will be 

treated together. 

As for the social and historical context of these remains, all evidence points to 

their being drawn from rural settlements. With the exception of one Early Christian 

individual buried with a large amount of jewelry (Miller 1981; this individual was not 

sampled), the small number of grave goods and their modest nature suggests populations 

of humble status (Miller 1976, 1977, 1979, 1980, 1981, 1988). The Early Christian 

sample must relate to the extensive contemporaneous signs of farming in the area, and the 

medieval sample presumably reflects a similar context since no signs of intensive 

settlement are present. If the size of the basilica and the number of burials are any 

indication, Nemea was a fairly major farming community in the Early Christian period. 

The stability and security of the area are a more open question; as reviewed by Haldon 

(1990:44-45), the Peloponessos was subject to increasingly violent raids in the sixth 

century by Slavs and Avars, which resulted in the seventh century in major Slavic 

colonization of the area, with all but the easternmost part of the peninsula passing from 

Byzantine control. Certainly, the Early Christian settlement period seems to have ended 

abruptly, and perhaps in violence. The violence is suggested by the recovery of a 

skeleton from elsewhere in the site; datable to the seventh century through associated 

artifacts, this individual was never accorded burial and shows signs of injury from an 

edged weapon (S. Miller, personal communication 1997; Garvie-Lok 1998). 

At the outset of the medieval period of occupation at the site, Greece was still in 

the period of economic prosperity documented by Kazhdan and Epstein (1985), 
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Treadgold (1988) and Angold (1997). Through the era of the small group of later burials, 

Frankish and even perhaps Turkish rule must be assumed. However, given the 

apparently rural nature of the activity at Nemea, one must question how much effect this 

would truly have had on daily life. As reviewed in Chapter 2, a considerable separation 

was maintained between Greek Orthodox and Frankish populations in the period. 

Certainly, some social changes may have been obvious to the people of Nemea; for 

example, in the nearby valley of Stymphalos, the Franks erected a Cistercian monastery 

(Williams 1985). However, it is likely that many aspects of life for inhabitants of the 

valley of Nemea were not altered by the change of overlords. 

4.2.5. The medieval cemetery of Petras at Siteia: Petras is situated on the gulf of Siteia, 

which lies at the extreme eastern end of the northern coast of Crete. The site is located 

on a low hill, from which it takes its name, 1.5 kilometres from the modern town of Siteia 

and less than one kilometre from the shore. Modern mean temperatures on the Gulf of 

Siteia are about 10°C in January and 25°C in July, with annual precipitation around 1,000 

mm. (Furlan 1977). According to Dafis (1975), modern natural vegetation in this area is 

similar to that seen at lower elevations near Athens and Corinth. The gulf of Siteia offers 

a number of good harbours. Thus, access to marine resources should be considered 

immediate, as would be access to traded resources in times of active trade. 

The gulf of Siteia was intensively utilized in the Minoan era, and several areas 

along its shore have been thoroughly surveyed (Tsipopoulou 1989). Petras itself is the 

site of an important Minoan settlement intensively excavated since 1985 by the Greek 

Archaeological Service (Tsipopoulou 1989, 1996). The settlement, located on the 

seaward slope of the hill, was occupied from the Early Minoan period onward, and at its 

peak in the Neopalatial period, it consisted of a township with a central palatial structure. 

Excavation at Siteia has also led to the recovery of later remains, including the cemetery 

dealt with in this study. The following description of the cemetery, as yet unpublished, is 

based on personal communication with the excavator, Dr. M . Tsipopoulou. 
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The medieval cemetery of Petras consists of thirty-three graves dug into the 

LMIB destruction layer of Minoan Petras. They were excavated in 1991 through 1996, 

by the Greek Archaeological Service. The graves include thirty-two primary burials and 

an ossuary deposit. The grave construction was simple, either cists cut into the bedrock 

or shafts dug into the earth. In some cases, walls from the Minoan period were 

incorporated into the grave structures. Material recovered with the remains has allowed 

them to be securely dated to the late twelfth to early thirteenth century. The material 

from Petras has been studied by Dr. Ethne Barnes. Samples taken from the remains for 

this study survey a subset of the individual graves as well as the ossuary. A summary of 

samples by age and sex is provided in Table A l .10. Sex and age assessments are those of 

Dr. Barnes. 

In the period that the cemetery was in use, Petras as a town did not exist. 

Tsougarakis (1987:304) relates that while the remains of a fifth- to early sixth-century 

basilica have been recovered from there, the complete absence of references to the town 

in official sources after that indicates that it was abandoned some time in the seventh 

century, to be refounded in the Byzantine era. The possible use period of the cemetery 

spans two eras in the history of Crete. In the twelfth century, Crete was under Byzantine 

imperial control. In 961, the empire under Romanus II had regained control of the island 

from the Arab raiders who had held it from 828, using it as a base for seaborne raids on 

the empire's Aegean territories. Tsougarakis (1987) is of the opinion that the majority of 

the inhabitants of the island had retained their own religion and culture through the period 

of Arab rule, and that reintegration into Byzantine society was quite rapid. Certainly, by 

the twelfth century, Byzantine control had been firmly re-established. Tsougarakis 

(1987) and Angold (1997) are united in seeing this as a time of relative independence and 

prosperity for Crete; the political system was headed by imperial representatives sent 

from Constantinople, but the society was dominated by the archontes, local nobility of 

Greek background. The island's population was Greek Orthodox in background and 

outlook. After 1204, Crete was briefly occupied by the Genoese, but in 1211 it was taken 

by the Venetians, under whose control it would remain until the Ottoman conquest in 
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1667. Both Topping (1977d) and Lock (1995) describe a harsher political order under 

the initial decades of Venetian rule than was typical of the other Frankish states, as the 

Venetians completely excluded the archontes from power. This provoked a series of 

rebellions, and the Venetians were finally obliged to relax their policies to keep the 

island. However, Lock (1995:152) remarks that while the effects of the Venetian 

conquest were serious from the perspective of the archontes, they were likely not so 

much so for the rest of the population, as "the poor had merely exchanged landlords". 

Thus, although the rural cemetery of Petras spans this particular political transition, rural 

life, and rural diets, likely did not change significantly. 

4.2.6. The Episcopal Church of Kastron at Servia: Servia is located in the north of the 

Greek peninsula, in Kozani prefecture. It sits on the southeast slope of the Aliakmon 

valley, overlooking Lake Aliakmon, which is created by a modern dam. The valley is 

separated from the Thermaikos Gulf and the coastal plains around Katerini by the 

northern extension of the Olympos-Pelion-Ossa mountain range which runs along the 

eastern coast of the Greek mainland. Thus, although the region lies only about fifty 

kilometres inland, the more natural trade routes to the coast in premodern times were 

longer, running along the Aliakmon river valley (Higgins and Higgins 1996). The 

journey would have been long enough to classify Servia as an area where access to fresh 

marine resources was significantly more difficult than on the coast. Freshwater resources 

from the river, however, could have been more easily come by. The climate of the area is 

more temperate than that of the Peloponessos, with modern January averages around 4°C 

and July averages around 24.5°C. In upland areas this far north in the Greek peninsula, 

the modern vegetation in natural areas is dominated by pine and oak forests (Dafis 1975). 

The ruined episcopal church of Kastron is situated in the Byzantine fortifications 

of Servia. Work on the building by the Eleventh Ephorate of Byzantine Antiquities was 

begun in 1995, with the goal of investigating the history of the structure and preparing it 

for restoration and protection of the remaining frescoes. As no publications on the 

project could be accessed, the information below is the result of personal communication 
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with the project leader, N . Tsilipakou, and other project members. The church consists of 

a large three-aisled stone structure, with remnants of fine wall frescoes. Research to date 

indicates that it was built in the eleventh century, with further major modifications 

occurring in the thirteenth or fourteenth century. It was an episcopal building, but 

records indicate that it may also have served as a nunnery church in its early history. 

Excavation of the building recovered numerous human skeletal remains, removed 

in the 1995, 1996 and 1997 excavation seasons. These subfloor interments were found in 

all areas of the building. Most of the burials are secondary, consisting of collected piles 

of long bones and skulls, some placed in rough stone cists. However, a number of 

primary burials in clearly demarcated graves were also recovered. These show a broadly 

similar structure typical of Greek medieval burials: a simple grave with little or no 

associated architecture, oriented east-west. They contain the remains of one or more 

individuals in primary context, and sometimes the disarticulated remains of earlier 

individuals moved aside to make room for the terminal burials. Few if any 

accompanying artifacts were recovered; one individual was accompanied by a bead 

similar to those used in modern worry bead strings, and a few burials yielded fragments 

of what may have been cloth embroidered with metallic thread, suggesting an 

ecclesiastical or upper-class social identification. Stratigraphy suggests that these 

primary burials date to the early centuries of the church's use. Sampling for isotopic 

analysis was limited to these burials. Twenty-one samples of human bone were collected 

for analysis; a list by age and sex is given in Table A l .11, Appendix 1. 

The kastron of Servia is situated uphill of the modern town. Historically, it is of 

significant defensive importance, as the valley was the major route northward out of 

Thessaly to Macedonia (Angold 1997:92). The region was one of those overrun by the 

Slavs in the sixth century; however, by the eleventh century it was firmly under 

Byzantine control. A large-scale forced resettlement of Byzantine Greek civilians from 

Asia Minor in the ninth century had restored the Greek language and Byzantine cultural 

affiliation of the area (Treadgold 1997:427-428). As in other areas of Greece, the 

eleventh century was relatively prosperous in this region; Kazhdan and Epstein 
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(1985:36) regard the construction of the basilica at Servia as a witness to the stability of 

the area and the revitalization of urban life. After 1204, the Servia region fell fairly 

quickly under the control of the Despotate of Epiros. In 1256, the town and its fortress 

were ceded to Nicaea by the ruler of Epiros to seal a marriage pact (Treadgold 1997:730). 

However, the peace between the two states did not last, and Epiros sent a combined force 

of Greeks, Franks and Slavs against Nicaea shortly thereafter. At this point, we find the 

castle in the Chronicles of the Morea; Lurier (1964:180) identifies the fortifications of 

Servia with the "castle called Servia" that the allied forces passed on their way to battle in 

1259. Nicaea was victorious, and Servia passed the following years within the borders of 

the Byzantine empire. However, in the early fourteenth century, the region came under 

increasing threat from the Serbian empire, and in 1345-6, all of the towns of the area 

including Beroia and Kastoria were taken by the Serbs (Nicol 1984). Thessaly was ruled 

by Gregory Preljub, who was based for some time in the fortress of Servia, which he 

successfully defended against John Cantacuzenus (Nicol 1984:149). Around 1372, 

control of the region passed to a independent Greek ruler; by this time, the area was 

menaced by Ottoman expansion (Nicol 1984). In 1379, the Greeks sent a delegation 

from Kastoria to the Serbian ruler of Epiros, offering him possession of the castle of 

Servia i f he would assume its defense; he refused (Nicol 1984:149). Ottoman control 

over the region was established by 1389 (Nicol 1984:160-162). 

Thus, the most likely time period of the Servia burials studied for this project 

covers two transitions in the history of the area, from Greek rule through the brief Serbian 

domination to Ottoman rule. The period of Serbian rule opens the possibility that some 

of the burials date to this period, although no stylistic differences suggesting the presence 

of a second ethnic group were seen. Despite this uncertainty, the site is a valuable look at 

a northern, inland population unlikely to have had significant access to marine resources. 

4.3. Faunal samples: As described in section 4.1 above, three of the sites chosen to 

provide the study sample of human remains did not offer the option of collecting faunal 

remains. Excavations at Petras and Servia did not encounter medieval occupation areas, 
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while medieval occupation debris at Nemea did not offer a suitable faunal collection. 

The faunal samples collected from the remaining three sites are described below. 

Sampling of modern marine resources is also described in this section. 

The largest archaeological faunal sample comes from the Athenian Agora. These 

remains stem from the medieval domestic area at the northwest corner of the Agora that 

was excavated in the late 1980s and early 1990s. The long use of this area as a habitation 

space and the intensive excavation it has undergone have produced a large amount of 

well-dated faunal bone from kitchen middens. This makes the area ideal both for 

collection of a faunal sample and for examination of any systematic changes in faunal 

5 1 3 C or 5 1 5 N that may have occurred over the medieval through early modern periods. A 

total of twenty samples of Ovis/Capra, Sus, and Bos bone (as well as one Equus sp. 

sample) attributed to the ninth through the eighteenth century were collected. Samples 

collected from the other two sites were smaller. That from Mitilini stems from middens 

dating to both medieval and later Ottoman occupation periods. These include seven 

animals from Byzantine deposits and five from Ottoman era deposits. The smallest 

sample is from Corinth; the seven bones sampled from this site date to the twelfth or 

thirteenth century and form part of a collection of domestic debris recovered from a 

roadbed in the site. A full list of samples by site, genus and era is given in Table A 1.12, 

Appendix 1. 

The Mediterranean marine organisms analyzed for this study were purchased 

fresh from the Athens central market in 1998, and were caught in Aegean or Adriatic 

waters. The species selected consist largely of bony fish with a long history of 

consumption in Greece; octopus and squid were also analyzed. A complete list of the 

species analyzed by scientific name, Greek colloquial and English colloquial name is 

given in Table A 1.13, Appendix 1. Initial identification of the fish was made based on 

the Greek colloquial name they were sold under. As colloquial names for Mediterranean 

fish are not always consistent (Papakonstantinou 1988), the identification was confirmed 

at the Weiner Laboratory of the American School for Classical Studies using descriptions 

given by Whitehead et al. (1989). They were also measured and photographed in case 
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further confirmation was required. Following this, several bones were dissected out of 

each fish. These were prepared for transport to Canada by soaking in warm water, 

removing soft tissue, scrubbing with plain water, and oven-drying for several hours at ca. 

50° C. Squid and octopus flesh were cut away from the animal, packed in airtight vials 

and frozen. These thawed during transport to Canada, but time spent at room temperature 

was no more than twenty-four hours, and they were immediately frozen again afterwards. 

Subsequent preparation of the material prior to analysis is described in Chapter 5. 

4.4. Summary: The goal at the outset was to assemble a collection of samples best 

chosen to address the questions that have been posed regarding medieval Greek diet. To 

satisfy this goal, six sites, comprising ten populations in all, have been chosen for study. 

The populations are listed by site in Table 4.1 (p. 184). 

The nature of this sample is well-suited to the problems at hand. To allow for 

environmental variation and its impact on resource use within the Greek Orthodox 

community, sites for this group cover a number of different local environments. Servia 

and Nemea represent inland environments ranging from northern to southern Greece. 

Athens represents a near-coastal site on the mainland, while Petras represents an island 

locale. These differences will allow the impact of presumed ease of access to marine 

resources to be addressed, as well as offering other information on the amount of 

variability to be expected between populations. As well as being of interest in its own 

right, this will allow the significance of any differences seen between the Orthodox 

populations and other groups in the area to be realistically assessed. Gender differences 

in diet and other aspects of internal variation should also be adequately addressed, thanks 

to the relatively large samples gathered. Ethnic differences, and the question of temporal 

differences in C4 grain use, are addressed through sampling Frankish and Ottoman 

groups in addition to the Greek Orthodox populations. An Early Christian sample is also 

included; this may provide interesting information on comparative resource use in the 

Late Roman and medieval periods. Thus, in all, the sample should allow the creation of a 

fairly complete isotopic portrait of medieval Greek diet. 
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Table 4.1: Human Populations Chosen for Study 
Site Location Date Affiliation N 

Athenian Agora 
Ayios Nicolaos 
Hephaisteion 

Mainland, coastal 
ca. 13 t h -18 t h c. 
ca. 1 1 t h - 18 th c. 

Greek Orthodox 
Greek Orthodox 

15 
13 

Medieval Corinth Mainland, coastal 
Frankish 
Ruined Church 
Ottoman 

13 th c. 
1 4 t h - 1 5 t h c. 
16 th c. 

Frankish 
Frankish (?) 
Ottoman Muslim 

15 
16 
15 

Mitilini 
Gatteliusi 
Ottoman 

Island 
1 4 t h - 1 5 t h c. 
19*0. 

Frankish/Byzantine 
Ottoman Muslim 

14 
46 

Ancient Nemea 
Early Christian 
Medieval 

Mainland, inland 
5 t h - 6 t h c. 
1 2 t h - 15 t h c. 

Greek Orthodox 
Greek Orthodox 

29 
25 

Petras Island 12 t h - 13 t h c. Greek Orthodox 17 

Servia Mainland, inland 11 t h -ca . 15 t h c. Greek Orthodox 21 

1-3 I c 

The sample used to provide information on expected 8 C and 8 N values of the 

available resources at the time includes archaeological and modern fauna. Common 

domesticated animals from three sites are sampled. These represent both mainland and 

island environments and show some climatic variation, with Mitilini experiencing cooler 

and wetter conditions than Athens or Corinth. The large Athens sample, covering almost 

the entire temporal span of the study sites, offers an opportunity to detect temporal 

variation in livestock 8 I 3 C or 8 1 5 N. The modern marine organisms may differ from 

medieval marine resources in their 8 1 3 C and 8 1 5 N values; however, they are the best 

indicators available. Used with caution, this sample should give a good idea of the 8 C 

and 8 I 5 N values of foods available to medieval Greek populations. 
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Chapter 5: Sample Processing and Evaluation 

This chapter outlines the preparation methods and sample evaluation criteria 

chosen for the study. Here, discussion moves into the area of current technical issues in 

stable isotope analysis. The chapter begins with a review of the process of bone 

diagenesis as it is currently understood. This is followed by a description of the methods 

chosen for the isolation of bone collagen and for the detection of diagenetic alteration in 

archaeological collagen samples. This discussion is brief, as all methods chosen are in 

common use in the literature. Much more space is devoted to bone carbonate preparation 

and the detection of diagenetic alteration in carbonate samples. As will be seen, the 

choice of methods for the carbonate samples was more difficult as there is less consensus 

in the literature. While current preparation methods are generally based on the dilute 

acetic acid treatment developed by Lee-Thorp (1989), they vary in terms of acid solution 

concentration and treatment time, with implications for sample quality. There is also a 

debate over the appropriate methods for detecting diagenetic alteration in bone carbonate. 

To resolve some of these questions, an experiment was designed to explore the 

impact of acid solution concentration and treatment time on archaeological bone samples. 

1.0 M and 0.1 M acetic acid solutions were used to prepare a series of archaeological 

bone samples for carbonate analysis. The impact of the two solutions on sample loss, 

carbonate 5 I 3 C and 6 I 8 0, carbonate content and crystallinity as measured by FTIR 

indices were compared at varying treatment times. The results suggest that a four hour 

treatment with 0.1 M acetic acid is sufficient for the preparation of recent archaeological 

bone, and minimizes problems with sample loss and recrystallization. However, they 

also suggest that changing the acid solution concentration will have significant effects on 

sample 8 1 3 C and 5 1 8 0 values. This finding is consistent with results reported by some 

other researchers (Koch et al. 1997) and has implications for the comparison of bone 

carbonate 5 I 3 C data in the literature. Following the presentation of these data, the chosen 

preparation method and preservation indicators for bone carbonate samples are described. 
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5.1. Diagenesis in bone: The process of bone diagenesis is complex, and dependent 

on local conditions. This review is intended to outline the major processes involved, as 

an understanding of these is essential to the development of effective sample preparation 

methods and evaluation criteria1. 

Structurally, bone is primarily an amalgam of two phases, protein and mineral2. 

The protein phase is largely composed of Type I collagen. This protein is composed of 

three long chains of the form Gly-X-Y, where a large number of the X and Y positions 

are occupied by proline or hydroxyproline. These chains together form molecules with a 

triple helical structure, which in turn aggregate along their long axes to form collagen 

fibres. In this formation, the molecules show a high degree of cross-linkage. The overall 

structure is tough, elastic and stable. Around this framework, crystals of bone mineral 

are deposited. Bone mineral is a heavily substituted, poorly crystalline apatite with the 

unit formula Caio(P04)6(OH)2. Carbonate ions occur in three locations in this structure. 

The first two are substitutions at the OH" and PO43" positions of the crystal lattice, with 

the latter being much more common. These substitutions are referred to as Type A and 

Type B carbonates, respectively. Due to their location, Type A and B carbonates may be 

referred to collectively as structural carbonates. The carbonate found in the third location 

is more labile. This carbonate has been argued to be adsorbed on the surfaces of apatite 

crystals (e.g. Betts et al. 1981). However, more recent research suggests that it represents 

the carbonate contained in more disorganized regions of apatite crystals (Rey et al. 1989, 

1990, 1991b). Here, it will be referred to as the labile carbonate fraction. Studies of 

maturing bone and enamel demonstrate that labile carbonate is most prevalent in 

immature apatite crystals, and that as biological apatite matures and its crystallinity 

increases, its labile carbonate content decreases (Rey et al. 1991a, 1991b; Boskey et al. 

1998; Camacho et al. 1999). A similar pattern is seen in the osteons of mature human 

' Many of the processes that will be described in this section also occur in buried dentine and enamel. 
However, as these materials were not analyzed in this study, the review will treat bone diagenesis only. 
2 Apart from points that are specifically referenced, the information contained in this paragraph was 
compiled from LeGeros and LeGeros (1984) and Butler (1985); it can be obtained from any similar 
general sources on bone. 
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bone, with crystallinity increasing and the proportion of labile carbonate decreasing as 

one passes from the most recently deposited mineral at the Haversian canal to the most 

mature apatite at the border of the osteon (Paschalis et al. 1996). On a bulk level, intact 

bone mineral contains 3% to 8% carbonate by weight; when structural carbonate alone is 

considered, this figure falls into the 2.5% to 5% range (Land et al. 1980; Nelson et al. 

1986; Lee-Thorp 1989; Michel et al. 1996; Wright and Schwarcz 1996). 

One of the most frequently observed changes in buried bone is a transition in its 

histological appearance. This is described in detail by Hackett (1981). Affected bones 

begin to exhibit patches of diffuse demineralization, followed by a pattern of destructive 

tunnelling. Many of the destructive foci are lined by regions of hypermineralization. The 

destruction most often passes along spaces such as Haversian canals; lamellar bone is 

less often affected. This destruction is caused by fungi and bacteria, which alter the bone 

through a process of invasion, dissolution of bone mineral and digestion of the collagen 

matrix, with hypermineralized areas resulting from the reprecipitation of dissolved bone 

mineral (Hackett 1981; Hanson and Buikstra 1987; Schoeninger et al. 1989; Grupe et 

al. 1993; Child 1995; Grupe et al. 2000; Nielsen-Marsh and Hedges 2000a). 

Simultaneously with this process, the bone is changed in less visually apparent 

ways. In bone collagen, the major change of this type is peptide bond hydrolysis. 

Collagen hydrolysis is triggered by acidic or basic conditions within the bone, and leads 

to general degradation not visible in histological section (Child 1995; Collins et al. 1995; 

Nielsen-Marsh and Hedges 2000a). As hydrolysis occurs, collagen fibrils are broken 

down into shorter segments, causing the protein to gradually lose its organization and 

cohesion due to the loss of intact, fully bonded molecules (Hare 1980; Tuross et al. 1980; 

Collins et al. 1995). The degraded collagen segments may be washed out of the bone or 

remain within it. Thus, the protein content of an archaeological bone need not reflect the 

intactness of that protein. This is reflected in the partial independence of overall bone 

protein content and measures more specifically reflecting intact collagen survival such as 

tensile strength or recovery of intact protein from the bone (Hare 1980; Hedges et al. 

1995; Turner-Walker and Parry 1995). Collagen loss also leads to a shift in the net 
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composition of the proteins remaining in the bone: since noncollagenous bone proteins 

have a greater tendency to remain with the bone mineral, the proportion of 

noncollagenous to collagenous proteins in the bone increases (Hare 1980; Masters 1987; 

DeNiro and Weiner 1988b; Weiner and Bar-Yosef 1990). The remaining collagen can 

also experience combination with other molecules. Soil humates pose an especially large 

problem, as they have a high affinity for bone collagen (van Klinken and Hedges 1995). 

Finally, buried bone collagen is subject to structural changes such as the formation of 

new cross-linkages, which can incorporate collagen degradation remnants, humic acids, 

lipids and other contaminants tightly into the protein structure (Tuross et al. 1980; 

Collins et al. 1995; van Klinken and Hedges 1995; van Klinken 1999). 

A l l of these processes can lead to isotopic alteration of the remaining collagen in a 

bone. Digestion by microorganisms can alter collagen 5 I 3 C and 5 1 5 N through preferential 

attack on certain amino acids; as well, peptide bond cleavage during microbial digestion 

is associated with increased collagen 5 1 5 N (Balzer et al. 1997; Grupe et al. 2000). The 

5 1 5 N increase associated with peptide bond cleavage suggests that chemical hydrolysis of 

collagen during diagenesis will also lead to stable isotope alteration (Macko et al. 1987; 

Bada et al. 1989). Another important source of stable isotope alteration is the presence of 

contaminants such as humic acids; these often have 5 1 3 C values that differ from those of 

collagen and can alter collagen 8 I 3 C significantly (e.g. Katzenberg 1989; van Klinken 

and Hedges 1995). 

While the process of bone collagen degradation is taking place, the bone mineral 

may also be undergoing changes. One of the most evident of these is the precipitation of 

minerals into the empty spaces of the bone. For example, the presence of calcite in 

archaeological bone is frequently detected through X R D and FTIR analysis (e.g. Lee-

Thorp 1989; Michel et al. 1996; Nielsen-Marsh and Hedges 2000b). The potential for 

carbonate stable isotope contamination due to exogenous mineral precipitation is 

obvious. The ions present in groundwater have their own, highly variable stable isotope 

values; for example, Lee-Thorp (2000) documented soil carbonate 5 I 3 C values ranging 

from -13.0%o to -1.3%o for archaeological sites in South Africa. If carbonate-containing 
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exogenous minerals are precipitated into the bone, its total carbonate 8 C value will be 

drawn towards the value of the contaminating minerals. This effect has been documented 

in studies that confirm the presence of calcite in archaeological bone through X R D or 

FTIR, and further demonstrate that the overall carbonate 8 1 3 C value of these bones has 
1 T 

been shifted toward soil carbonate 6 C values (Lee-Thorp 1989; Saliege et al. 1995). 

Buried bone mineral also undergoes dissolution and recrystallization. Bone 

mineral is in constant contact with groundwater on a scale ranging from the hydraulically 

active water contained in the largest spaces through to the much more static water 

contained in bone micropores, which remains present even under the most arid natural 

conditions (Hedges and Millard 1995). On all of these scales, bone mineral is in a 

constant process of equilibration with its groundwater environment (White and Hannus 

1983; Wang and Cerling 1994; Hedges and Millard 1995). During this process, both 

dissolution and recrystallization occur. Bone mineral may dissolve on a scale that is 

histologically apparent, being removed from localized areas and either flushed out of the 

bone or recrystallized in its empty spaces (Hackett 1981; Hanson and Buikstra 1987; 

Schoeninger et al. 1989; Hedges and Millard 1995; Hedges et al. 1995). On the other 

extreme, much recrystallization likely involves exchanges with the saturated solution 

contained in the micropores of the bone material, in which mineral is dissolved and 

redeposited on a scale local to individual apatite crystals (Hedges and Millard 1995:160). 

When considered on the level of overall bone mineral content, these processes lead to 

several changes. As dissolution attacks the most soluble portions of the bone mineral 

first, it preferentially removes the most poorly crystalline fraction of the original mineral 

(Nielsen-Marsh and Hedges 1997). Recrystallization can cause a variety of other effects 

on bone apatite which reflect the type and abundance of ionic species present in the 

groundwater. These include increase in crystallinity (Hedges and Millard 1995), increase 

or decrease in the apatite calcium/phosphate ratio (White and Hannus 1983) and increase 

or decrease in carbonate content (Lee-Thorp 1989, 2000; Saliege et al. 1995). 

The variable nature of recrystallized bone apatite has been documented in a 

number of studies. Lee-Thorp (1989) demonstrated the presence of highly soluble, high-
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carbonate recrystallized apatite in archaeological bone. Wright and Schwarcz (1996) 

report two apparent recrystallized apatite contaminants in one archaeological bone series: 

a high-carbonate, highly soluble apatite similar to that reported by Lee-Thorp (1989), and 

another species showing a combination of high crystallinity, low carbonate content and 

FTIR profdes characteristic of fluorine-substituted apatite. Stuart-Williams et al. (1996) 

describe a pattern of increasing crystallinity and decreasing carbonate content in some of 

their material that suggests an acid-resistant recrystallized apatite similar to the second 

type found by Wright and Schwarcz. Samples studied by Koch et al. (1997) also appear 

to reflect two types of contamination. On the one hand, changes in bones after acid 

treatment suggest the presence of a high-carbonate, highly soluble apatite contaminant; 

on the other, increased crystallinity in acid-treated samples whose X R D spectra show 

apatite only to be present suggests the presence of less soluble recrystallized apatite. 

Finally, Nielsen-Marsh and Hedges (2000b) documented acid-resistant recrystallized 

apatite with high crystallinity and low carbonate content in some archaeological bones. 

This pattern, in which recrystallization produces a highly soluble apatite 

component in some cases and a more resistant component in others, reflects the influence 

of local groundwater chemistry on the nature of recrystallized bone apatite. Under some 

conditions, apatite recrystallization appears to follow the pattern typical of apatite 

recrystallization in laboratory solutions and in marine sediments, where carbonate 

substitution decreases and fluorine substitution increases, leading to a net increase in 

crystallinity (Le Geros and Tung 1983; Shemesh 1990; Sillen and Le Geros 1991). 

However, under other conditions it is clear that highly soluble carbonate-rich apatites can 

be redeposited in the bone (Lee-Thorp 1989, 2000; Koch et al. 1997). 

Recrystallization, like exogenous mineral deposition, is a potential cause of stable 

isotopic alteration of archaeological bone mineral. As much of the material available for 

apatite recrystallization within bone is endogenous, recrystallization could theoretically 

take place without isotopic alteration. However, the ions from groundwater percolating 

through the bone may also participate in the redeposited material, leading to alteration. 

Altered carbonate stable isotope values in apparently recrystallized archaeological bone 
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mineral have been reported by studies including Wright and Schwarcz (1996), Koch ct al. 

(1997), Jahren et al. (1998) and Lee-Thorp (2000). Wang and Cerling (1994) and Michel 

et al. (1996) suggest based on modelling and field data that carbonate 5 l s O values are 

more vulnerable to such changes than are 6 I 3 C values. As recrystallization proceeds in 

severity, the potential for isotopic alteration appears to increase; Wang and Cerling 

(1994) argue that as apatites decrease in carbonate content, their vulnerability to further 

5 I 3 C alteration due to exchange with soil carbonates increases. 

From the review above, it is clear that the diagenetic processes that can lead to 

stable isotopic alteration of bone collagen and carbonate are numerous. However, 

preparation and sample evaluation methods have been devised that, in many cases, either 

remove diagenetically altered material or identify altered samples to be discarded. 

5.2. Archaeological bone collagen: Preparation and assessment of diagenesis: 

Preparing archaeological bone collagen for analysis involves removing the mineral phase 

of the bone and freeing the remaining collagen of as many contaminants as possible. The 

prepared sample is then assessed for signs of diagenetic alteration and, if necessary, 

discarded. The following section deals with the methods chosen for preparation and 

diagenesis assessment in this study. While a variety of other methods are described in the 

literature, most of these will not be discussed in detail. 

5.2.1. Collagen preparation: Since stable isotope applications began, a number of 

methods for isolating collagen from archaeological bone have been used. However, the 

majority of studies in the literature use either modified Longin treatments or techniques 

in which whole bone chunks are slowly demineralized in dilute HC1 or calcium EDTA. 

In modified Longin treatments, powdered bone is demineralized in a HC1 solution 

and soaked in dilute NaOH to remove humates; the collagen is then gelatinized, filtered 

to remove impurities and dried (Longin 1971; DeNiro and Epstein 1981). Recent studies 

including this method include Richards and Mellars (1998), Bocherens et al. (1999), 

Cannon et al. (1999), Schutkowski et al. (1999) and White et al. (2001). There is some 
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variation between studies in the exact form of the technique used; for example, some 

researchers omit the NaOH treatment (e.g. Bocherens et al. 1999; White et al. 2001). 

In a second group of methods, preparation begins with a small chunk of whole 

bone, which is demineralized slowly by soaking in a dilute HC1 solution or calcium 

EDTA preparation (Tuross et al. 1988). In both methods, NaOH treatment to remove 

humic acids may follow demineralization. In successful preparations, these methods 

produce an intact chunk of demineralized material referred to as a collagen model. On 

poorly preserved bone this method may fail to produce a model, and thus no sample will 

be obtained. Recent studies using the HCl-based method include Mays (1997), Herring 

et al. (1998), Katzenberg and Weber (1999), Richards and Hedges (1999) and Lillie and 

Richards (2000). Works using the EDTA method include Aufderheide et al. (1994), 

Tuross et al. (1994), Wright and Schwarcz (1996), and Iacumin et al. (1998). Again, 

there is some methodological variability, partially in the form of omission of the NaOH 

step (e.g. Mays 1997; Richards and Hedges 1999; Lillie and Richards 2000). 

Both the modified Longin methods and those using whole chunks of bone yield 

good results when applied to well-preserved material (DeNiro and Weiner 1988a; Tuross 

et al. 1988; Schoeninger et al. 1989; Ambrose 1990). However, there is evidence that 

the latter methods produce more dependable results for poorly preserved bone. Tuross et 

al. (1988) found that poorly preserved bone treated with a modified Longin method 

yielded material with a large portion of non-collagenous constituents. Demineralization 

of the same bones by slow soaking produced less product, and in some cases failed 

completely. However, when a product was produced it showed a more collagen-like 

profile. Schoeninger et al. (1989) obtained similar results, noting that while much of the 

material isolated by a modified Longin method from one bone was nonproteinaceous, a 

slow-soak preparation of the same bone yielded material with a collagen-like amino acid 

profile. Schurr (1992) used both methods on a series of archaeological bones. The entire 

series was initially prepared using a modified Longin technique. Several poorly 

preserved samples yielded material with unacceptable C/N ratios; when these were re-

prepared using a slow soak in dilute HC1, they yielded material with acceptable C/N. The 
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different performance of the methods may result from a greater inclusion of collagen 

degradation products or noncollagenous bone proteins in the Longin preparations. 

DeNiro and Weiner (1988a), Tuross et al. (1988), Schoeninger et al. (1989) and Pfeiffer 

and Varney (2000) have all found evidence for significant amounts of noncollagenous 

material in modified Longin preparations of some poorly preserved bones. In the slow-

soak methods, material that fails to hold together into a collagen model is discarded; this 

may result in the elimination of various materials that are retained in Longin preparations. 

While some studies omit NaOH treatment, including it seems prudent in most 

situations. Some researchers cite concern over sample loss as a reason for not subjecting 

the sample to NaOH (e.g. Bocherens et al. 1999). It is true that as collagen is vulnerable 

to NaOH, a certain amount of sample is lost during treatment (Stafford et al. 1988; 

Mueller 1989; Katzenberg 1989; Bocherens et al. 1999). However, the loss resulting 

from a twenty hour treatment in 0.125 M NaOH is not unacceptable (Stafford et al. 1988; 

Mueller 1989). Assays done by Katzenberg (1989) confirm that this treatment can 
13 13 

remove humic contaminants with distinctive 5 C values that could distort collagen 5 C 

values if left in the sample. It is thus prudent to include the NaOH treatment step1. 

5.2.2. Assessing diagenesis in collagen: This section describes the chosen collagen 

diagenesis indicators for this study: collagen yield by weight, model quality, atomic C/N, 

%C and % N . Other collagen diagenesis indicators in the literature include histological 

appearance (Grupe et al. 1993), amino acid profiles (e.g. DeNiro and Weiner 1988a; 

Tuross etal. 1988; Schoeninger et al. 1989; Balzer et al. 1997; Grupe et al. 2000) and 

FTIR spectra (DeNiro and Weiner 1988a). These, however, will not be discussed here. 

5.2.2.a. Collagen yield: The rationale behind collagen yield as a diagenesis indicator is 

the idea that as the amount of protein recovered from a bone decreases, the chance that 

3 van Klinken and Hedges (1995) have released data suggesting that NaOH is not always effective for 
humate removal. However, these data were collected on purified collagen heavily contaminated with 
humic acids in the laboratory. The authors acknowledge (1995:265) that the correspondence of this model 
to humate contamination in whole bone must be clarified. Thus, while their results indicate that attention 
must still be given to the suitability of NaOH treatment, they do not yet warrant its discontinuation. 
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this protein is primarily composed of degraded collagen remnants or other material with 

anomalous 5 I 3 C and 8 1 5 N values also increases. There is general agreement that bones 

with very low collagen yields should be considered suspect for isotopic analysis 

(Schoeninger and DeNiro 1982b; Tuross et al. 1988; Schoeninger et al. 1989; DeNiro 

and Weiner 1988a; Ambrose 1990, 1993; Stafford et al. 1991; van Klinken 1999). 

However, conclusions regarding the point at which samples should be considered suspect 

have varied. Studies by Schoeninger and DeNiro (1982b) and Tuross et al. (1988) 

suggested that bones with collagen yields below 5% to 6% should be rejected, and 

Schoeninger et al. (1989) suggest that sample sets in which many bones yield less than 

10% collagen should be considered suspect. However, other work supports a lower 

acceptable minimum value. DeNiro and Weiner (1988a) have published data indicating 

that sample quality decreases suddenly between 1% and 2% collagen yield, which 

suggests that 2% may be a good cut-off point. A similar figure is suggested by work 

done by Ambrose (1990), who found evidence for significant contamination in bones 

containing less than 2% collagen. In a later review article (Ambrose 1993), he suggested 

further reducing this cut-off point to 1%. Similar cut-off values are suggested by Stafford 

et al. (1991) and van Klinken (1999) for radiocarbon dating of collagen. Several recent 

stable isotope applications have used cut-off points in the 1 % to 2% range (e.g. White et 

al. 1993; Reed 1994; Mays 1997; White et al. 2001). It should be noted that any cut-off 

point selected is arbitrary, a point chosen partway along a gradual process of degradation. 

Thus, the value of the 'ideal' cut-off point should vary from site to site depending on 

local conditions. Because of this, several authors (e.g. Ambrose 1990; Bocherens et al. 

1999; White et al. 2001) advocate also checking for statistically significant relationships 

between collagen yield and collagen 8 1 3 C and 8 I 5 N, and rejecting samples at the low-

yield end that cause such relationships to appear. 

5.2.2.b. Collagen model quality: The formation of an intact collagen model after 

demineralization reflects the amount of intact collagen molecules in the sample, and thus 

is a measure of the extent to which the collagen has been diagenetically altered (Hare 
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1980). Tuross et al. (1988) and Schoeninger et al. (1989) have noted that successful 

formation of a collagen model appears to be a good indicator of collagen quality; this 

research was treated in the section on collagen preparation techniques. Based on these 

findings, successful formation of a collagen model has been advocated as an indicator of 

good collagen sample quality (Tuross et al. 1988; Schoeninger et al. 1989; Aufderheide 

et al. 1994; Koch et al. 1994). 

To the extent of eliminating bones that fail altogether to form collagen models, 

this quality check is automatically applied when slow-soak demineralization is used. 

Thus, many authors using slow soak methods do not explicitly mention model formation 

as a quality indicator (e.g. Schurr 1997; Herring et al. 1998; Iacumin et al. 1998; Lillie 

and Richards 2000). However, model quality is subjective to some extent. Along a 

continuum from very well-preserved bone to poorly preserved bone, samples do not 

abruptly fail to yield models. Instead, they pass through an intermediate phase of 

increasingly soft and fragmented models. As well, some samples will produce a model of 

good appearance from one portion of the initial chunk while the other portion dissolves, 

presumably reflecting differential preservation within the bone. One of the few studies in 

which the criteria for accepting a model are explicitly stated is Aufderheide et al. (1994); 

these authors accepted samples which produced either intact models or 'visually 

definable portions' of models. While collagen model quality is a useful indicator in the 

form in which it is currently applied, it would be beneficial for authors of studies to 

explicitly state their criteria for defining a model as 'intact'. 

5.2.2.C. Atomic C/N ratio: Atomic C/N ratio is measured on the prepared collagen 

sample using an elemental analyzer. It is a widely used diagenesis indicator in current 

collagen stable isotope research. Recent studies using it include Ambrose et al. (1997), 

Grocke (1997), Herring et al. (1998), Iacumin et al. (1998), Katzenberg and Weber 

(1999), Richards and Hedges (1999), Richards et al. (2000), Lillie and Richards (2000) 

and White et al. (2001). The rationale behind atomic C/N ratio as a diagenesis indicator 

is twofold. First, as collagen breaks down and is lost, there is evidence that carbon or 
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nitrogen can be preferentially lost from the material, causing atomic C/N ratios to shift as 

collagen degrades (Schoeninger et al. 1989; Ambrose 1990; Iacumin et al. 1998). 

Another potential cause for altered C/N is the inclusion of carbon-rich contaminants such 

as lipids in the sample. C/N ratios of intact modern bone collagen range from 2.9 to 3.6 

(DeNiro 1985). A number of studies have demonstrated that archaeological bone 

collagen samples with C/N ratios in this range usually have collagen-like amino acid 

profdes and FTIR spectra, and produce 8 1 3 C and 5 1 5 N values that are consistent with the 

animals' known diets and habitats (DeNiro 1985; Masters 1987, DeNiro and Weiner 

1988a). In contrast, the same studies showed that archaeological collagen with C/N 

rations outside the 2.9 - 3.6 range produce aberrant values for all of these measures. 

Ambrose (1990) reported similar results, showing that in poorly preserved, low-yield 

bone, C/N values tend to become erratic and move out of the 2.9 - 3.6 range. Finally, 

both Balzer et al. (1997) and Grupe et al. (2000) have demonstrated that modern bone 

collagen subjected to artificial diagenesis by bacterial degradation tends to have C/N 

ratios outside the 2.9 - 3.6 range. 

The general correlation between poor C/N ratios and poor preservation is clear. 

However, as was originally cautioned by DeNiro (1985:808), it is possible for diagenetic 

alteration to occur in some samples that retain 'good' C/N ratios. The presence of 

significant diagenetic changes in collagen with C/N values between 2.9 and 3.6 has been 

documented by Ambrose (1990) and van Klinken and Hedges (1995). Recently, van 

Klinken (1999) has suggested that the acceptable range for collagen C/N be narrowed to 

3.1 to 3.5, citing concerns about the amount of contamination that could potentially be 

included in a sample with a C/N value at one end of the 2.9 - 3.6 range. Realistically 

speaking, however, the surest way to avoid misinterpretation of C/N values is to combine 

C/N assessment with other diagenesis indicators (Tuross et al. 1988; DeNiro and Weiner 

1988a; Schoeninger et al. 1989; Ambrose 1990; van Klinken 1999). 

5.2.2.d. C and N content: The final collagen diagenesis indicators that will be used are C 

and N content (%C and %N). These measures express the concentration of the two atoms 



197 

in the prepared collagen sample by weight; like C/N, they are measured using an 

elemental analyzer. Ambrose (1990) reports that modern mammalian collagen has %C 

values in the 15% to 47% range and % N values ranging from 5% to 17%. In the same 

work, he provides evidence that %C and % N values below these ranges indicate 

problems with archaeological collagen: in his sample set, bones with %C values below 

13.0% and % N values below 4.8% also show low yield and unacceptable C/N ratios. He 

suggests on this basis that samples with %C and % N values below these ranges not be 

used, van Klinken (1999) has also advocated the use of %C and % N measurements as 

preservation indicators. He accepts %C values of 34.8% ± 8.8% and % N values of 11% 

to 16% as typical of intact collagen. These are based on good quality samples in the 

Oxford 4 C database, and while the %C range (at two standard deviations) is similar to 

that cited by Ambrose, the % N range is narrower. 

Some research suggests that %C and % N , while valuable as indicators of 

diagenesis, may be less consistent than the works cited above suggest. For example, Norr 

(1997) found that archaeological collagen may show acceptable C/N values but %C or 

% N values failing Ambrose's criteria. Iacumin et al. (1998) have published a data set 

with acceptable %C and % N values for almost all collagen samples studied, even when 

yield was below 1% or C/N above 3.6. Finally, Pfeiffer and Varney (2000) compared 

%C and % N data to collagen preservation as measured by histological preservation and 

C/N ratio, and found that samples failing by %C and % N could pass based on other 

indicators, and vice versa. These data indicate that %C and % N do not provide reliable 

assessment of diagenesis when used alone. However, when used in conjunction with 

other indicators, they can point out samples whose alteration is not apparent to other 

measures. A number of researchers have used %C and % N to monitor collagen quality in 

stable isotope research applications, all using cut-off values based on Ambrose (1990). 

These include Schurr (1992), Norr (1995), Ambrose et al. (1997), Iacumin et al. (1998), 

Bocherens et al. (1999) and Schutkowski et al. (1999). 
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5.2.3. Collagen preparation, analysis and evaluation for this study: For this study, 

collagen samples were prepared using a slow soak of intact bone chunks in a dilute HC1 

solution, followed by NaOH treatment. Based on the research cited above, this method is 

more likely to produce acceptable collagen samples where bone preservation is poor. 

The exact procedure followed is outlined in Figure 5.1 (p. 199). Prepared samples were 

analyzed at the University of Calgary Department of Physics and Astronomy, using a 

Finnegan Mat TracerMat mass spectrometer coupled to an N A 1500 elemental analyzer. 

During preparation, collagen model quality was noted for each sample. For the 

purpose of this study, an acceptable collagen model is defined as a solid model, 

regardless of texture, representing either the entire sample chunk or a sizeable portion 

thereof. Samples that produced fragmented models - clearly identifiable shreds of 

collagen that failed to hold together into a solid chunk - were automatically rejected from 

the data set for dietary analysis. These samples were submitted for analysis; however, 

this was mainly to investigate their % C , % N and C/N values. Samples with collagen 

yields below 1% were also rejected from the dietary data set, although, like the samples 

with fragmentary models, they were assayed to investigate their other diagenetic 

indicators. Samples with yields between 1% and 2% were accepted provisionally: they 

were assayed, the values of other preservation indicators were considered, and i f 

borderline acceptability was seen in one of these as well, the sample was rejected from 

the dietary data set. For sample C/N, the acceptable range of 2.9 - 3.6 recommended by 

DeNiro (1985) was used. Acceptable lower limits for %C (13%) and % N (5%) were 

defined following Ambrose (1990). As well as using these four indicators on an 

individual basis, the data set was also examined for linear correlations between indicator 

13 15 * i i • • 

values and sample 5 C and 5 N values. This added caution is taken by other 

researchers in the literature (e.g. Schutkowski et al. 1999; White et al. 2001), and it 

appears to be a rational one as it recognizes the nature of collagen degradation as a 

gradual and site-specific process, as well as the ultimate goal of the use of quality 

indicators, which is to identify and reject samples with altered 5 I 3 C or 8 1 5 N values. 
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Figure 5.1: Bone Collagen Preparation Protocol 

remove ca. 750 mg. sample from bone 
T 

scrub sample with distilled water; remove cancellous bone as necessary to 
eliminate all visible contaminants 

T 
clean sample ultrasonically in double-distilled water 

T 
Air-dry 48 hours 

T 
Record initial dry bone weight 

T 
Place sample in ca. 100 ml. 1% HC1 

T 
Change solution every 1-2 days until demineralization is complete 

(formation of bubbles ceases, sample is soft and translucent throughout) 
• 

Rinse model 3 times with double-distilled water, soak overnight in double-
distilled water; repeat until sample reaches neutrality (test with pH strip) 

T 
Add ca. 100 ml. 0.125 M NaOH; stir and allow to soak for 20 hours 

• 
Rinse model 3 times with double-distilled water, soak overnight in double-

distilled water; repeat until sample has reached neutrality 
T 

Lyophilize model 24 to 48 hours 
T 

Record final dry collagen weight 
T 

Reduce model to powder using Spex freezer-mill  

5.3. Preparation of modern marine samples: Most of the modern marine samples 

consisted of bone. For these, preparation was similar in most ways to the preparation of 

archaeological bone collagen samples. However, the marine bone samples required 

defatting, which necessitated an extra step in the process. Marine flesh samples required 

only defatting prior to analysis. 
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5.3.1. Defatting of modern fish bone collagen: Collagen was isolated from the modern 

fish bones with the method used for the archaeological bones. However, fresh bone 

contains significant amounts of lipid which, i f not removed, can distort the 5 1 3 C value of 

collagen prepared from the bone (Liden et al. 1995). A number of methods for defatting 

bone are cited in the stable isotope literature. Several authors have used chloroform: 

methanol or chloroform:methanol:water solutions (e.g. Lovell et al. 1986; Sealy et al. 

1987; Lee-Thorp et al. 1989; Sholto-Douglas et al. 1991; Liden et al. 1995). The 

defatting method that has been used to date at the University of Calgary Department of 

Archaeology involves a combination of diethyl ether and NaOH soaks. 

Marine bone samples were originally defatted using the ether-NaOH protocol. 

Bone samples were washed with double-distilled water and dried. They were then placed 

in diethyl ether for four hours, drained, rinsed with diethyl ether, and soaked for another 

two hours in a fresh change of diethyl ether. After rinsing and soaking in double-distilled 

water, they were prepared according to the method set out in Figure 5.1. However, in 

between the HC1 and NaOH steps, they were given another two hour soak in diethyl 

ether. This method yielded collagen that was free of lipids judging by the lack of a 

relationship between C/N and sample 5 I 3 C (see Figure 5.2, p. 201). However, the 

treatment seems to have been too harsh for some of the bones. These showed softening 

and collapse of collagen models, and a combination of high C/N and high 5 1 5 N strongly 

suggesting hydrolysis (see Figure 5.3, p. 201). It appears that the remains were attacked 

too harshly by the NaOH soak. This was likely the result of the delicate nature of some 

of the bones, which were smaller than fish remains previously analyzed at the laboratory. 

These samples had to be rejected from the sample set. 

More bones from the individuals producing failed samples, along with some 

remains from individuals which had produced acceptable data, were prepared a second 

time, using a different method. This time, defatting was done using two 2:1 

chloroform:methanol soaks, one before demineralization, lasting four hours, and one after 

demineralization, lasting two hours. NaOH was not used. While it was hoped that this 

method would produce superior results, this was not the case. While a few samples 
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Figure 5.5: Modern Fish 515N vs. C/N, ChlonMeth 
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produced good data, and there were no signs of 5 1 5 N alteration (see Figure 5.4, p. 202), 

some samples showed high C/N values and low 5 1 3 C values suggestive of incomplete 

lipid removal (see Figure 5.5, p. 202). It appears that the chloroform:methanol method, 

which has been tested only on ground bone (Liden et al. 1995), failed to completely 

penetrate the fish bones despite their small size. While more work is needed, it seems at 

this point that an ether-NaOH protocol, but with NaOH treatment time shortened to 

protect the collagen, may prove the most effective defatting method for small, delicate 

modern bone samples. 

For the current study, a final sample set was assembled from bones with 

acceptable C/N values from the ether treatment, combined with three samples with 

acceptable C/N from the chloroform:methanol treatment. A repeat treatment done on the 

same fish using both methods produced 5 1 3 C and 5 1 5 N values in close agreement 
13 IS 

considering that different bones were analyzed (6 , J C - -14.4%o and -15.1%0; 5 , 3 N = 

17.8%o and 17.9%o), and thus it can be assumed that samples with acceptable C/N from 

the two treatments are comparable. 

5.3.2. Preparation of squid and octopus meat: As described in Chapter 4, two of the 

modern marine samples consist of muscle rather than collagen. Some stable isotope 

researchers have isolated protein from muscle for their analyses (e.g. DeNiro and Epstein 

1978a). However, this study follows other researchers in using defatted muscle tissue 

(Sholto-Douglas et al. 1991; Hobson and Welch 1992; Mitchell et al. 1993). The 

technique used was a modification of Bligh and Dyer (1959). Flesh samples were rinsed 

with double-distilled water and lyophilized. They were then reduced to powder using the 

Spex freezer mill. 0.5 g of the powder was placed in a ceramic mortar to which 40 ml of 

2:1:0.8 chloroform:methanol:water was added. This mixture was ground constantly for 

four minutes and filtered using glass fiber filter paper. The filtrate was rinsed with pure 

chloroform and then with double-distilled water. It was transferred into a scinitillation 

vial, frozen and lyophilized. Bligh and Dyer (1959) report that their original technique 

was 94% effective in removing lipids from fish muscle, and other stable isotope 
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researchers (Sholto-Douglas et al. 1991; Mitchell et al. 1993) have used similar 

modifications of Bligh and Dyer's method with success. Thus, the 5 I 3 C of these defatted 

samples is likely quite close to muscle protein § 1 3 C. 

5.4. Preparing bone carbonates for analysis: The problem of choosing bone 

carbonate preparation and evaluation techniques is less straightforward. A generally 

accepted method for bone carbonate preparation has taken a longer time to develop, and 

there is more debate over the appropriate treatment for samples. The method used to 

prepare bone carbonate samples for this study was modified from other techniques 

currently in use based on a literature survey and the results of an experiment designed to 

examine the responses of bone carbonate to different treatment methods. The 

information presented in this section is as follows. First, a background on the 

development of current sample preparation techniques is provided. Recent research into 

the effectiveness and utility of these preparation techniques is then presented. Following 

this, the diagenesis indicators in use in the literature are reviewed. The protocol and 

results of the experiment are then presented in the context of this background, and, 

finally, the preparation technique and diagenesis indicators decided upon are described. 

5.4.1. Early development of preparation methods: The initial methods used for bone 

carbonate preparation4 used acetic acid solutions of varying concentration. For example, 

Schoeninger and DeNiro (1982a) soaked ground bone for forty-eight hours in 50:50 v:v 

glacial acetic acid:water before treating it to remove its organic fraction and collecting 

CO2 for analysis. This method was also used by Nelson et al. (1986). The method 

followed by Sullivan and Kreuger (1981, 1983) also began with an acetic acid solution, 

although at 1.0 M it was more dilute. Land and colleagues (1980) used a similar 

approach with their Pleistocene bone samples. The acetic acid treatments were intended 

to remove the most labile portion of the carbonate, assumed to consist mostly of 

4 The methods used to prepare archaeological enamel carbonates for 5 I 3 C analysis are the same as those 
used to prepare bone samples, and the literature for the two tissue types has developed as a unit. Thus, 
work with enamel preparation will also be cited in this section. 
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diagenetic calcite (Land et al. 1980; Schoeninger and DeNiro 1982a; Nelson et al. 

1986). However, a debate arose as to whether the treatments were effective in recovering 

the original 8 I 3 C values of this carbonate, or whether the bone samples had undergone 

irreversible isotopic changes. Sullivan and Kreuger (1981) asserted that their preparation 

technique recovered accurate dietary 5 1 3 C data for archaeological bone carbonate, basing 
13 13 

this argument on the linear relationship between 8 C(Carbonate) and 8 C(COiiagen) that they 

obtained for their samples. However, Schoeninger and DeNiro (1982a, 1983) questioned 

this based on their preparations of archaeological faunal and human bones, which gave 

variable A l 3 C ( c a r b-coi i ) values. Sullivan and Kreuger (1983) countered with the contention 

that this variability was largely due to natural A 1 3 C ( c a r b - C O i i ) differences between 

herbivores, carnivores and omnivores. The argument was complicated by conflicting 

assumptions regarding the nature of A 1 3 C ( c a r b-coi i ) separations (see Chapter 3). However, 

problems with incompatible preparation techniques were also present and had to be 

addressed. 

In the late 1980s, a modified preparation technique was designed to overcome the 

methodological problems described above (Lee-Thorp 1989; Lee-Thorp and van der 

Merwe 1991). In this approach, powdered bone was soaked in a 2% sodium hypochlorite 

solution until effervescence ceased in order to remove its organic fraction. The bone 

powder was then rinsed to neutrality, then soaked in a 1.0 M acetic acid solution, again 

until effervescence ceased, and rinsed to neutrality. Like earlier treatment methods, this 

procedure used the acetic acid solution to remove the most soluble portion of the sample. 

The goal was threefold: to remove the labile carbonate of the original bone mineral, 

which was judged to be more subject to diagenetic alteration; to remove carbonate-rich 

recrystallized apatite; and to remove exogenous calcite deposited in the bone spaces, 

which was expected to be more soluble than bone apatite due to its small crystal size 

(Lee-Thorp 1989). Evaluation of samples cleaned in this manner indicated that treatment 

was successful. Prepared samples of faunal bone were assessed using FTIR to identify 

the minerals present, and their S 1 3 C values were compared to expected 8 1 3 C based on the 

animals' known diets as well as to 8 1 3 C values of matrix carbonates from the bones' 



206 

burial sites (Lee-Thorp 1989; Lee-Thorp and van der Merwe 1991). The treated bone 

samples had FTIR spectra characteristic of modern bone apatite, with no indications of 

calcite contamination, and their 5 I 3 C values were near those expected based on the 

animals' dietary type, with little or no impact from matrix carbonates. These results 

indicate that the preparation technique was able to recover biogenic 6 I 3 C signals for 

archaeological bone carbonates in most cases. 

These authors cautioned that there was a risk of treatment-induced 

recrystallization if acid treatment was too long. A series of fresh bone samples were 

exposed to acid treatments of one to fourteen days. After one day, bones showed reduced 

CO2 content and infrared spectra consistent with apatite. After two days, infrared spectra 

indicated some recrystallization to brushite, while treatments of seven days and fourteen 

days caused almost complete recrystallization. Based on these results, Lee-Thorp and 

van der Merwe (1991) suggested that recent, nonfossilized bone be acid-treated for no 

more then twenty-four to thirty-six hours. 

5.4.2. Current preparation methods and ongoing research: Methods used in the 1990s 

are based more or less on the technique developed by Lee-Thorp (1989). Bone is freed of 

its organic component using sodium hypochlorite, then subjected to a 1.0 M acetic acid 

soak and rinsed. Studies that have used this preparation approach on bone and enamel 

include Lee-Thorp et al. (1989), Sillen and Lee-Thorp (1994), Wang and Cerling (1994), 

Ubelaker et al. (1995), Saliege et al. (1995), Wright and Schwarcz (1996), Grocke 

(1997), Jahren et al. (1998) and Katzenberg and Weber (1999). In some studies, 

modifications are made. For example, some workers use buffered 1.0 M acetic acid (e.g. 

Bocherens et al. 1994, 1999; Wright and Schwarcz 1998; Wiedemann et al. 1999; 

Bocherens 2000) or 0.1 M acetic acid (Nielsen-Marsh and Hedges 2000a, 2000b) to 

remove excess carbonates. Time in acid treatment is also variable, with some workers 

(e.g. Bocherens et al. 1996; Lee-Thorp et al. 1997) using times shorter than the twenty-

four to thirty-six hours suggested by Lee-Thorp and van der Merwe (1991). 
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Part of the variation seen in current preparation techniques is related to concerns 

over the effects of overly harsh acid treatment. As described in the previous section, 

initial work with the technique showed a risk of sample recrystallization if treatments 

were applied for too long. However, subsequent work has suggested that under some 

conditions, recrystallization can result from even the gentlest of acid treatments. Nielsen-

Marsh and Hedges (1997) studied changes in crystallinity (as measured by FTIR splitting 

factor) in modern and archaeological bone soaked in a variety of solutions for periods of 

one to seventy-two hours. Based on their results, the authors suggest that crystallinity 

increase in treatment results from sample recrystallization as well as the preferential 

dissolution of less crystalline fractions, and that treatments minimizing crystallinity 

increase should thus be selected. Bone samples showed some crystallinity increase in 1.0 

M acetic acid and 0.1 M acetic acid solutions after as little as one hour in solution. The 

least crystallinity increase for short treatment times was seen in buffered 0.1 M acetic 

acid and 0.1 M propionic acid solutions. By the seventy-two hour point, crystallinity 

increases were seen in all acid preparations. The results suggest that buffered or more 

dilute acid preparations are preferable when treating bone, and that since crystallinity can 

increase with exposure time in even such gentle treatments, prudence should be used in 

the length of treatment applied5. Note that Koch et al. (1997) show via X R D analysis that 

samples differ in their vulnerability to such alteration. Most modern and archaeological 

samples that they processed with 1.0 M and 0.1 M acetic acid showed no 

recrystallization; however, a seventy-two hour 0.1 M acetic acid treatment caused 

recrystallization in some dentine samples. 

Thus the situation appears to be variable: both 1.0 M and 0.1 M acetic acid 

solutions can, under some conditions, cause sample recrystallization. However, reducing 

acid solution concentration appears to be a prudent step. This modification does not 

appear to compromise removal of contaminants; the effectiveness of 0.1 M acetic acid 

5 These results may not be completely transferable to current treatment methods, as these involve smaller 
amounts of solvent which are not maintained at constant pH and thus less total dissolution is seen (Nielsen-
March and Hedges 1997:487). However, the study also reports crystallinity increases in bone immersed in 
saturated solutions, where little or no additional dissolution took place; these show that it is possible for 
changes in crystallinity to occur when no net dissolution is present. 
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and buffered 1.0 M acetic acid in removing calcite and other carbonate-rich 

contamination has been demonstrated by Koch et al. (1997), Lee-Thorp et al. (1997) and 

Nielsen-Marsh and Hedges (2000b). Reducing acid solution concentration has also been 

suggested as a way of reducing excessive sample loss in treatment. For example, Lee-

Thorp et al. (1997) observe that 1.0 M acetic acid treatment can lead to large amounts of 

sample dissolution in enamel apatite, which is especially undesirable when only small 

samples are available. This can be avoided by reducing the solution concentration to 0.1 

M ; the authors also suggest that acid treatment time may be reduced to as little as two 

hours while retaining effective treatment. Koch et al. (1997) also cite reduced sample 

dissolution as an advantage of reducing the acetic acid treatment concentration to 0.1 M , 

or using buffered 1.0 M acid. Thus, there seem to be advantages to reducing the acetic 

acid treatment concentration to 0.1 M . However, these are not completely clear cut, as 

some experiments still suggest problems with the 0.1 M acetic acid treatment. 

Regardless of treatment time and concentration, it is apparent that acid treatment 

will not always remove diagenetic alteration. As described in section 5.1, it has become 

clear that common diagenetic contaminants of bone mineral include both high-carbonate 

contaminants vulnerable to acid treatment and low-carbonate recrystallized apatite that 

remains in the sample after acid treatment. In some cases, only high-carbonate 

contaminants appear to be present, and acetic acid treatment removes contamination 

effectively. For example, Lee-Thorp (2000) used 1.0 M acetic acid preparations on 

browser and grazer bones 100 to 120 ky old from soil matrices with carbonate 8 1 3 C 

values highly contrasted to the animals' expected bone carbonate S 1 3 C values based on 

feeding strategy. The 5 1 3 C values of the prepared bone carbonate agreed with expected 

values based on diet, and showed no sign of matrix contamination. However, a number 

of other studies have demonstrated the persistent presence of a low-carbonate 

recrystallized apatite that cannot be removed using acid treatment of the bone sample. 

For example, Wright and Schwarcz (1996) demonstrated the persistence of a highly 

crystalline contaminant with a low carbonate/phosphate ratio and indications of fluorine 

substitution in some archaeological bones that had been prepared using 1.0 M acetic acid. 



209 

Work by Nielsen-Marsh and Hedges (2000b) revealed the presence of a similar 

contaminant in some samples treated with 0.1 M acetic acid. Their results suggested that 

two classes of bones were present in the archaeological sample they worked with. In 

well-preserved bones with high protein content, good histological profiles and FTIR traits 

characteristic of intact bone mineral, the acetic acid treatment appeared to remove 

diagenetic carbonate while leaving the original bone carbonate relatively intact and 

suitable for isotopic analysis. However, in poorly preserved bones, the acid treatment 

produced material with high crystallinity and low carbonate content, likely carbonate-

poor recrystallized apatite (Wright and Schwarcz 1996; Nielsen-Marsh and Hedges 

2000b). The variable presence of low-carbonate recrystallized apatite in archaeological 

bone, and its response to soil conditions, were discussed in section 5.1. As predicted by 

Lee-Thorp (1989), recalcitrant contamination due to this type of recrystallized apatite 

appears to be an unavoidable weakness of acid-soak techniques for bone carbonate 

preparation. 

One solution to problems with recalcitrant contamination would be to work with 

dental enamel rather than bone. Many studies have observed that the carbonate of dental 

enamel is relatively invulnerable to diagenetic changes, often showing better preservation 

than bone from the same context (Lee-Thorp 1989; Lee-Thorp and van der Merwe 1991; 

Wang and Cerling 1994; Rink and Schwarcz 1995; Michel et al. 1996; Koch et al. 

1997). This difference is presumably due to enamel's larger crystal size and lower 

porosity, which reduce crystal solubility and the exposure of crystal surfaces to 

groundwater (see discussions in the sources cited immediately above, especially Wang 

and Cerling 1994). Because of this greater resistance, enamel is far less likely to contain 

significant amounts of any contaminating apatite, acid resistant or not. However, in 

many situations the analysis of teeth is not an option. The alternative approach to dealing 

with recalcitrant contamination, since it cannot be eliminated, is to detect its presence 

using sample quality indicators. 
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5.4.3. Criteria for assessing bone carbonate sample quality: As with sample 

preparation methods, there is less consensus regarding quality indicators for bone mineral 

samples than for collagen samples. In this section, several indicators that have been 

suggested in the literature are reviewed. In contrast to the above section, which dealt 

only with preparation methods for bone and enamel carbonate, this section includes 

references to some studies tracking bone mineral diagenesis and sample quality for other 

purposes such as Sr/Ca analysis, as these provide information that may be applied to 

mineral diagenesis and sample quality in general. 

5.4.3.a. General X R D or FTIR profde: X-ray diffraction and Fourier transform infrared 

spectroscopy6 produce spectra that can be compared to reference spectra of pure, 

unaltered bone mineral, typical major contaminants of bone mineral such as calcite, and 

recrystallized bone mineral. These methods allow the presence of contaminating 

exogenous minerals such as calcite and products of diagenesis such as brushite and 

francolite to be detected in the mineral; they can also be used to derive measures of 

carbonate content and crystallinity (discussed in detail below). The utility of FTIR and 

X R D spectra for the detection of contamination or alteration of apatite has been 

demonstrated repeatedly. For example, Lee-Thorp (1989) used FTIR profiles to 

demonstrate the recrystallization of bone mineral to brushite after acid exposure; Koch et 

al. (1997) used X R D spectra to document the same effect. Sillen and Sealy (1995) used 

FTIR spectra to demonstrate the alteration of apatite to a highly crystalline, low-

carbonate form after a preparation involving acid leaching and ashing. Lee-Thorp (1989) 

detected calcite contamination in some of her archaeological samples using FTIR; calcite 

was also documented in archaeological bone by Michel et al. (1996) using X R D and by 

6 In X R D analysis, x-rays are passed through a mineral sample; the pattern in which they are diffracted is 
determined by the crystal structure of the sample. This diffraction spectrum provides information on the 
type and amount of mineral species present in the sample. In FTIR analysis, infrared radiation is passed 
through an organic or inorganic sample. Radiation at certain frequencies is absorbed by the molecules of 
the sample; the frequencies absorbed are determined by the molecules' vibrational frequencies, which in 
turn are determined by the composition and structure of the molecules. Thus, the FTIR spectrum of a 
material (the pattern of frequencies at which radiation is absorbed and the strength of the absorption at 
these frequencies) provides information on the type and amount of material present in the sample. 
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Nielsen-Marsh and Hedges (2000b) using FTIR. Wright and Schwarcz (1996) used FTIR 

to detect francolite in some of their archaeological bone samples. As all of the changes 

detected in these studies could interfere with bone carbonate stable isotope values, 

rejecting affected samples is obviously beneficial. 

5.4.3.b. Carbonate content: Apatite carbonate content was one of the earliest sample 

quality indicators applied in bone carbonate analysis (Land et al. 1980; Schoeninger and 

DeNiro 1982a). The contaminating potential of calcite was recognized in early isotopic 

work on archaeological bone carbonates. As such contamination increases the bone's 

carbonate content, it was reasoned that carbonate content in excess of typical in vivo 

values was indicative of additional diagenetic carbon in the sample (Land et al. 1980; 

Schoeninger and DeNiro 1982a). This reasoning was validated by Lee-Thorp (1989), 

who showed that excess carbonate content was typical of bone mineral that had been 

contaminated with calcite or with high-carbonate recrystallized apatite. Since that time, 

carbonate content has been used as a sample quality indicator in stable isotope studies of 

bone carbonate (Person et al. 1995; Michel et al. 1996; Saliege et al. 1995; Wright and 

Schwarcz 1996; Williams 2000; Nielsen-Marsh and Hedges 2000a, 2000b; Stiner et al. 

2001). These studies have demonstrated the value of the technique for detecting the 

presence not only of calcite and other high-carbonate contaminants, but also of low-

carbonate recrystallized apatite. Well-preserved apatite has a moderate carbonate content 

after acid treatment; samples that display unusually low carbonate content after acid 

treatment are likely to contain low-carbonate recrystallized apatite. Also, the model of 

bone mineral diagenesis proposed by Wang and Cerling (1994) implies that apatites with 

low carbonate content are disproportionately vulnerable to 5 C alteration. Thus, low 

carbonate content may be not only an indication of recrystallization but a warning sign 

that the apatite in question was especially vulnerable to 5 I 3 C alteration during its time in 

the ground. Clearly, it is important to monitor archaeological bone samples for both high 

and low carbonate content. 

Carbonate content of a sample can be determined directly or indirectly. In direct 

determination, content is determined manometrically or coulometrically on the CO2 gas 
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collected from the sample for analysis (Land et al. 1980; Lee-Thorp 1989; Person et al. 

1995; Rink and Schwarcz 1995; Michel et al. 1996; Wright and Schwarcz 1996; Koch 

et al. 1997; Williams 2000). In indirect determination, the carbonate content of the 

sample is estimated from the relative size of the FTIR peaks caused by the carbonate 

substitutions (Shemesh 1990; Wright and Schwarcz 1996; Sponheimer and Lee-Thorp 

1999a; Williams 2000; Nielsen-Marsh and Hedges 2000a, 2000b; Stiner et al. 2001). 

There are several major FTIR peaks reflecting carbonate substitutions in apatite: those 

at ca. 1545, 1450 and 890 cm'1 reflect Type A substitutions, while those at ca. 1465, 1415 

and 870 cm"1 reflect Type B substitutions (Le Geros and Tung 1983). The sizes of these 

peaks, as calibrated against the size of one of the major phosphate peaks from the scan, 

will reflect the Type A and Type B carbonate content of the sample8. Most structural 

carbonate consists of Type B carbonate, and thus, although there is evidence that Type A 

and B carbonates behave differently during diagenesis, one of the Type B peaks will be 

the best single reflection of overall carbonate content (Sponheimer and Lee-Thorp 

1999a). Although there are several peak ratios to choose from, several recent studies 

have used the ratio of the height of the Type B carbonate peak at ca. 1415 cm"1 to the 

height of the PO4 peak at ca. 1035 cm"1 (e.g. Wright and Schwarcz 1996; Sponheimer 

and Lee-Thorp 1999a; Nielsen-Marsh and Hedges 2000a, 2000b; Williams 2000). This 

ratio has been demonstrated to have a good linear relationship with overall carbonate 

content as measured by other means (Wright and Schwarcz 1996; Sponheimer and Lee-

Thorp 1999a). A few studies have recorded values for this ratio (referred to hereafter as 

the FTIR C/P ratio) in modern bone. Wright and Schwarcz (1996) found a small series of 

whole modern bones to have C/P ratios of ca. 0.24 to 0.26; removal of labile carbonates 

7 The positions of the peaks in a FTIR spectrum are given in wavenumbers, or cm". These positions reflect 
the specific bonds involved in the molecules of the sample - in this instance, the bonds involved in the 
Type A and Type B carbonate substitutions in bone apatite. The presence of these peaks, and their height 
relative to other peaks in the scan, thus give an indication of the amount of Type A and Type B carbonate 
substitutions in the apatite. See Figure 5.6 (p. 225) for a sample bone apatite FTIR spectrum depicting the 
peaks discussed in this section. 
8 The carbonate peak heights are calibrated against a phosphate peak to remove the effects of sample 
concentration on peak height (Rink and Schwarcz 1995; Wright and Schwarcz 1996). The use of relative 
peak sizes to compare the abundance of a certain component in different samples is an established method 
in FTIR analysis (Stuart 1997). 
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with acetic acid reduced this to 0.10 to 0.249. In the same study, archaeological bone 

mineral deemed to be well-preserved had C/P values ranging from 0.12 to 0.2. In 

contrast, Nielsen-Marsh and Hedges (2000a, 2000b) report a C/P ratio of 0.35 for one 

whole modern bone, and suggest that well-preserved archaeological bone should show 

C/P values between 0.3 and 0.4. The discrepancy between the 'acceptable' ranges 

defined by Wright and Schwarcz (1996) and Nielsen-Marsh and Hedges (2000a, 2000b) 

illustrates the need for further work with this relatively new diagenetic indicator. 

However, both of these studies find that low C/P ratios in acid-treated bone mineral 

correlate with other indicators of poor quality such as high crystallinity, extensive protein 

loss and altered stable isotope ratios. This illustrates the potential utility of C/P ratios as 

sample quality indicators. 

At this time, contradictory research results make it difficult to set a C/P ratio cut

off point that will separate well-preserved and poorly preserved samples. However, the 

results obtained by Wright and Schwarcz (1996) show that rather than setting such a 

point, it may be more effective to look for relationships between C/P and other quality 

indicators in individual data sets and discard low C/P samples based on these findings. 

By discarding samples using such a system, these authors arrive at a restricted data set 

that they feel dependably reflects the actual carbonate stable isotope values at their site. 

A similar approach is urged by Nielsen-Marsh and Hedges (2000a), who advocate the use 

of C/P ratio as part of a multivariate system of diagenesis assessment involving other 

measures such as bone porosity and nitrogen content. 

5.4.3.C. Crystallinity: As reviewed in section 5.1, the loss and reworking of bone 

mineral during diagenesis are often accompanied by increasing crystallinity. This makes 

crystallinity potentially useful for tracking diagenesis; it may be particularly useful in 

identifying samples contaminated with highly crystalline low-carbonate apatite (Wright 

9 The increased range suggests variable impact of the acid treatment on carbonate content. While this could 
stem from several causes, one might suspect that it partially reflects the response of labile carbonate content 
to bone maturity discussed in section 5.1. Might the proportion of carbonate present as labile carbonate be 
influenced by factors such as age, activity and bone turnover? 
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and Schwarcz 1996; Nielsen-Marsh and Hedges 2000a, 2000b). Stable isotope studies 

of bone carbonate that have used crystallinity increase as a diagenesis indicator include 

Saliege et al. (1995), Wright and Schwarcz (1996) and Williams (2000). Crystallinity has 

also been used as a diagenesis indicator in studies of dental enamel carbonate (e.g. 

Wright and Schwarcz 1998; Sponheimer and Lee-Thorp 1999a), in studies involving 

other chemical analyses of archaeological bone such as apatite phosphate 5 I 8 0 analysis 

(e.g. Stuart-Williams et al. 1996), and in studies of diagenesis and sample preparation 

techniques (Hedges et al. 1995; Person et al. 1995; Sillen and Sealy 1995; Nielsen-

Marsh and Hedges 2000a, 2000b). 

Apatite crystallinity may be measured using X R D or FTIR analysis. When 

measuring sample crystallinity using X R D , the resolution of certain apatite peaks is taken 

as an indicator of crystallinity, with resolution increasing as crystallinity increases 

(Hedges et al. 1995; Saliege et al. 1995; Koch et al. 1997). Measurements may be made 

on single peaks (e.g. Hedges et al. 1995) or indices may be constructed using changes in 

multiple peaks (Person et al. 1995; Saliege et al. 1995). Apatite crystallinity 

measurement from FTIR spectra uses increased splitting of the PO4 peak at 550 - 610 

cm"1 as an indicator of increased crystallinity (Lee-Thorp 1989; Weiner and Bar-Yosef 

1990). To provide a numerical value for the splitting of this peak, a baseline is drawn 

from ca. 495 to 750 cm"1, and the heights of the peaks at ca. 565 and 600 cm"1, and of the 

trough between them, are measured. The peak heights are then summed and divided by 

the trough height (see Figure 5.6, p. 225, for an illustration of this method). This measure 

is generally consistent throughout the literature10 (Shemesh 1990; Lee-Thorp and van der 

Merwe 1991; Weiner and Bar-Yosef 1990; Sillen and Morris 1996; Stuart-Williams et 

al. 1996; Nielsen-Marsh and Hedges 1997, 2000a, 2000b; Wright and Schwarcz 1996; 

Williams 2000; Stiner et al. 2001). It will hereafter be referred to as the FTIR 

crystallinity index, or CI. 

1 0 There are a few exceptions. For example, Michel et al. (1996) use an index that relates the height of the 
trough between the 565 and 600 cm' 1 peaks to the height, at the same point on the spectrum, of a line drawn 
between their peaks. This index is in use in the bone development literature (e.g. Rey et al. 1991 a). 
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Information from studies in the literature suggests that the FTIR CI of modern 

bone is in the 2.6 to 3.3 range (Weiner and Bar-Yosef 1990; Sillen and Sealy 1995; 

Wright and Schwarcz 1996; Nielsen-Marsh and Hedges 1997, 2000b). This range shifts 

upwards somewhat to 2.7 - 3.6 after acid treatment (Wright and Schwarcz 1996; 

Nielsen-Marsh and Hedges 1997, 2000b). Some sources (Weiner and Bar-Yosef 1990; 

Stuart-Williams et al. 1996; Wright and Schwarcz 1996) report that CI values of well-

preserved archaeological bone mineral are also higher than those seen in fresh whole 

bone, ranging from 3.0 to 4.4 or higher. However, Nielsen-Marsh and Hedges (2000a, 

2000b) report a CI range of 2.6 to 2.9 for archaeological bone they consider to be well-

preserved on the base of histology, FTIR C/P ratio and other indicators, and suggest that 

CI values beyond 3.0 may in fact represent unacceptable recrystallization. This 

contradiction may not be as sharp as it seems; the limit set by Nielsen-Marsh and Hedges 

is intended to be applied in conjunction with several other indicators (histology, porosity, 

nitrogen content and carbonate content) and thus, presumably, a CI value over 3.0 would 

not be cause by itself to reject a sample. While the need for more work to resolve the 

contradiction is clear, it may be observed that as CI values of up to 3.3 have been 

recorded for fresh bone untouched by any reagent, archaeological bone with such CI 

values should not be rejected out of hand. A further complication is the suggestion by 

Wright and Schwarcz (1996) that low CI values may sometimes indicate residual 

contamination. This disagreement over the significance of small CI increases make the 

choice of a range or cut-off point in CI values difficult11. As with FTIR C/P ratio, an 

alternative to using an arbitrary value range is to examine relationships between FTIR CI 

index, stable isotope values and other preservation indicators to arrive at an idea of how 

crystalline material from the site is in general and at what point increased crystallinity 

indicates unacceptable preservation (Stuart-Williams et al. 1996; Wright and Schwarcz 

1996; Nielsen-Marsh and Hedges 2000a). 

" Some of the inconsistencies between different studies may relate to methodological differences. 
Recently, Surovell and Stiner (2001) demonstrated that FTIR CI is responsive to aspects of preparation 
such as the fineness to which samples are ground. They suggest that the measure be reported in relation to 
a standard. 
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5.4.3.d. Histological preservation: The potential of histological appearance as a 

preservation indicator is apparent, since recrystallized apatite and exogenous minerals are 

often visible in histological sections (e.g. Hackett 1981; Hanson and Buikstra 1987; 

Schoeninger et al. 1989). Schoeninger et al. (1989) compared the histological appearance 

of archaeological bone to the preservation quality of its mineral as measured by X R D . 

They observed a good apparent relationship, with bones of poor histological appearance 

consistently showing more mineral recrystallization than those of good appearance. A 

study of histological appearance and mineral preservation by Hedges et al. (1995) failed 

to confirm this relationship; however, two more recent studies by Nielsen-Marsh and 

Hedges do support it. In the first (Nielsen-Marsh and Hedges 2000a), they looked at 

correlations between the histological preservation of untreated archaeological bone 

samples and other quality indicators (crystallinity, whole bone protein content, carbonate 

content and pore size). The data suggest that histological preservation is related to some 

of these indicators, especially protein content, and that a compound measurement 

including histological quality along with other indicators might effectively predict bone 

mineral quality. In the second study (Nielsen-Marsh and Hedges 2000b), archaeological 

bone samples with good and poor histological preservation were examined before and 

after dilute acetic acid treatment. Clear differences were found between the 'good' and 

'poor' groups; while 'good' bones showed FTIR C/P and CI values similar to those of 

modern bones after acid treatment, 'poor' bones showed a combination of high 

crystallinity and low carbonate content. The authors suggest (Nielsen-Marsh and Hedges 

2000b: 1157) that acid treatment of the poorly preserved samples left behind a residue 

consisting largely of the histologically visible hypermineralized areas. They argue that as 

this material likely consists largely of recrystallized apatite, bones that have undergone 

substantial histological alteration are inappropriate for isotopic analysis. 

5.4.3.e. Bone protein content: A tendency for bones with low protein content to display 

poor mineral preservation has been noted in a number of studies (e.g. Schoeninger et al. 

1989; Saliege et al. 1995; Person et al. 1995; Sillen and Parkington 1996; Stuart-

Williams et al. 1996; Nielsen-Marsh and Hedges 2000a, 2000b; see however Weiner 
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and Bar-Yosef 1990; Hedges et al. 1995). Recently, Stuart-Williams et al. (1996), Sillen 

and Parkington (1996) and Nielsen-Marsh and Hedges (2000a) have all found good 

relationships between whole-bone protein content, as measured by ashing or whole-bone 

% N , and mineral quality as measured by crystallinity. Such a relationship could result 

from the fact that some processes involved in diagenesis, such as microbial attack, impact 

both protein yield and mineral quality. This would cause coincidental decreases in 

protein content and mineral quality that have nothing to do with an actual functional link 

between the two. However, all of these authors argue that bone collagen actively protects 

bone mineral from diagenetic change while it is present (Sillen and Parkington 1996:541; 

Stuart-Williams et al. 1996:13; Nielsen-Marsh and Hedges 2000a: 1146). 

An important caveat to this model is the fact that in some bones, collagen loss is 

not accompanied by severe mineral degeneration. Successful studies on fossil bones (e.g. 

Lee-Thorp 1989, 2000) prove definitively that well-preserved mineral may remain in a 

bone after all collagen is long gone. However, as researchers such as Schutkowski et al. 

(1999) and Lee-Thorp (2000) have pointed out, fossil bones represent only that subset of 

bones that were buried under conditions that led to their long-term survival. Most 

modern bones - including those showing significant recrystallization and contamination 

after a thousand years or less - presumably represent the larger subset of bone that would 

not have survived in the very long term. For such bones, the relationship between protein 

loss and mineral quality may prove useful in bone mineral analysis, identifying 'suspect' 

bones for further analysis. Nielsen-Marsh and Hedges (2000a) recommend including 

bone protein content in their suite of bone mineral quality indicators. 

5.4.3.f Carbonate 5 1 8 Q values: Another measure that may prove useful as an indicator 

of diagenesis in bone carbonate is sample 5 1 8 0 value. The 51 O values of mammalian 

bone mineral reflect 6 I 8 0 in body water, separated by the fractionation value associated 

with the precipitation of the mineral (Longinelli 1984; Luz et al. 1984; Levinson et al. 

1987; Luz and Kolodny 1989). Body water S I 8 0 , in turn, is primarily determined by the 

6 1 8 0 values of oxygen ingested in food and water (Longinelli 1984; Luz et al. 1984; Luz 
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and Kolodny 1989). Thus, bone phosphate and carbonate 5 I 8 0 values vary between and 

within regions, reflecting local drinking water 8 I 8 0 values and other factors such as 

metabolic rate and food preferences (Land et al. 1980; Luz et al. 1984; Luz and Kolodny 

1989; Luz et al. 1990; Kohn et al. 1996; Sponheimer and Lee-Thorp 2001). 

5 1 8 0 values of enamel carbonate, and of enamel or bone phosphate, have been 

used to study diet and movement in past human and animal populations (Stuart-Williams 

et al. 1996; White et al. 1998; Wright and Schwarcz 1998, 1999; Sponheimer and Lee-

Thorp 1999b, 2001). However, the application is likely unfeasible for bone carbonate. 

The model of diagenetic 5 C and 5 O alteration in apatite carbonates developed by 

Wang and Cerling (1994) suggests that carbonate 5 O alteration will depend on apatite 

porosity. Enamel, with its low porosity, should preserve biogenic carbonate 5 1 8 0 values; 

however, bone, with its higher porosity, is much less likely to do so. Their test of the 

model on a set of fossil bone and teeth supports these conclusions, and suggests that 
18 

while archaeological enamel carbonate may often retain its original 5 O signature, this is 

far less likely for bone carbonate. 

Through its vulnerability to diagenetic alteration, bone carbonate 5 1 8 0 may prove 

useful as a diagenetic indicator. Such use has been attempted in some recent research. 
18 

For example, Iacumin et al. (1996) determined both phosphate and carbonate 8 O values 

for the Egyptian bone samples in their study. The two values showed an excellent 

correlation similar to that seen in fresh bone, prompting the researchers to suggest that no 

diagenetic alteration of the carbonate had taken place. In contrast, evidence for 

diagenetic alteration is seen in samples analyzed by Wright and Schwarcz (1996). They 
18 * • • 

found significant trends linking carbonate 5 O and other preservation indicators (%C02, 

FTIR C/P and FTIR CI). The direction of the relationships suggests that at this 
18 

archaeological site, diagenetic alteration of bone mineral led to lower carbonate 5 O 

values. In that study, bone carbonate 8 1 8 0 helped to identify degraded samples and 

remove their 5 C values from further consideration. This suggests that carbonate 5 O 

value has potential as a diagenetic indicator in bone carbonate 5 1 3 C work. 
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One way in which to use carbonate 5 O as an indicator of diagenesis is to look 

for relationships between 8 1 8 0 and other chosen indicators of diagenesis (Wright and 

Schwarcz 1996). However, diagenetic alteration could also be reflected by high 5 1 8 0 

variability in a sample (e.g. Koch et al. 1997). In a diagnetically unaltered sample of 

bones, one might expect a level of 5 1 8 0 variability similar to that seen in modern animal 

communities. Studies on modern animals in restricted regions suggest that bone apatite 
18 • 

8 O values for animals of a single species in a single biome will often vary over a range 

of l%o to 2%o, and sometimes vary by up to 5%o (Longinelli 1984; Levinson et al. 1987; 

Kohn et al. 1996; Bocherens et al. 1996; Stuart-Williams and Schwarcz 1997; 

Schoeninger et al. 2000; Sponheimer and Lee-Thorp 2001). Thus, a scatter of l%o to 
18 

5%o in carbonate 8 O values for a single site and species could be interpreted as 

reflecting the original 8 1 8 0 variability in the sample. However, a 8 I 8 0 scatter larger than 

this might reflect diagenetic alteration in the sample, and could thus serve as an 

indication that the quality of the sample set must be examined more carefully12. 

5.4.3.g. Bone porosity: A final measurement that has been suggested as an indicator of 

bone mineral quality is bone porosity. During diagenesis, the empty space inside bone 

increases as a result of processes such as microbial attack and loss of hydrolyzed collagen 

and dissolved mineral flushed out of the bone. Hedges and colleagues (Hedges and 

Millard 1995; Hedges et al. 1995) used the moisture content of bones at different 

percentages of relative humidity to survey the distribution of their pore sizes. They 

demonstrated that the total porosity of bone increases substantially during diagenesis, and 

that porosity also changes in type, with larger pores becoming more predominant. This 

pattern was confirmed in later research (Nielsen-Marsh and Hedges 2000a, 2000b). The 

1 2 It should be noted that inferring diagenetic alteration from a high degree of carbonate 8 l s O scatter in 
human populations has risks. First, a certain amount of scatter in human 5 I 8 0 values might stem from 
factors such as the trade of beverages and moist foods, the differential use of isotopically distinctive water 
sources such as springs, cisterns and wells, and variable food processing methods. As well, studies on 
well-preserved enamel carbonates have documented 8 i 8 0 variability in human populations that likely 
results from residential mobility (Stuart-Williams et al. 1996; White et al. 1998). The possibility that 
variation is original to the material and due to such causes must be kept in mind. 
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explanation proposed by Nielsen-Marsh and Hedges (2000a) for this pattern involves two 

separate mechanisms. An increase in larger pores appears to be directly linked to loss of 

collagen and bone mineral, while a decrease in smaller pores may be due to 

rearrangement of the inorganic matrix as collagen is lost. The proportion of large to 

small pores increases in bone as protein is removed; concurrently, mineral FTIR CI 

increases and FTIR C/P decreases. Based on this relationship, Nielsen-Marsh and 

Hedges (2000a) recommend that porosity measurements be included in the assessment of 

bone mineral diagenesis. As relatively easily and inexpensively measured variables that 

seem to correlate well with bone preservation, macroporosity and microporosity seem 

likely to find increasing use in the literature. 

5.5. Original research into bone carbonate preparation: When bone carbonate 

preparation for this dissertation was initially begun, a technique used previously at the 

Department of Archaeology of the University of Calgary was chosen for sample 

treatment. This technique was closely based on Lee-Thorp (1989). However, initial 

application to a subset of project samples produced problems as an unacceptable 

percentage of the mineral dissolved in the acetic acid treatment. The fact that material 

from two other research projects running concurrently exhibited similar problems made it 

clear that the difficulty did not lie in the samples. It is likely that the differences were 

connected to a change in laboratory equipment: the laboratory's original grinder was 

replaced with a Spex freezer mill, which produced powder of a finer and more even 

consistency. Lee-Thorp et al. (1997) have reported that finer grinding of apatite samples 

can increase their vulnerability to acetic acid treatment. Thus, while use of the Spex mill 

was an improvement to the procedure in terms of product consistency, it appears that it 

made other changes to the preparation protocol necessary. 

When the problem of choosing a modified technique was approached, review of 

the literature discussed above and consultations with other researchers active in the area 

made it clear that more information was needed to make a choice regarding acetic acid 

treatment. To obtain some of this information, an experiment was designed to examine 
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the behaviour of bone mineral samples exposed to different acetic acid solution 

concentrations for various lengths of time. This work was conducted in partnership with 

Tamara Varney, another doctoral candidate at the University of Calgary. What follows is 

a synopsis of the work done, the results, and their implications for further research. 

5.5.1. Experimental design: As described above, current research suggests that overly 

harsh acid treatment in terms of exposure time or solution concentration can cause 

sample degeneration. However, the results are contradictory: some data suggest good 

sample quality after 24 hours or more in 1.0 M acetic acid (Kreuger 1991; Lee-Thorp 

and van der Merwe 1991; Lee-Thorp 2000), other results show sample degeneration after 

treatment with 1.0 M acetic acid but generally good quality after treatment with 0.1 M 

acetic acid (Koch et al. 1997; Sponheimer and Lee-Thorp 1999a), and yet others suggest 

significant alteration after as little as an hour in 0.1 M acetic acid (Nielsen-Marsh and 

Hedges 1997). The goal of acid treatment is to dissolve the most labile mineral; 

however, i f recrystallization occurs in treatment, diagenetic carbonate from the mineral 

initially dissolved by the acid treatment might be incorporated into the final sample, 

defeating the purpose. The goal is thus a balance that will produce generally good results 

on a variety of recent bone samples. 

This being given, some questions of interest were defined. First was the question 

of whether 0.1 M acetic acid would offer superior results to 1.0 M acetic acid when used 

to treat recent archaeological bone typical of the material handled in our laboratory. 

Second was the question of how rapidly powdered bone samples would be altered during 

the first few hours of exposure to 0.1 and 1.0 M acetic acid solutions. While the effects 

of 1.0 M and 0.1 M acetic acid on bone mineral were compared by Koch et al. (1997) and 

Nielsen-Marsh and Hedges (1997), the former study used very long treatment times 

(seventy-two hours) while the latter adjusted treatment solutions to maintain constant pH, 

and did not look at stable isotope values. Thus, a comparison of the effects of short 1.0 

M and 0.1 M acetic acid treatments on bone carbonates under typical conditions of 

sample treatment (i.e., a single treatment soak is applied, left to work and rinsed away as 
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in Lee-Thorp (1989) and similar methods) will provide novel information. This 

information would help, for example, to clarify the relative merits of short exposures to 

1.0 M acetic acid and longer exposures to 0.1 M acetic acid. It would also help to 

address the impact of sample variability on treatment time. Finally, there is the question 

of whether the stable isotope values of material prepared using different acetic acid 

treatments are comparable. Treatment methods for bone mineral are not uniform from 

one laboratory to another, and are changing over time. If different treatments produce 

systematically different results, unanticipated problems could arise when data from 

different studies are compared. 

It was decided to address these questions by comparing stable isotope values and 

preservation indicators for recent archaeological and fresh bone samples given a standard 

aqueous NaOCl treatment and then 1.0 M or 0.1 M acetic acid soaks of short increments 

up to a maximum of forty-eight hours. Archaeological bones from several depositional 

environments would be included to assess variation in response to treatments. Fresh bone 

would be also included. Prepared samples would be assessed in terms of weight loss, 

sample 5 1 3 C, sample 5 I 8 0 , and carbonate content and crystallinity as measured by FTIR. 

5.5.2. The experimental protocol: Four archaeological mammal bones were chosen as 

typical of the material analyzed at our laboratory. Identification by origin, age, site type 

and apparent condition (informally assessed from gross signs such as friability and 

surface cracking) is given in Table 5.1 (p. 223). Archaeological samples were scrubbed 

in distilled water and sonicated in double-distilled water, then air-dried. A fifth sample, 

fresh modern cow cortical bone obtained from a butcher, was manually freed of soft 

tissue before being cleaned in the same way. Samples were then ground to a uniform 

powder using a Spex freezer mill. A small amount of whole bone powder from each 

sample was retained for FTIR analysis; the remainder was weighed into 250 mg aliquots. 

Organic material was removed from all samples by soaking in four changes of 2% 

sodium hypochlorite (10 ml for 250 mg of bone) for a total time of forty-eight hours and 

rinsing to neutrality. At this point, one subsample from each bone was lyophilized for 
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Table 5.1: Archaeological Bones Chosen for Experimental Analysis 
Sample Origin Age (years) Site Type Condition 
1 Greece 700 - 800 Inland, midden Excellent 
2 Antigua 1400- 1800 Coastal, disturbed burial Poor 
3 Canadian Plains 800- 1000 Inland, kill site Poor 
4 Canadian Arctic ca. 700 Inland, dwelling Good 

5 C and FTIR analysis of its mineral component prior to acid treatment. The remaining 

subsamples were divided into two treatment groups and acid treatments, consisting of 10 

ml of either 1.0 M or 0.1 M acetic acid solution, were applied. The volume of solution 

used in proportion to sample weight is based on the procedure of Koch et al. (1997). 

Each sample received a five minute exposure to vacuum halfway through treatment to 

encourage complete exposure of crystal surfaces to the acid solution (Kreuger 1991). 

Individual subsamples were rinsed to neutrality at four hour intervals from four to forty-

eight hours. A l l samples were then lyophilized and weighed. Stable isotope and FTIR 

analysis was performed on the four, twelve and twenty-four hour groups, with other 

groups retained for later analysis if necessary. 

Stable isotope analysis was performed at the Stable Isotope Laboratory of the 

University of Calgary Department of Physics and Astronomy. CO2 was liberated from 

the samples as follows. Approximately 40 mg of sample was placed in one arm of a Y -

shaped reaction vessel; 5 ml of 100% anhydrous phosphoric acid was placed in the other 

arm. The vessel was then sealed and evacuated and the acid was mixed with the sample. 

The sample and acid were left to react at room temperature until digestion of the sample 

was complete. The CO2 gas was then cryogenically purified and collected for analysis. 

Analysis was performed on a V G Sira mass spectrometer. Correction of 5 C and 5 O 

was done directly to an internal standard (Lublin calcite) whose 5 1 3 C and S 1 8 0 values 

relative to international standards had been previously determined in the same 
13 

laboratory . 

1 3 Thus the 5 l s O values reported may be taken as corrected values, with the fractionation of the reaction 
between apatite carbonate and H3PO4 assumed to be identical to that for the calcite standard (S. Taylor, 
University of Calgary Dept. of Physics and Astronomy, personal communication). 
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FTIR analysis was performed at the Department of Chemistry, University of 

Calgary. 1.5 mg of the prepared bone mineral sample was ground with 200 mg of 

analytical quality KBr in an agate mortar and pestle, and sintered into a disk in a 

hydraulic press at 10,000 lb. of pressure for 2 minutes. Spectra were collected from 

4,000 to 400 wavenumbers using 16 scans and a resolution of 8 cm"1 on a Mattson 

Genesis Series FTIR analyzer. The completed scans were baseline corrected and peak 

height at 565, 605, 1035 and 1415 cm"1, as well as trough height at 590 cm"1 (between the 

565 cm"1 and 605 cm"1 peaks) were measured. Peak heights were used to calculate the 

FTIR CI (defined following Wright and Schwarcz 1996 as [565ht + 605ht]/590ht, where 

Xht is height at X wavenumbers) and C/P ratio (defined following Wright and Schwarcz 

1996 as 1415ht/1035ht). An illustration of the calculation of FTIR CI and C/P ratios from 

a scan is provided in Figure 5.6 (p. 225). 

5.5.3. Initial traits of samples: Measures of the initial quality of the samples prior to 

acid treatment are provided in Table 5.2, p. 226. Here, 'Condition' is the apparent 

condition of the sample as defined in section 5.5.2. 'Organic Content (%)' is the 

percentage of sample weight lost in the 2% NaOCl treatment, which in this study will be 

used as a proxy for sample organic content14. The samples' loss of mass in NaOCl 

generally reflects their apparent condition, with the fresh and well-preserved bones 

showing higher organic content while that of the poorly preserved bones is lower. The 

one exception to this pattern is archaeological sample 4, which has a higher organic 

content than its appearance suggested. This may indicate that most of the collagen 

present in the sample had been degraded into short segments that were retained in the 

bone, making the sample more friable but not affecting its organic content. However, 

1 4 Aside from small amounts of mineral lost in rinsing, weight loss in NaOCl treatment is assumed to result 
from the removal of organic matter. This does not represent the total amount of organic material in the 
bone, as 10% to 15% of the organic matter in fresh bone is found in apatite crystal aggregates where it is 
not vulnerable to attack by the NaOCl solution (Weiner and Price 1986). This organic matter is also 
relatively invulnerable to diagenetic attack; although the overall organic content of bone decreases during 
diagenesis, the amount of organic matter seen in crystal aggregates does not (DeNiro and Weiner 1988b). 
Thus, while the proportion of a bone sample that dissolves in NaOCl does not reflect its total organic 
content, it does reflect the survival of that organic fraction which is susceptible to loss during diagenesis. 
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Table 5.2: Initial Sample Quality 
Sample Condition Organic Content (%) CI C/P 
Modern Fresh 
1 Excellent 

26.6 
22.8 
13.2 
18.1 
28.7 

2.9 
2.8 
2.9 
3.8 
2.8 

0.23 
0.34 
0.33 
0.13 
0.27 

2 Poor 
3 Poor 
4 Good 

sample 4 also produced an unusual tacky foam during NaOCl treatment , which rouses 

suspicions that an unknown organic contaminant may have been present in the bone. 

The FTIR scans of archaeological samples 1, 2 and 4 are consistent in their 

overall appearance with well-preserved bone apatite. Sample 3 shows development of a 

shoulder at 1096 cm"1, where a peak forms in francolite-contaminated bone; however, 

prior studies show that a shoulder may be seen at this point in well-preserved bone 

(Wright and Schwarcz 1996). The modern cow bone has a CI value of 2.9, comparable 

to values in the literature. The CI values of archaeological samples 1, 2 and 4 are similar 

to those of the fresh bone. Sample 3 has a CI value suggesting recrystallization; this is 

consistent with an argument that the shoulder seen at 1096 cm"1 in this sample is 

indicative of some recrystallization to francolite. The fresh bone has a C/P value of 0.23, 

agreeing with the value range published by Wright and Schwarcz (1996). C/P values for 

archaeological samples 1, 2 and 4 are somewhat higher, and that of sample 3 is very low. 

In all, it seems that the archaeological bones chosen represent a range of preservation 

conditions. Samples 1 and 2 appear to be typical of fairly well-preserved archaeological 

bone, with CI values close to those of fresh bone and C/P values somewhat higher. 

Sample 3 is more similar to the severely recrystallized bones reported in other studies, 

with high CI, low C/P and possible slight contamination with francolite. Sample 4 

appears to show good mineral quality, but poor organic preservation: the collagen 

appears to be of poor quality, and an unidentified organic contaminant may be present. 

1 5 This was not retained for analysis. Prior carbonate preparation work at the University of Calgary 
Department of Archaeology has occasionally documented a similar reaction of bone samples to NaOCl 
treatment (R. Harrison, University of Calgary Department of Archaeology, personal communication). 
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5.5.4. Dissolution in acid treatments: The trends seen in dissolution in acid treatment 

are depicted in Figures 5.7 through 5.11 (pp. 228-230). The measure of dissolution used 

is the final yield of prepared bone mineral after treatment is complete, expressed as the 

percentage by weight of the original bone powder present. From this point, this measure 

will be referred to as the mineral yield of the sample16. 

Both 0.1 M and 1.0 M acid solutions produce a sharp initial drop in mineral yield 

for all samples. This effect is consistently greater for the 1.0 M solution. The modern 

bone showed the greatest dissolution, producing mineral yields of 32% after four hours in 

1.0 M acid and 65% after four hours in 0.1 M acid. The improved yields in 0.1 M acid 

are consistent with other data on mineral yield and acid solution concentration in the 

literature (Koch et al. 1997; Nielsen-Marsh and Hedges 1997; Sponheimer and Lee-

Thorp 1999a). Almost all of the samples show a steady plateau in mineral yield after the 

four hour mark. The one exception is the 0.1 M treatment of sample 3, which does not 

appear to establish a plateau until the sixteen hour point. The constancy of mineral yield 

for a given sample and treatment solution suggests that the solutions involved rapidly 

reach saturation. As Nielsen-Marsh and Hedges (1997, 2000b) remark, this effect is 

expected for proportions of acid solution to sample similar to that used here. 

The highest mineral yields are seen in archaeological samples 2 and 3, with 

modern bone and archaeological samples 1 and 4 showing lower yields. It was originally 

assumed that mineral yield would partially reflect sample crystallinity, with the most 

crystalline samples being more resistant to dissolution. However, comparison of the 

mineral yield data to the organic content of the samples as measured by loss of mass in 

NaOCl treatment (Table 5.3, p. 231) suggests that organic content is the primary 

determining factor. This makes sense. Bones with low organic content will lose less 

mass in NaOCl. Thus, when equal weights of whole bone are used, a bone with low 

organic content will yield a heavier sample of bone mineral after NaOCl treatment. The 

greater the mass of bone mineral present when acid treatment is begun, the more is likely 

to remain when the procedure is done. 

1 6 This term was chosen to distinguish the measure from carbonate yield, a common term in the literature. 



Figure 5.7: Mineral Yields by Time and Acid Concentration, 
Modern Bone 



Figure 5.9: Mineral Yields by Time and Acid Concentration, 
Sample 2 

1 0 0 % 

g 80% > 
c 0 X) 
1 60% 
[Eh 
'C o 
• ° 

2 
> 
u 
c 

40% 

2 0 % 

0 % 

- • - 1 . 0 M 
- B - 0 . 1 M 

\ — & — s — B — B \ Q ^ / Q — B ~ — B — -

* A - • * A * 

0 4 8 12 16 20 24 28 32 36 40 44 48 

Treatment time (hours) 

Figure 5.10: Mineral Yields by Time and Acid 
Concentration, Sample 3 

100% 

33 

u 20% — c 

0% 

0 4 8 12 16 20 24 28 32 36 40 44 48 

Treatment time (hours) 



230 

Figure 5.11: Mineral Yields by Time and Acid Concentration, 
Sample 4 
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Table 5.3: Sample organic content and mineral yield 
after 4 hour acetic acid treatments 

Organic Mineral Yield 
Content (%) 1.0 M 0.1 M 

modern 27% 32% 65% 
1 23% 32% 60% 
2 14% 44% 71% 
3 18% 43% 64% 
4 29% 30% 57% 

To further test the linkage of mineral yield to bone organic content, organic 

content as measured by loss of mass in NaOCl was compared to mineral yield after four 

hours of 0.1 M acetic acid treatment in a wider variety of archaeological bone samples. 

The comparison is shown in Figure 5.12 (p. 230). It can be seen that organic content is a 

major determinant of mineral yield. The point lying furthest off the regression is the 

modern bone sample; when it is omitted, the R 2 value of the regression rises to 0.89. 

This indicates that for archaeological bone, mineral yield is an excellent indication of the 

NaOCl-soluble organic content of a bone sample. Surprisingly, the crystallinity of the 

sample does not appear to influence the final mineral yield. For example, sample 3 from 

this study, which is highly crystalline, falls directly on the regression line, while sample 2 

from this study, with a CI value similar to that of modern bone, falls the furthest above it. 

Table 5.4: Changes in FTIR CI after treatment 
with 1.0 M and 0.1 M acetic acid 

FTIR CI after acid treatment 
Sample 0 hours 4 hours 12 hours 24 hours 
Modern 1.0M 2.9 2.7 2.5 2.8 

0.1 M 2.9 3.0 3.0 2.7 
Sample 1 1.0 M 2.8 2.8 2.8 2.8 

0.1 M 2.8 2.9 2.7 2.8 
Sample 2 1.0M 2.9 2.9 3.2 3.1 

0.1 M 2.9 3.2 3.0 3.0 
Sample 3 1.0 M 3.8 3.8 3.8 3.8 

0.1 M 3.8 4.0 3.9 4.0 
Sample 4 1.0 M 2.8 2.9 2.9 2.9 

0.1 M 2.8 2.8 2.8 2.8 
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5.5.5. Changes in FTIR characteristics: The two FTIR indices show different patterns 

of variation in relation to acid solution concentration and treatment time. FTIR CI shows 

little change in general (see Table 5.4, p. 231). Acid treatment appears to cause a slight 

increase in CI in most cases. Repeat scans of identical bone samples suggest that the 

precision of FTIR CI measurement for this project is about ±0.1. Thus, some of the 

smaller changes may not be significant. However, true increases in CI do appear to occur 

in sample 2 at twelve hours in 1.0 M acid and at four hours in 0.1 M acid. Nielsen-Marsh 

and Hedges (1997) reported a far greater increase in the CI value of fresh bone after brief 

treatments with 1.0 M and 0.1 M acetic acid. The difference may reflect the fact that 

Nielsen-Marsh and Hedges adjusted their solutions to a constant pH value to compensate 

for the buffering effect of bone mineral dissolved. In comparison, the saturation of the 

acid solutions used in this study may have partially protected the samples from CI 

increase. 

An observation requiring further discussion is the decrease in CI seen in modern 

bone treated with 1.0 M acid. This decrease reaches a value of 0.4 at its most extreme 

point (twelve hours of treatment) and should thus be considered real. Crystallinity 

decrease is not predicted in the model developed by Nielsen-Marsh and Hedges (1997), 

and runs counter to changes generally recorded in archaeological bone. In comparison to 

the FTIR spectrum at four hours of 0.1 M acid treatment, the spectrum at four hours of 

1.0 M acid treatment appears to show weakening of the peak at 605 cm"1 (see Figure 

5.13, p. 233). The reason for this change is unclear, although it presumably reflects 

attack on the bone by the more concentrated solution, which would agree with the large 

amount of mineral that dissolved. The change has led to decrease in the CI value, as the 

height of the peak at 605 cm'1 is reduced in comparison to the height at 590 cm"1. 

The pattern in FTIR C/P alteration is somewhat different (see Table 5.5, p. 234). 

Here, there is considerable inter-sample variation in the pattern of carbonate content. 

Based on prior observations of C/P and %CO"2 decrease in modern bone and enamel 

samples treated with acid (Land et al. 1980; Lee-Thorp 1989; Wright and Schwarcz 

1996; Koch et al. 1997), modern bone C/P was expected to decrease substantially after 
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Table 5.5: Changes in FTIR C/P after treatment 
with 1.0 M and 0.1 M acetic acid 

FTIR C/P after acid treatment 
Sample 0 hours 4 hours 12 hours 24 hours 
Modern 1.0M 0.23 0.41 0.45 0.37 

0.1 M 0.23 0.22 0.19 0.19 
Sample 1 1.0 M 0.34 0.30 0.33 0.33 

0.1 M 0.34 0.33 0.34 0.26 
Sample 2 1.0M 0.33 0.19 0.19 0.18 

0.1 M 0.33 0.24 0.22 0.21 
Sample 3 1.0M 0.13 0.10 0.09 0.10 

0.1 M 0.13 0.12 0.10 0.11 
Sample 4 1.0M 0.27 0.59 0.50 0.27 

0.1 M 0.27 0.37 0.27 0.26 

acid treatment. However, C/P of modern bone changes very little after treatment with 0.1 

M acid, decreasing from an initial value of 0.23 to 0.19 at twelve hours' time. A series of 

duplicate C/P measurements performed for this dissertation showed internal measurement 

differences of up to 0.03. Given this precision, the change seen is barely significant. 

This small change was less than expected. However, it does have a precedent in the 

literature: Wright and Schwarcz (1996) reported a similarly small magnitude of C/P 

decrease after acid treatment for one modern bone. In 1.0 M acid, C/P values of the 

modern bone increase. This cannot reflect true addition of carbonate as no source of 

additional carbonate was available. Examination of the FTIR spectra suggests that the 

increase reflects a proportionate loss in intensity of the 1035 cm"1 peak (Figure 5.13). 

The reason for this increase is unclear. Nielsen-Marsh and Hedges (2000b) report a 

smaller C/P increase (from 0.34 to 0.41) in modern bone treated with 0.1 M acetic acid. 

They remark (2000b: 1153) that the observation seems to be anomalous, but do not 

comment further. The behaviour of C/P indices in modern bone, both treated and 

untreated, may be clarified in further research. 

The behaviour of C/P in the archaeological bone samples is variable. Sample 2 

shows a sharp initial decline in C/P, followed by a plateau in C/P values, for both 

treatments. The initial decrease in C/P is more marked for 1.0 M acid. This pattern 

reflects the behaviour of mineral yield in the sample, and was expected based on prior 



235 

descriptions of C/P and % C 0 2 in acid-treated archaeological bone (Land et al. 1980; 

Lee-Thorp 1989; Wright and Schwarcz 1996). However, it was not observed in either of 

the other archaeological samples. Sample 1 shows a steady C/P value similar to the 

original in both acid solutions, save for a slight decline at four hours in 1.0 M acid and a 

larger decrease at twenty-four hours in 0.1 M acid. Sample 3 shows a very slight C/P 

decrease in both acid treatments. Sample 4 shows a substantial increase in C/P after four 

and twelve hours' treatment with 1.0 M acid, and a lesser increase after four hours in 0.1 

M acid. As with the modern bone, this change is difficult to explain; the FTIR spectra of 

these samples show a loss of intensity in the 1035 cm" peak similar to that seen in the 1.0 

M acid treatment of the modern sample. 

The variation in the C/P profiles of the archaeological bones may reflect 

differences in their preservation and diagenetic history. For example, it is tempting to 

suggest that sample 3, with its high CI, low original C/P and other signs of 

recrystallization, had been degraded to the point where it was resistant to further changes 

in C/P, while sample 2 had been contaminated with easily soluble excess carbonate which 

was dissolved in treatment. Other research has also documented variation in the response 

of archaeological bone C/P to acid treatment. Wright and Schwarcz (1996) report 

variation in the response of archaeological bone C/P to acid treatment, with one bone 

showing no change or a very slight increase. Nielsen-Marsh and Hedges (2000b) also 

report variation in C/P change of archaeological bone with acid treatment. Several of 

their samples showed no change at all, an observation that they interpret as indicating the 

absence of diagenetic carbonate in the original bone. 

5.5.6. Changes in stable isotope composition: The initial carbonate 5 C values of the 

samples after NaOCl treatment, and 8 C values for samples at four, twelve and twenty-

four hours of treatment, are shown in Table 5.6 (p. 236) and Figures 5.14 to 5.18 (pp. 

236-238). For the modern bone, the acid treatments result in lower 5 I 3 C, a finding in line 

with previous work (Land et al. 1980; Lee-Thorp 1989; Wright and Schwarcz 1996; 

Koch et al. 1997). The archaeological samples also show lower 5 1 3 C values, with the 



236 

Table 5.6: Changes in carbonate 5 1 3 C after treatment 
with 1.0 M and 0.1 M acetic acid  

Carbonate 5 1 3 C after acid treatment (%o PDB) 
Sample 0 hours 4 hours 12 hours 24 hours 
Modern l . O M -13.6 -13.5 -15.2 -15.2 

0.1 M -13.6 -14.5 -14.6 -14.5 
sample 1 l . O M -9.5 -12.0 -11.3 -11.5 sample 1 

0.1 M -9.5 -11.1 -11.0 -10.6 
sample 2 l . O M -8.5 -10.8 -10.8 -10.8 

0.1 M -8.5 -9.6 -9.7 -9.8 
sample 3 l . O M -7.7 -7.8 -8.9 -9.0 sample 3 

0.1 M -7.7 -8.7 -8.7 -9.0 
sample 4 l . O M -10.7 -10.5 -11 -12.1 sample 4 

0.1 M -10.7 -10.4 -10.6 -10.7 

Figure 5.14: 8 C by Time and Acid Concentration, 
Modern Bone 
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Figure 5.16: 6 1 3 C by Time and Acid Concentration, 
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Figure 5.17: 5 1 3C by Time and Acid Concentration, 
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exception of the 0.1 M treatment of sample 4. The fact that all archaeological samples 

show lower 5 1 3 C values after acid treatment is assumed to be fortuitous, as changes in 

archaeological bone carbonate 8 C after acid treatment are a function of the 5 C values 

of the mineral contaminants removed (Lee-Thorp 1989, 2000; Wright and Schwarcz 

1996). Given that C/P decreases are not observed in all of the samples, the consistent 
13 i * • 

appearance of 5 C alteration is somewhat surprising. 

In samples 1 and 2, the data conform with the yield data in showing a rapid initial 

change in 5 1 3 C followed by a plateau, and in showing a greater 5 1 3 C shift for the more 

concentrated solution than for the more dilute one. A similar pattern is seen in the 

modern bone and in sample 3, except that the samples treated with 1.0 M acid show a 

5 1 3 C shift between four and twelve hours rather than within the first four hours of acid 
13 

treatment. Sample 4 is set apart from this general pattern; its 8 C value shows no 

significant change in 0.1 M acid, and a gradual decrease in 1.0 M acid that shows no sign 

of ceasing at the twenty-four hour point. 

The behaviour of carbonate 5 O during treatment is largely consistent with the 

behaviour of carbonate 8 1 3 C (see Table 5.7, p. 240). As reported by other investigators 
1 $1 

(Wright and Schwarcz 1996; Koch et al. 1997), the acid treatments produce higher 5 O 

values in the modern bone. This effect is seen in all archaeological samples as well save 
18 

for the four hour 1.0 M treatment of sample 3, which shows a 5 O value lower than that 

of the untreated bone. This may be indicative of a variable 5 I 8 0 response to acid 

treatment similar to that reported for archaeological bone by Wright and Schwarcz 

(1996). However, as the twelve and twenty-four hour 5 O values for this sample are 

higher than that of the untreated bone, this measurement may be anomalous. Again, the 

consistency of 8 1 8 0 changes in the absence of FTIR evidence for the removal of 

carbonate from the samples is surprising. As with the 8 1 3 C values, a general pattern is 

seen in which 8 I 8 0 shows the largest shift within the first four hours of treatment, and in 

which larger 8 I 8 0 shifts are associated with 1.0 M acid treatment. In some cases this is 

followed by a plateau. However, the 0.1 M treatments of samples 1 and 3 show a steady 
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Table 5.7: Changes in carbonate 5 l s O after treatment 
with 1.0 M and 0.1 M acetic acid  

carbonate 5 l s O after acid treatment (%o PDB) 
Sample 0 hours 4 hours 12 hours 24 hours 
Modern 1.0 M -14.9 -10.0 -10.1 -10.7 

0.1 M -14.9 -12.0 -12.9 -14.2 
Sample 1 1.0M -7.8 -3.3 -3.4 -3.4 

0.1 M -7.8 -5.1 -4.6 -3.6 
Sample 2 1.0M -7.8 -2.8 -2.4 -2.8 

0.1 M -7.8 -4.2 -4.0 -4.2 
Sample 3 1.0M -15.3 -16.9 -12.1 -12.3 

0.1 M -15.3 -14.7 -14.1 -13.1 
Sample 4 1.0M -17.9 -14.2 -15.2 -15.6 

0.1 M -17.9 -13.5 -16.7 -16.2 

increase rather than a plateau, and values for both treatments of sample 4 and the 0.1 M 

treatment of modern bone fall back toward the original value by the twenty-four hour 

point. 

Archaeological sample 2 produced a steady plateau for both isotopes in both acid 

solutions. However, the other samples show a general mismatch between the patterns of 

5 1 3 C and 5 1 8 0 changes. The 0.1 M acid treatments of the modern bone and of samples 1 

and 3 produce a constant plateau after the four hour mark for 6 I 3 C, but not for 5 I8C). Both 
18 * 13 

treatments of sample 4 show 5 O alteration at the four hour mark in the absence of 5 C 
* 13 18 

alteration, and subsequent changes in 5 C and 5 O at the twelve and twenty-four hour 

marks that appear to behave independently of one another. While it is possible that the 
n to B 

variation in sample 8 C and 5 O over treatment time stems from measurement error or 

other factors, it is also possible that it is indicative of ongoing recrystallization of the 

samples in the absence of further dissolution as measured by weight loss. Nielsen-Marsh 

and Hedges (1997) have demonstrated that such alteration can occur in samples left in 

acid solutions for long periods. Thus, the potential that it has occurred in these samples 

should be considered. 
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5.5. 7. Discussion: The results have several implications for the acid treatment of bone 

mineral samples for carbonate analysis, and for interpreting the results of the preparation. 

5.5.7.a. Preferred acid solution concentration: In terms of the choice between 1.0 M and 

0.1 M acetic acid treatments, the data appear to support use of the more dilute solution. 

1.0 M acid treatments of up to twenty-four hours appear to have caused no 

recrystallization or other il l effects in most of the archaeological bones. However, the 

anomalous CI and C/P values of the modern bone and archaeological sample 4 after 

treatment with 1.0 M acid suggest that the more concentrated solution may have caused 

some problems. The samples treated with 1.0 M acid also showed problems with low 

mineral yields similar to those which prompted this experiment. In the case of the 

modern bone, these problems were severe. When these problems are taken together, it 

appears that treatment with 0.1 M acid is more prudent. This is especially desirable when 

dealing with modern bone, which appears to be more vulnerable to acid treatment than 

archaeological bone. This may reflect lower solubility in the archaeological bones due to 

diagenetic reorganization of the mineral. However, if that is the case it is not reflected in 

the bones' CI values, as most of the archaeological samples in this study show values 

similar to that of the modern sample. 

One difficulty involved in choosing a treatment solution is the differential offset 

in both 5 I 3 C and 8 1 8 0 values caused by exposure to 1.0 M and 0.1 M acetic acid 

solutions. In the modern bone as well as in most of the archaeological samples, the 1.0 M 

solution caused consistently greater isotopic shifts. Other researchers have reported 

similar patterns of 5 I 3 C and 8 1 8 0 alteration in modern bone and enamel exposed to 0.1 M 

and 1.0 M acetic acid (Koch et al. 1997). If 0.1 M acid treatment is to be substituted for 

1.0 M treatment, this difference must be considered. 

One possible explanation for the difference is the possibility that it was simply a 

result of increased dissolution in 1.0 M acetic acid. This raised the concern that the 0.1 

M acetic acid treatments could be producing a decreased offset in stable isotope values 

due to decreased efficiency in removing the most labile fraction of the bone mineral. 
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This possibility was tested by performing four hour 1.0 M and 0.1 M acetic acid 

treatments on a repeat set of samples using half the original sample weight but keeping 

solution volumes the same (i.e., the proportion of solution to sample was doubled). The 

doubled solution volumes dissolved a substantially greater amount of mineral. However, 
13 18 13 

there was no corresponding increase in 6 C or 8 O change. For most samples, 5 C and 

5 I 8 0 values are close to those originally obtained. In a few, the stable isotope values 

show less shift than was originally recorded: in these, the effect of doubling the ratio of 

solution to sample was opposite to that expected. These results suggest that the 
13 18 

difference in 8 C and 8 O alteration seen between 1.0 M and 0.1 M treatments is not 

related to decreased efficacy of the 0.1 M acid at removing the labile carbonate fraction. 

Instead, the consistent offset suggests that the difference may be related to a difference in 

fractionation effects of the two treatment solutions. Such an effect was suggested by 

Koch et al. (1997), who proposed that a fractionation effect may be present in acid 

treatments of biological apatite, perhaps related to differences between type A and type B 

carbonate substitutions, and that differential fractionation is the explanation for the 

different effects of 1.0 M and 0.1 M acetic acid on bone carbonate stable isotopes. If this 

is the case, extreme caution must be exercised in comparing modern or archaeological 

carbonate 8 1 3 C and 8 l s O data for bones or teeth treated with acid solutions of different 

concentration. 

5.5.7.b. Preferred treatment time: The plateau in mineral yield past four hours of 

exposure for all samples and treatments reflects saturation of the treatment solution 

(Nielsen-Marsh and Hedges 2000b). From this reasoning, one might suggest that 

treatment past the four hour mark has no significant effect on bone mineral samples. 

Generally speaking, sample 8 C, C/P and CI follow a similar plateau over the period 

from four to twenty-four hours of exposure, supporting this idea. However, changes seen 

in a few of the samples suggest that recrystallization may be occurring as the samples sit 

in acid treatment. Fluctuating 8 1 8 0 values from four to twenty-four hours of treatment 

also suggest that this might be the case. The potential for bone to recrystallize during 
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acid treatment in the absence of any net dissolution was demonstrated by Nielsen-Marsh 

and Hedges (1997). This study supports those findings. The results suggest that caution 

be taken when acid treatments are applied to bone mineral, and that mineral should be 

treated for as brief a time as possible. 

5.5.7.C. The meaning of mineral yield: The high correlation of mineral yield and organic 

content for the same bone sample suggests that mineral yield is, more or less, an indicator 

of a bone sample's organic content, and that at least within the range of CI values 

included in this trial, it is minimally affected by other factors such as the crystallinity of 

the bone mineral. This is not merely a matter of idle interest. Organic content has been 

used by a number of researchers as a quality indicator for archaeological bone carbonate 

analysis. As mineral yield is so directly related to organic content, it stands to reason that 

it may be used as a sample quality indicator in this way. As such, it would have the 

advantage of being determined directly on the sample that will be submitted for analysis, 

thus eliminating the need to sacrifice more sample material. An additional advantage is 

the fact that the measure is collected incidental to sample preparation, involving no 

additional cost or time; this could be an important consideration when dealing with large 

sample sets. Given these advantages, it seems that mineral yield deserves attention as a 

possibly valuable indicator of bone carbonate sample quality. 

5.6. Chosen carbonate preparation method and preservation indicators: The 

sample preparation method chosen based on the experimental data presented above is 

outlined in Figure 5.19 (p. 244). As suggested by the results of the experiment, all 

samples are given a four hour exposure to 0.1 M acetic acid to remove the labile 

carbonate fraction. As with the samples for the preparation experiment, analysis was 

performed on a V G Sira mass spectrometer at the University of Calgary Department of 
13 18 

Physics and Astronomy, with correction of 5 C and 5 O done directly to the internal 

Lublin calcite standard. 
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Figure 5.19: Bone Carbonate Preparation Protocol 

Remove sample from bone 
• 

Scrub sample with distilled water; remove cancellous bone as necessary to 
eliminate all visible contaminants 

T 

Clean sample ultrasonically in double-distilled water 
• 

Air-dry 48 hours 
T 

Grind sample in Spex freezer mill 
T 

Weigh 250 mg of sample into 14 ml centrifuge tube 
• 

Add 10 ml 2% sodium hypochlorite 
T 

Allow sample to react for 48 hours, changing solution 3 times by centrifuging, 
discarding supernatant, and mixing sample with 10 ml fresh solution 

• 
Centrifuge, discard supernatant, add double-distilled water and mix thoroughly. 

Repeat water changes until sample has reached neutrality 
T 

Add 10 ml 0.1 M acetic acid. Allow sample to react for 4 hours; at the 2 hour 
point, gently stir the sample and apply vacuum for 5 minutes 

T 

Centrifuge, discard supernatant, add double-distilled water and mix thoroughly. 
Repeat water changes until sample has reached neutrality 

T 

Freeze vial and lyophilize powder 24 to 48 hours 
T 

Record final prepared mineral weight 
T 

Release carbonate as CO2 by reacting ca. 40 mg of sample with ca. 5 ml of 
anhydrous H3PO4 in vacuum at room temperature until reaction is complete 

T 

Purify CO2 cryogenically and collect in sealed tube for stable isotope analysis 
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The carbonate preservation indicators chosen were a combination of yield, stable 

isotope and FTIR measures. The first is mineral yield. The results of the experiment 

indicate that this reflects total organic content of the bone, a measure which other 

researchers have shown to be linked to carbonate sample quality. The second measure is 

collagen content, as measured by the yield of the slow-soak collagen preparation that had 

been done on another chunk of the same bone. This is not a conventional carbonate 

quality indicator. However, it was decided to include it to examine the response, if any, 

of mineral 8 1 3 C to the intactness of the protein in the sample. Inclusion of both indicators 

will hopefully allow both aspects of the protective function of the collagen left in the 

bone sample - overall organic content and the intactness of the collagen that remains - to 

be considered. The third preservation indicator used is carbonate 5 1 8 0. While use of 
18 * • 

8 O as a preservation indicator requires careful consideration of the other possible 
1 8 * * 

reasons for 8 O variability in a population, it has been successfully used for this purpose 

by other researchers (Wright and Schwarcz 1996) and it is hoped that it will prove useful 

in this study. The final preservation indicators to be used are FTIR CI and C/P. 

Unfortunately, cost and time constraints decreed that these measurements could not be 

performed on the entire sample. Instead, a rationalized 10% sample (10% of each site 

sample, chosen to cover the spectrum of apparent preservation based on protein content 

and quality) was chosen for FTIR analysis. FTIR analysis and calculation of FTIR CI 

and C/P were performed as specified for the sample preparation experiment. In addition 

to derivation of the two indices, attention was paid to the overall appearance of the scans, 

and particularly for peaks at 710 cm"1 (suggesting the presence of calcite) or 1095 cm"1 

(suggesting the presence of francolite). The literature to date has not generated enough 

good data on the relationship of bone carbonate 8 1 3 C alteration to bone organic content, 

8 l s O alteration or FTIR characteristics to allow realistic cut-off values for the 

preservation indicators to be set. Instead, interpretation of the results, and rejection of 

suspected 'bad' samples, will be done by looking for associations between sample 8 1 3 C 

and the various quality indicators. 
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5.7. Summary: Bone diagenesis is a complex process in which the character of both 

collagen and apatite is altered, often with significant changes in stable isotope value. The 

proper choice of preparation methods and preservation indicators for collagen and 

carbonate minimizes the risk of accepting altered 5 , 3 C and S 1 5 N values into the data set. 

For this study, collagen will be prepared using a slow soak in 1% HCI followed by 0.125 

M NaOH; quality will be tracked using collagen yield and model quality, C/N, %C and 

% N . Based on the results of the carbonate preparation experiment presented in this 

chapter, carbonate samples will be prepared using a four hour soak in 0.1 M acetic acid. 
1 X 

Quality indicators will be 8 O, mineral yield, collagen content and FTIR analysis of a 

subset of the samples. The former two indicators are largely untested, and their 

performance on this large sample set will be of considerable interest. 
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Chapter 6: Evaluation of Sample Diagenesis 

This chapter discusses the evidence for diagenetic alteration of collagen and 

carbonate in the human bone samples analyzed, as well as the archaeological fauna. The 

values obtained for the diagenesis indicators described in Chapter 5 are presented, and 

their implications are discussed. Sample preservation showed variation, both by site and 

between bone collagen and bone carbonate. In general, the collagen samples were of 

good quality, and few samples had to be discarded. Carbonate samples, however, were 

more of a challenge to interpret, and much of this chapter discusses bone mineral 

preservation. Diagenetic alteration of some of the samples is indicated by a significant 

relationship between mineral yield and carbonate 5 1 3 C across all sites. When this is more 

closely examined, it is seen to be the result of higher 5 1 3 C values in samples of high 

mineral yield (low organic content) at a subset of the sites. FTIR analysis shows a trend 

toward low carbonate content and high crystallinity in these samples, suggesting the 

presence of low-carbonate recrystallized apatite. Similar trends are not seen in sample 

5 I 8 0 , perhaps because of local differences in diagenesis or different factors affecting § 1 3 C 

and S 1 8 0 values. After discussion of the pattern of carbonate diagenesis seen at the sites, 

a final sample set for bone carbonate is established. In all, mineral yield was extremely 

useful in assessing sample diagenesis at the study sites, suggesting that it may serve as a 

useful preservation indicator in other studies. The collagen and carbonate sample sets 

established in this chapter will be used in Chapters 7, 8 and 9 to reconstruct diet and other 

aspects of behaviour at the study sites. 

6.1. Bone collagen preservation: Collagen preservation at the study sites was 

generally good. A small number of samples failed to produce collagen models; these are 

listed in Table A2.2, Appendix 2, along with other samples rejected from the collagen 

data set. In all, collagen 8 1 3 C, 5 1 5 N and C/N data were obtained on 224 samples. 

Measurement precision was ±0.1 %o for 5 1 3 C, ±0.2%o for 5 I 5 N and ±0.1 for C/N. The 
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Figure 6.1: C/N vs. Collagen Yield, All Samples 
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Figure 6.3: Collagen %C vs. C/N, Omitting Outlier 
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calculations for these precision values are given in Appendices 3 and 4, which also 

provide information on methods used to calibrate the values. Collagen yield ranged from 

0.2% to 21.6%, with a mean of 7.7%. The C/N values of the bulk of the samples range 

from 3.1 to 3.7; a single outlier is seen at 6.7 (Figure 6.1, p. 248). When this outlier is 

omitted, a tendency for C/N to increase as yield decreases is revealed (Figure 6.2, p. 248). 

Above about 10% yield, C/N remains between 3.1 and 3.4, close to the value of modern 

collagen. Below 10% yield, samples with C/N values above 3.4 begin to appear, with the 

proportion of high C/N values increasing as yield drops. When collagen C/N is 

compared to collagen %C and % N (Figures 6.3 and 6.4, p. 249), it is seen that sample 

C/N shows no relationship to %C. However, the relationship with % N is significant, 

with % N falling as C/N values increase1. This pattern suggests a gradual degradation of 

collagen, with contaminants of low N or high C content becoming proportionately more 

important in the weight of the sample as collagen yield decreases. It is in agreement with 

current models of collagen diagenesis reviewed in Chapter 5. 

Despite this pattern, the data show no significant relationship between 5 1 3 C and 

yield (Figure 6.5, p. 251) or C/N (Figure 6.6, p. 251)2. In the case of 6 1 5 N values, the 

sample with C/N = 6.7 shows a 5 1 5 N value of 17.8%o, which is high in comparison to the 

rest of the samples. The remainder of the data set shows no relationship between 8 1 5 N 

values and collagen yield (Figure 6.7, p. 252) or C/N (Figure 6.8, p. 252). This lack of 
13 15 

relationship for both 5 C and 5 "N suggests that while samples of lower yield show 

higher C/N values, this alteration has not significantly affected their stable isotope 

composition. 

1 The single sample with C/N = 6.7 shows low values for % C (32%) and % N (5%), as predicted by 
Ambrose (1990). 
2 For this graph the C/N outlier has been omitted to allow better display of the remaining values. Its 8 I 3 C 
value is -19.2%o, and it does not contribute to a relationship between the variables. 
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Figure 6.5: Collagen 5 1 3 C vs. Yield, A l l Samples 
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Figure 6.7: Collagen 5 1 5N vs. Yield, C/N Outlier Omitted 
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Figure 6.8: Collagen 8 1 5N vs. C/N, C/N Outlier Omitted 
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Samples were controlled for quality as outlined in Chapter 5. Al l samples with 

C/N values above 3.6 and collagen yields below 1% were discarded. Samples that 

produced partial or fragmented models were examined particularly closely. Those which 

produced a solid model that represented only a portion of the original sample showed 

uniformly acceptable C/N, %C and % N values. In contrast, samples that produced only 

fragments or shreds of collagen were variable; some yielded collagen with acceptable 

C/N, %C and % N values, but several failed by these criteria. This difference 

demonstrates the importance of assessing collagen model quality. A l l samples yielding 

fragmented models were discarded from the data set. Although %C and % N values were 

also used as diagenesis indicators, they provided little additional information. A l l but one 

sample produced %C and % N values that fall within the range accepted by Ambrose 

(1990) and van Klinken (1999). This was the C/N outlier (C/N = 6.7), which also had a 

very low collagen yield (0.5%) and produced a fragmentary collagen model. It thus 

would have been discarded in any event. A second sample with values (%C = 34%; % N 

= 12%) markedly lower than the others seen in this study was also discarded for low 

collagen yield and a fragmentary collagen model. A l l other samples produced %C values 

between 40% and 49% and % N values between 14% and 18%, thus falling into the 

modern value range even when C/N or collagen yield was unacceptable. The recovery of 

acceptable %C and % N values for samples which appear to be unacceptable by other 

criteria was also reported by Iacumin et al. (1998) and Pfeiffer and Varney (2000). 

However, the difference between the results of work done by Ambrose (1990) and the 

results of this study is still surprising, given that this data set is also extremely large and 

includes many low-yield samples. The difference may lie in the processing method used. 

Ambrose (1990) used a modified Longin preparation, while this study used a slow-soak 

method. It is possible that the slow-soak method typically fails to yield a collagen sample 

for material that is so badly degraded that %C and % N values are significantly altered. 
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Figure 6.9: Nemea Collagen 5 1 3 C vs. C/N 
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Samples were then examined on a site by site basis to check for significant 
13 15 

relationships between 5 C or 5 N and any of the preservation indicators. This also 

allowed samples with borderline values for one or more preservation indicator to be 

examined more closely in terms of their yield, C/N and stable isotope values in 

comparison with other material from the same burial context. A significant relationship 

between 5 I 3 C and C/N was seen in the Nemea sample (Figure 6.9, p. 254). Although the 

total range of collagen 5 1 3 C values for this population was small, and thus any effect on 

the conclusions of the study was arguably minor, samples with high C/N and low yield 

values were discarded from the sample set until a significant relationship was no longer 

seen (Figure 6.10, p. 254). No significant relationships between stable isotope values, 

C/N, yield, %C or % N were seen in the other sites. At some sites, some suspect samples 

with borderline values were removed nonetheless. A l l samples with collagen yields 

between 1% and 2% were removed from the Corinth data set; it was noted that these 

tended to have high C/N values, and one of them, a faunal sample, had stable isotope 

values somewhat removed from other values for the same site and species. Five samples 

with high C/N were removed from the Mitilini data set; all of these had unusually high 

C/N values given their collagen yields, both in comparison to other Mitilini samples and 

in comparison to other sites. From the Petras data set, one sample with high C/N and a 

% N value markedly lower than those of other samples from the site was discarded. A 

final list of the 36 samples omitted from the collagen stable isotope study, along with 

their stable isotope and quality indicator values, is given in Table A2.2, Appendix 2. 

After this operation, the total data set was examined a final time. The relationship 

between C/N and collagen yield decreases in the final data set, but does not vanish 

(Figure 6.11, p. 256). Ambrose (1990:446) has suggested that a significant relationship 

between C/N and collagen yield in a sample set is cause for concern. However, it seems 

that some relationship should be expected, given that bones undergoing diagenesis are 

known to be at risk for both a decrease in collagen content and an upward drift in 

collagen C/N values. In a sample set large enough to include many samples of varying 

preservation, it would seem that a relationship must be seen. Considering that there are 
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Figure 6.11: Collagen C/N vs. Yield, Final Data Set 
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Figure 6.13: Collagen 8 1 3 C vs. C/N, Final Data Set 

Figure 6.14: Collagen 5 , 3C vs. %C, Final Data Set 
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Figure 6.15: Collagen 5 N vs. Yield, Final Data Set 
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Figure 6.17: Collagen 5 1 5N vs. %N, Final Data Set 
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no significant relationships seen between stable isotope values and yield, C/N, % N or %C 

in the final data set (Figures 6.12-6.17, pp. 256-259), it does not appear that a persistent 

correlation between collagen yield and collagen C/N in the final data set is indicative of 

any problems. 

In all, 196 human and 33 faunal samples will be interpreted for their collagen 

5 I 3 C and 5 1 5 N values. For the human sample, tables of these values are given in Chapter 

8; faunal values are given in Chapter 7. Full information on values obtained for all 

preservation indicators may be found in Table A2.1, Appendix 2. 

6.2. Bone carbonate preservation: The assessment of bone carbonate preservation 

for this study was more problematic. There were significant problems with sample 

quality at some sites, and arriving at a final acceptable sample set required an in-depth 
13 18 

examination of the patterning of 5 C, 5 O, organic content and FTIR indices in the data. 
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6.2.1. Initial comments on tf3C values: Upon first examination, bone carbonate 8 1 3 C 

values appeared to make sense. Values range from -14.0%o to -4.7%o (see Appendix 2, 

Table A2.1). For samples with acceptable bone collagen, collagen and carbonate 8 I 3 C 

show the expected positive correlation (Figure 6.18, p. 261). Faunal samples are offset 

from the human samples, showing more negative collagen 5 i 3 C for given carbonate S 1 3 C 
13 

values. Mean faunal A C(carb-coii) for all sites is 9.3%o, while the average for all humans is 

8.1%o; this difference is expected from prior studies (see Chapter 3). Looking at human 

values only (Figure 6.19, p. 262), collagen and carbonate 5 I 3 C are seen to be related with 

R 2 = 0.42 (R = 0.65). The distribution is markedly skewed, with almost all collagen 8 I 3 C 

values clustering in a narrow region around -19%o and only a few samples tracking the 

relationship between 8 I 3 C( C O i ia g en) and S I 3 C( c a r b onate) at higher 8 l 3C(C 0iiagen) values. 

Although the first look at the 8 Carbonate) values is encouraging, a closer 

examination reveals potential problems with the data set. A key assumption in the use of 

preservation indicators is that properly prepared bone samples that have experienced no 

significant diagenesis should not show significant correlation between their stable isotope 

values and values of the indicators. However, when sample mineral yield is compared to 

813C(Carbonate) for all human samples analyzed - including values for samples with 

unacceptable collagen quality as well as those for samples whose collagen was accepted 

- a significant correlation is seen (Figure 6.20, p. 263). An even stronger relationship is 

seen between 8 1 3 C( C a r b o n ate) and collagen yield from the same individual (Figure 6.21, p. 
13 

263) . These regressions are worrying, as they suggest a systematic rise in 8 C ( c a rbonate) 

values as bone organic content and bone protein quality decrease, and thus the presence 

of systematic effects of diagenesis. 

6.2.2. Carbonate SO: If diagenesis has systematically altered carbonate 8 C values, 

one might also expect the more vulnerable 8 O values to show systematic alteration. 

However, 8 l s O values show no significant relationship to mineral yield (Figure 6.22, p. 

264) . Instead, 8 1 8 0 varies within a 4%o range for most samples regardless of sample 
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Figure 6.20: 5 C ( c a r b o n a t e ) vs. Mineral Yield, Human Samples 
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organic content, with markedly higher or lower values seen in a few samples. The lack of 

a similar pattern in the two isotopes is somewhat surprising. Given the predictions of 

Wang and Cerling (1994), one would expect any process that caused a general trend in 
13 18 

carbonate 8 C to have a linked, but stronger, impact on 8 O. It may be that in this case, 

despite the greater predicted vulnerability of carbonate 8 1 8 0 , it is carbonate 8 1 3 C that was 

more severely impacted. However, another possibility to consider is that no trend in 8 1 8 0 

is seen because the samples originate from different environments, and 8 1 8 0 change, 

when considered across the entire sample, is not coupled with 8 I 3 C alteration. Such a 

mechanism might be indicated by the outlying 8 O values, and by the 4%o scatter seen in 

the bulk of values. While this scatter is within literature values for 8 I 8 0 scatter at single 

locales reviewed in Chapter 5, it does seem high. As will be seen further below, sites do 

not sort by 8 1 8 0 value; instead, each site shows a similar scatter. Thus, the 8 1 8 0 values 

may indicate diagenetic change as well, but of a different sort than that affecting 8 1 3 C. 

Figure 6.22: 5 1 8 0 ( c a r b o n a f e ) vs. Mineral Yield, Human Samples 
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6.2.3. FTIR results: The results of FTIR analysis on a subset of samples provide more 

information on the apparent relationship between mineral yield and 5 C( C a r b o n a t e ) . 

Samples for which FTIR analysis was performed are listed in Table 6.1 (below). 

Table 6.1: Samples for FTIR Assay 
Mineral Collagen 

Yield Yield 
(%) (%) 

Stable Isotope Values (%„ PDB) 

0 , 3C(C0||) 0 1 3C( c a r b) 5l80(Carb) A°C 

Collagen 
Quality1 

SAG-F06 58.8 8.8 -18.9 -11.7 -7.0 7.3 Poor 
SAG-F16 69.3 3.3 -19.6 -8.9 -6.3 10.7 Poor 
SAG-F20 63.7 12.2 -20.8 -11.0 -8.4 9.9 Good 
SAG-08 65.2 10.1 -19.4 -11.8 -8.1 7.6 Good 
SAG-14 59.2 10.3 -19.6 -13.6 -7.5 6.1 Partial model 
SAG-22 51.9 20.8 -19.4 -13.0 -8.6 6.4 Excellent 
SCO-F02 79.9 4.5 -19.8 -9.9 -4.9 9.9 Typical 
SCO-15 68.3 5.4 -18.9 -9.6 -7.5 9.3 Poor 
SCO-18 68.2 8.9 -18.7 -9.8 -2.7 8.9 Good 
SCO-28 71.8 5.2 -18.6 -10.1 -7.5 8.5 Poor 
SCO-31 75.1 3.0 -18.1 -9.9 -7.3 8.2 Poor 
SCO-34 74.6 4.0 -15.4 -7.3 -3.4 8.1 Typical 
SCO-52 70.4 14.9 -18.4 -11.5 -8.8 6.8 Good 
SCO-60 77.0 3.6 -19.1 -10.7 -7.7 8.4 Poor 
SMY-F05 63.3 4.2 -21.1 -12.8 -9.2 8.4 Typical 
SMY-03 73.2 6.8 -19.1 -10.9 -7.6 8.2 Good 
SMY-41 80.7 2.9 -18.5 -10.2 -6.9 8.3 Partial model 
SMY-43 74.3 7.3 -9.9 -6.6 -4.8 3.2 Typical 
SMY-55 71.0 11.2 -8.5 -4.7 -2.7 3.8 Good 
SNE-10 81.8 3.0 -19.0 -9.0 -6.1 10.0 Poor 
SNE-11 77.9 3.0 -16.0 -8.2 -6.8 7.8 Poor 
SNE-18 76.8 12.6 -19.2 -10.5 -6.7 8.7 Good 
SNE-47 56.8 17.9 -18.9 -11.7 -5.9 7.2 Good 
SNE-54 70.5 5.3 -19.5 -10.6 -9.5 8.9 Typical 
SPE-01 73.7 2.6 -19.6 -10.1 -4.5 9.5 Poor, high C/N 
SPE-12 52.9 21.2 -19.5 -12.3 -6.5 7.2 Good 
SSE-02 61.3 4.5 -19.0 -9.1 -5.8 10.0 Typical 
SSE-08 58.4 21.2 -19.0 -12.3 -15.8 6.7 Good 
1. refers to quality in relation to the typical sample quality for each of the sites 
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Figure 6.23: 8 1 3 C ( c a r b o n a t e ) vs. Mineral Yield in FTIR Samples 
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Figure 6.24: o 1 8 0 ( c a r b o n a t e ) vs. Mineral Yield in FTIR Samples 
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The first notable observation about samples from this subset is that 5 1 3 C( c a r b 0 nate) 

and mineral yield show the same significant relationship as is seen in the larger sample 

set (Figure 6.23, p. 266). A similar situation is seen for 5 1 8 0 values; as in the larger data 

set, these are largely invariant by mineral yield, with a few samples scattered across the 

mineral yield continuum showing values that depart from the majority (Figure 6.24, p. 

266). These similarities are to be expected as sampling was designed to cover the range 

of bone quality for each site; the resulting data set contains fewer samples but preserves 

the general characteristics of the original. The results of the FTIR assay are presented in 

Table 6.2, below. In this table, the column labeled '1095 cm"1' reports the appearance, i f 

any, of a abrupt shoulder or peak at this position that would suggest significant 

recrystallization to francolite. A gradual shoulder at this point may be seen in well-

preserved bone apatite (Wright and Schwarcz 1996). However, several of the samples in 

this study showed sharp, well-defined shoulders that came close to becoming independent 

peaks, and as these tended to appear in samples showing other signs of recrystallization, 

their presence was noted as well as that of peaks. 

Table 6.2: FTIR Assay Results 
Sample CI C/P 1095 cm"1 Sample CI C/P 1095 cm 1 

SAG-F06 2.9 0.23 SMY-F05 2.9 0.21 
SAG-F16 2.9 0.29 SMY-03 3.3 0.19 shoulder 
SAG-F20 2.9 0.21 SMY-41 3.9 0.07 peak 
SAG-08 3.3 0.17 SMY-43 3.4 0.17 
SAG-14 4.3 0.08 peak SMY-55 3.7 0.12 shoulder 
SAG-22 3.1 0.15 SNE-10 3.2 0.22 
SCO-F02 3.1 0.18 SNE-11 3.2 0.20 
SCO-15 3.0 0.21 SNE-18 3.5 0.11 shoulder 
SCO-18 3.4 0.17 SNE-47 3.1 0.19 
SCO-28 3.5 0.13 shoulder SNE-54 3.5 0.13 
SCO-31 3.5 0.15 shoulder SPE-01 3.7 0.14 
SCO-34 3.5 0.14 SPE-12 3.0 0.21 
SCO-52 3.3 0.16 SSE-02 3.2 0.16 shoulder 
SCO-60 3.4 0.14 SSE-08 3.0 0.19 
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In many ways, the FTIR results conform to patterns seen in prior studies. There is 

a strong relationship between sample CI and C/P (Figure 6.25, below). This relationship 

has been noted by other researchers including Wright and Schwarcz (1996) and Nielsen-

Marsh and Hedges (2000b). The pattern agrees with a classic picture of recrystallization 

to low-carbonate apatite, in which crystals increase in size as they lose carbonate and 

gain fluorine (LeGeros and Tung 1983; Shemesh 1990; Sillen and LeGeros 1991). One 

poorly preserved sample, SCO-28, was analyzed before and after preparation, allowing 

insight into the original and final FTIR CI and C/P values. The whole bone produced 

values of CI = 3.6 and C/P = 0.23. Values after treatment were CI = 3.6 and C/P = 0.13. 

The observation of a significant decrease in C/P after acid pretreatment, with the end 

result a sample that is unusually low in C/P, agrees with results reported by Nielsen-

Marsh and Hedges (2000b) for poorly preserved bone. These authors suggest that a 

poorly organized, carbonate-rich mineral component (presumably of diagenetic origin) is 

removed by the 0.1 M acetic acid wash, and that the material that remains after 

FTIR CI 
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treatment is an amalgam of low-carbonate recrystallized apatite and original bone 

mineral. As seen in Figure 6.25, the coupled decrease in C/P and increase in CI appears 

to be a smooth progression, and there is little sign of a 'break-point' where a boundary 

between well- and poorly-preserved bone mineral might be postulated. 

There is a tendency, though not a perfect one, for recrystallization to increase as 

mineral yield increases. Samples with higher mineral yield are more likely to show high 

CI and low C/P values (Figure 6.26, p. 270). This is particularly noticeable at the 'well-

preserved' end of the spectrum; mineral with FTIR values similar to those of modern 

bone (CI ~ 2.9-3.0, C/P ~ 0.20) is seen only in bone samples with mineral yields of 70% 

or less. This general connection between recrystallization and sample protein content is 

similar to findings of some other recent work on bone mineral diagenesis (e.g. Sillen and 

Parkington 1996; Stuart-Williams et al. 1996; Nielsen-Marsh and Hedges 2000a). 

However, the inconsistency of the relationship makes it clear that loss of organic material 

and increased crystallinity need not always occur together; the fact that one change can 

occur in the absence of the other has been noted by researchers such as Sillen and Morris 

(1996). 

The one sample whose values most obviously run against the tendency for FTIR 

indices to change as mineral yield increases is SAG-14. This sample has a low mineral 

yield value of 59.2% but FTIR traits suggesting recrystallization (high CI, low C/P and a 

distinct peak at 1095 cm*1). The collagen preparation of SAG-14 produced a partial 

model, with part of the bone yielding an excellent collagen model while the rest dissolved 

completely. It is thus possible that this particular bone, despite its high organic content, 

has large areas in which both the organic and the inorganic structure were badly 

degraded. High CI, low C/P and a distinct peak at 1095 cm"1 are also seen in SMY-41, 

the other bone in the sample which produced a partial model. In this sample, mineral 

yield was also high. The difference in organic content between the two bones may reflect 

the loss from the bones of degraded organic material unable to form a collagen model, 

with SAG-14 retaining more of this material while in the case of SMY-41 it was largely 

lost. 
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Figure 6.26: FTIR C/P vs. FTIR CI by Mineral Yield 
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Figure 6.27: FTIR C/P vs. FTIR CI by Collagen Yield 
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The observations on SAG-14 and SMY-41 suggest that it would be prudent, at 

least in the case of the current study, not to use bone carbonate values from samples 

which produced partial collagen models. By extension, of this argument, samples which 

produced fragmented collagen models should also be avoided. It should be noted that a 

more general connection between collagen yield and recrystallization does not appear to 

exist. Figure 6.27 (p. 270) plots CI and C/P by collagen yield. Bones with very high 

yield (>15% collagen) fall uniformly in area of low CI and high C/P. However, there is 

no other sorting apparent, as bones with low collagen yield (less than 5%) are spread over 

a range similar to those with much higher yield (10% - 15%). The overall pattern of CI 

and C/P in relation to collagen yield suggests that bone protein quality (as opposed to 

quantity) is only important to mineral preservation at the extremes of the spectrum. Very 

good protein preservation seems to imply very good mineral preservation. At the other 

extreme, failure to form a collagen model seems to imply significant recrystallization of 

bone mineral. In between, it appears that collagen quality is unrelated to mineral 

recrystallization, and that any 'protective' role the collagen may be said to perform is as 

effectively played by a fragile, low yield collagen model as by a more robust model. 

While a link between mineral yield and recrystallization by FTIR criteria is 

apparent, as is one between mineral yield and sample 8 I 3 C, the relationship between 

sample 5 1 3 C and signs of recrystallization is less apparent. Within the entire FTIR data 

set, there is no significant relationship between 5 C(carbonate) 

and CI (Figure 6.28, p. 272). 

When sample SAG-14, with its unusual values, is removed, the correlation becomes 

significant at p = 0.05 (R = 0.18), but is still very weak. This regression is weaker than 

that of 5 l 3C(C a rbonate) on mineral yield for the same samples (R 2 = 0.33). The difference 

reflects the much wider range of 5 1 3 C values seen at individual values of CI than at 

individual values of mineral yield (compare Figures 6.23 and 6.28). No relationship is 

seen between C/P alone and 8 1 3C(C a rb 0nate), a situation which does not change if SAG-14 is 

omitted (Figure 6.29, p. 272). As expected from the lack of relationship between mineral 

yield and 5 I 80( c arbonate), this measure shows no relationship to either CI or C/P (Figures 



Figure 6.28: Carbonate 5 1 3 C vs. FTIR CI 

Figure 6.29: Carbonate 5 1 3C vs. FTIR C/P 
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Figure 6.30: Carbonate 5 1 8 0 vs. FTIR CI 
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Figure 6.31: Carbonate 5 ' ° 0 vs. FTIR C/P 
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6.30 and 6.31, p. 273). There is also no obvious sign of increased scatter in 5 I 8 0 with 

increasing CI or decreasing C/P. 

6.2.4. Carbonate Preservation by Site: FTIR provided some clarification of carbonate 

preservation in the data set, suggesting a link between high mineral yield and apatite 

recrystallization. However, the relationship between FTIR variables and 5 1 3C( c a rb 0nate) is 

not as clear as one would expect if the link between high mineral yield, recrystallization 
13 • f 

and higher 5 C(caibonate) were straightforward. The lack of a corresponding relationship 

between any preservation indicator and S 0(C a rb o nate) is also somewhat surprising. 

Part of the explanation for these inconsistencies may lie in the fact that the data 

set represents bone samples taken from multiple burial contexts. Material was sampled 

from seven locales in Greece. At four of those locales, burials from multiple contexts or 

eras have been sampled (see Chapter 4). As well, the faunal samples all come from 

depositional contexts that differ from the human samples (middens and general 

occupational debris as opposed to burials). Thus, it is likely that inter-site differences are 

complicating the relationships seen. This has already been suggested for the 8 0 values, 

and may be confirmed by examining the material on a site by site basis. 

A look at the mean values for collagen yield and mineral yield in the subgroups 

under study confirms that mean preservation quality varies between sample sets (Figure 

6.32, p. 275). Mean mineral yield varies from 65% (Servia) to 75% (Mitilini faunal). As 

mineral yield varies in this way, it is conceivable that an apparent trend in carbonate 5 1 3 C 

with mineral yield could result from a coincidental association of poor bone preservation 

with higher carbonate 5 I 3 C values. Plotting mean 513C(Carbonate) and mean mineral yield by 

site shows a pattern that could support either an argument for diagenetic effects or one for 

real inter-site 51 3C( c a rbonate) differences (Figure 6.33, p. 275). A clear trend between mean 

o13C(Carbonate) and mean mineral yield seems to be present, and may indicate a general 

problem with the data. However, the trend is heavily influenced by the 5 , 3C ( c a rbonate) 

values of the three groups with the highest mean mineral yield - Mitilini, Corinth 
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Figure 6.32: Mean Sample Yields by Site 
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faunal and Mitilini faunal. If these groups had in vivo 813C(Carbonate) values that were truly 

somewhat higher than those of the other groups, the end result would be to create an 

apparent relationship between mineral yield and 8 C( c a rb o nate)-

This question can be examined by looking at the relationship between mineral 

yield, carbonate stable isotope values and FTIR quality indicators on a site by site basis. 

When this is done, clear variation between sites can be seen. 

6.2.4.a. Corinth: In general, the Corinth human sample has fragile collagen quality 

(average yield = 7.8%) and high mineral yield (average = 69.4%). FTIR scans show that 

the bone mineral tends to be fairly crystalline (mean CI = 3.4, mean C/P = 0.16). Plotting 

8 C(Carbonate) vs. mineral yield shows no relationship to be present (Figure 6.34, p. 277). 

This is true for the sample as a whole, as well as for the Frankish, Ruined Church and 

Ottoman samples. Two of the Ottoman individuals are obvious for their higher 
13 . . . ] 3 

8 C(Carbonate) values. These individuals also show higher 8 C(COiiagen) values, indicating 
13 

that the high 8 Carbonate) values are likely genuine. The implications of these values are 

discussed in Chapter 9. Plotting 8 1 8 0 against mineral yield gives similar results (Figure 

6.35, p. 277). While a faint relationship seems to appear, this fails to reach significance 

at a = 0.05 (R 2 = 0.065, F = 2.77). Most samples have S 1 8 0 values between -5%o and 

-8%o; a few are scattered outside of this range, with one extreme value of 1.4%o. Plotting 

8 1 8 0 against 8 I 3 C, we see a significant relationship that essentially results from a small 

group of Frankish individuals with slightly more negative 8 I 8 0 values and the two 

Ottoman individuals with the highest S l 3C(C a rb 0nate) values, both of which also show higher 

S l 8 0 values (Figure 6.36, p. 278). 
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Figure 6.34: 5 1 3 C ( c a r b o n a t e ) vs. Mineral Yield, Corinth 
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6.2.4.D. Mitilini; The Mitilini human sample is similar to the Corinth human sample in 

having generally fragile collagen quality (average yield = 6.3%) and high mineral yield 

(average = 72.8%). The bone mineral is quite crystalline (mean CI = 3.6, mean C/P = 

0.14 including sample SMY-41; mean CI = 3.3, mean C/P = 0.17 excluding that sample). 

No relationship is seen between 5 1 3 C and mineral yield (Figure 6.37, p. 279). As with the 

Corinth Ottomans, several of the Mitilini Ottomans show much higher 8 1 3C( c a rbonate) 

values, which are associated with higher 513C(coiiagen) values. Also as at Corinth, a plot of 

5 1 8 0 vs. mineral yield shows no relationship (Figure 6.38, p. 279). Most samples fall 
18 18 

between 8 0 = -8.0%o and 8 0 = -5.0%o, with a few showing higher or lower values. A 
18 13 

plot of 8 O against 8 C(carbonate) shows a similar pattern to that at Corinth, with a few 

samples showing both higher 8 I 8 0 and higher 8 1 3 C . However, here a few samples have 

much more negative 8 1 8 0 values, and fall far off the general regression; possible 

interpretations of these values will be discussed further below (Figure 6.39, p. 280). 
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6.2.4.C. Servia: The Servia human sample has better organic preservation (average 

collagen yield = 14.2%) and lower mineral yields (average = 64.6%) than Mitilini or 

Corinth. FTIR scans suggest lower mineral crystallinity (mean CI = 3.1, mean C/P = 
13 

0.18). A plot of 8 C(Cartonate) against mineral yield (Figure 6.40, p. 281) shows no 
18 

relationship. 8 O values show no relationship to mineral yield either (Figure 6.41, p. 

281), but display quite a wide scatter. While 10 of the 14 samples fall into a range from 

ca. -9%o to ca. -6%o, four are more negative, ranging down to almost -16%o. There is no 

significant relationship between 8 I 8 0 and 8 1 3 C (R 2 = 0.048, F = 0.757; results not 

graphed). 

6.2.4.d. Agora faunal: The Agora faunal samples are generally well-preserved, with a 

mean collagen yield of 12.4% and a mean mineral yield of 66.6%. Their FTIR scans 

agree with this, suggesting little recrystallization (mean CI = 2.9, mean C/P = 0.24). 

There is no linear relationship between mineral yield and 813C(carbonate) (Figure 6.42, p. 
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Figure 6.41: 5 0 ( c a r b o n a t e ) vs. Mineral Yield, Servia 
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Figure 6.42: 5 C ( c a r b o n a t e ) vs. Mineral Yield, Agora Fauna 
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282), but there is a noticeable increase of 5 , 3 C variation at mineral yields above ca. 66%. 

Of the two samples with the highest 5 I 3C(C a rbonate) values, one also shows a higher 

5I3C(coiiagen) than the others. However, the other does not and shows a far greater 

A 1 3C(Carb-Coii) value than other samples from the assemblage. The FTIR scan of this bone 

shows a high C/P value of 0.29, and the prepared mineral sample was unusually dark in 

colour. It is possible that not all contaminants were removed from this bone. A plot of 

8 1 8 0 against mineral yield for this sample shows no trend with mineral yield (Figure 

6.43, p. 282). While most samples fall between -8%o and -5%o, three of the samples with 

higher mineral yields are far more negative. There is no relationship between 5 1 3 C and 

5 1 8 0 in the sample (R 2 = 0.074, F = 1.52; results not graphed). 

6.2.4.e. Petras: The Petras samples show variable preservation quality, ranging from 

excellent (collagen yield in the 18% - 20% range) to poor (collagen yield in the 2% - 4% 

range). Mean yield values are 10.9% for collagen and 70.3% for mineral. The FTIR 

values of the two samples analyzed correlate well with preservation based on yield and 

appearance, with the poorly preserved sample showing high crystallinity and low 

carbonate content (CI = 3.7, C/P = 0.14) and the well preserved sample showing far 

lower crystallinity and higher carbonate content (CI = 3.0, C/P = 0.21). In contrast to the 

sites described to this point, the Petras samples show a clear link between mineral yield 

and 5 1 3 C which is significant at a = 0.05 (Figure 6.44, p. 284). Part of the relationship 

results from the presence of two very well-preserved bones with mineral yields below 

60% and collagen yields of 19% and 21%; both of these show lower 51 3C( c a rbonate) values, 

one very much so. However, when these samples are removed from consideration a 

relationship remains apparent. In contrast to the pattern seen in 51 C, no relationship is 

seen between 8 I 8 0 and mineral yield (Figure 6.45, p. 284). Here, all sample 8 l s O values 

fall between -4.4%o and -8.5%o, with no obvious outlying values. There is no relationship 

between 8 1 3 C and 8 l s O (R 2 - 0.026, F = 0.396; results not graphed). 
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Figure 6.45: 8 0 ( c a r b o n a ( e ) vs. Mineral Yield, Petras 
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6.2.4.f. Athenian Agora: The Athens human samples show sorting of preservation 

quality by grave. One multiple burial from Ayios Nicolaos and one from the 

Hephaisteion show generally poor collagen yield (means = 3.9%, 2.5%) and high mineral 

yield (means = 72.4%, 72.6%). The other two multiple burials (one from each building) 

show better mean values (8.7% and 12.4% for collagen yield, 66.8% and 61.6% for 

mineral yield). Fairly wide ranges of preservation quality are seen in these two graves. 

Such internal variability is not unexpected for multiple burials of this type; each grave 

contains a series of successive burials, with bone quality ranging from poor in the earliest 

burials to very good in the terminal burial. One sample submitted for FTIR, SAG-14, is 

from the only single primary burial sampled; as discussed above, the crystallinity of the 

sample (CI = 4.3, C/P = 0.08) may be linked to its partial failure to form a collagen 

model. The other two samples assayed, one from each building, are similar and suggest 

moderate crystallinity (mean CI = 3.2, mean C/P = 0.16). Taken as a whole, the Athens 

human samples show a relationship between §13C(Carbonate) a r ) d mineral yield that is 

significant at p = 0.05 (Figure 6.46, p. 286). This relationship is strongly influenced by 

three more negative individuals at the low yield end. One of these is SAG-14; the other 

two are from a single Hephaisteion grave, and show extremely good collagen 

preservation. If these individuals are omitted from the data set, the relationship remains 

significant. It also remains significant when the sample from each building is considered 
2 2 

alone (Ayios Nicolaos, R =0.50; Hephaisteion, R =0.31). The entire Agora human 

group also shows a significant relationship between 5 , 8 0 and yield (Figure 6.47, p. 286). 

In this case, however, the relationship is not significant when the sample from each 
2 2 

building is considered on its own (Ayios Nicolaos, R =0.15; Hephaisteion, R =0.12). 

8 I 8 0 values fall between -4%o and -9%o, with no obvious outliers. A significant 
13 18 i • 

relationship between 5 C and 5 O is seen in the entire data set (Figure 6.48, p. 287); 

this just reaches significance for both groups (Ayios Nicolaos R 2 = 0.32; Hephaisteion 

R 2 = 0.28). 
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6.2.4.g. Nemea: The preservation of the Nemea samples shows a division by era; the 

Early Christian samples generally have poor collagen (mean yield = 5.0%) and high 

mineral yield (mean = 75.0%), while the medieval samples appear to be better preserved 

(mean collagen yield = 8.2%, mean mineral yield = 66.1%). As the Early Christian 

material is several hundred years older, tins difference is not surprising. Despite different 

sample quality as measured from yields, the FTIR scans suggest that the bone mineral 

from the two eras is similar in crystallinity and carbonate content (mean CI and C/P are 

3.3 and 0.18 for Early Christian, 3.3 and 0.16 for medieval). For the site as a whole, a 

significant relationship between 6 C(carbonate) and mineral yield is seen (Figure 6.49, p. 

288). Material from the two eras appears to sort along the same regression, with the 

Early Christian sample higher in both mineral yield and 5 1 3 C( C a r b o n a t e ) . The pattern 

suggests that the two groups of remains have been subjected to a similar process, which is 

more advanced in the older group. The Nemea sample shows no significant sorting of 

5 1 8 0 by mineral yield (Figure 6.50, p. 288); note the presence of several individuals 



288 

18 

Figure 6.50: 5 0 ( c a r b o n a t e ) vs. Mineral Yie ld , Nemea 
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Figure 6.51: 5 1 3 C ( c a r b o n a t e ) vs. Mineral Yield, Corinth Fauna 
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Figure 6.52: 5 1 8 0 ( c a r b o n a t e ) vs. Mineral Yield, Corinth Fauna 
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13 Figure 6.53: 5 C ( c a r b o n a t e ) Mineral Yield, Mitilini Fauna 
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Figure 6.54: 8 0 ( c a r b o n a t e ) vs. Mineral Yield, Mitilini Fauna -2 n 
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with higher 8 1 8 0 values in the Early Christian group, and several with lower 5 1 8 0 values 

in the Byzantine group. There is no relationship between 5 I 3 C and 5 ! 8 0 in the entire 

sample ( R 2 = 0 . 0 0 0 4 ) or for either era taken alone (Early Christian, R 2 = 0 . 0 0 6 1 ; 

Byzantine, R = 0 . 0 6 2 ; results not graphed). 

6.2.4 . h. Corinth and Mitilini faunal: These two groups show generally fragile bone 

quality (mean collagen yields are 5 .8% for Corinth and 5 . 1 % for Mitilini; mean mineral 

yields are 7 1 . 6 % for Corinth and 7 4 . 5 % for Mitilini). Both groups are too small to 

reliably display internal relationships. There is no obvious patterning of stable isotope 

value by mineral yield, except perhaps for a relationship between 5 l 3C( c arbonaie) and 

mineral yield at Corinth (Figures 6.51 through 6 .54 , pp. 2 8 9 - 2 9 0 ) . 

6.2.5. Patterns of Diagenesis: The different patterns by site noted above reflect the 

unique depositional history of each group of samples. However, it also appears that the 

sites may be sorted in terms of the apparent effects of diagenesis on the material. Two 

groups are apparent: those sites at which no relationship between mineral yield and 

5 1 3C( c a rbonate) is seen, and those in which a relationship is clearly visible. 

6.2.5.a. Group 1: No relationship between mineral yield and S I 3 C: Human remains 

from Mitilini, Corinth and Servia show no significant relationship between 5 1 3C( c a rb 0nate) 

and mineral yield. This can be seen to be true of these sites when taken as a group, as 

well: when these groups are plotted together, no significant overall relationship is seen 

between the two variables (Figure 6 . 55 , p. 292 ) . None of the sites show a significant 
18 

relationship between mineral yield and 5 O, a pattern which also holds true for the group 

(Figure 6 . 56 , p. 2 9 2 ) . However, there is a wide scatter, with most samples falling in the 

range between ca. -4%o to -8%o but a substantial number falling outside it, some by up to 

8%o. The breadth of the scatter is far greater than that documented in living populations. 

As was seen in the individual site descriptions, the scatter occurs within sites, and is thus 

unlikely to relate to regional differences in original 5 O. While it is possible that 
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Figure 6.55: 5 C ( c a r b o n a t e ) vs. Mineral Yield, Group 1 
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Figure 6.56: S 0 ( c a r 5 o n a l e ) vs. Mineral Yield, Group 1 
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some of the scatter in 8 O values is original to the bone material and reflects the 

presence of individuals not native to the site, it is safer to assume that these 8 l s O values 

have been altered by diagenesis. 8 O shows a significant relationship with 8 C, 

mirroring the significant relationship seen in two of the three sites (Figure 6 . 57 , above). 

A look at the plotted values shows that the relationship embraces some of the more 

scattered 8 O values: samples with higher values for 8 Carbonate) tend also to show high 

S 1 80( C a rbonate) values. The handful of samples with very negative 8 1 8 0 values (below 

-10%o) stand out clearly in their departure from this trend. 

A rough idea of how crystallinity, as measured by FTIR CI and C/P, behaves 

within these sites can be had by comparing the samples subjected to FTIR analysis to the 

rest of the samples in terms of mineral yield and stable isotope value. Here, an arbitrary 

boundary of CI = 3 .5 and/or C/P = 0 .15 (chosen to fall near the limits for modern bone 

found by Wright and Schwarcz 1996 ) is set to create more and less crystalline groups of 

samples. In the Corinth, Mitilini and Servia human samples, there is a general tendency 

for the more crystalline samples to be found in the area of higher mineral yield 
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Figure 6.58: 5 U C ( c a r b o n a t e ) vs. Yield by FTIR Status, Group 1 
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Figure 6.59: § 1 8 0 ( c a r b o n a t e ) vs. Yield by FTIR Status, Group 1 
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(Figure 6.58, p. 294). However, as with mineral yield, there is no notable tendency for 

more crystalline samples to show higher S13C(Carbonate) values. There is also no sign that 

S13C(Carbonate) scatter increases in the more crystalline samples, as one might expect would 

happen if recrystallization caused S 1 3 C alteration in variable directions at the different 

sites. The pattern for 5 , 8 0 is similar (Figure 6.59, p. 294). 

Bones from each of the three sites have presumably experienced different 

conditions during diagenesis. However, these conditions seem to have led to a common 
1 3 

pattern in sample 8 C, in which stable isotope values have not been systematically 

altered as bone quality decreased. There is no detectable trend in 8 1 3 C with organic 

content as measured by mineral yield, and 8 1 3 C does not appear to change systematically 

with increasing crystallinity of the bone mineral. Thus, to the extent that the chosen 

preservation indicators can examine, these sites appear to be free of general diagenetic 

alteration. The 8 1 8 0 values point out a small number of samples that might have suffered 

some alteration. The cluster of low 8 O values falling away from the rest of the group 

appears suspicious. These samples have no other unusual traits, and the distance that 

separates them from the rest of the group arouses suspicion that they may have undergone 

alteration, although the one that was subjected to FTIR assay showed no signs of 

recrystallization (CI = 3.0, C/P = 0.19). In contrast, the higher 8 O values are associated 

not only with higher 813C(Carbonate) values but generally also with higher 8 l3C(COnagen) 

values. While this does not eliminate the possibility that the higher 8 1 8 0 values reflect 

diagenetic alteration, the association with unusual dietary indicators for the sample raises 

the possibility that they reflect, instead, a true difference within the sample. 

6.2.5.b. Group 2: Sifinificant relationship between mineral yield and 8 I 3 C: In contrast to 

the first group of sites, the remains from Athens, Servia and Nemea show significant 

internal relationships between 813C(Carbonate) and mineral yield. When these groups are 

plotted together, a similar relationship is seen in the grouped data (Figure 6.60, 



Figure 6.61: 5 1 8 0 ( c a r b o n a t e ) vs. Mineral Yield , Group 2 

• Agora 

• Nemea 

© Petras • • • 

• 
3. 

• a * • 

• 

4© O 
• © 

• • 
• 

45% 50% 55% 60% 65% 70% 75% 80% 85% 

Mineral Yie ld (%) 



297 

-3 n Figure 6.62: Carbonate 8 1 8 0 vs. 8 1 3 C , Group 2 
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p. 296). As all three of the sites produced material with mineral yields spanning a similar 

range, it is unlikely that any of the relationship is due to a coincidental occurrence of high 

mineral yield in sites with truly higher 8 1 3 C values. Instead, the strong relationship 

suggests increasing 813C(cafbonate) with decreasing bone organic content. As described 

above, the association between 8 I 8 0 and mineral yield varies in this group of sites; while 

a significant association is seen in the Agora samples, none is seen at Nemea or Petras. 
18 

The grouped data show no overall relationship between mineral yield and 8 O (Figure 

6.61, p. 296). The 8 O values seen in this group of sites are less scattered than are those 

of Group 1. A look at the distribution shows some similarity, in that the majority of 

samples fall in the -4%o to -8%o range. A smaller group of samples of various mineral 

yields are slightly more negative; however, these range down only to -9%o, not nearly as 

far as the most negative samples from Group 1. There is also no pattern linking 8 ) 8 0 and 

8 I 3 C values (Figure 6.62, above). Thus, samples originally placed in Group 2 based on 



298 

Figure 6.63: 5 1 3 C ( c a r b o n a t e ) vs. Yield by FTIR Status, Group 2 
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an association of mineral yield and 8 C are also distinct from samples placed in Group 1 

in terms of their 8 1 8 0 values. 

In terms of their FTIR data, this group of sites is similar to Group 1 in showing no 
i * . • 13 

clear relationship between higher 8 C(Carbonate) and recrystallization as suggested by high 

CI and low C/P (Figure 6.63, p. 298). Most of the samples with signs of recrystallization 

also had high mineral yield and higher 8 1 3 C( c a r b 0 n a te)- The exception is SAG-14, which, it 

will be recalled, shows anomalous crystallinity for its organic content that may be linked 

to the poor quality of its organic fraction. However, the distribution of samples with 

lower CI and higher CP is inconsistent due to the presence of two samples with high 

mineral yield and higher 8 l 3 C ( c a r b o n a te) but FTIR C/P and CI values similar to those of 

'good' bone mineral (SNE-10, CI = 3.2, C/P = 0.22; SNE-11, CI = 3.2, C/P = 0.20). 

These samples are both from the Nemea Early Christian group. Their values suggest that 

whatever process has taken place in the Group 2 samples is not a simple progressive 

alteration in which 8 I 3 C becomes more positive, CI increases and C/P falls as organic 

matter is lost from the bones. Instead, these changes may operate independently. For 

8 1 8 0, no pattern is seen linking FTIR CI and C/P to 8 1 8 0 value (Figure 6.64, p. 298). 

Like the sites in Group 1, these three sites each have their own local traits that 

will have influenced the diagenetic history and original 8 C values of bones buried there. 

However, it seems that despite these differences, the bones from the Agora, Nemea and 

Petras all experienced conditions which led to shifts in 8 1 3 C( c a r b o n ate) with changing 

organic content. No general relationship between 8 I 8 0 and yield is seen in these samples, 

which is somewhat surprising given predictions that sample 8 l s O is more vulnerable to 
13 18 

diagenetic change than sample 8 C (Wang and Cerling 1994). Of course, 8 O does not 

behave consistently at these three sites. The difference in 8 O patterning between the 

Agora on one hand and Nemea and Petras on the other suggests that although the three 

groups share a similar relationship between mineral yield and 8 I 3 C, their diagenetic 

histories may differ in important ways. Differences in local diagenetic conditions may 

also lie behind the inconsistencies in the behaviour of FTIR C/P and CI in relation to 
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mineral yield and 5 I 3 C that are described above. Diagenesis is a complex enough process 

at a single site, and when multiple sites are in question, it is unrealistic to expect complete 

consistency. However, the uniform pattern of S C relative to mineral yield that it seen in 

these three groups does suggest that a general problem has been detected, and points to 

samples which might create a problem if not eliminated from further interpretation. 

6.2.5. C. The faunal material: The faunal material can be placed in neither of the groups 

described above. In the case of the Mitilini and Corinth fauna this is because the sample 

sets are too small to dependably show internal patterning. However, the Agora faunal 

collection is large enough for diagenetic patterning to be assessed, and it appears that this 

pattern is truly different from those seen in Groups 1 and 2. Here, while no linear 
13 13 

relationship is seen between § Carbonate) and mineral yield, it appears that 5 C( c a r b o n ate) 

grows more variable as yield increases. This observation alone might be put down to 

coincidence. However, three of the samples with high mineral yield also show 5 O 

values departing from those of the other fauna at the site. This cannot be attributed to a 
* * 1 8 • 18 1 8 * 

species difference in tissue S O relative to local water 5 O, as the 5 O outliers are from 

three different species. Barring the possibility that some animals were obtained in trade 

with a different region, it is reasonable to assume that 5 l 80( c arbon ate) should be fairly 
18 

uniform in this faunal assemblage. This leads to a suspicion that the 5 O values of these 

three bones have been altered. The sample with a darkened appearance and a very high 

FTIR C / P value also came from the group of bones with higher mineral yields. Taken 

together, these data suggest that the carbonate of some of the samples with higher mineral 

yields may have experienced diagenetic alteration, and the values should not be trusted. 

6.2.6. General comments on mineral diagenesis at the sites: Thus, it appears that while 

bone mineral diagenesis has presumably operated differently at each archaeological site, 

the sites fall into two main groups: that in which loss of organic matter does not appear 
13 • i • • • * 

to have had significant effects on 8 C(Carbonate), and that in which a significant effect is 
13 18 

seen. The specific patterns of mineral yield, 8 C and 8 O and FTIR indices seen in the 
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two groups allow some apparently altered material to be identified; for example, the 
I g 

samples from Group 1 sites with the most negative 5 O values are suspect. However, 

they shed little light on the reasons behind the variation in diagenetic pattern. Some of 

the variation may relate to obvious factors. For example, the Early Christian and 

Byzantine groups at Nemea are quite distinct in terms of mineral yield and 5 C, and yet 

fall along the same trend, suggesting that the Early Christian samples are further along in 

a similar process of alteration; this agrees well with their burial in the same environment 

but several centuries apart. However, the differences that separate the Group 1 and 

Group 2 sites are less easily explained. They are not consistently defined by site type. 

Each group contains both sites with sub-floor burials and sites with open-air cemeteries, 

and sites in which serial multiple burial was practiced are not separated from those in 

which single interments were the norm. Sites with multiple use phases are found in both 

Group 1 and Group 2. While the good preservation at Mitilini might be attributed to the 

fact that so many of the graves are quite recent, this does not hold true for Corinth, whose 

graves also show good mineral preservation and yet are far older. The most obvious 

factors of age and exposure of the remains thus seem to have had little obvious impact on 

inter-site differences in diagenesis. 

Some of the differences seen between the various sites may result from variation 

in local soil carbonate content and carbonate 5 I 3 C. Unfortunately, 5 1 3 C values for local 

carbonates were not assessed during the field portion of this study. However, it is clear 

that variation in local values is to be expected. The ground cover in modern Greece is 

dominated by C3 plants (Dafis 1975; Quade et al. 1994). Thus, one would expect 

relatively negative 5 1 3 C values for local soil carbonate at most sites. However, the 

geology of several of the sites also points to possible sources of soil carbonate with less 

negative 5 I 3 C values. For example, the terrain of the Athenian Agora, the locale of the 

kastron of Servia and the location of the Mitilini cemeteries are all characterized by 

outcroppings of limestone of various origins (Higgins and Higgins 1996). As well, 

almost all of the burials were made in close proximity to buildings, many of which were 

of either marble or limestone construction. Without detailed knowledge of drainage 
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patterns at the sites, it is difficult to know to what extent carbonates derived from such 

sources might influence local soil carbonate 5 I 3 C. However, the local geology of the 

sites does provide a reason to expect local soil carbonate 8 I 3 C to vary from site to site. 

Factors other than local soil carbonate 8 1 3C variation might be imagined to have 

influenced the patterning of 513C(Carbonate) with bone diagenesis seen in the study sites. 

These include local temperature and rainfall, drainage, the activity of plants and 

microorganisms, and other aspects of site environment and microenvironment. The 

cemeteries are of varying age, and bodies were interred in local microenvironments 

ranging from dry plaster-lined crypts through stone or tile structures in cemeteries to 

simple burials in the soil. A l l of these differences may have played a role in the eventual 

state of the bones used in this study. The question is one of interest for future research, as 

local soil analyses and further FTIR assay may improve the 'portrait' of diagenesis at 

each locale that is hinted at by the data at hand. However, for the current project, the 

important goal has been accomplished, in that enough information on the condition of the 

bone mineral from the sites has been gathered to allow the choice of a final data set. 

6.2.7. Selecting a final data set for carbonates: Given the findings above, the procedure 

decided upon for eliminating carbonate samples in which alteration is suspected operates 

on a site-by-site basis. For those sites in which no apparent relationship between mineral 

yield and 513C(Carbonate) is seen, all samples which produced acceptable collagen are also 

assumed to have produced acceptable carbonate. Three exceptions are made. First, those 

samples which produced partial collagen models are omitted from the data set based on 

the reasoning in section 6.2.3. Second, those samples in the FTIR subset whose FTIR 

spectra indicate severe recrystallization are also omitted, although there is no indication 

that these have 5 1 3 C values that differ significantly from the rest of the sample. Third, 

some samples with 5 1 8 0 values that depart markedly from the site average are rejected. 

This procedure carries the risk of rejecting bone carbonate samples with intact 5 C 
18 

signatures which have suffered only 5 O alteration; however, this is acceptable as 

alteration in 5 1 3 C cannot be directly assessed, and must be assumed to potentially be 
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present even if the sample 5 I 3 C value is similar to others at the site. In the human groups, 
* * 18 

rejecting 8 O outliers also carries the risk of rejecting samples whose in vivo 

8 l 80( c a rbonate) values differed from those of others in the community due to their origin in 

another region, and thus eliminating real 51 3C ( Carbonate) variability reflecting mixed 

geographic or ethnic origin. Elimination was performed in the context of other stable 

isotope values; samples with 8 O values falling far from those of other individuals at the 

site, and no other unusual isotopic signatures, were eliminated, while samples with 8 I 8 0 

values deviating only moderately from the rest of the group, or with unusual collagen 

stable isotope values as well, were retained. 

In the case of the sample sets that do show evidence for 8 1 3C(C arbonaie) alteration 

with decreasing sample quality, sample selection begins by following the above 

procedures. The sample sets are then reduced, starting with those samples that show the 

poorest preservation as judged by mineral yield, until the relationship between 

8 C(Carbonate) and mineral yield at the site is no longer statistically significant. While this 

procedure may not succeed in omitting all altered carbonate samples from the data set, it 

is hoped that in this way the most severely affected samples will be discarded. The 

resulting subset of samples will hopefully provide a reasonable idea of 8 C(Carbonate) and 

A 1 3 C ( C a r b - c o i i ) values for the sites more severely affected by mineral diagenesis. 

6.2.8. The final carbonate data set: The number of samples rejected from the carbonate 

data set is much larger than the number of samples rejected from the collagen data set. 

Of the 196 human and 33 faunal samples whose collagen was accepted, 132 human and 
13 13 

26 faunal samples will also be interpreted in terms of their 8 C( c a rbon ate) and 8 C ( c a r b . c o i i ) 

values. A list of all data for the rejected samples is provided in Appendix 2, Table A2.2. 

The effects of reducing the sample set can be seen in Figures 6.65 through 6.68 

(pp. 304-305), which depict the relationship of 8 ! 3 C to mineral yield in the final data set. 

The regression between mineral yield in the Group 2 samples has been reduced 

considerably, although this has been at the cost of eliminating a large number of samples 
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Figure 6.65: S I 3 C ( c a r b o n a l e ) vs. Mineral Yield, Final Data Set, 
Group 2 
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Figure 6.66: 5 1 3 C ( c a r b o n a t e ) vs. Mineral Yield, Final Data Set, 
Group 1 
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Figure 6.67: Human § 1 3 C ( c a r b o n a t e ) vs. Mineral Yield, Final 
3 n Data Set 
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Figure 6.68: Human 5 1 3 C ( c a r b o n a t e ) vs. Mineral Yield, Final 
Data Set, Some Outliers Removed 
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with high mineral yields (Figure 6.65, p. 304). While the correlation is still significant (p 

= 0.018), this depends entirely on the three well-preserved individuals with low 5 I 3 C 

values that were noted in the individual descriptions of the Agora and Petras. These 

individuals produced excellent collagen models, and their S l 3C(C Oiiag en) values are among 

the most negative in the sample. There is thus no reason to suppose that their 

S C(Carbonate) values are bad; their position in the distribution of mineral yield vs. 

S13C(Carbonate) is more likely a matter of chance. When these samples are eliminated, the 

correlation vanishes (R = 0.042, p = 0.21). The reduced set of Group 1 samples 

continues to show no correlation between mineral yield and 5 I 3 C (Figure 6.66, p. 304). 

Note that the range of mineral yields represented in this group has also been reduced, due 

to rejection of some high-yield samples for reasons such as high crystallinity or failure to 
13 

form a complete collagen model. When considered as a whole, the human 5 C values in 

the reduced data set still show a significant correlation with mineral yield with a R 2 value 

similar to that which was obtained for the original data set (Figure 6.67, p. 305). 

However, in the original data set, the overall correlation was shown to arise from a 

combination of the correlation of 5 1 3C( c a rb 0naie) with mineral yield in the Group 2 samples 

and the coincidental occurrence of samples with higher 513C(Coi!agen) values in the region 

of high mineral yield. In contrast, the correlation in the reduced data set seems to be 

solely the result of the chance placement of key samples along the mineral yield 

continuum. Several samples from Corinth and Mitlini have high mineral yields, high 

Sl3C(Carbonate) and high 5 l 3C(C 0ii agen); the three well-preserved samples from the Agora and 

Petras discussed above are at the other extreme. When these samples, represented by the 

filled points in Figure 6.67, are omitted from the calculation, as seen in Figure 6.68 (p. 

305) there is no longer a significant correlation between mineral yield and 8 l 3C(C a rb 0nate) 

(R 2 = 0.031)3. 

' This group of samples is not eliminated from the final data set. Figure 6.68 serves only to illustrate their 
contribution to the correlation between mineral yield and 5 l 3 C ( c a r b o n a , e ) , which, given their collagen 8 1 3 C 
values, seems to be a matter of coincidence and not of preservation problems. 
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Values for the human and faunal samples whose carbonate values are accepted are 

provided site by site along with the collagen data in Chapters 7 and 8, where within- and 

between-site variation and other similar topics are discussed. 

6.3. Summary: Application of the sample quality indicators chosen in Chapter 5 has 

resulted in a reduced date set in which 196 human and 33 faunal samples are considered 

for their collagen 8 1 3 C and 8 I 5 N values; of these, 132 human and 26 faunal samples are 

also considered in terms of carbonate 8 I 3 C. Diagenesis presents few problems in terms of 

collagen, but significant problems in terms of carbonate. In a subset of the sites, a 

significant relationship between 813C(Carbonate) and mineral yield is seen; in the absence of 

any other plausible explanation, this is likely the result of diagenetic alteration. The 

relationship between 8 1 3 C and FTIR characteristics is ambiguous; it may well have been 

clearer i f it had been possible to assay the entire sample set. However, there is enough of 

a pattern linking low C/P, high C/I, low organic content and high 8 I 3 C to suggest that the 

affected samples contain a low-carbonate recrystallized apatite similar to that found by 

other researchers in archaeological bone (Wright and Schwarcz 1996; Nielsen-Marsh 

and Hedges 2000b). Higher 8 1 3 C values in this recrystallized apatite may reflect 

exchange with high 8 1 3 C carbonates in the local soil stemming from limestone or marble 

outcroppings, or from nearby limestone or marble structures. Surprisingly, no 
I u t o 

relationship is seen between 8 O and any other indicator of diagenesis, although 8 O 

values are quite scattered. The lack of a trend comparable to that seen in 8 I 3 C is also 

seen at the site level (with the exception of the Athenian Agora sample), and thus cannot 

result from differences in local 8 I 8 0 values. It appears that 8 I 8 0 and 8 I 3 C alteration may 

have proceeded by different mechanisms in this sample set. 

The main objective of the chapter, the formation of a data set whose stable isotope 

values are likely trustworthy, has been accomplished. The data collected also offer some 

interesting observations on the topics of bone diagenesis and sample quality evaluation in 

general. The general relationship between mineral yield, collagen yield and carbonate 

8 I 3 C suggests that both protein content and protein quality were important determinants 
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of diagenetic alteration at these sites. However, data from the FTIR subset indicate that 

while loss of organic content was important in increasing crystallinity, it was not the sole 

determining factor. The FTIR data also clarify the relationship between collagen 

integrity (as measured by collagen yield and model quality) and recrystallization. Very 

good quality collagen is dependably associated with FTIR CI and C/P values similar to 

those of modern bone. On the other extreme, failure to form a complete model, 

suggestive of extensive loss of collagen integrity, is dependably associated with clear 

signs of recrystallization. In between these two extremes, collagen quality seems to have 

little impact on mineral recrystallization. This would suggest that for this data set, 

protein content is more strongly linked to mineral diagenesis than is protein quality. In 

all, mineral yield seems to have performed well as a quality indicator for this data set. 

The measure may offer good potential as an inexpensive, easily determined indicator of 

sample quality in bone carbonate analysis. One of its appeals is that providing original 

sample weights in processing were monitored, mineral yield could be used to 

retroactively evaluate preservation in a data set generated before the need for quality 

control in bone carbonate analysis became clear. This could allow a data set for which 

preservation may have been a problem to be identified for closer re-evaluation i f 

necessary. The performance of bone carbonate 5 O as a quality indicator was more 
18 • 

ambiguous. The increased scatter in 5 O values likely indicates that the values have 

been diagenetically altered; however, it is unclear to what extent. Availability of a 
i o 

dependable indicator of local 5 O values, such as animal tooth enamel, would have 
18 

helped considerably. While bone carbonate 5 O is obviously vulnerable to diagenesis, 

making it appealing as a diagenesis indicator, the current study does not provide 

confirmation of this role. 
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13 15 

Chapter 7: Food 5 C and 5 N Values: Defining an Isotopic Space for 
Medieval Greek Diets 

The initial step in reconstructing medieval Greek diets from the 5 1 3 C and 8 I 5 N 

values of the human remains analyzed is to reconstruct the likely 5 1 3 C and 8 1 5 N values of 

available foods. Some general discussion of this was provided in Chapter 3. However, 

the review in Chapter 3 also made it clear that the 5 1 3 C and 8 1 5 N values of many foods, 

especially animal resources, can vary substantially from region to region. Some estimate 

of food 8 1 3 C and 8 1 5 N values particular to medieval Greece is thus necessary in order to 

ascribe a dietary meaning to the human 5 1 3 C and 8 1 5 N values seen. 

The first section of the chapter is devoted to the reconstruction of 5 1 3 C and 5 1 5 N 

values for medieval foods. Values for meat, dairy products and marine resources are 

proposed using the results of analyses done for this project, while values for grain, oil and 

other plant items are reconstructed largely from values available in the literature. The 

second portion of the chapter combines these data with the historical data on the medieval 

Greek diet treated in Chapter 2 to suggest a series of values for hypothetical diets. These 

diets are not intended to serve as serious proposals for past food consumption patterns. 

Rather, they serve to illustrate the expected S 1 3 C and 5 1 5 N values of various idealized 

diets suggested by the historical data. These hypothetical diets also serve to address the 

question of how much isotopic change might be expected from a given dietary shift, and 

what sorts of dietary changes would likely not be reflected in isotopes at all. At the end 

of the chapter, the five questions posed at the end of Chapter 2 are revisited. Here, the 

proposed dietary differences are discussed in terms of the 5 1 3 C and 8 1 5 N differences that 

they would be expected to cause in human remains. This section lays out the isotopic 

patterns that will be looked for during interpretation of the human values, and draws 

attention to areas where similar 8 1 3 C and 8 1 5 N values of foods may cause confusion. 

7.1. Reconstructed stable isotope values of foods: This section attempts to define 

some parameters of local foodweb 8 I 3 C and 8 I 5 N values for the region and era under 
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study. It is partially based on the 5 1 3 C and 5 1 5 N analyses of archaeological fauna, 

modern fish and modern foods that were performed for this study. Using these data as a 

base, and including literature values where available and appropriate, 5 1 3 C and 5 I 5 N 

values for important dietary items such as grains, legumes, oil, dairy products, meat and 

marine resources are proposed. 

7.1.1. Animal Products: Although they were not the staple of the medieval Greek diet, 

this commentary begins with the reconstruction of stable isotope values of meat, dairy 

products and marine resources, as these are the most easily and confidently estimated. 

7.1.1 .a. Meat: Meat 5 C and 8 N values are reconstructed using the archaeological 

faunal bone samples whose collection was described in Chapter 4. As noted in Chapter 

6, seven out of forty-one samples were judged to show inadequate collagen preservation. 

The 5 1 3 C and 5 1 5 N values of the remaining samples are given in Tables 7.1 through 7.3 

(pp. 311-312), along with § l 3C(Carbonate) values for those samples whose bone mineral is 

judged to have been well-preserved. As the interest at the moment is the reconstruction 

of meat values, only the collagen results will be discussed here. Collagen 5 1 3 C and 5 1 5 N 

data for the faunal samples are presented in graphical form in Figure 7.1 (p. 313). 

The values are reasonably consistent, given the wide separation of the areas of 

Greece they come from. There is little variation in 8 1 3 C; for example, mean 8 1 3 C of goat 

and sheep is - \9.6%o at Athens, -19.6%o at Corinth and -21.5%o at Mitilini. Mitilini faunal 

collagen 8 I 3 C values are generally more negative, ranging from -21.7%o to -20.4%o in 

comparison to the ranges of -20.4%o to -19.1 %o for Corinth and -21.1 %o to -18.9%o for the 

same animals at the Athenian Agora. This may reflect differences in local climate, since 

the climate of Lesvos is cooler and wetter than that of Attica or the Peloponnesian coast. 

In general, the faunal 5 I 3 C values suggest that meat and dairy animals from the sites fed 

little, if at all, on C4 plants. Using the value of +5.0%o for spacing between bulk diet and 

collagen 5 1 3 C that has been documented for herbivores (see Chapter 3), the sheep and 

goat average values give diet 5 I 3 C values ranging from -26.5%o to -24.6%o. This agrees 
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Table 7.1: Athens Faunal 5 1 3 C and 5 1 5 N Values 
Animal 5 , 5 N S 1 3 C ( C O i d S 1 3C( C a rb) 

Sheep/Goat 3.3 -19.9 -11.3 
11.7 -19.8 — 

3.9 -19.2 -11.5 
8.0 -20.1 -12.0 
9.3 -19.9 -10.9 
3.9 -19.7 -12.0 
4.2 -19.5 -11.6 
5.6 -19.4 -10.8 
7.3 -19.0 -10.2 
3.7 -19.9 -10.9 

Mean 6.1 -19.6 -11.2 
s.d. 2.9 0.37 0.60 

Pig 6.4 -20.9 -12.4 
4.5 -20.3 -11.7 
9.1 -18.9 -11.7 
4.0 -19.6 — 

6.4 -20.8 -11.0 
6.2 -21.1 — 

Mean 6.1 -20.3 -11.7 
s.d. 1.8 0.86 0.58 

Cow 4.6 -21.1 -11.2 
6.3 -19.9 
6.7 -19.9 . . . 

6.4 -19.9 -10.5 
Mean 6.0 -20.2 -10.9 

s.d. 0.97 0.60 — 

Equus sp. 4.7 -17.3 -9.1 

Site Means 6.0 -19.8 -11.2 
s.d. 2.2 0.85 0.51 

with a diet based on C3 plants for Mitilini, with possible modest consumption of C4 

plants at Corinth and the Agora 1. Thus, the values do not suggest routine consumption 

1 The 8I3C value of the horse or donkey in the Agora indicates mixed C3/C4 grazing or addition of C4 
fodder to a diet based on C3 pasture. This may reflect different treatment accorded to this animal; one 
possible explanation would be that C4 fodder was only fed to the most valuable livestock. 
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Table 7.2: Corinth Faunal 8 1 3 C and 5 1 5N Values 
Animal 6 1 5N S13C(coin 5 1 3C(C a rb) 

Sheep/Goat 5.3 -19.8 -10.7 
3.5 -19.8 -9.9 
4.0 -19.9 -11.9 
3.1 -19.1 -9.4 

Mean 4.0 -19.6 -10.5 
s.d. 0.94 0.40 1.1 

Pigs 3.6 -19.6 — 

Cow 4.2 -20.4 -10.1 

Site Means 4.0 -19.8 -10.4 
s.d. 0.75 0.44 0.97 

Table 7.3: Mitilini Faunal 5 1 3 C and 5 l 5 N Values 
Animal 5 1 5N S1 3C(C 0||) S 1 3C( c a rb) 

Sheep/Goat 6.2 -21.5 -10.1 
6.3 -21.2 -9.7 
5.2 -21.5 -9.9 
8.4 -21.7 -10.9 

Mean 6.5 -21.5 -10.1 
s.d. 1.4 0.18 0.56 

Pig 5.7 -21.1 
6.0 -20.4 -9.5 

Mean 5.9 -20.8 -9.5 

Cow 3.5 -21.4 — 

Site Means 5.9 -21.3 -10.0 
s.d. 1.5 0.41 0.57 

of millet or maize as fodder, although sources cited in Chapter 2 suggest that C4 grains 

were sometimes used for this purpose in medieval Greece. 

In the site for which 5 1 3 C change over time may be examined, faunal 5 1 3 C appears 

to be invariant over time. Table 7.4 (p. 314) and Figure 7.2 (p. 315) show the 8 1 3 C values 
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Table 7.4: Athens Faunal Collagen 8 1 J C and dliN Values by Period 
Animal Period 5 1 5N 5 1 3 C Mean by Period 

S 1 5 N 8 1 3 C 
Sheep/Goat 9 t h - 10 th c. 3.3 

11.7 
-19.9 
-19.8 

3.9 -19.2 6.3 -19.6 
12 t h - 13 th c. 8.0 

9.3 
3.9 

-20.1 
-19.9 
-19.7 

4.2 -19.5 6.4 -19.8 
15 t h -16 *0 . 5.6 -19.4 5.6 -19.4 

18*0. 7.3 -19.0 
3.7 -19.9 5.5 -19.4 

Pig 9 t h - 10 th c. 6.4 
4.5 

-20.9 
-20.3 

9.1 -18.9 6.7 -20.1 
12 t h - 13 th c. 4.0 -19.6 4.0 -19.6 
15 t h -16 *0 . 6.4 -20.8 6.4 -20.8 

18 th c. 6.2 -21.1 6.2 -21.1 
Cow 9 t h - 10 th c. 4.6 -21.1 4.6 -21.1 

12 t h - 13 th c. 6.3 -19.9 
6.7 -19.9 6.5 -19.9 

15 t h -16 *0 . 6.4 -19.9 6.4 -19.9 
Equus sp. 9 t h - 10 th c. 4.7 -17.3 4.7 -17.3 

of the Athens samples by era, demonstrating no consistent temporal trend (as might be 

seen, for example, i f feeding animals on C4 grains became more popular after maize was 

introduced to the region). Thus, in all, the data show little regional or temporal variation 

in animal 8 C. They suggest that 8 C values of domestic animal meat available to the 

different medieval populations studied here did not vary greatly. 

Faunal 8 1 5 N values show somewhat more variability, both within sites and within 

species. For example, Athens goat and sheep 8 1 5 N ranges from 3.3%o to 11.7%o; the 

values for these species at Corinth range from 3.1%o to 5.3%o, while values at Mitilini are 

5.2%o to 8.4%o. A l l of these samples appear to be of good quality based on the criteria 

used for this study. Some of the within-site species variability may be due to the 8 1 5 N 

effect of nursing persisting in the tissues of younger animals at the time of slaughter. 
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Figure 7.2: Agora Faunal Collagen 5 1 3 C by period 
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Figure 7.3: Agora Faunal Collagen 5 1 5 N by period 
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Unfortunately, the elements available for sampling did not allow clear age comparisons 

to be made, as many of them typically show epiphyseal fusion at very young ages. 

Suckling animal meat was highly valued in the Byzantine era (Jeanselme and Oeconomos 

1923) . It is thus not unreasonable to propose that the faunal elements analyzed include a 

significant percentage of young animals with high 8 1 5 N signatures linked to recent 
2 15 

nursing . However, the 8 N variability of Athens fauna is too high to be due to nursing 

effects alone. This may reflect high 8 N variability in plant communities in the 

surrounding region. 

There is no evidence for temporal changes in faunal 8 1 5 N ; Athens faunal 8 1 5 N 

values show no overall trend by era (see Table 7 .4, p. 3 1 4 , and Figure 7 .3 , p. 315) . 

However, some geographical variation is seen, with mean 8 1 5 N of all animals falling at 

4.0%o for Corinth, 5.9%o at Mitilini and 6.0%o at the Athenian Agora. Mean 8 1 5 N of goats 

and sheep alone is 4.0%o at Corinth, 6.5%o at Mitilini and 6.1%o at Athens. The lower 

Corinth values may reflect variation in local baseline 8 1 5 N , or the provisioning of animals 

with legume fodder. The difference is enough to significantly impact attempts at dietary 

reconstruction. A theoretical human population from Corinth that obtained all of its 

dietary protein from the meat and milk of local animals would have collagen 8 1 5 N values 

about 2%o lower than those of a population from Mitilini consuming the same diet. This 

indicates a specific caution to be taken in regards to Corinth human 8 1 5 N values. It also 

suggests some caution in interpreting the human 8 1 5 N values obtained from sites for 

which no faunal sample was available, as local faunal 8 1 5 N is not known. 
13 15 

In order to arrive at local estimates for beef, mutton/goat and pork 8 C and 8 N , 

estimated values for the isotopic separation of meat from bone collagen must be used. 

Mammalian bone collagen 8 1 3 C values are generally higher than those of muscle tissue. 

2 Nursing signatures in archaeological domesticated fauna has been given some study. For example, the 
results of Balasse et al. (1997) on cattle from one Neolithic site suggest that they were weaned at the age of 
six months to one year. Animals slaughtered for food before this time or shortly thereafter - and many 
were slaughtered at this age - would retain higher 8 1 5 N values in bone collagen. Their meat would also 
have higher 5 1 5 N values, a fact that has interesting implications for human 5 1 5 N values in a culture that 
follows similar husbandry practices. 
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Although mice studied by DeNiro and Epstein (1978a) had bone collagen 5 I 3 C values 

about 4.5%o higher than those of whole muscle, most other studies have yielded smaller 

separations of about l%o to 2%o (Vogel 1978; Tieszen et al. 1983; Tieszen and Boutton 

1989; Hare et al. 1991; Tieszen and Fagre 1993b). Based on this, the separation value 

chosen for dietary reconstruction in this study is 1.5%o3. Values for mammalian muscle 

5 1 5 N fall close to those of collagen (values for A , 5N(mUscie-coiiagen) found by DeNiro and 

Epstein (1981) and Hare et al. (1991) range from -0.5%o to +1.3%o). Thus, it seems 

appropriate to place meat 8 I 5 N at a similar value to bone collagen 5 1 5 N. 

Table 7.5: Meat 5 I 3 C and 5 I 5 N Based on Archaeological Faunal Values 
Site Meat N 6 1 3 C (%o) 81 ; N (%o) 

Mean s.d Mean s.d 
Athens Mutton/goat 10 -21.1 0.4 6.1 2.9 

Pork 6 -21.8 0.8 6.1 1.8 
Beef 4 -21.7 0.6 6.0 1.0 
Meat mean -21.5 6.1 

Corinth Mutton/goat 4 -21.1 0.4 4.0 0.9 
Pork 1 -21.1 — 3.6 — 

Beef 1 -21.9 — 4.2 — 

Meat mean -21.4 3.9 
Mitilini Mutton/goat 4 -23.0 0.2 6.5 1.4 

Pork 2 -22.3 — 5.9 — 

Beef 1 -22.9 — 3.5 — 

Meat mean -22.7 5.3 

The resulting reconstructed meat values are summarized in Table 7.5 (above). 

Meat 5 1 3 C values range from -23.0%o (Mitilini mutton/goat) to -21.1 %o (Athens 

mutton/goat, Corinth mutton/goat, and Corinth pork). Meat 8 1 5 N values range from 

3.5%o (Mitilini beef) to 6.5%o (Mitilini mutton/goat). A general meat value for each site 

may be generated using an average of sheep/goat, pork and beef values. This weights 

values for the three meat types equally, and thus likely over-represents beef, but as beef 

3 In this study, bulk meat 5 I 3 C will be assumed to be equal to meat protein 8 , 3 C. This is likely accurate for 
lean meat (Tieszen and Fagre 1993b) but ignores any contribution from attached fat. As this contribution 
varies by cut and cooking method, there is no way to quantify it. 
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5 I 3 C and 8 I 5 N are similar to those for sheep, goat and pig, the effect is likely not serious. 

Using this approach, mean reconstructed meat 5 I 3 C for the sites would be -22.7%o for 

Mitilini, -21.5%o for Athens and -21.4%o for Corinth. Mean reconstructed meat 5 1 5 N 

would be 5.3%o for Mitilini, 6.1%o for Athens and 3.9%o for Corinth. 

7.1.1 .b. Dairy Products: The expected values of dairy products are also reconstructed 

using the bone and hair samples. However, given the strong evidence for use of sheep 

and goat milk only in dairy products (see Chapter 2 ) , only goat and sheep values are used. 

As with meat, the reconstruction of dairy 5 I 3 C and 6 I 5 N from collagen values depends on 

the calculation of reasonable values for A I 3 C and A I 5 N between these tissues and the 

various fractions of milk. These separation values have received less attention in the 

archaeological literature than that between collagen and meat. However, the growing use 

of stable isotopes by dairy researchers to trace nutrient streaming in milk synthesis offers 

some data. A look at this data shows that stable isotope patterning of milk is actually a 

complex matter, with several outstanding questions left to be resolved. 

7.1.1 .b.i. Dairy 5 I 3 C values: Most stable isotope data available on milk is for 

carbon. Milk carbon occurs in three distinct compartments: protein, lactose and milk fat. 

Milk fat shows the same characteristic relative l 3 C depletion as other lipids, and typically 

has 5 1 3 C values more negative than those of whole milk and other milk components 

(Wilson etal. 1988; Schulze et al. 1992) . The 5 1 3 C value of casein, which makes up the 

bulk of milk protein, is typically slightly higher than that of whole milk (Nakamura et al. 

1982; Kornexl et al. 1997) . Thus, a distinction must be drawn between whole milk 5 I 3 C 

and milk component 5 1 3 C when discussing milk-diet and milk-tissue 5 , 3 C separations. 

Whole milk 5 1 3 C generally falls within 3%o of bulk diet 5 1 3 C . Data on 

A I3C(whoiemiik-dici) from a number of feeding experiments on cattle are given in Table 7 .6 

(p. 3 1 9 ) , and in graphical form in Figure 7.4 (p. 3 2 0 ) . The close relationship between the 

two values is evident from the graph. However, A l 3C(Whoiemiik-diet) values vary, and whole 
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Table 7.6: Whole Milk and Diet 8 , 3 C in Cattle 
Study n 5 C( w hole diet) mean 5 , 3 C ( W h 0 ] e milk) A^Qmjik-feed) 

Minson et al. 1975 1 - 2 8 . 9 - 2 6 . 0 +2 .9 

Metges etal. 1 9 9 0 § 3 - 2 8 . 0 -26 .2 + 1.8 

Metges et al. 1 9 9 0 3 - 2 8 . 0 -27 .3 +0 .7 

Metges et al. 1 9 9 0 3 - 2 8 . 0 - 2 6 . 5 +1.5 

Minson et al. 1 9 7 5 1 - 2 5 . 4 -22 .5 +2 .9 

Bouttonetal. 1988 3 - 2 5 . 0 -25 .2 -0 .2 

Tyrrell etal. 1 9 8 4 4 - 2 4 . 6 - 2 3 . 5 + 1.1 

Metges et al. 1 9 9 0 3 - 2 3 . 0 - 2 1 . 7 + 1.3 

Tyrrell et al. 1 9 8 4 4 -22 .8 -24 .8 -2 .0 

Tyrrell etal. 1984 4 -18 .2 -19 .2 -1 .0 

Minson et al. 1975 3 - 1 4 . 0 - 1 5 . 5 -1 .5 

Metges etal. 1 9 9 0 § 3 - 1 3 . 7 - 1 3 . 9 -0 .2 

Metges et al. 1 9 9 0 3 - 1 3 . 7 - 1 4 . 6 -0 .9 

Metges etal. 1 9 9 0 3 - 1 3 . 7 - 1 4 . 0 -0.3 

Minson et al. 1 9 7 5 3 -12 .4 - 1 5 . 0 -2 .6 

Boutton et al. 1988 3 -11 .5 -13 .3 -1.8 

§ animals fed isotopically identical diets under varying conditions 

milk S 1 3 C may be either higher or lower than that of the cow's bulk diet. The C 3 : C 4 

composition of the animal's diet appears to be important in this variation. It seems that in 
13 13 

general, diets with lower 5 C values lead to milk that is C-enriched relative to feed, 

while diets with higher 8 I 3 C values produce milk that is 13C-depleted relative to feed. 
13 

This pattern becomes clear when A C(Wh0ie miik-diet) from these studies is plotted against 

the bulk diet 5 1 3 C value (Figure 7 .5 , p. 320 ) . The cause of this pattern is unclear; it is not 

remarked upon in the sources surveyed. 

5 1 3 C patterning in the nutrient fractions of milk also varies. Data presented by 

Nakamura et al. ( 1 9 8 2 ) and Kornexl et al. ( 1 9 9 7 ) show milk and dairy product protein 

8 1 3 C to be about 0.5%o to 2%o higher than that of the whole food. Milk fat is consistently 

the most negative component, with 5 1 3 C values 2%o to 4%o lower than that of milk protein 

(Wilson et al. 1988; Schulze et al. 1992) . Lactose falls between the two components but 

is variable, exhibiting a 8 1 3 C value close to that of milk fat when an animal is poorly 

nourished and presumably drawing on adipose stores for milk synthesis, and a value l%o 
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to 2%o higher than that of milk fat in a well-nourished animal presumably drawing most 

carbon for milk synthesis directly from feed (Wilson et al. 1988; Schulze et al. 1992) . 

13 

A closer look at milk and tissue 5 C in domesticated animals from the 

perspective of archaeological dietary reconstruction is clearly desirable. The apparent 
13 13 

relationship between milk 8 C values and 8 C of animal diets could have important 

implications for dietary reconstruction, as areas where dairy animals consume pure C 3 

and pure C 4 diets may be characterized by opposite A1 3C(Whoiemiik-diet) values. The net 
f* • 13 

result, when comparing different regions, may be dairy 8 C values that are closer to one 

another than would be expected given the animals' other tissue values. In the section on 

meat, it was suggested that domesticated animals from Athens, Corinth and Mitilini 
13 i • 

consumed diets with 8 C values in the -26.5%o to -24.6%o range. Modern dairy animals 

with diets in this range show a variable relationship of milk 8 1 3 C to whole diet, with milk 

8 1 3 C higher than that of the diet in some cases and lower in others (see Table 7 .4) . Thus, 

for this study it seems appropriate to place estimated whole milk 8 I 3 C at the same value 

as estimated dietary 8 1 3 C for the local dairy animals (that is, 5%o more negative than 
13 * * • 

collagen). The data available on 8 C in individual milk components suggest that protein 

8 1 3 C will be slightly higher (by 2%o or less) than the whole milk S 1 3 C value. 

7.1.1 .b. i i . Dairy 8 1 5 N values: Data on stable nitrogen isotope patterning of milk 

are less abundant. Most milk nitrogen is present in the form of casein ( 7 6 % of protein in 

cow's milk) or whey protein ( 2 4 % of protein in cow's milk). The available data on milk 

8 I 5 N relative to diet and tissues suggest that milk 8 1 5 N values should be similar to the 

tissue 8 1 5 N values of the animal producing it. Steele and Daniel ( 1 9 7 8 ) found whole milk 

8 1 5 N for cattle to be about 3.7%o higher than that of the animals' diet. Kornexl and 

colleagues ( 1 9 9 7 ) present data for milk and feed in a dairy-producing region suggesting a 

value for A1 5N(mj[k-diet) of about +3%o. These observations are also supported by the work 

on 8 1 5 N and nursing reviewed in Chapter 3 . As infants show tissue 8 1 5 N values about 

one trophic level higher than those of their mothers, it is clear that the mothers' milk 8 I 5 N 
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value must be similar to that of their other tissue proteins. Thus, while data are limited, it 

seems clear that milk 8 1 5 N should be placed at the reconstructed value of dairy animal 

tissue 5 I 5 N : that is, the same as collagen 8 ! 5 N values. 

7.1.1 .b.iii. Dairy processing and stable isotope values: No information on 6 I 3 C 

and 8 1 5 N in processed dairy foods could be found for this study. During the production 

of fermented dairy foods, several transformations take place. The bacterial starter added 

to the raw milk digests its lactose fraction. During this process, the mixture acidifies. 

This acidification precipitates the casein of the original milk, which is also transformed to 

a variable degree by enzymes and bacteria. Thus, during the fermentation process, a 

substantial amount of the carbon present in the original milk may be lost. Even more will 

be removed in the production of fermented dairy foods that are made from skimmed milk 

rather than whole milk. In contrast, research on proteins in fermented dairy foods shows 

that while a significant amount of nitrogen is transferred to bacterial proteins, free amino 

acids and short peptides, deamination (which would result in net loss of nitrogen from the 

food) is slight (Aim 1981). The contrasting patterns of net loss of the two isotopes during 

the production of fermented dairy foods suggests that S I 3 C alteration is more likely than 
IS 13 

8 N alteration. However, the impact of the digestion of lactose carbon on the 8 C of the 

whole food is uncertain. 

7.1.1 .b.iv. Data from this study: Some new data on stable isotope values of dairy 

foods are provided by analyses done in this study. After review of the literature on stable 

isotope values in dairy foods, it was thought worthwhile to analyze a small series of 

modern dairy samples. The goal was to make a preliminary comparison of 8 I 3 C and 8 I 5 N 

values of milk and processed dairy foods in a traditional local production system. The 

locale examined was the modern valley of Stymphalos, which operates a dairy 

cooperative from which products made from milk local to the area could be obtained. 

Products sampled from the cooperative include yoghurt and two types of cheese, all made 

from sheep's milk. Samples of raw milk and of hair (used to provide an estimate of 
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animal tissue 5 C and 5 N) were collected at the same time from a mixed herd of sheep 

and goats that is grazed on natural vegetation in the valley. Thus, of the dairy foods 

analyzed, only the unprocessed milk came specifically from the herd that provided the 

hair. However, the other products were made from the milk of other herds grazed in a 

similar way in the same valley, and are thus likely comparable. 

Prior to analysis, both hair and dairy samples were defatted to eliminate the 
• • 1 3 

confounding effect of lipids on 5 C values. Hair samples were degreased using the 

method described in Yoshinaga et al. (1996). Visible contaminants such as burrs and soil 

were removed manually and the sample was sonicated for fifteen minutes in double-

distilled water and rinsed several times. After air-drying, hair was degreased using a ten 

minute soak in 2:1 chloroform:methanol, rinsed and dried, then treated again with a five 

minute soak in pure acetone. It was then rinsed several times and dried for analysis. 

Dairy products were frozen at the time of collection, and apart from a few hours' time in 

transit to Canada, remained frozen until being prepared for analysis. Milk was split into 

two subsamples. One was lyophilized and analyzed whole; the other was skimmed by 

chilling and centrifuging, then lyophilized and analyzed. The 5 1 3 C value of skimmed 

milk will not be identical to that of milk protein alone because of the presence of lactose. 

However, methods for the isolation of milk casein (Wilson et al. 1988; Schulze et al. 

1992; Kornexl et al. 1997) require more sample than could be transported to Canada 

without spoilage. It was hoped that skimmed milk would come closer to milk protein 

values than whole milk, since the distorting influence of the lipid would be removed. 

Cheese samples were defatted using a modified Bligh and Dyer technique. The food was 

ground in a mortar and pestle with 2:1 chloroform:methanol solution for three minutes. 

The solvent was then poured off the sample, and cheese fragments were rinsed once with 

fresh chloroform:methanol and once with double-distilled water. As all but an 

insignificant fraction of cheese is fat, protein and moisture (Garrow and James 1993), this 

method likely produces accurate protein 51 C values. Yoghurt could not easily be 

defatted with available equipment, and thus only whole food values were run. Data for 

the hair, and for the whole and defatted dairy foods, are provided in Table 7.7 (p. 324). 
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Table 7.7: Modern Hair and Dairy, Stymphalos 
Sheep and Goat Hair 
Species Treatment 8 1 5 N (%o) 8 1 3 C (%o) 

sheep degreased 5.5 - 2 3 . 0 

sheep degreased 6.8 - 2 1 . 9 

goat degreased 5.8 - 2 3 . 6 

Dairy Products 
Product Treatment 8 1 5 N (%o) 8 1 3 C (%o) 
raw milk (goat) whole 3.9 -26 .2 

skimmed 4 .7 - 2 4 . 0 

anthotyri cheese (sheep) whole 4.6 - 2 5 . 6 

defatted 4.3 -25 .5 

feta cheese (sheep) whole 5.6 -26 .5 

defatted 5.6 - 2 3 . 9 

whole yoghurt (sheep) whole 4.3 -27 .5 

Hair 8 C values for the two sheep average -22.4%o; the goat is slightly more 

negative at -23.6%o. Values of +1.3%o to +1.8%o have been reported for A 1 3 C from bulk 

diet to hair in cattle (Minson et al. 1975 and Jones et al. 1981). If this separation value is 

similar in sheep and goats, the three hair 8 C values suggest forage 8 C values in the 

neighbourhood of -25.4%o to -23.2%o. The values agree with a largely C3-based diet, and 

in this they are similar to the medieval collagen 8 1 3 C values found for sheep and goat. 
13 * • • 

The dairy products fall within a fairly narrow range of 8 ' J C , which is unsurprising 

as they all came from the same region. 8 1 3 C for whole milk and whole milk products 

ranges from -27.5%o to -25.6%o. Skimming and defatting produced significant effects on 

the milk and the feta, shifting their 8 1 3 C values by 2.2%o and 2.6%o respectively. The 

anthotyri 8 1 3 C was unaffected by treatment. Assuming that the values after defatting are 

more representative of protein 8 1 3 C , the results suggest that while whole dairy 8 1 3 C for 

the modern Stymphalos region ranges from -27.5%o to -25.6%o, dairy protein 8 1 3 C lies in 

the range of -25.5%o to -23.9%o. This agrees with the +0.5%o to +2.0%o difference 

previously reported between whole milk 8 1 3 C and milk protein 8 1 3 C (Nakamura et al. 

1982; Kornexl et al. 1997) . The dairy protein 8 C values are thus somewhat more 

negative than those of the sheep and goat hair. The data presented here compare hair and 
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dairy 5 1 3 C on a broad level only; goat milk and hair did not come from the same animal, 

and sheep dairy products and hair did not come from the same herd. Despite this, the 

data agree with the known behaviour of dairy 5 I 3 C values as outlined above. The data 

also suggest that, at least in this region and for these few samples, the different 

preparations involved in making yoghurt, fresh cheese and salted cheese have not had a 

major impact on the 5 1 3 C of the final food product. Despite having been put through 

three very different preparation processes, all of the dairy products have similar 8 I 3 C 

values, and are close in 5 1 3 C to local raw milk. 

Stable nitrogen isotope values of the hair and dairy foods also basically agree with 

expectations. Mean hair 5 1 5 N for the sheep is 6.2%<>; the one goat sample has a 5 1 5 N 

value of 5.8%o. Like the stable carbon isotope ratios, the 5 1 5 N ratios are in general 

agreement with expectations based on the archaeological fauna; the values are within the 

same general range as collagen 5 1 5 N from the archaeological goats and sheep. As with 

5 1 3 C , dairy 6 I 5 N varies in a relatively narrow range, with values for the whole samples 

ranging from 3 .9 (milk) to 5 .6 (feta). While these fall within the same general range as 

the hair 8 1 5 N values, the dairy values are all substantially lower than mean local goat and 

sheep hair 5 1 5 N . Goat milk is 1.9%o lower than goat hair from the same herd, and the 

5 1 5 N values of the processed dairy foods are 0.2%o to 1.3%o lower than sheep hair from 

the same region. These unexpected findings may relate to seasonal differences in forage 

5 1 5 N , causing 5 I 5 N values of dairy products, which reflect recent feed, to depart from 

those of hair, which reflect diet at some time in the past. For this study, it is sufficient to 

conclude that the data fit a model based on the modern data which would suggest that 

5 1 5 N of both milk and processed dairy foods in an area will fall into the same general 

range as 8 I 5 N of other tissues in the dairy animals. 

7.1.1.b.v. Assigning 8 1 3 C and 5 1 5 N values to dairy foods: Based on the above 

sections, tentative values for A , 3C ( mjik-tissue) and A I 5 N t m ; i k _ , j S S U e ) for use in this study may be 

proposed. The literature data support a model in which whole milk 5 Cvalues for the 
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medieval Greek sheep and goats studied here are similar to those of the dairy animals' 

diet. Dairy protein 8 I 3 C values should be higher than this by up to 2%o. Dairy 8 I 5 N 

should be similar to 8 5 N of the animals' other tissues. The small sample of hair and 

dairy products analyzed in this study has helped to demonstrate that processed foods such 

as cheese and yoghurt should be placed in the same isotopic range as raw milk from an 

area. Thus, whole dairy 5 I 3 C values will be estimated at 5%o lower than those of goat and 

sheep bone collagen. Dairy protein 5 1 3 C values will be assumed to be 2%o higher than 

whole dairy 8 I 3 C values, or 3%o more negative than collagen, and dairy protein 5 I 5 N will 

be assumed to be similar to that of collagen. 

Using these separations, estimated 5 1 3 C and S I 5 N values of dairy foods for the 

medieval Greek population may be calculated from the mean 8 1 3 C and 8 I 5 N values of 

sheep and goat collagen. Estimations of whole dairy S 1 3 C , dairy protein 8 1 3 C and dairy 

protein S 1 5 N performed on this basis are found in Table 7.8, below. 

Table 7.8: Dairy 5 1 3 C and 5 1 5 N Based on Archaeological Faunal Values 
Site Whole dairy 5 I 3 C Protein 5 , 3 C Protein 5 1 5 N 
Athens -24.6%o -22.6%o 6.1%o 

Corinth -24.6%o -22.6%o 4.0%o 

Mitilini -26.5%o -24.5%o 6.5%o 

Means - 2 5 . 2 % 0 -23.2%o 5.6%o 

7.1.I.e. Marine resources: As discussed in Chapter 4, a different approach had to be 

taken in estimating 8 1 3 C and 5 1 5 N for marine resources, as usable archaeological fish 

remains were not available. In the absence of these, it was elected to analyze tissue from 

a number of modern Eastern Mediterranean marine organisms and use these to estimate 

medieval values. This approach is not without complications, as both 8 C and 8 N 

values of Mediterranean organisms may have changed since medieval times. 

As reviewed in Chapter 3 , it is unlikely that overall oceanic 8 C has changed 

since the Industrial Revolution began, as the pool of dissolved oceanic CO2 is so large. 
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However, it is possible that changes have occurred in specific locales, since influence by 

anthropogenic CO2 is greater in shallow waters and near the outlets of rivers (Sarmiento 

and Sundquist 1992; Raven and Falkowski 1999) . Ambrose et al. ( 1 9 9 7 ) suggest that 

5 I 3 C values of modern marine organisms in general may show a small shift, perhaps on 

the order of 0.5%o, due to industrialization. Realistically speaking, however, the amount 

of change - if any - should be variable, depending on the impact of anthropogenic carbon 

on local waters. Recognizing this, no correction factor will be applied in this study. 

Another problem comes with the possibility of changes in 5 1 5 N values since 

medieval times, as the baseline 8 1 5 N of the Eastern Mediterranean may have moved in 

either direction on a local level as a response to human activity. Discharge of fertilizer 

nitrogen from farmland would be expected to cause lower baseline 5 1 5 N ; discharge of 

sewage would be expected to lead to higher values. As well, the effect of fertilization 

with excess anthropogenic N at the base of Mediterranean foodwebs on their 5 1 5 N 

patterning is uncertain. Because of these factors, Mediterranean marine resource 5 1 5 N 

may have changed in unpredictable ways since the medieval period. 

Despite these problems, values of modern marine organisms are the only possible 

link to preindustrial Mediterranean marine 5 1 3 C and 5 I 5 N values until a sufficient 

assemblage of archaeological marine organisms can be analyzed4. They are thus used, 

albeit with some reservations. 

Details of the preparation and analysis of the samples were discussed in Chapters 

4 and 5. The flesh and collagen values obtained are presented by species in Table 7.9 (p. 

328) and Figure 7.6 (p. 329). Considering that the animals originated from different local 

ecosystems, their 8 1 3 C and 5 I 5 N values follow their known dietary patterns well. The 

small plankton-feeding fish, anchovy and sardine, have the lowest § 1 3 C and 8 1 5 N values. 

For these fish, mean 8 1 3 C is -17.0%o and mean 6 1 5 N is 6.5%o. They show a clear 

separation from the other fish species, which are all omnivores or carnivores feeding on 
13 

organisms larger than plankton. These show a mean 5 C value of -15.1 %o and a mean 

4 A possible means toward this end would be isolation and analysis of the small amount of protein present 
in marine shells from middens. 
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S I 5 N value of 10.9%o. There is substantial variation, as is expected for marine organisms 

coming from a variety of local foodwebs and occupying various spots in these foodwebs. 

Squid and octopus show 8 I 3 C values of -18.3%o and -16.8%o respectively; the 5 I 5 N 

values of 11.0%o and 11.8%o fall in with the fish of higher trophic level, which agrees 

with the high trophic level position that the animals occupy. 

Table 7.9: 5 1 3 C and 5 I 5 N Values of Modern Marine Organisms 
Organism Tissue N 5 , 5 N (%„) s.d. 5 I 3 C (%o) s.d 
Sardine collagen 4 6.7 0.8 -16 .4 0 .4 

Anchovy collagen 4 6.3 0.8 -17 .5 0.8 

Gilt-head sea bream collagen 1 9.7 — - 1 7 . 9 — 

White sea bream collagen 1 10.6 — -12.1 — 

Blue whiting collagen 1 17.9 — -14 .8 — 

Red mullet collagen 2 8.5 — -15 .4 — 

Horse mackerel collagen 1 8.1 — -15 .5 — 

Octopus muscle 1 11.0 — - 1 6 . 8 — 

Squid muscle 1 11.8 — -18 .3 — 

Means All species 10.1 3.5 -16.1 1.9 

Octopus/sq uid 11.4 — -17.6 
All fish 9.7 3 . 9 -15.7 2 .0 

Sardine/anchovy 6.5 0.8 -17.0 0.8 

Other fish 10.9 4 .0 -15.1 2.1 

The range of 5 I 3 C values is fairly typical for those reported in general for marine 

environments, although the values of most species are somewhat low in comparison to 

the overall range of marine 5 C values presented in Figure 3 .1 . Similarly, 5 N values 

are low in comparison to many literature marine 8 1 5 N values (see Figure 3 .2) . Published 

values for Mediterranean fish 5 1 3 C and 8 I 5 N suggest that such relatively low values may 

characterize some Mediterranean environments. For example, Pirmegar and Polunin 

( 2 0 0 0 ) analyzed fish from rocky littoral environments in the Bay of Corsica, and found 

5 1 3 C values ranging from -19.6%o to -16.2%o and 5 I 5 N values ranging from 4.6%o to 

9.8%o. Jennings et al. ( 1 9 9 7 ) reported 5 I 3 C values ranging from -19.2%o to -16.1%o and 

5 1 5 N values ranging from 8.4%o to 13.8%o for fish from a number of locales in the 
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Spanish Mediterranean. This has implications for dietary reconstruction in the 

Mediterranean, as some areas may show less isotopic separation between marine and 

terrestrial foodwebs than would be expected from general literature values. 

Given the caveats regarding changes since medieval times that were discussed 

above, these fish bone collagen values may be used to estimate 5 1 3 C and S 1 5 N values of 

fish in past diets. Literature values for the 5 1 3 C and 8 1 5 N separation between fish 

collagen and flesh are contradictory. Flesh 5 1 3 C has been reported as both higher and 

lower than collagen 5 C; the same is true of 8 N (Keegan and DeNiro 1988; Sholto-

Douglas et al. 1991). For this study, fish flesh will be assumed to have 5 1 3 C and 8 1 5 N 

values similar to those of fish collagen. Thus, the marine resource 8 I 3 C and 8 1 5 N values 

that will be used for this study will be the same as the modern values given in Table 7.9. 

7.1.1 .d. Summary of reconstructed values for animal products: Plotting the means of the 

modern marine values with those of the reconstructed meat and dairy values yields a 

picture of the hypothetical 8 1 3 C and 8 I 5 N values of animal proteins available to the 

populations in this study (Figure 7.7, p. 331). Both meat and dairy products have 8 I 3 C 

values typical of C3 terrestrial organisms. This has important implications for dietary 

reconstruction in the area. First, based on these values, milk and meat can be discounted 

as significant sources of C4-derived carbon in human diets. Instead, human 8 1 3 C values 

higher than those expected for a C3 terrestrial-based diet are more likely to be linked to 

the consumption of C4 grain or marine resources. Second, the relatively low 8 1 3 C values 

of meat and milk stand in contrast to the 8 I 3 C values of most of the marine organisms. 

When 8 1 5 N values are also considered, little confusion should occur between terrestrial 

protein and that of most marine organisms sampled. Higher trophic-level fish are 

separated from terrestrial animals by both 8 I 3 C and 8 1 5 N; octopus and squid are closer to 

the terrestrial values for 8 I 3 C, but are clearly different in terms of 8 I 5 N . However, a 

stronger possibility for confusion comes from the small fish nearer the base of the marine 

food chain. Their 8 I 3 C values are relatively negative for marine fish, and their 8 I 5 N 
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values are similar to those of terrestrial animals. Other organisms of low trophic level 

such as filter-feeding shellfish likely follow a similar pattern. The implications of this for 

dietary reconstruction attempts are discussed later in the chapter. 

7.1.2. Plant products: Plant stable isotope values were estimated from 8 I 3 C values 

reported in the literature, and through extrapolation from values of contemporary animal 

remains. This approach is necessary in the absence of archaeological plant remains; 

while it does not take local growth conditions into account, it does provide an idea of 

how widely modern values for the species in question have been found to range and what 

values for average growth conditions may look like. 

7.1.2.a. Wheat and barley: 8 C values for modern wheat and barley tissues recorded by 

Bender (1968), Smith and Epstein (1971), Winkler et al. (1977), Epstein and DeNiro 

(1978a), Nakamura et al. (1982), Hare et al. (1991) and White (1991) range from -33.9%o 

(wheat leaf grown in arid conditions) to -22.1%o (barley seeds). Values for seeds alone 

from these studies show a smaller range of -29.1%o (wheat) to -22.1%o (barley), with a 

mean value of -25.3%o. Two samples of locally grown wheat were obtained from 

different fields in the valley of Stymphalos as part of the study of ecosystem values in 

that region. Analysis showed the two samples to have whole seed 8 I 3 C values of-25.5%o 

and -23.7%o, close to the mean value for the studies cited above. 

Work by Winkler et al. (1977) and Nakamura et al. (1982) suggests that in C3 

grains, seed protein 8 1 3 C is about 1.5%o more negative than whole seed 8 1 3 C. If this 

separation is applied to the whole seed values cited above, seed protein values are 

estimated at -30.6%o to -23.6%o, with a mean of -26.8%o. Correction for industrial 

changes in atmospheric 8 1 3 C produces estimated medieval wheat and barley 8 I 3 C values 

of-27.4%o to -20.6%o (mean = -23.8%o) for whole seeds, and -29.1%o to -22.1%o (mean = 

-25.3%o) for seed protein. 

It should be noted that these values may be somewhat too negative. Van Klinken 

et al. (2000) have observed that in Holocene Europe, a significant temperature gradient 
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operates on 5 C values of C3 plants (wood), with higher values typical of warmer areas. 

Greece is a warm country, and thus, using the same argument, typical 5 I 3 C values for 

wheat grown there may be higher than those of several of the wheat samples from studies 

above, which were grown in cooler climates. 

As discussed in Chapter 3, 8 1 5 N values of non-symbiotic plants will depend 

primarily on soil 8 1 5 N. Thus, in contrast to grain 8 1 3 C, which falls into a small enough 

range for a given species to give modern species-wide 8 C means some validity when 

used in dietary reconstruction, modern 8 I 5 N values are of little use for this purpose here. 

Modern grain 8 1 5 N values are unlikely to be similar to those of medieval grains due to the 

common use of 15N-depleted industrial fertilizers. An alternative for the assignment of 

8 I 5 N values to medieval cultivars is to extrapolate them based on the faunal stable isotope 

values discussed above. This technique works from the animal collagen values to 

propose a mean value for local plant protein as consumed by the animals in question. 

The attraction of this method is that it offers an idea of baseline 8 1 5 N values in the 

regions studied during the medieval period. However, it will not necessarily provide 

mean 8 I 5 N values for the plant foods eaten by humans. Schwarcz et al. (1999) remind us 

that animals eat a different selection of plants and plant parts than those eaten by humans, 

which might have somewhat different 8 1 5 N. As well, Van Klinken et al. (2000) point out 

that human crops are more likely to have been grown in soil whose 8 I 5 N values have 

been altered by traditional agricultural practices, and that they thus may have values 

distinctive from those of wild plants. For example, grain grown in manure-enriched soil 

can have 8 1 5 N values of up to 8%o (Van Klinken et al. 2000). 

Despite these difficulties, using local animal 8 I 5 N values should still give an idea 

of whether the local baseline 8 1 5 N values were unusually high or low. For this 

estimation, pig collagen 8 I 5 N values must be left out of the animal sample, since swine 

are omnivorous and are fed mixed food refuse in many cultures. Ideally, juvenile animals 

would also be omitted as their 8 I 5 N could reflect nursing signatures. However, as 

discussed above, the identification of juvenile individuals was uncertain; all 8 1 5 N values 
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must thus be used, as elevated values could reflect local plant 8 N variability rather than 

nursing. When all archaeological faunal collagen but that of pigs is considered, mean 

8 1 5 N values of 6.0%o (Athens), 4.0%o (Corinth) and 5.9%o (Mitilini) are obtained. 

Assuming that the animals' collagen 8 I 5 N is elevated about 4%o above that of dietary 

protein, this suggests mean 8 1 5 N values of 0%o to 2%o for the plant protein in their diets. 

The plant 8 1 5 N values suggested by the animal 8 1 5 N values are quite low in 

comparison to many modern plant 8 1 5 N values (see Figure 3.2). However, natural areas 

with baseline 8 1 5 N values in this range have been documented. For example, Ambrose 

(1991) reported mean plant community 8 I 5 N values ranging from -1.3%o to 3.9%o in a 

series of East African locales. It is possible that the herbivore 8 1 5 N values, especially 

those of Corinth, reflect some legume consumption by the animals in the form of feeding 

with alfalfa or another legume fodder. However, traditional goat and sheep herding 

techniques would keep the animals in the countryside for a large part of the year, feeding 

on various non-leguminous plants. Even i f half of their diet was assumed to be made up 

of alfalfa fodder at ca 0%o, a simple mass balance equation suggests mean local plant 

protein 8 1 5 N of no more than 4.0%o for the Athens region, which shows the highest 8 1 5 N 

values. Thus, the domesticated animal 8 1 5 N values at the three sites studied truly seem to 

indicate a relatively low 8 1 5 N value for local wild plant protein. An estimate of medieval 

grain protein 8 I 5 N values based on this would also be fairly low, around 0%o for Corinth 

and 2%o for the other two sites. 

7.1.2.b. Millet and maize: Literature 8 1 3 C values cited for millet and maize plant parts in 

a number of studies range from -14.3%o to -9.8%o, with little difference in ranges seen 

between the two groups (Bender 1968; Smith and Epstein 1971; Winkler et al. 1977; 

Epstein and DeNiro 1978a; Nakamura et al. 1982; Tieszen and Boutton 1983; Tieszen 

et al. 1983; Hare et al. 1991; White 1991; Mitchell et al. 1993; Tieszen and Fagre 

1993b). Values for seeds only cited in these studies range from -13.1%o to -10.6%o for 

millet and from -12.3%o to -9.8%o for maize, with an overall mean of -11.3%o. Data from 
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studies by Nakamura et al. (1982) and Tieszen and Fagre (1993b) show maize seed 

protein 8 1 3 C values to be 0.8%o to 2.5%o lower than whole seed 6 I 3 C, with an average of 

1.5%o. This agrees with the bulk tissue to protein separation of 1.5%o calculated for 

maize leaves by Winkler et al. (1977), and is the same as the average value seen in C3 

grains. Thus, as with the C3 grains, seed protein 5 1 3 C will be assumed to be 1.5%o lower 
13 13 

than whole seed 5 C. Using this figure, 8 C values for maize and millet protein would 

range from -14.6%o to -11.3%o. The equivalent medieval period ranges for these data 

would be -11.6%o to -8.3%o (mean = -9.8%o) for bulk maize or millet seeds and -13.1 %o to 

-9.8%o (mean = -11.3%o) for maize or millet seed protein. Based on arguments in the 

section directly above, medieval C4 grain 8 1 5 N is assigned the same typical 8 1 5 N values 

as C3 grain, about 0%o at Corinth and 2%o at the other two sites. 

1 ^ 

7.I.2.C. Legumes: Modern crop legume 8 C values recorded in a variety of studies 

(Bender 1968; Smith and Epstein 1971; White 1991) range from -28.9%o to -22.9%o. Of 

these, values for whole seeds only range from -27.2%o to -22.9%o, with an average of 

-24.8%o. According to data collected by Winkler et al. (1977) and Nakamura et al. 

(1982), legume seed protein 8 1 3 C is about l%o more negative than whole seed 8 1 3 C. 

Using this separation value, corresponding protein 8 1 3 C values for the whole seed 8 1 3 C 

values would be -28.2%o to -23.9%o, with a mean of -25.8%o. The corresponding 
1 T 

medieval 8 C values, corrected by 1.5%o for atmospheric change, would be -25.7%o to 

-21.4%o (mean = -23.3%o) for whole legume seeds, and -26.7%o to -22.4%o (mean = 

-24.3%o) for legume seed protein. 

An exception to the rule of not using modern plant 8 I 5 N values to reconstruct past 

plant 8 1 5 N might be claimed for legumes due to the specific situation of their 

cultivation. In the absence of modern fertilizing techniques, nitrogen availability in 

Greek agricultural soils was likely often low. Under such conditions, we can propose that 

legume 8 1 5 N was similar to that of N-fixing plants grown in modern unfertilized soils. 

This would place them in the neighborhood of -l%o to 2%o, the range reported for N -

fixing plants grown under low-N soil conditions (see Chapter 3). 
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7.1.2.d. Olive oil and wine: Modern Mediterranean olive oil and wine 8 I 3 C values are 

available in the literature. Royer et al. (1999) analyzed a series of 166 Greek olive oil 

samples, finding a mean 5 , 3 C value of-28.7 + 0.8%o. Slightly more negative 5 I 3 C values 

of -29.5%o to -28.9%o were found by Spangenberg et al. (1998) for a smaller series of 

Greek olive oils. Olive oil 5 I 3 C values from elsewhere in the Mediterranean differ little 

from the Greek figures. For example, the mean 81 C values found by Spangenberg and 

colleagues (1998) for olive oil from Spain, Italy and France were -29.6%o, -30.2%o and 

-29.5%o, respectively. In general, Mediterranean olive oil shows a fairly small range of 

8 C variation. Bianchi et al. (1993) obtained whole virgin olive oil 8 C values ranging 

from -28.5%o to -27.2%o for various Mediterranean locales, while Angerosa et al. (1997) 

found a range of -30.5%o to -28%o and Spangenberg et al. (1998) one of -32.4%o to 

-27.5%o. Variation in oil 81 C is likely due to differences in growth conditions and in the 

olive tree variety typical of different areas, as well as differences in oil preparation 

techniques (Spangenberg et al. 1998). However, it does not appear to be systematic by 

region or year on the bulk oil level, suggesting that using modern means to estimate 

medieval oil 8 C will produce a fairly accurate estimate. For this study, the mean value 

from the larger study of Greek oils will be used. Correcting by 1.5%o for atmospheric 

changes, the medieval value would be -27.2%o. 

Stable isotope values of wine show variation by climate and soil, and by year 

within specific locales (Day et al. 1995; Rossmann et al. 1996; Weber et al. 1997; 

Gimenez-Maralles et al. 1999). Wine ethanol 8 I 3 C is an average of 1.7%o more negative 

than that of the fruit sugar that formed the basis of fermentation (Rossmann et al. 1996). 

The 8 I 3 C values of grape wine ethanol thus fall within the typical value range for C3 

plant products. Wine ethanol 8 1 3 C values ranging from -30%o to -23%o, with means 

ranging from -27.8%o to -25.4%o, have been reported for regions of Italy, Germany and 

France (Day et al. 1995; Rossmann et al. 1996; Weber et al. 1997). No values for Greek 

wine have been located. However, 81 C values for wines of Italy and Spain, which are 

most likely to have similar growing environments, range from -29.4%o to -22.6%o with a 

mean of -25.8%o (Rossmann et al. 1996; Gimenez-Maralles et al. 1999). This mean, 
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corrected to -24.3%o for atmospheric changes, will be used to represent medieval wine 

8 I 3 C values. 

7.1.3. Summary: The estimated dietary values discussed above are summarized in Table 

7.10 (p. 338). Each of the estimates has its own weaknesses. The least certain are those 

for grain products and marine resources. Grain and legume values were estimated based 

on values for modern grain grown under various conditions. There is reason to suspect 

that the estimates might be too low for both isotopes: 5 1 3 C, due to possible effects of 

warmer climate, and 5 1 5 N, due to possible relative ! 5 N enrichment of grain over wild 

plants eaten by animals. Marine resource values were based on organisms from a variety 

of modern Aegean biomes. Some organisms (shellfish, and large fish such as tunny) 

have not been sampled. There is also the problem of anthropogenic alteration of local 

baseline values; modern 5 I 3 C values may be somewhat lower due to the impact of 

anthropogenic CO2, and 5 I 5 N may have been altered since medieval times by pollutants 

such as fertilizer runoff or sewage5. Despite such caveats, these are still the best 

estimates available. They will serve in generating some hypothetical values for 

theoretical medieval diets, and thus in guiding expectations as to how much isotopic 

change may reasonably be expected from given dietary changes. 

Figure 7.8 (p. 339) depicts the estimated protein 5 1 3 C and 5 I 5 N values. The error 

bars represent 1 s.d. for the samples analyzed for this study or, for values based on data in 

the literature, for the data in question. For grains, two points are depicted, the higher 

showing 5 I 5 N values reconstructed using Athens and Mitilini fauna and the lower 

showing 5 1 5 N values reconstructed using Corinth fauna. Figure 7.9 (p. 340) depicts value 

ranges for bulk food 5 1 3 C. Here, the midpoint of the range is the mean reconstructed 

51 C value, while error bars represent 1 s.d. in the analytical data or literature values 

used. The reconstructed values indicate an environment dominated by relatively low 

5 The estimates also fail to cover the entire range of medieval dietary items. High-calorie and high-protein 
items known to be consumed but absent from Table 7.10 include freshwater fish, chickens and other fowl, 
eggs and snails. These were not available in the archaeological collections used. Practical difficulties, 
including finding organically fed samples produced in Greece, prevented the use of modem proxies. 
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Table 7.10: Summary of Estimated Mean 5 1 3 C and 8 1 5 N of Medieval Greek Foods 
Food Bulk 5 , 3 C (%„) Protein 5,3C(%>) 5 , 5 N (%o) 

wheat, barley (Athens, Mitilini) -23 .8 -25 .3 2 .0 

wheat, barley (Corinth) -23 .8 -25 .3 0 .0 

maize, millet (Athens, Mitilini) -9 .8 -11 .3 2 .0 

maize, millet (Corinth) -9 .8 -11 .3 0 .0 

legumes (all sites) -23 .3 -24 .3 0 .0 

olive oil (all sites) - 2 7 . 2 

wine (all sites) -24 .3 

dairy (Athens) - 2 4 . 6 - 2 2 . 6 6.1 

dairy (Mitilini) - 2 6 . 5 - 2 4 . 5 6.5 

dairy (Corinth) - 2 4 . 6 - 2 2 . 6 4 .0 

meat (Athens) -21 .5 -21 .5 6.1 

meat (Mitilini) - 2 2 . 7 - 2 2 . 7 5.3 

meat (Corinth) -21 .4 -21 .4 3 .9 

low trophic level fish - 1 7 . 0 - 1 7 . 0 6.5 

high trophic level fish -15.1 -15.1 10 .9 

octopus and squid -17 .6 - 1 7 . 6 11.4 

5 C values. The highest values are seen in the C 4 grains, at around -11 %o. Marine 

resources are somewhat more negative, ranging from -15%o (higher trophic level fish) to 

-18%o (octopus/squid and lower trophic level fish). These are separated from the majority 

of available resources: terrestrial animal products, which fall between -27%o and -21%o, 

and C 3 grains, legumes, wine and olive oil, which fall between -27%o and -23%o. The 

8 1 5 N values of most foods are relatively low, with the exception of high trophic level fish 

and cephalopods. For 5 1 5 N , low trophic level fish fall in with terrestrial fauna. Using 

values based on local animal 5 I 5 N , expected 8 1 5 N of grain is quite low, and as a result 

there is little resolution between legumes and non-legumes. When protein-rich dietary 

items are considered on both isotopic scales at once, marine resources of high trophic 

level are seen to separate out very well from other available resources. Marine resources 
13 1 5 * 

of lower trophic level are distinguished by their 5 C values, but not by 5 N . Dairy 

products occupy virtually the same isotopic space as domestic animal meat, and thus the 

two cannot be distinguished using this model. 
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Figure 7.9: Reconstructed Bu lk 5 C Values for Medieval Foods 
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7.2. The isotopic space of medieval Greek diets: In this section, the information 

assembled in the first sections of this chapter and in previous chapters is used to propose 

values for a number of hypothetical Greek diets. The function of this section is twofold. 

First, it presents stable isotopic profiles for some hypothetical diets whose makeup is 

suggested by those documented in the historical literature. Second, it establishes a sense 

of perspective as to the magnitude of isotopic shifts that one would expect from given 

shifts in diet. Using the food 5 I 3 C and 5 I 5 N values reconstructed in section 7.1, stable 

isotope values expected for some hypothetical diets may be proposed. This will be done 

using mass balance equations. Bulk diet 5 I 3 C will be calculated using the caloric values 

of foods (see p. 133 for a discussion of the basis for this approach). Dietary protein 5 1 3 C 

and 5 1 5 N will be calculated using the foods' protein content. To this end, nutritional 

values for representative foods of the various groups have been taken from Church and 

Church (1975) and Pennington (1998). The data needed - caloric value by weight and 

protein content by weight - are summarized in Table 7.11 (below). 

Table 7.11: Calories and Protein in Some Representative Foods 
Food calories g protein 

/100g /100g 
Wine 70 trace 
Tuna (bluefin) 145 25.2 
Whole wheat flour 333 13.3 
Lamb (arm chop) 186 28.0 
Cornmeal, whole 353 9.2 
Chickpeas, dry 360 20.5 
Cane sugar 385 trace 
Cheese (goat, hard) 457 31.1 
Olive oil 886 trace 

6 Food data are from Church and Church (1975) and Pennington (1998), per 100 g edible portion. Data 
have been chosen to conform as far as possible to traditional food uses; for example, wheat flour values are 
for unenriched whole wheat flour. Most values are for raw foods. Meat is for cooked lean meat; this 
reflects calorie (fat) losses in grilling and roasting, which are the most common preparation methods 
referenced in texts of the time. 
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7.2.1. d43C and c15N in vegan diets: To begin, hypothetical diets based on the major 

caloric staples of medieval Greece - grains, legumes, oil and wine - are considered7. The 

first example considered is a vegan C3 diet. This may be worked out using the yearly 

monastic allowances documented by Dembinska (1985). One of these allows an actual 

C3-based vegan diet from the time to be reconstructed. The daily ration of foods 

supplied, converted using caloric values in Table 7.11, makes for a diet in which roughly 

70% of calories come from wheat, 6% from legumes, 12% from oil and 12% from wine. 

A diet with this caloric distribution would have an expected bulk S 1 3 C value of: 

[(0.7)(-23.8%o) + (0.06)(-23.3%o) + (0.12)(-27.2%o) + (0.12)(-24.3%o)] = -24.2%0 1 

For this diet, 89% of protein would be provided by wheat and 11 % by legumes; note that 

the legumes are over-represented in total dietary protein, as they are more protein-rich 

than wheat. This would make the expected protein stable isotope values: 

5 1 3 C ( p r o t e i n ) = [(0.89)(-25.3) + (0.11)(-24.3)] = -25.2%, 2 

8 1 5 N = [(0.89)(2.0) + (0.11)(0.0)] = 1.8%, 3 

This assumes that wheat 5 I 5 N = 2%o, the reconstructed value from Mitilini and Athens. 

Both 5 1 3 C and 5 1 5 N for this diet are quite low. They may serve as an idea of the dietary 

values expected for a C3-based diet in which animal protein is absent or negligible. Note 

that the 8 I 5 N value is based upon the higher Athens and Mitilini estimates; using the 

reconstructed grain 8 I 5 N value for Corinth, dietary protein 8 1 5 N would be 0%o. 

Increasing the importance of legumes in this diet would also move dietary 8 1 5 N closer to 

0%o. However, it would not change 8 I 3 C values, as legume and wheat 8 I 3 C are similar. 

An idea of the values that might be expected for a vegan diet including significant 

amounts of C4 grain may be formed by taking the diet described above and substituting 

7 In the following hypothetical diets, only items contributing substantial calories or protein are discussed. 
A bread and oil based diet, for example, could also include fresh greens and fruit; these would be 
important for vitamins and flavour but their impact on calorie and protein isotopic values would be small, 
and will be ignored here. 
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the 2:1 wheat-maize bread described by Olivier (1801) for wheat bread. Calculating its 

composition based on a 2:1 mix by weight, this bread should have a bulk 5 1 3 C value of 

-18.9%o and a protein 5 1 3 C value of -20.4%o (the smaller shift in protein 5 1 3 C reflects the 

higher protein content of wheat). The bulk 5 I 3 C value of this diet would be: 

[(0.7)(-l 8.9%o) + (0.06)(-23.3%o) + (0.12)(-27.2%o) + (0.12)(-24.3%o)] = -20.8%o 4 

In this diet, 88% of protein would be supplied by the bread and 12% by the legumes. 

Thus, protein 8 I 3 C would be: 

[(0.88)(-20.4%o) + (0.12)(-24.3%o)] = -20.9% 5 

Here, 5 1 5 N will be the same as for the pure C3 vegan diet. Comparison to the C3 vegan 

diet described above shows that these figures are a good deal higher, with bulk diet 8 1 3 C 

increased by 3.4%o and protein 6 I 3 C increased by 3.3%o. Note that in these diets, with no 

animal foods to bias protein 5 1 3 C away from bulk dietary 5 1 3 C, the addition of C4 grain 
13 13 . . . 

causes an equal shift in protein 5 C and bulk dietary 8 C. In this diet, maize represents 

about 23% of dietary calories and 23% of protein. The calculations show that millet or 

maize consumption on this scale is clearly reflected in dietary 5 1 3 C values. Lesser 

additions of C4 grain to a C3-based diet would cause smaller shifts. 

Another possible source of 5 1 3 C variation in a diet based on plant foods is variable 

consumption of items that will affect bulk diet 8 I 3 C but not dietary protein S 1 3 C. The 

obvious two are olive oil and cane sugar. The impact of variable oil consumption can be 

illustrated by recalculating the bulk 5 I 3 C values of the C3 vegan diet (equation 1) and the 

C3/C4 vegan diet (equation 4) if a portion of the calories supplied by bread is replaced by 

calories supplied by olive oil, for a total contribution of 25% of calories from oi l 8 : 

[(0.57)(-23.8%o) + (0.06)(-23.3%o) + (0.25)(-27.2%o) + (0.12)(-24.3%o)] = -24.7%, 6 

[(0.57)(-l 8.9%o) + (0.06)(-23.3%o) + (0.25)(-27.2%o) + (0.12)(-24.3%o)] = -21.9%» 7 

This produces a bread-oil balance more similar to that reported for postwar Crete by Allbaugh (1953). 
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In both cases, bulk diet 5 C shifts somewhat to the negative. For the C3-based diet 

(equation 6), the change is only 0.5%o, reflecting the fact that this diet already showed a 

low bulk 8 I 3 C value. For the C3/C4 diet (equation 7), a larger shift of 1.1 %o is seen, 

reflecting the fact that bulk 8 1 3 C for this diet was originally higher. As was initially 

suggested in Chapter 3, section 4, heavy oil consumption can mask some of the effects of 

C4 grain consumption on bulk dietary 5 I 3 C. 

An opposite effect is seen i f cane sugar is introduced into a C3-based diet. 

Matelas and Grivetti (1993) reported a fairly high cane sugar intake, 7.5% of calories, for 

a modern (twentieth-century) Greek ship's crew. The potential effect of such an 

inclusion on a pure C3 diet may be illustrated by taking the bulk 5 1 3 C value of -24.2%o 

calculated for the C3 vegan diet (equation 1) and adding cane sugar (5 1 3C = ca. -9.8%o) to 

make up 8% of total calories. When this is done, bulk diet 5 C becomes: 

[(0.92)(-24.2%o) + (0.08)(-9.8%o)] = -23.0% 8 

This represents a shift of 1.2%o relative to the pure C3 diet; this is similar in magnitude 

to the shift in the C3/C4 vegan diet caused by increased olive oil intake. These examples 

show that low-protein foods of extreme 6 I 3 C value - olive oil and cane sugar - can have 

detectable, though small, effects on bulk dietary 5 I 3 C when consumed in amounts that are 

reasonable given the historical data available. 

7.2.2. The isotopic impact of animal products: The isotopic impact of various animal 

resources can be examined by considering a series of diets in which animal protein is 

added to the vegan diets reconstructed above and examining the results. We begin with a 

series of diets that are low in animal protein. Here, animal resources are added to the diet 

in an amount sufficient for 20% of protein to come from animal sources. This amount is 

chosen to represent diets relatively low in animal protein. It is similar to that seen in one 

of the monastic typika cited by Dembinska (1985); this includes enough cheese to 

provide roughly 13% of total dietary protein, as well as one dish of fish or shellfish 
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(weight unspecified) on most days. It is also similar to available data on recent Greek 

communities using little animal protein, such as post-war Crete (Allbaugh 1953). 

Adjusting the C3-based diet described in equations 1 through 3 by adding enough cheese 

to make up 20% of protein, and using the values for Mitilini dairy products, we can 

calculate the impact on diet. Dietary protein values change very little: 

o,3C(prote,n) = [(0.80)(-25.2%o) + (0.20)(-24.5%o)] = -25.1%, 9 

8 1 5 N = [(0.80)(1.8%o) + (0.20)(6.5%o)] = 2.7%, 10 

In this diet, 10% of calories are derived from cheese, based on the protein-to-calorie ratio 

of the example cheese in Table 7.99. When this value is used to recalculate bulk dietary 

6 1 3 C, the result is: 

5 1 3 C ( b u l k ) = [(0.90)(-24.2%o) + (0.10)(-26.5%o)] = -24.4%, 11 

Thus, bulk diet 5 1 3 C is unchanged as well. If the dairy values from Athens, which are 

higher for 8 1 3 C, are used, results are similar (8 l 3C(buik) = -24.2%o, 5 1 3 C( p r o tein)
 = -24.796©). 

5 I 3 C results are also similar for the Corinth values; however, given the low 5 5 N values 

for both dairy products and grain at Corinth, protein 5 1 5 N is quite low (0.8%o). 

The results when a small amount of meat is added to the diet are basically 
I T 1 C 

identical to those for the addition of dairy products, since dairy 8 , J C and 8 1 J N are 

reconstructed as being very close to meat 8 I 3 C and 6 1 5 N . Using the Mitilini meat 8 1 3 C 

and 8 1 5 N values, dietary 5 1 3 C and S 1 5 N are as follows: 

5 l 3C ( b uik) = [(0.89)(-24.2%o) + (0.1 l)(-21.5%o)] = -23.9%„ 12 

8 1 3C (p r o,ein) = [(0.80)(-25.2%o) + (0.20)(-21.5%o)] = -24.5%, 13 

8 1 5 N = [(0.80)(1.8%o) + (0.20)(6.5%o)] = 2.7%, 14 

9 This proportion would differ if a different cheese, with less or more fat content, were used. 
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This clearly shows that under the assumptions used for this analysis, meat and dairy 

products are very close isotopically. From this point onwards, they will be assumed to be 

indistinguishable in terms of 5 C and 8 N . This need not always be the case. For 

example, Dupras et al. ( 2 0 0 1 ) report reconstructed food values for an archaeological 

culture in Egypt where dairy and meat resources have different 8 1 3 C values; this is due to 

the fact that dairy animals (cow and goat) have tissue 8 C values significantly higher 

than those of other animals used only for meat. 

If marine resources rather than meat or dairy products are chosen as the animal 

food supplement, a rather different picture emerges. In a diet including 2 0 % fish protein, 
13 15 

4 % of total calories are contributed by fish. Using the 8 C and 8 N values for low 

trophic-level fish only, dietary protein values become: 

8 1 3 C ( p r o t e i n ) = [ (0.80)(-25.2%o) + (0.20)(-17.0%oYJ = -23.6%« 15 

8 1 5 N = [(0.80)(1.8%o) + (0.2)(6.5%o)] = 2.7%0 16 

* 13 

Since fish makes up a small proportion of calories, bulk diet 8 C does not change: 

8 1 3 C ( b u ik) = [(0.96)(-24.2%o) + (0.04)(-17.0%o)] = -23.9%o 17 

Note that these values are very close to those expected for the diets including 2 0 % meat 

or 2 0 % dairy products. Protein 8 1 3 C is only slightly higher than that for Mitilini dairy 

(1.5%o higher) and meat (0.9%o higher). If Athens or Corinth meat values were used, the 

difference would be even smaller. Using Athens and Mitilini meat and dairy 8 1 5 N values, 

protein 8 I 5 N is also identical for diets including 2 0 % low trophic-level fish and those 

including 2 0 % dairy or meat. For Corinth, protein 8 1 5 N in a diet including 2 0 % low 

trophic-level fish should be somewhat higher than 8 i 5 N in a diet including 2 0 % dairy 

products or meat. Substituting octopus and squid for the low trophic-level fish changes 

the protein values somewhat: 
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5 1 3 C ( p r o t e i n ) = [(0.80)(-25.2%o) + (0.20)(-17.6%o)] = -23.7%, 18 

5 , 5 N = [(0.80)(1.8%o) + (0.2)(11.4%o)] = 3.7%„ 19 

In this situation, protein 8 1 3 C is similar to that of the diet focused on low trophic-level 

fish. However, 5 1 5 N is higher, reflecting the high trophic level of these organisms. 

Using the values of high trophic-level fish, dietary protein values change yet again. Here, 

they are somewhat higher for both 5 I 3 C and 5 1 5 N : 

5 l 3 C ( p r o , e j n ) = [(0.80)(-25.2%o) + (0.20)(- l 5. l%o)] = -23.2%, 20 

5 1 5 N = [(0.80)(1.8%o) + (0.20)(10.9%o)] = 3.6%. 21 

These reconstructed diets illustrate important expectations for 5 1 3 C and 5 1 5 N 

values of diets based on C 3 plant resources, with a small addition of animal foods. Their 

bulk 5 , 3 C values do not differ from those of the C 3 vegan diet. Protein values change 

only modestly, and in different ways depending on the type of animal protein used. 5 I 5 N 

values respond modestly to the addition of small amounts of animal protein; they 

respond most strongly to the consumption of octopus, squid and high trophic-level fish. 

Protein 5 1 3 C values, on the other hand, respond only to the addition of marine resources. 

This response is strongest for the consumption of high trophic-level fish, but is also seen 
* 13 

for other marine organisms. The effects of marine resource consumption on dietary 5 C 

values may be contrasted to the effect of adding C 4 grain to a C3-based diet; in that case, 
13 13 

both bulk dietary 5 C and protein show higher 5 C values. 

The values proposed above show that differentiation of diets including modest 

amounts of marine resources from those including modest amounts of meat or dairy 

products is a problem. However, it also offers one potential solution. Note that adding 

meat or dairy protein to the C 3 grain diet changes 5 I 5 N , but does not change protein 5 1 3 C 

significantly. However, adding marine resources to the diet changes both 5 I 5 N and 

protein 8 1 3 C simultaneously. This suggests that, in a community consuming varying 

amounts of marine resources, a link between collagen 5 1 3 C and 5 I 5 N would be observed. 
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Thus, one way in which the participation of small amounts of marine food in a grain-

based diet might be detected in an archaeological population would be to watch for such 

a link. This approach has been taken in other work concerned with marine resource use 

(Ambrose et al. 1997) . It appears to be a powerful technique, allowing for the detection 

of marine resource use in a mixed environment where other isotopic factors come into 

play. It can also be used in situations where the foods to be differentiated are relatively 

close in their 5 1 3 C and 8 1 5 N values; for example, Katzenberg and Weber ( 1 9 9 9 ) 

successfully used collagen 5 I 3 C - 8 1 5 N relationships to differentiate between terrestrial 

and freshwater resource dependence in Siberian populations. 

A similar pattern is seen when small amounts of animal protein are added to the 

vegan diet based on mixed C3 and C4 grains. The calculations are identical to those in 9 

through 2 1 , substituting the values for the C3/C4-based diet, and are not reproduced in 

detail. As the projected 8 1 5 N values for the two vegan diets are identical, 8 I 5 N values are 

the same as those projected in equations 9 through 2 1 . Thus, as with the C3-based diet, 

addition of small amounts of animal protein causes modest increases in dietary protein 

8 , 5 N that are greatest when high trophic level marine foods are used. Also as for the C3-

based diet, adding animal products has no significant effect on bulk dietary 5 1 3 C . Protein 

5 1 3 C depends on the type of animal protein consumed. Adding a small amount of dairy 

products or meat results in a slight negative change relative to the vegan diet (protein 

values are -21.7%o for dairy and -21 .1 %o for meat), while adding small amounts of marine 

resources results in a slight positive shift ( -20.2 to -19.7%o depending on the marine 

resources used). A l l of these C3/C4-based diets are clearly differentiated from those 

13 • 13 • i * 

based on C3 resources in terms of higher bulk 8 C and protein 8 C. However, within 

this range, protein 8 I 3 C is made yet higher by the introduction of marine resources. Thus, 

adding marine resources results in a coupled rise in protein 8 1 3 C and 8 1 S N , as was seen 

for the diets combining C3 grain and marine foods. 

The 8 I 3 C and 8 I 5 N changes due to animal protein in the diet increase as larger 

amounts of animal protein are consumed. This can be illustrated by recalculating the C3-



3 4 9 

b a s e d diets to i n c l u d e 4 0 % of protein from animal sources. Calculated in the same way 

as the diets with 2 0 % animal protein, these gave the following results: 

4 0 % dairy protein: 

6 , 3 C ( b u | k ) = [(0.80)(-24.2%o) + (0.20)(-26.5%o)] = -24.6%o 2 2 

o 1 3 C ( p r o t e i n) = [(0.60)(-25.2%o) + (0.40)(-24.5%o)] = - 2 4 . 9 % » 2 3 

5 1 5 N = [(0.60)(1.8%o) + (0.40)(6.5%o)] = 3 . 7 % „ 2 4 

4 0 % meat protein: 

o , 3 C ( b U | k ) = [(0.78)(-24.2%o) + (0.22)(-21.5%o)] = -23 .6%, 2 5 

5 I 3 C ( p r o t e J n) = [(0.60X-25.2%o) + (0.40)(-21.5%o)] = - 2 3 . 7 % „ 2 6 

5 1 5 N = [(0.60X1 -8%o) + (0.40)(6.5%o)] = 3 . 7 % „ 2 7 

4 0 % octopus/squid protein: 

5 1 3 C ( b u l k ) = [(0.92)(-24.2%o) + (0.08)(-17.6%o)] = -23.7%o 2 8 

o 1 3C ( p r o t ein) = [(0.60)(-25.2%o) + (0.40)(-17.6%o)] = -22 .2% 0 2 9 

5 1 5 N = [(0.60)(1.8%o) + (0.40X11.4%o)] = 5 . 6 % „ 3 0 

4 0 % low-trophic level fish protein: 

S 1 3 C ( b u l k ) = [(0.92)(-24.2%o) + (0.08)(-17.0%o)] = -23.6%o 3 1 

5 1 3 C ( p r o t e i n ) = [(0.60)(-25.2%o) + (0.40)(-17.0%o)] = -21.9%o 3 2 

6 1 5 N = [(0.60)(1.8%o) + (0.40)(6.5%o)] = 3.7%o 3 3 

4 0 % high-trophic level fish protein: 

S 1 3 C ( b u , k ) = [(0.92)(-24.2%o) + (0.08X-15.1%o)l = -23.5%o 3 4 

5 , 3C ( p r o,ein) = [(0.60)(-25.2%o) + (0.40)(-15.1%o)] = -21.2%o 3 5 

5 1 5 N = [(0.60)(1.8%o) + (0.40)(10.9%o)] = 5.4%o 3 6 

Several important patterns can be noted from these equations. The first is that 

even large amounts of animal products produce relatively little change in bulk dietary 
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S I 3 C. The second pattern to note is that as diets become heavy in dairy products or meat, 

their protein 5 1 3 C values show little change, while 8 1 5 N values rise. In contrast, large 

amounts of marine resources result in protein 5 I 3 C values that are quite high in both diets. 

Thus, the coupled pattern of 5 1 3 C and 5 1 5 N increase with marine resource use becomes 

stronger as more animal protein is included in the diet. Such a pattern is not seen with 

even large amounts of meat or dairy consumption. Protein 8 I 3 C values for diets 

combining large amounts of marine resources with C3 grains are clearly different from 

the protein 5 1 3 C of the C3-based vegan diet. They are also clearly different from the 

protein 5 C values of C3-based diets including any amount of meat or dairy protein. 

They are similar to protein 5 I 3 C values expected for diets including large amounts of C4 

grains. However, there is no possibility of confusion here due to the different bulk 5 1 3 C 

values of C3-based and C3/C4-based diets. 

Note from these reconstructions that the protein 5 1 5 N values expected of diets 

with 40% animal protein are generally only about 2%o higher than those of the vegan C3 

diet. This reflects the participation of wheat and legume protein in total dietary protein, 

which is still significant. 

The patterns resulting from the addition of 40% animal protein to the C3/C4-

based diet are similar in general to those outlined for the C34oased diet. Bulk 5 1 3 C does 

not change greatly regardless of the animal resources added to the diet, and retains its 

isotopic separation from the bulk 5 1 3 C values of C3-based diets. Protein 5 I 5 N values are 
1 o 

the same as those found for the C34Dased diets. Protein 5 C values are higher than those 

seen in diets based on C3 grains. However, within this range, the same pattern of 

coupled 6 1 3 C and 5 1 5 N increase with marine resource use is seen. 

7.2.3. Summary: Dietary di3C and di5N values: Thus, 5 I 3 C and 5 I 5 N values for a 

variety of hypothetical diets show the parameters of the isotopic 'space' that medieval 

Greek diets might be expected to occupy. Most of the diets based on the reconstructed 

medieval Greek foods show relatively low 5 I 3 C and 8 I 5 N values. However, a number of 



351 

patterns are still clearly seen. First, diets based on a C3 grain staple are consistently 

separated from those based on mixed C3 and C4 grains; this is true regardless of the type 

and amount of animal protein consumed, as bulk dietary 8 I 3 C really responds only to the 

grain fraction of the diet (and, to a lesser degree, to oil and cane sugar). As different 

animal-derived foods are added to the grain-based diets, their protein 5 I 3 C and 5 I 5 N 

values shift. At all levels of consumption, dairy and meat have similar isotopic effects on 

dietary protein. They result in higher protein 5 1 5 N values; however, protein 5 1 3 C 

remains quite negative. In contrast, marine resource use increases dietary protein 5 1 3 C. 

This is more pronounced for high trophic-level fish, and increases with the amount of 

marine resources used. The protein 8 I 3 C values expected for diets heavily focused on 

marine resources are quite high regardless of the type of marine resource used. At low 

levels of marine resource consumption, however, the 5 1 3 C increase is subtle. Confusion 

between marine and terrestrial resources is possible here, especially for low trophic-level 

fish, which have 5 1 5 N values similar to those of domesticated animals. In these cases, the 

most obvious distinguishing feature of diets including marine resources is the way in 

13 15 

which protein 5 C and 5 N increase in tandem as larger amounts of marine resources 

are consumed. These relationships are presented in visual form in Figures 7.10 and 7.11 

(pp. 352 - 353). In Figure 7.10, dietary protein 8 I 3 C and 8 I 5 N are depicted. Here, for 

clarity, a single value - the mean for low-trophic level and high trophic-level fish - is 

used for the marine resources. The diets including small amounts of marine resources are 

close to the terrestrial diets in their 8 1 3 C values. However, the different relationship 

between 5 I 3 C and 5 1 5 N in the terrestrial and marine diets is clear. Figure 7.11 portrays 

the expected bulk 5 I 3 C values of the various reconstructed diets. This graph clearly 

shows the division between C3-based and C3/C4-based diets in terms of bulk 8 1 3 C, and 

the smaller effect of various animal resources on this value. 

It is clear that in general, expected dietary 5 I 3 C and 5 1 5 N variation is low in 

relation to 8 1 3 C and S 1 5 N variation of available dietary items (Figures 7.8 and 7.9). This 

is the result of the dominating influence of grain in the various diets. These diets share a 



Figure 7.10: Proposed Protein 5 1 3 C and 5 1 5 N Variation in Medieval Diets 
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common point: primary dependence on grain as a source of calories. This essentially has 

a dampening effect on dietary S 1 3 C and 6 1 5 N variability. The presence of large amounts 

of grain in the diet carries with it the implication that grain protein will form a large 

portion of dietary protein even when use of animal proteins is significant. Because of 

this, reconstructed 5 I 5 N values tend to be quite low for most diets, and the 5 1 5 N 

separation between vegan diets and those incorporating large amounts of animal-derived 

protein is roughly 2%o for most animal protein types. For those diets depending on C3 

grain, a similar pattern emerges in protein 5 1 3 C: the separation between diets depending 

heavily on meat and dairy resources and those depending heavily on marine resources is 

less than anticipated from the reconstructed protein 5 C values of these foods, because 

for all diets, C3 grain protein, with its relatively low 8 1 3 C value, is an important 

component of total dietary protein. 

It should be noted that this restricted 5 1 3 C and 5 1 5 N variation may not be 

accurately reflected in human collagen 5 I 3 C and 5 1 5 N. Here, the question of protein 

completeness and the use of dietary protein in collagen synthesis becomes important. 

Moving directly from the reconstructed dietary protein values to human collagen values 

assumes that grain and animal protein will participate equally in collagen synthesis. 

However, as reviewed in Chapter 3, it is possible that human bone collagen 5 1 3 C and 

5 1 5 N values preferentially reflect the higher quality proteins in the diet. The implications 

for dietary reconstruction are clear. Since the higher quality proteins in the diet could be 

over-represented in collagen, the relatively small differences in dietary protein 5 1 3 C and 

5 1 5 N may be magnified in collagen values. Thus, for example, a shift from a vegan diet 

based on C3 grain to one also including 20% marine resources may cause larger changes 
1-7 1 C 

in collagen 5 C and 5 N than would be expected based on the change in dietary protein 

S ! 3 Cand5 1 5 N. 

7.3. The isotopic implications of variation discussed in Chapter 2: In Chapter 2, 

several questions regarding the medieval Greek diet as reconstructed from historical 

sources were posed, with the idea that approaching them from another direction - that of 
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stable isotope analysis - might allow some of them to be clarified. These questions may 

now be revisited, and discussed in terms of the bone 8 I 3 C and 8 1 5 N values that would be 

expected from the different diets that the questions propose. 

The first of these questions is that of the importance of animal resources to the 

diet. This question essentially opposes two potential diets: one in which most protein 

comes from grains and legumes, and one in which a substantial amount of protein comes 

from animal resources. The reconstructed dietary 8 1 3 C and 8 I 5 N values show that the 

main impact of animal resources of all kinds on a basic vegan diet is an increase in 

protein 8 I 5 N . The two extremes - one in which little protein is derived from animal 

sources and one in which substantial protein is derived from animal sources - are 

separated by about 2%o. This separation will increase if substantial amounts of legumes 

are consumed in the diet low in animal protein. Thus, human 8 1 5 N values should allow 

diets low in animal resources to readily be distinguished from diets rich in animal 

resources. Note, however, that as 8 ! 5 N rises very little when small amounts of animal 

protein are used, no distinction will be seen between diets very low in animal products 

and diets in which no animal products were included. 

The second of the questions relates to the importance of marine resources in the 

diet. The reconstructed dietary values show that heavy dependence on marine resources 
13 15 

will definitely be reflected in higher collagen 8 C and 8 N values. However, the 

expected effects of lower consumption of marine foods will be more subtle. This is 

especially true for marine resources of low trophic level. Because these organisms have 

8 1 5 N values similar to those of terrestrial fauna, more significant amounts of them may be 

added to a diet before a change in protein 8 I 3 C makes their presence obvious. It seems 

that for this study, the most sensitive indicator of more moderate amounts of marine 

resource use will be a coupled rise in human collagen 8 1 3 C and 8 1 5 N values. This pattern 

is not expected from meat or dairy product consumption. Thus, one could propose that a 

correlation between 8 I 3 C and 5 I 5 N within a population, or in a series of population 

samples, will identify marine resource consumption even if actual dependence on marine 

resources was fairly low. In contrast, substantial marine resource dependence would be 
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expected to cause obviously higher collagen 5 1 3 C and 5 1 5 N values in human populations. 

In a population depending only on low-trophic level marine resources, only collagen S 1 3 C 

will rise relative to the value seen for terrestrial diets. However, substantial consumption 

of squid and octopus, or of higher trophic-level fish, should cause a rise in both 5 1 3 C and 

5 1 5 N values. 

The third question posed in Chapter 2 related to the importance of C4 grains, and 

trends in their use. Based on the values suggested above for bulk diet 5 1 3 C and dietary 

protein 5 1 3 C, significant amounts of C4 grain use should be detectable, especially through 

bone carbonate analysis. In fact, C4 grains are almost the only foodstuff likely to cause a 
13 13 

substantial rise in bulk diet 8 C, and thus in 5 Carbonate)- This should make them easily 

detectable against the general C3 background of other foods. The one major confusing 

factor is the potential impact of cane sugar and olive oil on bulk diet 5 I 3 C values. It was 

shown that adding a substantial amount of cane sugar to a C3-based diet will cause a 

detectable increase in bulk diet 5 I 3 C, while adding a large amount of olive oil to a diet 
• * 13 

based on C3 and C4 grains will reduce bulk diet 5 C. The effects are on a relatively 

small scale - on the order of l%o either way - but could still complicate assessment of C4 

grain use. Substantial cane sugar consumption could give the impression of higher C4 

grain use than was actually the case, while heavy use of olive oil could partially mask the 

isotopic effects of C4 grain consumption. 

The fourth problem posed was that of ethnic variation, and especially that of 

whether Greeks systematically consumed more marine resources than Franks or Ottoman 

Muslims due to fasting rules. Based on the logic of the comments on marine dependence 

in general, such differences could be detected, but only if they were substantial. A diet 

including substantial amounts of marine resources should produce high collagen 5 1 3 C 

values in comparison to a meat-based diet; however, a difference in 8 1 5 N will only be 

seen if octopus, squid and fish of higher trophic level are used. This poses a special 

problem for fasting diets. While the strictest fasts permitted octopus and squid, most of 

the other marine creatures allowed were of low trophic level. Thus, differences along 

these lines between Greek and Turkish populations will likely be subtle. However, if 
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they are not obvious in terms of overall coll agen 8 1 3 C and 5 I 5 N , they may appear in the 

form of a stronger relationship between collagen 8 I 3 C and 8 I 5 N in Greek than in Turkish 

populations. 

The final question posed related to differential access to meat and fish based on 

gender, with men having greater access to both. If differences were sufficiently large, 

such a pattern might lead to isotopically distinct diets. In terms of gender variation, 

increased access to meat by men might be expected to show up in the form of 

significantly higher 8 1 5 N values in men. If the difference were in access to marine 

resources, a small difference in 5 1 3 C would also be expected. However, the fact that 
13 15 

dairy protein shares the same 8 C and 8 N values as domestic animal meat is a 

substantial complicating factor. Female consumption of dairy foods instead of 

unobtainable meat would completely cancel out the 8 1 5 N difference that would be 

expected from increased male access to meat. While it would not completely remove 

isotopic differences caused by increased male access to marine resources, it would 

remove much of the 8 1 5 N difference, making the dietary contrast between the sexes 

harder to detect. 

7.4. Conclusions: Analysis of archaeological faunal collagen and modern faunal 

tissues and foods, in combination with the use of literature values for food 5 1 3 C and 8 1 5 N , 

has allowed stable isotope values for the major foods in medieval Greek diets to be 

proposed. When these values are combined into hypothetical diets, establishment of a 

'potential isotopic space' for medieval Greek diets becomes possible. When this is done, 

it is seen that the dietary regime was likely dominated by items with relatively low 8 1 3 C 

and 8 I 5 N values, with only C 4 grains, sugar and marine resources standing apart. The 

8 1 3 C and 8 1 5 N values proposed for different hypothetical diets show that expected 

isotopic variation is relatively low due to the dominating impact of grain. Most variation 
13 

may be expected to occur within a restricted range: bulk 8 C of most of the hypothetical 
13 • 

diets considered varies between -25%o and -20%o, with protein 8 C varying between 

-25%o and -18%o and 8 1 5 N varying between l%o and 5.5%o. However, this assumes that 
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higher quality proteins will not be preferentially reflected in collagen 5 I 3 C and 5 1 5 N; if 

they are, human 5 1 3 C and 5 1 5 N values could disproportionately reflect animal foods in the 

diet, causing higher 5 1 3 C or 5 I 5 N values than expected. Whatever the assumption made 

on this front, different potential diets do differ isotopically, and stable isotope analysis of 

human bone does offer the potential to test some of the questions posed in Chapter 2. 
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Chapter 8: Results for Human Populations 

In this chapter, the 8 I 3 C and 8 , 5 N values obtained for human remains are 

presented. The discussion focuses on the stable isotope patterning within and between 

sites. While comments on possible interpretations are made at some points, the bulk of 

the interpretation is left for Chapter 9. Chapter 8 is divided into three sections. The first 

is a brief review of the overall patterning seen in the human samples. Graphs illustrate 

the 5 1 3 C and 5 1 5 N values of the human remains, taken as a whole. In general, these show 

relatively little variation, with collagen 8 I 3 C and 8 1 5 N and carbonate 8 , 3 C values falling 

within a fairly restricted isotopic space. However, a few individuals are scattered away 

from this cluster, showing much higher values for 8 l 3 C ( C O i i a g e n ) and S 1 3 C( C a r bona t e ) - Thus, 

while the general picture is one of little variation in the human populations studied, a 

minority of the samples exhibit considerable variability. 

The general review of values provides both an introduction to the results and a 

context for the individual site data which follow. The site data are presented in both 

tabular and graphical form, with an emphasis on documenting not only the site-by-site 

stable isotope values but also internal variation between eras, by age categories or by sex. 

Following this, the issue of variation between sites is taken up. It is here that differences 

in mean values and dispersion are addressed, and statistical analyses performed to test the 

significance of any differences seen. This section demonstrates that most of the sites are 

quite similar in terms of their 8 1 3 C and 8 I 5 N values. Internal variability in most of the 

sites is low: almost all of the highly variable samples noted in the paragraph above come 

from the two Ottoman Muslim groups. This is the most striking pattern seen in the 

remains. However, subtler 8 I 3 C and 8 I 5 N differences are seen as well. Most notably, 

two groups (medieval Mitilini and Petras) show an internal relationship between collagen 

8 I 3 C and 8 1 5 N; such a relationship is not seen in the other sites, or in the human samples 

as a whole. Significant variation is also seen in carbonate 81 C, with three populations -

the Ottoman groups and one Frankish population - showing notably higher values. 
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Thus, by the end of the chapter, a detailed picture of collagen stable isotope 

values will have been formed. In Chapter 9, this picture will be examined in terms of the 

dietary 5 I 3 C and 8 1 5 N values reconstructed in Chapter 7, comparing the stable isotope 

patterning in the human values to the patterns expected for various diets. 

8 . 1 . A general overview: The collagen stable isotope values obtained for the human 

samples are illustrated in Figure 8.1 (p. 3 6 1 ) , which also provides stable isotope values 

for archaeological fauna and modern marine organisms for comparison. Most of the 

human 513C(COiiagen) values are quite negative and relatively invariant, densely clustered in 

the region centred around 8 1 3 C = - 1 9 . 0 . This general pattern is not surprising, given the 
1 3 

constricted protein 5 C range that was proposed for likely medieval diets in Chapter 7. 

The spread in collagen 8 I 5 N of this central group is somewhat wider, but again, a central 

cluster of values can be identified, falling in the area centred around 8 I 5 N = 9 .0 . 

The most striking trait of the human collagen values is the presence of a smaller 

number of human samples trailing away from the densest grouping in the direction of 

higher 8 I 3 C . There are also several samples with higher 6 1 5 N values. However, high 

8 1 3 C and high 8 1 5 N are not obviously correlated. In fact, in the human samples taken as a 

whole, 8 1 3 C and 8 1 5 N clearly show no relationship. When all samples are taken into 

consideration, the overall spread of human 8'3C(COiiagen) and 8 1 5 N values obtained in the 

study is very broad (ca. 12%o and ca. 8.5%o respectively). 

A similar pattern is seen when collagen and carbonate 8 1 3 C values are examined 

(Figure 8 .2 , p. 3 6 2 ) . Here, again, the archaeological domesticated fauna are presented as 

a comparison. The mean value for human 813C(Carbonate) across all sites is -10.7%o. As 

with the collagen values, human 813C(Carb0nate) values are mostly concentrated into a 

relatively narrow isotopic space; most fall between -13%o and -9%o. However, again as 

with the collagen values, a smaller number of human values are scattered outside this 

concentration, and the total range of human 8l3C(Carbona!e) values is much broader, at 9.5%o. 
13 

The departure is most noticeable for the samples with the highest 8 C(Coiiagen) values, 



Figure 8.1: Collagen 5 1 5 N vs. 8 1 3 C, A l l Samples 
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Figure 8.2: Carbonate vs Collagen 5 C , A l l Samples 
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which also show the highest 8 C(Carb0nate) values. This relationship is seen more clearly in 

Figure 8.3 (p. 3 6 3 ) , which shows the overall correlation between human 813C(COiiagen) and 

813C(Carbonate) values. Note from this figure that the slope described by the few outlying 

samples is 0 .5; in other words, collagen 8 C changes more rapidly than carbonate 8 C. 

This suggests that the dietary difference influencing these outliers is more marked for 

protein 8 1 3 C than for whole-diet 8 1 3 C, a point that will be returned to in Chapter 9 . 

Returning for a moment to Figure 8.2, we see a systematic difference between 

carbonate and collagen 8 C values in the faunal and human samples. The faunal 

collagen values are set apart from the main cluster of human collagen values by ca. l%o. 

However, no offset is seen in the 81 3C(c a rbonate) values. For this measure, the fauna fall in 

roughly the same range as the humans. The net effect is one of increased mean A C in 

the fauna. This pattern is in harmony with observations on trophic level differences in 

A 1 3 C made by Schwarcz ( 2 0 0 0 ) , who predicts that within a given ecosystem, herbivores, 
13 * 

omnivores and carnivores will have similar values of 8 C(carbonate), but that due to amino 

acid routing, 8 I 3C(C 0iiagen) values of omnivores and carnivores will be less negative, giving 

a net effect of decreased A C in these groups. The pattern seen in these Greek data, with 

fauna and humans differing for 8 1 3C( c oiiagen) but not 81 3C( c a rbonate), fits the suggestion quite 

well, i f it is assumed that human diets drew primarily on the same general terrestrial 

ecosystem as did the diets of the fauna. 

Similar trophic patterning is seen in the relationship between A 1 3C( c arb-coii) and 

collagen 8 1 5 N (Figure 8 .4, p. 363 ) . Values for A 1 3C( c arb-coii) vary widely, ranging from 

2.8%o to 11.0%o, with a mean of 7.9%o. The human and faunal samples are separated by 

each measure; however, this separation is more complete when both measures are 

considered simultaneously than when either is considered on its own. Within the human 

group, 8 1 5 N and A 1 3C( c arb-coii) show no relationship. The implications of this, and of the 

patterning of human 813C(COiiagen) and 813C(Carbonate) values, are discussed in Chapter 9. 
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8.2. Human values by site: The stable isotope values for individual sites are 

presented in this section in tabular and graphical form. Each table presents only those 

samples whose collagen was reported in Chapter 6 to be acceptably preserved. Carbonate 

5 C values are given only for those samples whose bone mineral was judged to be 
13 13 

acceptable; 5 Carbonate) and A C(carb-coii) values for the other samples may be found in 

Table A2.3, in Appendix 2. 

8.2.1. The Athenian Agora: The final sample for this site consists of twenty-five 

individuals; 5 l 3C(C a rbonate) data are available for twelve of these. Stable isotope values are 

presented in Tables 8.1 and 8.2 (below and p. 367). Mean values for the site as a whole 

are: 5 1 3C ( C O | l agen) = -19 .4 ± 0.3%o; 5 1 5 N = 10.5 ± 1.2%o; 5 l 3 C ( c a r b onate) = -11.6 ± 0.9%>, and 

Table 8.1: Athens Ayios Nicolaos Data 
Age 8 , 5 N 513C(COii) 5 1 3C ( c a rb) A,3C(Carb-coio 

Juveniles 24 - 36 mo 12.1 -18.7 -10.8 7.9 
7 - 8 y r 10.5 -19.8 -11.9 7.9 
1 0 - 12 yr 10.7 -19.7 -12.0 7.7 
10 - 17 yr 9.9 -19.8 — — 

Mean 10.8 -19.5 -11.6 7.8 

Adult Females young 10.1 -19.8 — — 

young 10.3 -19.4 -11.8 7.6 
middle 10.2 -19.3 — . . . 

adult 8.3 -19.2 . . . — 

Mean 9.7 -19.4 -11.8 7.6 

Adult Males adult 9.6 -19.2 
adult 10.8 -19.4 — — 

Mean 10.2 -19.3 — — 

Adults, Sex adult 9.0 -19.3 -10.5 8.8 
Unknown adult 9.3 -19.7 — 

adult 8.5 -19.7 — — 

Mean 8.9 -19.6 -10.5 8.8 

A l l Mean 9.9 -19.5 -11.4 8.0 
s.d. 1.0 0.3 0.7 0.5 
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Table 8.2: Athens Hephaisteion Data 
Age 8 1 5 N S 1 3C(coll) 5 1 3 C ( C a r b ) A , 3 C ( c a r b - C 0 | | ) 

Juveniles 4 - 7 yr 11.1 -19.0 
7- 10 yr 10.4 -18.9 -12.1 6.7 
Mean 10.7 -18.9 -12.1 6.7 

Adult Females adult 10.5 -19.3 — — 

Adult Males middle 12.0 -18.9 -10.6 8.3 
adult 12.7 -19.6 — — 

adult 11.8 -20.1 -12.9 7.2 
adult 12.5 -19.4 -13.0 6.4 
Mean 12.3 -19.5 -12.2 7.3 

Adults, Sex adult 10.6 -19.3 -11.6 7.7 
Unknown adult 10.2 -19.0 -12.3 6.7 

adult 9.1 -19.1 -10.6 8.5 
adult 9.7 -19.4 -10.6 8.8 
adult 11.4 -19.4 — „ _ 

Mean 10.2 -19.2 -11.3 7.9 

A l l Mean 11.0 -19.3 -11.7 7.5 
S.d. 1.1 0.3 1.0 0.9 

13 

A C(carb-coii)
 = 7.7 ± 0.8%o. As seen in Figures 8.5 and 8.6 (p. 366), remains from the two 

buildings are similar in that they show tight 5 1 3 C and 8 I 5 N distributions within the 'core' 

areas of human values discussed in section 8.1. Values for 5 1 3 C( C O i ia g en) and 513C<carbonate) 

are similar for the two groups. Little relationship is seen between 5 1 3C(C Oiiagen) and 
13 13 

8 C(carbonate); 8 C(Carbonate) values appear to be clustered randomly in the ±2%o range 

around the site mean, -11.7%o. The only difference seen between the two burial groups is 

in their collagen 8 I 5 N values: Ayios Nicolaos 8 1 5 N values are lower than those seen in 

the Hephaisteion group. The highest Ayios Nicolaos 8 I 5 N value comes from a juvenile 

aged 24 to 36 months (see Figure 8.7, p. 368); this value may reflect nursing and should 

not be included in a comparison between the groups. When this individual is omitted, the 

Ayios Nicolaos mean 8 1 5 N becomes 9.8%o, compared to 11.0%o for the Hephaisteion. 



Figure 8.7: Collagen 8 1 5 N vs. 8 1 3 C by Sex, Ayios Nicolaos 
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This difference is statistically significant (Mann-Whitney T = 27, lower-tail)1. Collagen 

stable isotope data are presented by age and sex for each of the two buildings in Figures 

8.7 and 8.8 (p. 368); carbonate data are not presented in this format due to the small 

number of samples accepted for consideration from each group. The Ayios Nicolaos 

individuals show no sign of patterning by age or sex aside from the high infant 8 I 5 N 

value mentioned above. Note that the collagen 5 1 3 C value of this individual is also higher 

than those of the rest of the Ayios Nicolaos sample. In the Hephaisteion, a possible 

pattern by sex is seen: all of the identified male individuals show quite high 8 1 5 N values. 
13 

These seem to be associated with low 8 C values; one of these individuals is quite low 

for S 1 3C(C Oiia gen), and two have low 8 l 3 C( c a r b 0 nate) values (recall from Chapter 6 that these 

well-preserved individuals created problems in interpreting carbonate preservation at this 

site). Thus, in several ways, the identified males are distinctive within the Hephaisteion 

sample and even the study in general. Unfortunately, most adult individuals in the group 

are of unknown sex; this reduces the significance of the observation. 

8.2.2. Corinth: The final sample for Corinth consists of forty-two individuals, thirty-

seven of which may also be examined in terms of their carbonate values. Stable isotope 

values, age and sex information are presented by site area in Tables 8.3 - 8.5 (pp. 371-

373). The overall mean values for Corinth are as follows: 8 l 3C(C Oiiagen) = -18.5 ± 0.8%o; 

8 1 5 N= 10.2 ± 1.5%„; 8 , 3 C ( c a r b o n a t e ) = -10.1 ± 1.2%>, and A 1 3 C ( c a r b . C 0 n) = 8.4 ± 1.0%o. The 

general patterns of collagen 8 1 3 C/8 1 5 N and collagen/carbonate 8 1 3 C for the site are 

illustrated in Figures 8.9 and 8.10 (p. 370). Differences between the three groups are 

immediately apparent. The Ruined Church population is characterized by very little 

internal variation in 8 1 3 C values. Collagen 8 1 3 C falls within the narrow region between 

1 Due to concerns over small sample sizes and non-normal distributions, all statistical testing for this study 
is nonparametric. Tests for means are performed using the Mann-Whitney test, which Pett (1997) praises 
as a powerful test frequently used in the health literature; the statistic used is the Mann Whitney T, as 
outlined by Davis (1986). Tests for variance are performed using the squared ranks test outlined by 
Conover et al. (1978), which is substantially more robust than the F test in cases of non-normal distribution. 
Presentation of the results follows the recommendations of Pett (1997), presenting the raw test statistic and 
stating whether the test is upper or lower tail. A l l tests were performed at a = 0.05. 
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Figure 8.9: Collagen 5 1 5 N vs. 5 , 3 C , Corinth 
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Table 8.3: Corinth Ruined Church Cemetery Data 
Age 8 , 3 N o' C(Col|) 6 , 3 C(carb) A 1 3 C( C a r b-co l l ) 

Juveniles 18-24 mo 8.8 -18.8 -8.6 10.2 
24 - 30 mo 10.1 -18.8 -9.9 9.0 
30- 36 mo 10.2 -18.7 -9.1 9.6 
3 - 4 yr 10.0 -18.9 -9.2 9.6 
4 - 6 y r 8.9 -19.3 -8.8 10.6 
Mean 9.6 -18.9 -9.1 9.8 

Adult Females young 9.8 -19.1 -9.9 9.3 
young 9.5 -19.0 -10.5 8.6 
young 9.3 -18.6 -10.6 8.0 
old 9.9 -18.7 -9.8 8.9 
Mean 9.6 -18.9 -10.2 8.7 

Adult Males young 9.5 -19.2 -10.3 8.9 
young 9.4 -18.9 -9.6 9.3 
young 9.7 -18.8 -10.1 8.7 
middle 10.1 -19.1 — — 
Mean 9.7 -19.0 -10.0 9.0 

A l l Mean 9.6 -18.9 -9.7 9.2 
s.d. 0.4 0.2 0.7 0.7 

-19.3%o and -18.6%o. Carbonate 5 1 3 C is somewhat more variable, but still shows only a 

2%o range, from -10.6%o to -8.6%o. The impression is one of a modest random scatter 

around the means of -18.6%o for collagen and -11.2%o for carbonate. Collagen 8 I 5 N 

values fall between 8.8%o and 10.2%o. 

In comparison, the Frankish cemetery shows more variability and significantly 

different 5 C(Carbonate) values. Frankish cemetery 5 C(COiiagen) values range from -19.2%o 

to -17.4%o, and 8 1 5 N values range from 8.5%o to 14.4%o. The range of 5 1 3C(C Oiiagen) values 

is significantly extended by one individual falling away from the rest of the group; the 

rest of the group falls into the range of S I 3 C = -19.2%o to -18.2%o (thus, quite close to the 

Ruined Church population). Collagen values for the Frankish and Ruined Church 

populations differ in a number of respects. The Frankish group is significantly more 

variable for both 8 l 3C(C Oiiagen) and 8 l s N (squared ranks test for variance, T = 5 5 4 3 for 8 I 3 C , 



372 

Table 8.4: Corinth Frankish Cemetery Data 
Age 5 1 5 N 0,3C(co||) 8,3C(Carb) A,3C(Carb-coll) 

Juveniles 7- 10 mo 13.5 -18.6 -11.3 7.3 
16- 18 mo 14.4 -18.3 -11.4 6.9 
24 - 30 mo 10.0 -19.0 -10.8 8.2 
30 - 36 mo 10.5 -17.4 -10.5 6.8 
5 - 7 y r 9.0 -19.1 -11.0 8.1 
Mean 11.5 -18.5 -11.0 7.5 

Adult Females young 11.4 -19.1 -10.7 8.4 
young 10.4 -18.2 -11.7 6.6 
middle 10.2 -18.7 -11.8 6.9 
middle 11.0 -19.2 -11.9 7.3 
old 10.6 -18.4 -11.5 6.8 
Mean 10.7 -18.7 -11.5 7.2 

Adult Males young 10.5 -18.5 -11.7 6.8 
young 8.5 -18.7 -10.7 8.0 
young 8.6 -19.0 -10.8 8.2 
young 10.2 -18.6 -10.6 8.0 
middle 10.0 -19.1 -11.1 8.0 
Mean 9.6 -18.8 -11.0 7.8 

A l l Mean 10.6 -18.6 -11.2 7.5 
s.d. 1.6 0.5 0.5 0.6 

5341 for 5 I 5 N). Mean 5 l 3C(C Oiiagen) values for the groups do not differ significantly 

(Mann-Whitney T = 132). However, the difference in 8 I 5 N is significant, with the Franks 

showing higher 8 1 5 N values (Mann-Whitney T = 152, upper tail). Frankish 8 1 3C( c a rbo nate) 
1 

ranges from -11.9%o to -10.5%o, significantly lower than Ruined Church 8 Carbonate) 

values (Mann-Whitney T = 2, lower tail). There is almost no overlap between the two 

populations. Scattering of 8 l 3C(C a r bonate) values in the two groups is not significantly 

different (Squared Ranks T = 3040, upper tail). 

The Ottoman 8 I 3 C and 8 1 5 N values depart from those of both other populations at 

the site. Collagen values are widely scattered, with 8 1 3 C ranging from -19.1 %o to 

-15.4%o, and 8 I 5 N from 8.0%o to 14.2%o. Here, there is no sign of a central grouping of 

values. Ottoman collagen 8 I 3 C values are significantly higher and more scattered relative 
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Table 8.5: Corinth Ottoman Cemetery Data 
Age 5 , 5 N 513C(COii) 5 l 3C( c a rb) A13C(Carb-coii) 

Juveniles 12 - 18mo 13.2 -18.0 -9.5 8.5 
ca. 16 mo 12.1 -18.6 -9.8 8.8 
24 - 36 mo 10.1 -16.9 -8.5 8.5 
8 - 9 y r 8.4 -16.4 -8.1 8.3 
Mean 11.0 -17.5 -9.0 8.5 

Adult Females young 9.6 -17.4 -8.3 9.1 
young 8.3 -18.1 -8.4 9.7 
young 10.2 -18.9 -10.4 8.5 
old 9.1 -19.1 -10.0 9.2 
Mean 9.3 -18.4 -9.2 9.1 

Adult Males 14 - 16 yr 8.4 -18.2 — 

young 14.2 -18.6 — — 

young 12.3 -18.1 — — 

young 8.9 -17.6 — — 

middle 8.0 -18.6 -9.8 8.7 
middle 10.7 -15.4 -7.3 8.1 
Mean 10.4 -17.7 -8.6 8.4 

A l l Mean 10.2 -17.8 -9.0 8.8 
s.d. 2.0 1.0 1.0 0.5 

to values in the Ruined Church and Frankish populations (Mann-Whitney T = 163 for 

Ruined Church, T = 151 for Franks, both upper tail; Squared Ranks T = 5613 for Ruined 

Church, T = 5582 for Franks, both upper tail). Ottoman 5 1 5 N values are not significantly 

higher than those of either population, although they are significantly more scattered than 

Ruined Church 5 1 5 N values (Squared Ranks T = 5565, upper tail). The Ottoman 

S13C(carbonate) values are significantly higher than those of the Ruined Church and Frankish 

groups (Mann-Whitney T = 87 for Ruined Church, T = 150 for Franks, both upper tail), 

and significantly more variable than those of the Franks (Squared Ranks T = 3904, upper 

tail). In this group, a strong positive relationship is seen between 513C(Carbonate) and 

S l 3C(C Oiiagen) (R 2 = 0.84); the slope of the relationship, at 0.74, indicates that collagen 5 I 3 C 
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13 changes more than carbonate 5 C over the sample range. This places the Ottomans in 

contrast to the other two Corinth groups, which display a small, apparently random 

scatter of 81 3C(C a rbonate) values around their means (Figure 8.10). Thus, the Ottoman 

sample differs from the other two groups at Corinth in a number of ways. 

To sum up, the statistically significant differences between the three groups at 

Corinth are as follows. The Ruined Church group shows little internal variability in 8 1 3 C 

or 5 1 5 N. The Frankish group shows more 5 1 3 C or 8 1 5 N variability than Ruined Church, as 

well as higher 5 I 5 N and lower 813C(carbonate) values. Finally, the Ottoman group has higher 
13 13 

8 C(Coiiagen) and 8 C(carbonate) values than both the Frankish and the Ruined Church 

populations. It is also more variable than both other groups for 8 C(COiiagen), more 
13 

variable than the Frankish group for 8 C(Carb0nate), and more variable than the Ruined 

Church group for 8 1 5 N. 

The individual burial populations at Corinth also show some variability by age 

and sex. Figures 8.11 through 8.16 (pp. 375-377) depict stable isotope data by age and 

sex for each burial population. As the graphed data illustrate, the most obvious pattern is 

one of 8 I 5 N elevation in some of the youngest juveniles, presumably related to nursing. 

In both the Frankish and the Ottoman cemeteries, juveniles aged under ca. 24 months 

have 8 1 5 N values elevated above those of most or all of the adults. In each of the groups, 

the mean S 1 5 N for infants is elevated by a similar amount in relation to the mean values 

for adult females from the site (the separation is 3.2%o for the Franks, and 3.3%o for the 

Ottomans). Juveniles aged over 24 months show 8 I 5 N values that are similar to those of 

the adults in the population. Note that in the case of the Ottoman group, the infants share 

this space with two of the adult males from the population. Male 8 I 5 N data from this 

group is extremely scattered, and in fact one of these individuals shows the highest 

human 8 1 5 N value in the entire study. In the Ruined Church group, this pattern is not 

seen; while children over 24 months occupy a 8 I 5 N range similar to that of the adults, the 

sole infant under 24 months of age has the lowest 8 1 5 N value of the group. Low 8 1 5 N 

values have been reported before for infants in archaeological populations; Katzenberg et 
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Figure 8.11: Collagen 8 1 5 N vs. 5 1 3 C, Corinth Ruined Church 
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Figure 8.13: Collagen 5 1 5 N vs. 5 1 3 C , Corinth Franks 
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Figure 8.15: Collagen 5 I 5 N vs. 8 , 3 C , Corinth Ottomans 
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al. ( 1 9 9 6 ) suggest that such individuals may have lost their mothers at an early age and 

subsisted on weaning food for the months before their deaths. 

While the patterning of 8 I 5 N in infants is the most easily noticed, the Corinth 

subpopulations show other interesting patterns of internal variability that are less obvious. 

One of these is a tendency towards higher 5 I 3 C in some of the younger individuals. In 

the Frankish group, a single juvenile aged 3 0 to 3 6 months at death has a 5 l 3C( c oiiagen) 

value markedly higher than those of the rest of the group; it is also among the highest for 

S13C(Carbonate)- Children (one aged 24 to 36 months, one aged 8 to 9 years) also have some 

of the highest 5 1 3C( C Oiia gen) and 5 1 3C( c a rb 0nate) values in the Ottoman group, although here 

this variation blends into the general high variability seen in these two measures. Finally, 

although 5 C(COiiagen) is relatively invariant in the Ruined Church group, the highest 

8 C(Carbonate) values belong to juveniles, with the highest of all seen in the infant with low 

8 I 5 N. The implications of this patterning are discussed in Chapter 9 . The other pattern 

seen is an apparently greater dispersion among men than among women in the Ottoman 

group. Men show the most extreme values for 8 I3C(COiiagen)> 8 1 3C( C a r b 0nate) 

and 8 1 5 N. 

Unfortunately, the very small number of samples makes statistical testing problematic, 

and this must be left as an interesting aside to the discussion. 

8.2.3. Mitilini: The final sample for Mitilini consists of fifty-one individuals, forty-three 

of whom may also be examined in terms of their carbonate values. Stable isotope values, 

age and sex information are presented in Tables 8.6 and 8.7 (pp. 3 8 1 - 3 8 3 ) . Figures 8 .17 

and 8 .18 (pp. 3 7 9 - 3 8 0 ) illustrate the general collagen 8 I 3 C / 8 I 5 N and collagen/carbonate 

8 I 3 C patterning for the site. The mean stable isotope values for the site as a whole are: 

S 1 3C ( C 0,iagen) = - 1 7 . 9 ± 2.9%o; S 1 5 N = 9 .6 ± 1.4%0; 8 1 3 C ( c a r b o n a t e ) = - 1 0 . 0 ± 1.4 %o, and 

A , 3 C ( c a r b . c o l l ) = 7 . 9 ± 1.7%o. 

There are immediately apparent differences between the two groups. Beginning 

with collagen (Figure 8 .17) , the small Gatteliusi group is seen to cluster in the space 

between 8 1 3 C = -19.8%o to -18.1%o and 8 1 5 N = 7.3 %« to 11.0%o. A large number of the 



Figure 8.17: Collagen 5 1 3N vs. 5 A X, Mitilini 
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Figure 8.18: Carbonate vs Collagen 5 C, Mitilini 
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Table 8.6: Mitilini Gatteliusi Data 
Age 5 , 5 N 5 , 3 C ( C o i i ) S 1 3 Q c a r b ) A , 3 Q c a r b - c o i i ) 

Juveniles 1 2 - 2 4 mo 10.9 -18.1 

24 - 3 6 mo 8.6 -19.1 - 1 0 . 9 8.2 

Mean 9.8 -18.6 -10.9 8.2 

Adult Females middle 7.8 -19 .5 -12 .3 7.2 

middle 8.3 -19.1 -11.1 8.0 

Mean 8.0 -19.3 -11.7 7.6 

Adult Males adult 7.3 -19 .5 -10 .4 9.1 

Adults, Sex young 9.5 -19.1 -9 .6 9.5 

Unknown adult 8.1 -19 .4 -11 .4 8.0 

adult 7.4 -19 .8 -11 .5 8.3 

adult 9.7 -19.1 -11 .2 8.0 

adult 8.5 - 1 9 . 0 . „ 

Mean 8.6 -19.3 -10.9 8.4 

A l l Mean 8.6 -19.2 -11.0 8.3 
s.d. 1.1 0.4 0.8 0.7 

Ottoman samples are concentrated in a space somewhat higher than this for both isotopes, 

ranging between 5 I 3 C ( c o n a g e n ) = -19.5%o to -17.7%o and 8 I 5 N = 8.4%o to 11.6%o. However, 

the overall scatter in Ottoman collagen values is much greater, with 5 1 3 C extremes of 

-19.5%o and -8.4%o and S I 5 N extremes of 13.2%o and 6.0%o. The more scattered Ottoman 

samples trail off from the majority in the direction of higher 5 1 3 C . Some of these outliers 

also show 8 1 5 N values that are higher than those of most others in the population; 

however, others have unusually low 8 I 5 N values for the population. Statistical testing 
13 15 

confirms that the Ottoman samples have significantly higher 8 C and 8 N values 

(Mann-Whitney T = 111 for 8 1 3 C , T = 94 for S 1 5 N , both lower tail). However, the greater 

scatter in the Ottoman collagen values is only significant for 8 1 3 C (Squared Ranks T = 

7 4 7 , lower tail). 
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Table 8.7: Miti l ini Ottoman Data 
Age 5 1 5 N S 1 3 C ( C O i i ) S I 3 C ( c a r b ) A 

13.-, 
^(carb-coll) 

Juveniles 4 - 7 y r 9.7 -19.0 -9.4 9.6 

Adult Females young 7.0 -18.1 -10.9 7.2 
young 10.5 -9.9 -6.6 3.2 
young 9.8 -19.1 — — 

middle 10.0 -19.4 -10.9 8.5 
Mean 9.3 -16.6 -9.5 6.3 

Adult Males young 9.1 -18.7 -9.9 8.8 
young 7.9 -18.4 -10.9 7.4 
young 8.9 -17.7 -9.2 8.5 
young 11.6 -18.5 — — 

middle 9.2 -17.9 -9.2 8.7 
middle 9.6 -19.0 _ — — 

middle 8.9 -19.1 -10.4 8.7 
middle 10.6 -18.9 — — 

middle 8.0 -13.6 -8.3 5.3 
old 10.0 -19.2 -11.3 7.9 
adult 10.9 -18.5 -11.3 7.2 
adult 10.4 -18.9 -10.6 8.3 
Mean 9.6 -18.2 -10.1 7.9 

Adults, Sex young 11.0 -19.1 -10.2 8.9 
Unknown young 10.1 -19.2 -10.4 8.9 

young 9.1 -19.2 -10.0 9.2 
young 9.8 -19.1 -9.5 9.5 
young 12.4 -8.4 -5.7 2.8 
middle 9.5 -19.2 -11.2 8.0 
old 9.9 -19.3 -10.5 8.8 
old 13.0 -18.5 -9.9 8.6 
adult 9.1 -18.7 -9.7 9.0 
adult 9.0 -19.5 -10.8 8.8 
adult 11.4 -19.3 -10.4 8.9 
adult 8.4 -19.0 -10.3 8.8 
adult 9.1 -18.9 -10.2 8.7 
adult 11.0 -19.4 -10.4 9.0 
adult 10.3 -19.6 -10.3 9.3 
adult 9.7 -18.8 „ _ — 

adult 10.3 -18.9 -11.1 7.8 
adult 9.4 -18.3 -9.9 8.4 

continued on following page 



383 

Table 8.7: Mitilini Ottoman Human Data (continued) 
Age 5 , 5 N S' 3C(coll) 8 l 3 C(carb> A 1 3 C ( C a r b - c o i n 

Adults, Sex adult 10.1 -19 .5 -9 .7 9.8 

Unknown adult 8.2 -14 .5 -9 .0 5.5 

adult 13.2 -8 .5 -__ — 

adult 10.2 -9 .8 -5 .5 4.3 

adult 6.0 -12.7 -8 .2 4 .5 

adult 10.1 -19 .2 - 1 0 . 9 8.3 

Mean 10.1 -17.1 -9 .6 7.9 

A l l Mean 9.8 -17.6 -9.8 7.9 
s.d. 1.4 3.2 1.4 1.8 

Gatteliusi 5 1 3 C( C a r b 0 nate) ranges from -12.3%o to -9.5%o (see Figure 8 .18) . The 

majority of the Ottoman carbonate 5 I 3 C values fall within a slightly less negative area, 

ranging from -11.3%o to -9.2%o. However, a few 5 l 3 C( C a r bonaic) values are scattered beyond 
13 

these, ranging up to -5.5%o. In this handful of samples, high 5 C( c a r b o n ate) is associated 
13 13 

with high 5 C(COiiagen)- Due to the presence of these outliers, Ottoman carbonate 5 C 

values are significantly higher than those of the Gatteliusi group (Mann-Whitney T = 6 5 , 

lower tail). 

The internal patterning in the two groups is better appreciated when each group is 

plotted on its own. Figures 8 .19 and 8 .20 (p. 3 8 4 ) portray the Gatteliusi stable isotope 

data only; Figures 8.21 and 8 .22 (p. 3 8 5 ) portray the Ottoman samples. Within the small 

Gatteliusi data set, little can be said about internal patterning. The individual with the 

highest collagen 5 I 5 N value is an infant aged 12 to 24 months. The 5 1 5 N value of this 

juvenile is 2.9%o higher than the mean 6 1 5 N of the two adult females in the sample. This 

infant also shows a higher collagen 5 I 3 C value. The collagen 5 I 3 C values of the other 

individuals in the sample vary over a range of less than l%o. Within this restricted 

sample, a positive relationship between collagen 5 1 3 C and 8 I 5 N is apparent. Samples 

with 6 1 3 C values near -20%o show 5 I 5 N values around 7.3%o, while those with 5 1 3 C 

values near -19%o show 5 I 5 N values ranging from 8.3%o to 9.7%o. While this trend 
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Figure 8.19: Collagen 5 ] 5 N vs. 5 1 3 C , Mi t i l in i Gatteliusi 
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Figure 8.21: Collagen 5 1 5 N vs. 5 1 3 C, Mitilini Ottoman 
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extends over a narrow total range of 5 C(COiiagen) values, it is likely valid given the 

measurement precision for S13C(COnagen) of ± 0 . 1 %o. Its meaning will be discussed in 

Chapter 9. For this group, carbonate 8 1 3 C is scattered around a mean value of -11.0%o; 

the appearance of a ca. ±l%o random distribution around the mean for a sample with little 

8 C(coiiagen) variability is reminiscent of the pattern seen at the Athenian Agora and in the 

Ruined Church group from Corinth. 

Figure 8.21 emphasizes the extremely wide range of S 1 5 N values seen in the 

Mitilini Ottoman sample. No infant remains were sampled from this population; the 

entire 7%o range of collagen 8 1 5 N values is represented by adult individuals. In the 

Mitilini Ottomans, no apparent relationship is seen between collagen 8 I 3 C and 5 1 5 N . The 

relationship between 8 l 3 C ( C O i i a g en) and o , 3 C( c a r b o n ate) values is very good (Figure 8 .22) . As 

in the Corinth Ottoman group, the change in S 1 3 C along this continuum is stronger for 

collagen than for carbonate. Unfortunately, little can be said regarding internal patterning 

by sex in the Mitilini Ottoman group due to the extremely high proportion of individuals 

for whom sex could not be reliably assessed (see Chapter 4) . 

8.2.4. Nemea: The final Nemea sample includes forty-four individuals. Of these, 

twenty-one will also be considered in terms of their carbonate values. The information 

for the site is presented in Tables 8.8 and 8 .9 (pp. 3 8 8 - 3 8 9 ) , and in Figures 8 .23 and 8 .24 

(p. 387 ) . The overall site means and standard deviations for Nemea are as follows: 

S 1 3 C ( c o l l a ge n ) = - 1 9 . 0 ± 0.6%o; 8 1 5 N = 8.7 ± 0.6%o; 5 1 3 C ( c a r b 0 nate) = - 1 1 . 0 ± 1.2%o, and 

A l 3C( c a rb-coii) = 7 .9 ± 1.1 %o. 

The medieval sample shows no internal patterning by date. Samples of the Late 

Byzantine era do not differ from those of the Frankish occupation: mean values for the 

earlier group are 8 l 3 C ( c a r b onate) = -11.6%o, 5 1 3 C ( coi i a g C n) = -19.0%o and 5 I 5 N = 8.7%o, while 

those for the later samples are 5 l 3C(C a rbonate) = -11.6%o, 5 1 3C( c oii agen) = -19.1%o and 5 I 5 N = 

9.0. There is thus no indication of dietary differences within the medieval group, and it 

will be treated as a single population for the purposes of this study. 
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Figure 8.23: Collagen 5 1 5 N vs. 8 1 3 C, Nemea 
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Figure 8.24: Carbonate vs Collagen 5 1 3C, Nemea 
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Table 8.8: Nemea Early Christian Data 
Age 5 1 5N S I 3 C(coll) ° 1 3C(carb) ^ 1 3C(carb-co)l> 

Juveniles 3 - 5 y r 8.6 -18.5 
5 - 9 y r 8.4 -19.6 — — 

6- 10 yr 8.3 -19.5 -11.1 8.3 
12- 17 yr 7.9 -19.2 — - — 

Mean 8.3 -19.2 -11.1 8.3 

Adult Females young 8.3 -19.3 -10.9 8.4 
middle 7.8 -19.1 -10.9 8.3 
middle 8.3 -19.2 -11.2 8.0 
middle 8.8 -19.1 -10.9 8.2 
old 8.2 -19.2 -8.2 11.0 
adult 9.1 -19.8 — 

Mean 8.4 -19.3 -10.4 8.8 

Adult Males young 7.6 -18.9 — 

young 8.6 -19.0 — — 

young 8.5 -19.4 -12.7 6.7 
middle 9.8 -16.0 — . . . 

middle 9.4 -18.8 -10.8 8.0 
old 9.0 -19.7 
adult 8.8 -19.2 — _ — 

adult 9.1 -19.2 -11.9 7.3 
adult 8.3 -18.8 -10.7 8.2 
adult 9.5 -18.8 — . . . 

Mean 8.9 -18.8 -11.5 7.5 

Adults, Sex adult 7.8 -19.0 
Unknown adult 8.3 -19.6 — 

Mean 8.1 -19.3 — — 

A l l Mean 8.6 -19.0 -10.7 8.4 
s.d. 0.6 0.8 1.2 1.2 

A look at Figures 8.23 and 8 .24 shows few differences between the two eras. 

Early Christian and medieval collagen values overlap almost perfectly. The notable 

exception is one Early Christian individual with a o 1 3C(C On a g e n) value substantially higher 

than the rest. At -16.0%o, the 6 I 3 C value of this individual is 2.5%o higher than the next 
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Table 8.9: Nemea Medieval Data 
Age 5 , 5 N 513C(CO||) 8 Q c i i t i A 1 3 Q c a r t , - c o m 

Juveniles 1 5 - 2 8 mo 10.5 -18 .5 - 1 2 . 0 6.5 

16 - 32 mo 8.6 - 1 9 . 0 — — 

4 - 6 yr 9.8 -19 .3 -11 .4 7.9 

1 2 - 1 5 yr 8.7 -19 .3 — — 

Mean 9.4 -19.0 -11.7 7.2 

Adult Females young 9.5 - 1 9 . 0 -11 .3 7.7 

middle 9.2 -19.1 — . . . 

middle 8.1 -19 .5 . . . 

old 7.7 - 1 9 . 0 - 1 2 . 0 7.0 

old 8.5 -19 .0 

Mean 8.6 -19.1 -11.6 7.3 

Adult Males young 8.3 - 1 9 . 6 -11 .4 8.2 

young 9.2 -18 .6 -10 .8 7.8 

young 8.9 -19 .2 — — 

middle 8.9 - 1 8 . 9 — — 

middle 8.4 -19 .2 . . . — . 

middle 8.4 - 1 8 . 9 - 1 1 . 7 7.2 

middle 9.3 - 1 9 . 0 . . . 

middle-old 8.9 -19.3 -11.7 7.6 

adult 9.0 -18 .6 - 1 1 . 9 6.7 

adult 9.2 - 1 8 . 7 - 1 2 . 6 6.1 

Mean 8.8 -19.0 -11.7 7.3 

Adults, Sex adult 8.8 -19 .3 

Unknown adult 7.9 -19 .2 -10 .8 8.4 

adult 8.7 - 1 9 . 0 . . . . . . 

Mean 8.5 -19.2 -10.8 8.4 

Mean 8.8 -19.0 -11.6 7.4 

A l l s.d. 0.6 0.3 0.5 0.7 

highest value in the group. The rest of the 8 C(C Oii agen) values from both eras fall between 

-19.8%o and -18.5%o. In general, 8 1 3 C ( c a r bonaie) values for Nemea show little variability 

(see Figure 8 .24; unfortunately, the 8 C(c a rbonate) value of the individual with the unusual 

8 1 3 C ( coii a g en) value is not included in the final data set due to poor preservation). 



Figure 8.25: Collagen 5 1 5N vs. 5 1 3C, Nemea Early Christian 
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Figure 8.26: Carbonate vs Collagen 8 1 3 C, 
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Figure 8.27: Collagen 5 , 5 N vs. 5 1 3 C, Nemea Medieval 
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Figure 8.28: Carbonate vs Collagen 5 1 3 C, Nemea Medieval 
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Most samples from the two eras show similar 8 1 3 C( C a r b o n ate) and A I 3 C ( C a i b . C o i i )
 v ahjes 2 . The 

exception is a single Early Christian individual with high 5 l 3C(C a rbonate) but average 
13 3 

8 C(Coiiagen) • Possible interpretations of this sample are discussed in Chapter 9. 

Figures 8 .25 through 8 .28 (pp. 3 9 0 - 3 9 1 ) portray the results from each era, sorted 

by age and sex. Patterning in carbonate data cannot be assessed due to the small sample 

set accepted for each era. However, a fair assessment of patterning in the collagen results 

can be made. The Early Christian data show no systematic differences between juveniles 

and adults, or between adult males and females; the single outlier with the higher 

8 Collagen) value is an adult male. The medieval data show no differences between 

males and females. One of the two infants in the sample, a child aged 15 to 24 months, 

has a collagen 8 1 5 N value elevated by 1.9%o over the mean value for adult females; it 
• 13 

also has the least negative 8 C(COiiagen) value of the group. The other, aged 16 to 3 2 

months at death, has a 8 I 5 N value similar to those of the adults in the population. In sum, 

the apparent 8 I 5 N nursing signature in the one medieval infant is the only indication of 

internal patterning in either of the groups. This is not surprising given the narrow 

isotopic range in which samples from this site vary. 

8.2.5. Petras: The final sample for Petras includes sixteen individuals, half of whom 

may also be examined in terms of their carbonate 8 I 3 C values. The stable isotope values 

are provided, with information on age and sex, in Table 8 .10 (p. 39 3 ) . Figures 8 .29 and 

8 .30 (p. 3 9 4 ) illustrate the data in visual form. 

2 This is also true of the original carbonate data set before selective reduction to eliminate diagenetically 
altered samples (Early Christian 5 I 3 C = -10.3 ± 1.1 %<>; medieval 5 1 3 C = -10.7 ± 1.0%o). The main effect of 
the selective reduction was to reduce a wide scatter of values in the original data. Within this scatter, 
higher carbonate 5 I 3 C values were associated with low organic content. 
3 This sample has a S ' 3 C ( c a r b o n a l e ) value similar to those of some of the samples eliminated for poor carbonate 
preservation, although its preservation appears by all indicators to be good. It is possible that while 
preservation indicators allowed the most obviously altered carbonate samples to be removed from the 
Nemea population, not all diagenetically altered carbonate samples were in fact eliminated. Of the sites, 
Nemea produced the most problems with both carbonate and collagen preservation, and it is here that 
conclusions drawn from the carbonate 5 , J C data will be the most tentative. 
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Table 8.10: Petras Data 
Age 5 , 5 N S1 3QC 0||) S 1 3 C( C arb) A 1 3C(carb-coll) 

Juveniles 30 - 42 mo 12.7 -18.6 -12.0 6.6 
4 - 5 yr 8.6 -20.2 -14.0 6.2 
5.5 - 6.5 yr 9.6 -18.9 „ _ . . . 

6 - 7 y r 8.9 -19.7 -11.3 8.3 
Mean 9.9 -19.4 -12.5 7.1 

Adult Females young 9.6 -18.9 
young 9.1 -19.5 — — 

middle-old 9.2 -19.5 -12.4 7.1 
adult 9.1 -19.3 — — 

adult 8.9 -19.4 -12.4 7.0 
Mean 9.2 -19.3 -12.4 7.1 

Adult Males young 8.9 -19.4 -11.9 7.4 
young 9.5 -19.2 — — 

young 9.8 -18.8 -12.5 6.3 
middle 10.8 -18.7 
middle 10.7 -18.7 . . . 

middle 8.5 -18.9 — . . . 

middle-old 9.4 -19.5 -12.3 7.2 
Mean 9.6 -19.0 -12.3 7.0 

A l l Mean 9.6 -19.2 -12.4 7.0 
s.d. 1.0 0.4 0.8 0.7 

The small Petras data set shows mean collagen 5 1 3 C and 8 1 5 N values similar to those of 
1 ^ 

most of the other small samples in the study. Collagen 8 C varies within a relatively 

narrow scope, from -20.2%o to -18.6%o. One young child shows a nursing signature, its 

8 1 5 N value of 12.7%o 2%o higher than that of the next highest individual in the group, and 

3.5%o higher than the mean value for adult females. At 3 0 to 4 2 months, this juvenile is 

somewhat older than the infants from other sites showing high 8 i 5 N values. This juvenile 

has the highest 8 1 3C(C Oiiagen) value of the Petras group; this finding echoes observations 

for Nemea, Mitilini Gatteliusi, Corinth and Athens. The Petras collagen data show a 

positive relationship between collagen 8 , 3 C and 8 I 5 N similar to that seen in the Mitilini 



Figure 8.29: Collagen 5 1 5 N vs. 5 , 3 C , Petras 
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Gatteliusi sample. As with the Gatteliusi group, overall variation in 5 1 C is small. 

However, even when the l5N-enriched juvenile is disregarded, the trend is persuasive: 

6 I 5 N values vary from 8.6%o at the 13C-depleted end of the 8 1 3 C distribution to a 

maximum of 10.8%o (mean of 9.8%o) in samples with 5 I 3 C values above -19%o. 

Few of the Petras individuals produced acceptable bone mineral samples. Of this 

handful, most show relatively negative 5 I 3 C values around -12%o with little variation. 

The exception is a juvenile aged four to five years with a value of -14.0%o, the most 

negative in the study. Preservation in this bone was excellent, and this individual also 
13 

has the most negative human 5 C(C0iiagen) value in the study. 

Despite its narrow overall variability, there are some indications of internal 

patterning by gender in the Petras group. Compared to adult females, Petras adult males 

are disproportionately represented in the area of less negative 5 I 3 C ; four of the five 

adults whose values fall above -19%o are male (Figure 8 .29) . Their values also appear to 

be more scattered than those of the females. While nonparametric testing fails to find 

significantly higher 5 1 3 C values in males, it does suggest significantly more scatter for 

both isotopes (squared ranks T = 4 8 3 for 5 1 3 C , 5 3 6 for 8 1 5 N, both upper tail). The 

difference between Petras males and females is very slight, and of questionable dietary 

significance. However, it merits mention, as there are very few other suggestions of 

gender patterning in the study sample. 

8.2.6. Servia: The final Servia sample consists of eighteen individuals, eleven of whose 

carbonate values will be considered. Stable isotope values, age and sex information are 

presented in Table 8.11 (p. 397 ) , and in Figures 8.31 and 8 .32 (p. 3 9 6 ) . 

The Servia sample shows a pattern fairly similar to that seen in the Athenian 

Agora and Nemea samples, although 5 l 3C(Coiiagen) values are somewhat higher. Aside 

from one infant, 5 l 3C(C Oiiagen) ranges between -19.2%o and -18.0%o, and 5 I 5 N falls between 

7.3%o and 9.7%o. No internal relationship between 5 l 3C(Coiiagen) and 5 1 5 N is seen. The 

single infant has a 5 I 5 N value of 11.3%o, 2.8%o higher than the mean 8 1 5 N value for adult 
13 

females. Its collagen 8 C value is the highest in the Servia sample, and its carbonate 
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Figure 8.31: Collagen 5 , 5 N vs. 5 I 3 C , Servia 

0 
A 

1 
O 
o ° • O Juvenile 

O Female 
A Male 
D Adult Unknown 

-20 - 19 -18 17 

5 C(collagen) (%o PDB) 

Figure 8.32: Carbonate vs Collagen 8 1 3C, Servia 

o 

o 

OA 

O Juvenile 

o Female 

A Male 

• Adult Unknown 

-20 - 1 9 •18 - 1 7 

S , 3 C ( c o l l a g e n ) ( % o P D B ) 



397 

Table 8.11: Servia Data 
Age 8 I 5 N 513C(COii) 0 , 3 Q c a r b ) AI3C(Carb-coin 

Juveniles ca. 12 mo 11.3 -17.6 -11.0 6.6 
3 - 7 y r 9.5 -18.6 -11.6 7.1 
8 - 11 yr 9.2 -19.0 -9.1 10.0 
14- 18 yr 7.3 -18.6 
15-20 yr 9.3 -19.2 — — 

Mean 9.3 -18.6 -10.5 7.9 

Adult Females young 9.0 -18.8 
young 8.6 -19.1 -11.7 7.4 
middle 8.4 -19.0 — — 

middle 8.5 -18.7 -12.3 6.3 
middle 8.4 -18.8 -11.2 7.6 
adult 8.6 -18.8 -10.8 8.0 
adult 8.2 -19.0 — ___ 

Mean 8.5 -18.9 -11.5 7.3 

Adult Males adult 8.7 -18.1 
adult 9.6 -18.0 -12.1 5.9 
adult 9.7 -18.7 — - ___ 

adult 8.5 -18.6 -12.4 6.3 
adult 9.0 -19.0 -12.4 6.6 
Mean 9.1 -18.5 -12.3 6.3 

Adult unknown adult 8.3 -18.6 -11.8 6.7 

A l l Mean 8.9 -18.7 -11.5 7.1 
s.d. 0.8 0.4 1.0 1.1 

8 C is one of the highest. This recalls the pattern of slightly higher 8 C seen in infants 

with high 8 1 5 N from a number of other sites (the Athenian Agora, Corinth, Byzantine 

Mitilini, Nemea and Petras). Servia, like Petras, shows a very slight possible difference 

between males and females. As at Petras, adult males are more scattered than adult 

females, and seem to be more likely to fall into the less negative end of the 81 C(C0iiagen) 

distribution (see Figure 8.31). Nonparametric tests indicate that the men are more 

scattered than the women for both isotopes, with higher mean 8 I 3 C and 8 1 5 N values 
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(Mann-Whitney T = 30 for 8 I 3 C ,31 for 8 1 5 N , both upper tail; squared ranks T = 454 for 

5 I 3 C, 471 for 8 1 5 N, both upper tail). The real significance of this patterning in dietary 

terms is debatable; male and female means differ by only 0.4%o for 8 I 3 C and 0.6%o for 

8 , 5 N , values which would not be contemplated as representing true dietary differences in 

most situations. However, as with Petras, the presence of any apparent patterning at all in 

such generally homogenous samples is worth mention. Overall patterning in carbonate 

and collagen 5 C is generally similar to that noted for most of the other sites in the 

survey. One child shows an extremely high 8 1 3 C ( C a r b o n a t e ) value; the rest of the 

individuals vary within roughly ±l%o of the site mean. Adult males from the site appear 

to have quite negative 5 l 3 C ( c a r b o n a t e ) values compared to other individuals; however, as 

only three adult males produced carbonate samples suitable for analysis, this pattern may 

be deceptive. 

8.3. Patterning between sites: With patterning within sites thoroughly discussed, 

comparisons between sites may be considered. Values for all individuals by site are 

provided in Figures 8.33 and 8.34 (pp. 399-400). For clarity, these graphs do not break 

down each site by era or culture. A visual analysis shows that most of the outlying 6 I 3 C 

and 8 I 5 N values commented on in section 8.1 come from Corinth or Mitilini. The 

individual site-by site discussions have shown that within these sites, the 13C-enriched 

values essentially come from the two Ottoman populations. The outlying Mitilini values 

are especially discordant with those seen at most of the study sites. The scale required to 

display the full range of 8 1 3 C values prevents much variability from being observed in the 

area where most samples fall. To allow such observation, the data are re-plotted in 

Figures 8.35 and 8.36 (pp. 401-402) without the two Ottoman groups. When this is done, 

inter-site variation becomes clearer. For example: samples from the Athenian Agora 

tend to show more negative 8 l 3 C ( C O i i a g e n ) and 8 l 3 C ( C a r b o n a i e ) and higher 8 I 5 N ; Servia 

generally shows less negative 8 1 3 C ( C O H a g e n ) values and lower 8 1 5 N values; Nemea has 8 I 5 N 

values similar to those at Servia but more negative 8 I 3 C values, and the Corinth Ruined 



Figure 8.33: Collagen 5 1 5 N vs. 8 1 3 C by Site, A l l Humans 
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13. Figure 8.34: Carbonate vs Collagen 5 C by Site, All Humans 
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Figure 8.35: Collagen 5 " N vs. 5 1 J C by Site, A l l but Ottomans 
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Figure 8.36: Carbonate vs Collagen 5 C by Site, A l l but Ottomans 
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Church population is distinguished by tight grouping and high 513C(Carbonaie) values. In 

this view, the single Nemea Early Christian sample with an elevated 5 , 3 C value is 

obvious, as are some of the points representing infants with high 5 1 5 N values. 

Another view of these data shows the extent to which young children contribute 

to variation in the overall human sample (Figures 8.37 and 8.38, p. 404). Here we see the 

net effect of the tendency, mentioned several times above, for young children to show not 
15 13 

only higher 8 N but also higher 8 C(C0]|agen) values. Of the fourteen juveniles aged less 

than about three years at death in the sample4, over half show high 8 1 5 N or 8 1 3C(C O | | a g e n), or 

both, setting them apart from the adult sample. In contrast, most of the fifteen older 

juveniles aged between three and ten years at death occupy the same isotopic space as the 

adults (the individual with extremely low 813C(COiiagen) and 8 I 5 N values is a four to five 

year old child from the Petras sample). This pattern is not seen for 8 1 3 C( c a r b o n a te); here, 

both older and younger children appear to fall with the adults. The implications of these 

data for infant feeding customs are discussed in Chapter 9. For the moment, it is clear 

that infants vary in a way different from adults. Thus, comparisons between populations 

which are aimed at examining variability in general diet and behaviour should omit 

infant individuals. This has been done for a final set of figures (8.39 and 8.40, pp. 405-

406). In these, individual data points have been replaced by group means and standard 

deviations to highlight inter-group differences that may be of interest to the study. From 

this point, population mean values and standard deviations will refer to values for 

individuals over three years in age only, unless otherwise stated. These population means 

and standard deviations are provided in Table 8.12 (p. 407). 

8.3.1. Inter-site patterns in collagen values: Looking at the collagen data (Figure 8.39), 

a general lack of 8 1 3 C and 8 I 5 N variation between sites is seen. Mean site values are 

generally quite low, and there is no sign of a relationship between 8 1 3C(C Oii a gen) and 8 1 5 N 

4 Following Herring et al. (1998), the juveniles were sorted using the midpoint of their age estimate ranges; 
i.e., a juvenile aged 24 to 36 months at death was scored as 30 months. 



Figure 8.37: Collagen 8 N vs. 8"C by Age, 
All but Ottomans 
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Figure 8.38: Carbonate vs Collagen S 1 3 C by Age, 
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Figure 8.39: Site Means for Human Collagen 6 1 5 N and 6 1 3 C 
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Figure 8.40: Site Means for Human Carbonate and Collagen 8 C 
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Table 8.12: Mean Stable Isotope Values by Site§ 

5 , 5 N S 1 3 C( C 0 | | ) 5 1 3 Q c a r b ) A l 3 C( C arb-col l ) 

Agora Ayios Nicolaos mean 9.7 -19 .5 -11 .5 8.0 

s.d. 0.8 0.2 0.7 0 .6 

Agora Hephaisteion mean 11.0 -19.3 - 1 1 . 9 7.3 

s.d. 1.1 0.3 1.0 0.8 

Corinth Ruined Church mean 9.6 - 1 9 . 0 - 9 . 9 9.1 

s.d. 0.3 0.2 0 .6 0.7 

Corinth Ottoman mean 9.8 -17 .8 - 8 . 9 8.8 

s.d. 2 .0 1.1 1.1 0 .6 

Corinth Frankish mean 10.0 -18 .8 -11 .2 7.5 

s.d. 1.0 0.3 0.5 0 .7 

Mitilini Gatteliusi mean 8.3 -19 .3 -11.1 8.3 

s.d. 0.9 0.3 0 .9 0.8 

Mitilini Ottoman mean 9.8 -17 .6 -9.8 7.9 

s.d. 1.4 3.2 1.4 1.8 

Nemea Early Christian mean 8.6 -19 .0 - 1 0 . 9 8.2 

s.d. 0.6 0.8 1.2 1.1 

Nemea Medieval mean 8.8 -19.1 -11 .5 7.5 

s.d. 0.5 0.3 0.5 0 .7 

Petras mean 9.4 -19.2 -12 .4 7.1 

s.d. 0.6 0.4 0.8 0.7 

Servia mean 8.8 -18 .7 -11 .5 7.2 

s.d. 0.6 0.3 1.0 1.2 

§ Figures include only individuals over 3 years of age; see text (p. 403) for explanation 

on a site-by-site level. Seven of the ten populations in the study are quite tightly grouped, 

with site 5 1 3C( C Oiiagen) means ranging between -19.5%o and -18.7%o and site 8 I 5 N means 

ranging between 8.3%o and 10.0%o. Three populations fall slightly away from this main 

group. The first of these is the Athenian Agora. Its departure from general values is 

caused by the Hephaisteion remains. These have the highest mean 8 I 5 N value of any 

group in the study; at 11.0%o this falls l%o above the next highest site. The Hephaisteion 

sample is not differentiated from others by its 8 1 3C( C Oiiagen) values, which fall toward the 
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negative end of the central grouping of means. The other two populations whose mean 

values fall away from the main group are those from the two Ottoman cemeteries. Mean 
13 

8 Collagen) for the Corinth Ottomans is -17.8%o, 0.9%o above the next highest site in the 

study, and mean 513C(COiiagen) for Mitilini Ottomans is slightly higher at -17.6%o. 

8.3.1 .a. Values in the main group of sites: Within the tightly concentrated main group of 

sites, as for the entire sample, no sign of a relationship between 513C(COiiagen) and S 1 5 N is 
15 13 

present (see Figure 8.39). Mean 5 N varies somewhat more than mean 8 C (the range 

of means is 1.7%o for 8 1 5 N, and 0.8%o for 8 1 3C). This pattern is echoed for most of the 

individual sites, which generally have larger standard deviations for 8 1 5 N than for 
13 

8 C(COiiagen)- The exception is the Nemea Early Christian population, which has a large 

standard deviation for 8 1 3C(C Oii a gen) due to the presence of one outlier. As the reader will 

recall (see Figure 8.25), this is an adult male whose 8 1 3C(C Oii a gen) value, at -16.0%o, falls 

2.5%o away from the next highest member of the population; the rest of the Nemea Early 

Christian S 1 3C(C Oiia gen) values vary over only 1.3%o. 

Despite the close grouping of these sites, many of the differences between them 

are statistically significant. This is partially due to the fact that internal variability, 

especially for 8 1 3C(C 0ii a gen), is quite low. The results of significance testing on site means 

are given in Tables 8.13 and 8.14, p. 409. Those values that are significant at p = 0.05 
13 

are starred. Note that the 8 C(COiiagen) difference between the Corinth Ruined Church and 

Frankish populations is no longer significant due to omission of the Frankish child with 

the high 8 1 3 C value. While many of the differences in 8 1 3C(C Oii a gen) are statistically 

significant, the population means are so close in some of these cases that in terms of 

practical application the difference has little interpretive weight5. For example, the 

difference between the Nemea Early Christian and Servia means is only 0.3%o. Although 

the pattern in which values from the two sites are grouped relative to each other yields a 
5 As reviewed in Chapter 3, there are many complicating factors involved in human S 1 3 C values. These 
include variation in the 5 1 3 C values of local foodwebs as well as idiosyncratic factors such as health and 
activity. This being given, a population mean difference smaller than l%o is of debatable import. 
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statistically significant difference between them, the small gap between the two means 

does not suggest a dietary difference. 

Table 8.13: Resu ts of Mann-Whitney T, o 1 3 C ( C O i i a g e n > . for Main Group of Sites§ 

Athens Corinth Corinth Mitilini Nemea Nemea Petras Servia 
A N RC Franks Gatt. EC Med. 

Athens A N 
Corinth RC 32* 
Corinth F 0* 32 
Mitilini G 26 12* o* 
Nemea EC 39* 96 54* 68 
Nemea M 21* 88 57* 40* 239 
Petras 46* 45* 32* 49 149 101 
Servia 0* 52* 88 Q* 69* 69* 84* 
§ The magnitude and critical value of T vary according to sample size. A l l values are for lower-tail tests. 

Table 8.14: Results of Mann-Whitney T S 1 5 N, for Main Grou p of Sites 
Athens Corinth Corinth Mitilini Nemea Nemea Petras Servia 
A N RC Franks Gatt. EC Med. 

Athens A N 
Corinth RC 44 
Corinth F 42 30* 
Mitilini G 11* 10* 7* 
Nemea EC 32* 16* 24* 68 
Nemea M 39* 16* 34* 53 165 
Petras 61 46 51* 23* 57* 75* 
Servia 36* 18* 26* 45 144 173 57* 
§ The magnitude and critical value of T vary according to sample size. A l l values are for lower-tail tests. 

In contrast, the patterning in significance of differences in 5 1 5 N appears to sort the 

sites into groups. The Mitilini Gatteliusi, both Nemea eras and Servia have the lowest 

values (mean 5 I 5 N = 8.3%o to 8.8%o). These are not significantly different from one 

another, but are all significantly lower than the mean 5 1 5 N values of the four other sites. 

A second group is formed by Ayios Nicolaos, Petras and the Corinth Ruined Church 

sample (mean 5 1 5 N = 9.4%o to 9.7%o). These samples have higher 5 L N values than the 
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first three, and are not significantly different from each other. Finally, the Corinth Franks 

have the highest values; their mean 5 1 5 N o f 10.0%o is not significantly different from that 

of Ayios Nicolaos, but is significantly higher than those of the Corinth Ruined Church 

and Petras samples. 

8.3.1 .b. Values in the other three sites: Considering the statistically significant 

differences between sites in the main collagen group, with their tightly clustered mean 

values, it is not surprising that the three sites with more distinctive mean collagen values 

are significantly different as well. The Athens Hephaisteion sample, with a mean 5 I 5 N of 

11.0%o, is significantly higher the Corinth Franks (Mann-Whitney T = 105, upper-tail) 
1 3 

and all other samples in that group. Its 5 C(C 0 | | a gen) value falls into the negative end of the 

main group of sites, similar to Athens Ayios Nicolaos and Mitilini Gatteliusi. It thus 

might be considered an extension of the pattern described above for the main group of 

sites, in which 5 1 5 N values differentiate sites more readily than 5 1 3C( C Oii a gen) values. 

The S l 3C(C On a g e n) values of the Corinth Ottomans are significantly higher than the 

values of the Corinth Franks and Servia, which have the highest values of the main group 

(Mann-Whitney T = 98 for comparison to Corinth Franks, T = 151 for comparison to 

Servia, both upper-tail tests). The Corinth Ottomans have S 1 5 N values similar to those 

seen in the main group of sites. Note from Figure 8 .39 that standard deviations for this 

population are very large in comparison to those of sites in the main group, reflecting the 

substantial scatter in 5 1 3C(C O)i a gen) and 5 1 5 N seen in this group. The significance in the 

difference in internal variation between the Corinth Ottoman group and sites in the main 

sample is confirmed through statistical testing. Based on the squared ranks test, the 

Corinth Ottomans are more dispersed for 5 l 3 C( C O i i a g e n) than any site in the main group (T = 

6 6 3 7 , upper tail, for Nemea Early Christian, the site in the main group with the largest 

standard deviation). Tests for 8 1 5 N show the Corinth Ottomans to be significantly more 

variable than any of the samples in the main group (T = 2 5 5 4 , upper tail, for Corinth 

Franks, the populations in the main group with the largest standard deviation), but not 

more variable than the Athens Hephaisteion sample. 
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The Mitilini Ottoman sample is the most different of the three sites from groups in 

the main sample. On Figure 8 .39 it looks superficially similar to the Corinth Ottoman 

sample, with high 5 l 3C(C Oiiagen) values, 5 1 5 N similar to sites in the main group, and high 

standard deviations. However, the Mitilini sample is very different in its distribution: the 

Mitilini Ottoman collagen values show a tight central cluster, with a small group of 

samples trailing away in the direction of higher 5 l 3C(C Oiiagen) (see Figure 8 . 2 1 ) 6 . These 

values are easily split by 5 1 3C(C Oiiagen) into a main cluster and peripheral values, as they are 

separated by a gap of over 3%o. When this is done the mean collagen values of the main 

cluster can be calculated; these are S 1 3 C = - 1 8 . 9 ± 0.46%o and 5 I 5 N = 9.8 ± l . l%o. In 

other words, samples in the main cluster have collagen values quite similar to those of the 

main group of sites. It is the outlying values that cause the overall high 8 1 3C(C O | | a gen) 

values and high variability seen in this group. This may be contrasted to the pattern in 

the Corinth Ottoman sample, whose high 5 1 3C(C Oiiagen) values and substantial variability 

appear to be more general traits of the population. Given the patterning of the Mitilini 

Ottoman sample, it is not surprising that the squared ranks test shows it to be significantly 

more variable for 5 l 3 C( C O i i a g c n ) than any other population in the study including Ottoman 

Corinth (T = 3 5 9 0 , lower tail) and Nemea Early Christian (T = 7 3 8 8 , lower tail). 5 1 5 N 

variability is less than that of the Corinth Ottoman group, although the difference is not 

statistically significant. Ottoman Mitilini 5 1 5 N is not significantly more dispersed than 

that of the Corinth Frankish, Athens Hephaisteion or Mitilini Gatteliusi groups, but does 

vary more than in the remaining groups in the study. 

8.3.2. Patterns in carbonate a C values: Patterning in carbonate 5 C is presented in 

Figure 8 .40 (p. 4 0 6 ) . Here, again, a pattern is seen in which most sites cluster together. 

However, details of this pattern differ in several respects from that seen in the collagen 

6 The shape of this population is significantly different from those of others in the study according to 
Kolomogorov-Smirnov tests. Testing of Mitilini Ottoman collagen 5 I 3 C shows a significantly non-normal 
distribution. The same test applied to other samples in the study suggests a normal distribution at p = 0.05 
for all samples but Nemea Early Christian, which has a single outlier. 
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Figure 8.41: Human Carbonate vs. Collagen 5 I 3 C, 
Regression by Site Mean 

-8 

values. First, there is a clear positive relationship between mean 513C(COiiagen) and mean 
13 * 2 • 

8 C(Carbonaie)- The regression equation and R value are given in Figure 8.41 (above). 

Site means can be seen to follow a fairly steep slope, with change in 813C(carbonaie) 

occurring faster than change in 5l3C(COiiagen) - the opposite pattern to that seen within the 

Corinth and Mitilini Ottoman groups. The R 2 value of 0.60 suggests that the information 

imparted by the two 6 I 3 C measures is not the same, implying inter-population variation in 

the relative values of dietary protein 5 I 3 C and bulk diet 8 I 3 C. The other important 

difference from the patterning of collagen values is in the relative relationship of certain 

sites. While there is a central group of sites here as well, it includes slightly different 

populations. Both Athens samples, together with Petras, Servia, both Nemea groups, 

Mitilini Gatteliusi and the Corinth Franks, occupy a tight cluster in the negative end of 

the scale, with mean 8l3C(Coiiagcn) between -19.5%o and -18.7%o and mean 5 l3C(Carbonaie) 
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between -12.4%o and -10.7%o. Within this group of sites, mean 5 1 3C(C arbonate) is more 

variable than mean 5 l 3 C ( C O | | a g e n ) , reflecting the relationship seen in Figure 8 .41 . The 

results of significance testing on these sites are presented in Table 8 .15 (below)7. There 

are few significant differences between mean 5 1 3 C( c a r b onate) in these sites, reflecting the 

wider scatter of 5 l 3 C( c a r bonate) values seen in most of the sites. However, Petras is set apart 

from the rest of the samples, significantly more negative than all others in the group but 

the grouped Athens sample. 

Table 8.15: Results of Mann-Whitney T, 5 l 3 Q c a rbona(e), for Main Group of Sites§ 

Athens Corinth Mitilini Nemea Nemea Petras Servia 
all Franks Gatt EC Med. 

Athens all 
Corinth F 3 7 

Mitilini G 2 0 35 

Nemea EC 3 6 4 9 28 

Nemea M 4 4 34 23 2 8 

Petras 21 5* 4* 7* 13* 
Servia 5 2 31* 18 28 5 7 13* 
§ The magnitude and critical value of T vary according to sample size. A l l values are for 
lower-tail tests. 

Somewhat removed from the main group of samples are the Corinth Ruined 

Church, Corinth Ottoman and Mitilini Ottoman samples. The 5 1 3C( c a rbonate) value of the 

Corinth Ruined Church sample is significantly higher than that of the group with the next 

highest 5 1 3 C ( c a r b 0 nate) value (Nemea Early Christian; Mann-Whitney T = 9 , lower tail). 

While this sample falls toward the high end of the range of 5 l 3C( C Oii a gen) means for this 

group, it is not extremely high; thus, this group is characterized by a large A C(Carb-Co!i) 

value, the highest in the study. The other two outlying groups are the two Ottoman 
13 

populations. These two populations differ significantly in terms of their 5 C ( ca,bonaie), 

with the Corinth group less negative (Mann-Whitney T = 6 2 , lower tail). Neither of the 

7 Note that in this table the two Agora groups, which have almost identical 8 I 3 C values and produced very 
few usable carbonate samples, are treated together to improve sample size. 
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Ottoman populations differs significantly from the Corinth Ruined Church group for 

O »~ (carbonate) 

(Mann-Whitney T = 16 for Corinth Ottoman, T = 4 7 for Mitilini Ottoman, 

both upper tail). However, they both differ significantly from the Nemea Early Christian 

sample (Mann-Whitney T = 5 for Corinth Ottoman, T = 77 for Mitilini Ottoman, both 

lower tail), and from all other sites in the main group. Thus, the two Ottoman samples 

are distinguished from others in the study in terms of carbonate-collagen 5 I 3 C patterning 

as well as for collagen 8 I 3 C-8 I 5 N patterning. A look at Figures 8.16 and 8.22 confirms 

that the different pattern seen in collagen values for the two Ottoman groups is echoed in 

carbonate-collagen 8 I 3 C; while the Corinth Ottoman population shows a wide scatter of 

values, the Mitilini sample shows a tight main cluster of values with a scatter of points 

with higher 8 I 3 C moving away from it. 

8.4. Summary: The important isotopic variability between study sites may be 

summarized as follows. Both collagen and carbonate stable isotope values separate the 

sites into a main group with broadly similar values and a smaller number of groups with 

more divergent values. For collagen 8 C and 8 N , all samples but the Athens 

Hephaisteion and the Corinth and Mitilini Ottoman populations group quite tightly in the 

area around 8 1 3C(C O|| agen) = -19%o, 8 I 5 N = 9%o. These samples show low variability in 

8 1 3C(C Oiia gen) both within and between sites, and while several inter-site differences are 

statistically significant, this reflects the tight cohesion of 8 l 3C(C Oiiagen) within sites and 

many of the differences are too small to be assigned real dietary significance. Variation 

in 8 I 5 N , however, is greater. The Athens Hephaisteion is similar to this central group of 

sites in its 8 l 3C(C Oiiagen) value, but has a significantly higher mean 8 I 5 N value. Together, 

the Hephaisteion and the main group of sites seem to define a set in which 8 1 3C(C Oii agcn) 

varies fairly little while 8 I 5 N varies more substantially. There is no sign of a relationship 

between 8 1 3C ( C Oiiagcn) and 8 1 5 N in this set. Of these sites, all but the Corinth Ruined 

Church sample also participate in a tightly grouped set with low 8 l3C(Carbonate) values. 

Petras, with its very negative 8 l 3C(Carbonaie) values, is significantly different from the rest 
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of this group, but the other samples show no significant differences, due partially to a 

larger internal variation in 513C(Carbonate) than is seen in 513C(COiiagen)- The Corinth Ruined 

Church sample has 5 l 3C(carbonate) values significantly higher than those of the other sites, 

although its 813C(COiiagen) and 8 I 5 N values are typical. In comparison to all of these sites, 

with their low S I 3 C values and variable 5 1 5 N, stand the two Ottoman samples. Both of 

these have significantly higher mean 5 I 3C(C 0iiagen) and 513C(carbonate) values than the other 

sites, and their 8 l 3C(COiiagen) values are more variable. Their 5 I 5 N values have means 

similar to those of the main group of sites, but are more scattered. These two samples 

show different patterns of internal variability, with most variation in the Mitilini sample 

coming from the presence of a few 13C-enriched outliers while the Corinth sample seems 

highly variable in general. 
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Chapter 9: Dietary and Other Implications of the Data 

With hypothetical values assigned to some likely aspects of dietary variation, and 

with variability within and between the sites characterized, the discussion may turn to 

dietary interpretation of the human stable isotope values. In this chapter, the human 

stable isotope values discussed in Chapter 8 are compared to those of other human 

populations, and to the hypothetical isotopic space for medieval diets that was generated 

in Chapter 7. This process begins with a discussion of the values in general, proposing 

likely diets for the majority of populations and discussing mismatches between expected 

and observed values. After this, the dietary implications of between- and within-site 

variability are discussed. Various interpretations for the high variability seen in the 

Ottoman populations are considered, and it is argued that the scatter suggests an 

explanation other than that of dietary variation in a stationary population. Internal 

patterning is also discussed, with an emphasis on the effects of nursing. The values 

obtained are also compared to literature values for Greek communities in other eras. 

Finally, the hypotheses that were set out in Chapter 2 regarding medieval Greek diet are 

revisited, and the support, if any, from the stable isotope values is discussed. 

9.1. The values in the context of other C3 agriculturalists: It is instructive to begin 

the discussion of the values with a comparison to those seen for some other C3 

agricultural groups. Table 9.1 (p. 417) provides some comparative values; all of these 

are for C3-based agricultural groups, mostly from the Old World, with varying projected 

reliance on other foods. 

Looking at these values, we see that most of the medieval Greek sites, with mean 

5 1 3 C ( C O | | a g e n ) values ranging from -19.5%o to -18.7%o, are similar to those sites for which 

diets were concluded to be C3-dominated, but not exclusively C3, with some C4 grain or 

marine resources available. For example, the negative end of the medieval Greek range 

of collagen 5 I 3 C values is similar to values reported for European Canadians eating a diet 

based on C3 grain and C3-eating animals, with some C4 grains and cane sugar 
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Table 9.1: Collagen 5 1 3 C and 5 1 5 N for Some C3 Agricultural Populations 
Population 5 , 3 C 8 , 5 N Comments 

Medieval Norway' -20.6 likely no access to marine resources 
Neolithic - Iron Age ca. -20 — marine resources available 
Denmark2 

6 t h - 8 t h c. German3 -19.8 8.7 C4 grain available 
Ancient Nubia4 -19.7 12.2 some C4 use possible; freshwater 

fish likely eaten 
Portuguese Neolithic5 -19.6 8.8 some marine resource use 
Ancient Egypt6 -19.6 13.0 freshwater fish available 
19 th century Upper Canada7 -19.5 10.4 adults only; some C4 plant use 
Medieval England8 -19.4 — some marine resource use 
18 t h - 19 th c. England9 -18.9 12.5 marine and freshwater resources 

available 
Late Roman England9 -18.4 9.1 marine and freshwater resources 

16 th century Basque10 

available 
16 th century Basque10 -17.2 — whalers; substantial marine 

resource use 
Medieval Norway' -16.9 — grain traded in; diet based on 

marine resources 
1. Johansen et al. 1986 5. Lubell et al 1994 9. O'Connell and Hedges 1999 
2. Tauber 1981 6. Iacumin et al. 1996 10. Kennedy 1989 
3. Schutkowski et al. 1999 7. Katzenberg et al. 2000 
4. Iacumin etal. 1998 8. Mays 1997 

(Katzenberg et al. 2000). The high end of the 513C(COiiagen) means of the main group falls 

in with British populations whose diet may have included some marine resources 

(O'Connell and Hedges 1999). However, according to the approach taken to human 5 I 3 C 

in Europe by van Klinken et al. (2000), these values may not be completely comparable 

as they stand. Recall for the discussion of grain 8 I 3 C values in Chapter 7 that these 

authors have traced a climate-related trend in 5 I 3 C values of C3 plants in Europe. 

According to this trend, C3 plants and the animals feeding on them will show 

systematically elevated 6 I 3 C values in warmer countries. As van Klinken et al. (2000) 

explain, the result is that when human and animal 5 1 3 C values from different European 

climates are to be compared, they first must be adjusted to compensate for warm-climate 

5 I 3 C elevation. In this adjustment, 5 I 3 C values from cool regions such as Britain are 
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moved slightly to the positive, while 5 1 3 C values from warm climates such as Greece are 

moved slightly to the negative. The end result is a pair of adjusted 8 1 3 C values that are 

more truly comparable in terms of the implications of their 5 1 3 C values for marine 

resource and C4 grain consumption. If this approach were taken, the values obtained in 

this study would likely be considered more comparable to 8 I 3 C values on the negative 

end of the range seen in Table 9.1, such as that reported by Schutkowski et al. (1999) for 

an inland medieval German population with some possible C4 grain use but a general 

dependence on C3 resources. The medieval Greek 51 3C(C Oiiagcn) site means from this study 

can be compared to climate-corrected values reported by van Klinken et al. (2000) for 

other areas of Europe by correcting them using the formula provided by van Klinken et 

al. (2000) and a representative July mean temperature of 25°C (this works out to a 

correction factor of about -1.196o). When this is done, values from most sites, ranging 

from -20.6%o to -19.8%o, are seen to be similar to values that the authors report for Great 

Britain and Northern Europe. Thus, the collagen 8 I 3 C values obtained for Greek 

populations in this study are similar to those reported for other C3-focused agricultural 

groups from a wide variety of regions, and for Europe in general. This finding was 

expected given the historical data reviewed in Chapter 2, which indicate a strong general 

focus on C3 grains that stayed constant in Greece through many eras. The narrow 

variability in collagen 8 1 3 C also falls in line with expectations outlined in Chapter 7 based 

on the narrow spectrum of likely protein S 1 3 C values for diets in a C3 grain-based regime. 

The comparability of carbonate 8 1 3 C values is more difficult to assess, as there are 

few literature comparanda available. The values of the majority of sites (all but the 

Ottoman groups and Corinth Ruined Church) fall within the range estimated for modern 

European groups in Chapter 3 based on exhaled CO2. They are quite a bit higher than 

8 1 3C ( c a r bonate) values of -14.1%o to -14.796o reported by Iacumin et al. (1996) for C3-

dependent agriculturalists in the Nile Valley, and moderately higher than the values of 

-12.9%o to -11.8%o reported by Papathanasiou (1999) for Neolithic Greek agriculturalists. 
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Thus, while they fall in the general area expected for C 3 agriculture, they may be 

somewhat high i f the Egyptian values are taken as a C 3 endpoint1. 

At 8.3%o to 11.0%o, the mean collagen 5 1 5 N values from this study fall within the 

general range of 5 1 5 N values reported for the C 3 agricultural groups in Table 9 .1 . They 

also fall in with the high values for 5 1 N in European agriculturalists discussed by van 

Klinken et al. ( 2 0 0 0 ) and mentioned in the discussion of 5 I 5 N in human diet and bone in 

Chapter 3 . As was discussed at that point, such 5 I 5 N values are surprisingly high given 

the likely predominance of grain in many past agricultural diets, a point that will be 

treated more fully further below. 

9.2. Human stable isotope values relative to reconstructed food values: 

Comparison of human tissue 5 1 3 C and 5 1 5 N values to the reconstructed 5 1 3 C and 5 1 5 N 

values of foods from Chapter 7 allows a tentative dietary reconstruction to be made for 

the sites. Given the general similarity of values noted in Chapter 8, this initial section 

will focus on general patterns in the data. Variation on a site-by-site level will be treated 

in detail in the following section. 

9.2.1. Implications of carbonate S*3C values: Recall from Chapter 8 that mean bone 

carbonate 5 1 3 C values from the majority of sites range from -12.4%o (Petras) to -10.9%o 

(Early Christian Nemea); the Corinth Ruined Church sample and the two Ottoman 

populations are less negative. If a 12%o separation between apatite and bulk diet in 
13 

humans is assumed, these values suggest diets with bulk 5 C values between -24.4%o 

and -22.9%o. In Figure 9.1 (p. 4 2 1 ) , these dietary estimates, with site standard deviations, 

are compared to values proposed in Chapter 7 for medieval bulk diet 5 1 3 C . In this figure, 

all diets based on C 3 grain have been conflated into one range; recall from Chapter 7 that 

' Further archaeological studies will clarify expected values for 8'3C( c a r b o n a l c) in C3 agricultural societies. 
The Egyptian values seem very low considering the 8 | j C value of -22.7%o proposed for bread in that study 
based on bread from a tomb. However, an ox bone collagen 5 I 3C value of -23.7%o from the same study 
suggests low 5 I 3C values for local plants which agree better with the human values. 
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the negative end of this small range corresponds with a vegan C3-based diet with a large 

amount of calories (25%) coming from olive oil, while the upper end corresponds to C3-

based diets including substantial amounts of cane sugar (7.5% of total calories) or small 

amounts of C4 grain. The range marked 'C3/4 grain base' represents reconstructed bulk 

values for diets with truly mixed grain dependence, based on 2:1 wheat-maize bread; the 

lower end of the range corresponds to a diet with 25% of calories coming from olive oil, 

while the upper end corresponds to a diet combining the wheat-maize staple with large 

amounts of marine resources. The graph shows that sites in the main group (all but 

Corinth Ruined Church and the Ottoman groups) fall within the range predicted for 

primary reliance on C3 grains. Petras, at the negative end, is just below the range of 

reconstructed bulk ft C values for diets based on C3 grains. Nemea Early Christian, at 

the other end of the range, falls just at the upper end of proposed bulk 8 1 3 C values for C3-

based diets, in the area proposed for significant use of cane sugar or modest use of C4 

grain. The three outlying sites fall beyond this point, with Corinth Ruined Church and 

Mitilini Ottoman falling at the lower edge of the 5 1 3 C range imagined for diets based on a 

2:1 mix of C3 and C4 grain, and the Corinth Ottoman group falling within it. 

As shown in Chapter 7, there are a small number of foods likely to have caused 
1 "1 

the 5 C values of medieval diets to depart from the range typical of C3 dependence. 

These include C4 grains, cane sugar and marine resources. However, there are a number 

of arguments suggesting that this pattern is specifically the result of variable C4 grain use 

by a C3-dependent population. First, the relative patterning of collagen and carbonate 

8 I 3 C at the various sites agrees with that expected from variation in C4 plant use. It was 
13 • 

seen in Chapter 8 that as mean 5 Carbonate) values for the various sites become higher, an 

increase in 613C(COiiagen) is seen; however, it is weaker than that seen in 513C(Carbonatc) (see 

Figure 8.41)2. This pattern is suggestive of dietary variation more strongly affecting bulk 

diet 6 I 3 C than dietary protein 5 I 3 C, which agrees better with variable C4 grain or cane 

sugar use than with variable use of marine resources. It is similar to the pattern reported 
2 Recall that this is not true of the pattern of variation seen within the two Ottoman populations, a point that 
will be discussed at length further below. 
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in other studies which used carbonate and collagen 5 C values to infer major shifts in 

bulk diet 8 I 3 C as opposed to protein 5 I 3 C. Examples include Norr (1995) and Harrison 

(2000), who demonstrated C4 grain use in C3-dominated areas from high 5 1 3 C values of 

carbonate relative to protein, and Ambrose et al. (1997), who suggest variable C4 plant 

use in the Marianas islands based on carbonate 5 1 3 C variation that fails to be reflected in 

collagen 5 I 3 C variation. 

A role for C4 grain in the diet is also suggested by the relatively low correlation 
13 13 

seen between human 8 C(COiiagen) and 8 C(Carb0nate) values. This was illustrated in Figure 

8.3 (p. 363). Note, from that graph, that human 8l3C(COiiagen) and 8l3C(carbonatc) values for 

the study have an R value of 0.46. This is low in comparison to those which have been 

reported for some other human populations. For example, human collagen and carbonate 

8 1 3 C values reported by Lee-Thorp et al. (1989) for Cape populations are related with R 2 

= 0.70. Saliege et al. (1995) report collagen and carbonate 8 I 3 C values for a series of 
2 2 

Saharan tombs that yield an R value of 0.86. The lower R value seen in this study is 

more similar to values reported by Iacumin et al. (1996) for Egypt (R 2 = 0.42), 

Katzenberg and Weber (1999) for Siberian populations (R 2 - 0.52) and Williams (2000) 

for Belize (R 2 = 0.47). According to current theory on the meaning of 813C(carbonate) and 
13 2 

8 C(COiiagen) values and of the spacing between them, the relatively low R value of the 

grouped data suggests significant variation in the relative 8 I 3 C values of dietary protein 

and whole diet for individuals in the study. Given the fact that it is carbonate 8 1 3 C that 

shows more variation in these populations, it seems most likely that bulk diet and dietary 

protein are varying relative to each other as a result of variable inclusion of C4 grain in 

the diet. 
13 

A final indication that C4 grain use is the explanation for the 8 C(carb0nate) values 

is the amount of variation seen in these values; site means range from -12.4%o (Petras) to 

-8.9%o (Mitilini Ottoman). It was shown in Chapter 7 that the food most likely to cause 

this degree of variation in medieval bulk diet 8 I 3 C values is C4 grain, since, as a staple 

food, it is plausible to imagine its consumption in large enough amounts to substantially 
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increase the overall 5 1 3 C value of the diet. Even substantial amounts of marine resources 
13 

are unlikely to have a major effect on bulk 5 C in a grain-based agricultural diet (see 

Chapter 7, pp. 346 and 349). Reasonable amounts of cane sugar could have significant 

effects on bulk diet 5 1 3 C, as could the consumption of olive oil. However, they cannot 

account for all of the variability in carbonate 51 C. To begin with, the historical data 

indicate that heavy cane sugar consumption is only a reasonable proposition for the 
13 

Ottoman era, and cannot explain 5 C(C a rb 0 nate) variability in earlier sites. Also, cane sugar 
13 c ' 

alone would not raise 5 C(carbonate) values as high as many of the Ottoman values seen in 

this study; even adding enough of it to a C3 diet to make up 7.5% of calories is only 
1 T 

expected to shift bulk diet 5 C by 1.2%o away from the pure C3 value (see Chapter 7, 
13 

equation 8, p. 344). Thus, while it is possible that higher 8 C(c a rb0nate) values in the 

Ottoman period are partially due to cane sugar use, this cannot be the only cause, and C4 

grain must play a role. Variable olive oil use could contribute to overall variability in 

51 3C( c a rbonate) in all eras by drawing some values down (as will be discussed in the section 

dealing with Petras, the very negative 5 , 3C( c a rb 0nate) values seen at that site may reflect 

heavy olive oil use). However, while this may explain some of the overall spread in 

o l 3C(C a rbonate) values, it cannot explain their extension into the range expected for partial 

C4 dependence. Thus, although both olive oil and cane sugar could have exercised some 
13 13 

influence on 5 C(carbonate) values in the study sample, the overall range of 5 C 

(carbonate) 

values argues for C4 grain use. 

Based on this reasoning, it appears that the medieval Greek diet sometimes 

included a significant portion of C4 grain, in the form of millet in earlier times and millet 

or maize in the Ottoman era. Due to the potentially distorting impact of olive oil and 

cane sugar consumption, it is difficult to arrive at a value for the proportion of C4 grain 

used. However, it is reasonable to say that this was supplementary, since all but three of 

the sites fall below the range proposed for C3/C4 mixed diets based on 2:1 wheat-maize 

bread (recall from Chapter 7 that in the C3/C4 model diets, about 25% of calories came 

from C4 grain). The three sites whose mean 5 l3C(Carbonate) values do fall within the C3/C4 

range - Corinth Ruined Church, Corinth Ottoman and Mitilini Ottoman - all seem to 
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depart from the general pattern in other ways as well. The Corinth Ruined Church group 

falls off the line for comparative collagen and carbonate 8 1 3 C in the study sites, showing 

higher 5 1 3C( c arbonate) values relative to most of the other sites that are not reflected in its 

8 1 3C(C Oiiagen) values. In contrast to this, both of the Ottoman groups show high 8 1 3 C values 

for both collagen and carbonate. These, however, are set apart from other sites in the 

study by the presence of some very high 5 1 3C( c a rb 0nate) values; the highest of these, at just 

short of -5%o, suggest bulk diet 5 1 3 C values around -17%o, very different from any of the 
1 T 

likely values discussed in Chapter 7. The interpretation of carbonate 5 C values at these 

sites is more complex, and benefits from the context of a prior discussion of collagen 

5 , 3 C and 5 I 5 N . Thus, they will be discussed in more detail further below when inter-site 

variability is treated. 

9.2.2. Collagen 8 C, §f5N and reconstructed dietary protein values: General patterning 

in bone collagen 5 I 3 C and 8 1 5 N values is less simply explained due to the multiple factors 

that could affect them. On initial examination, collagen values appear to clearly indicate 
11 

a focus on C3/terrestrial protein sources. Collagen 8 C is quite low for all but the 

Ottoman sites, falling in the range predicted for diets based on C 3 grain and meat or dairy 

products. 5 1 3 C also agrees with the negative end of the range of values expected for diets 

focusing exclusively on low-trophic level marine resources combined with grain. 

However, there are several patterns suggesting terrestrial resources as a more likely 

alternative. The first is the most obvious: the combination of low 5 I 3 C and high 8 1 5 N 

values is implausible for marine resource consumption. For the high 5 I 5 N values 

observed here to come from marine resource use, a considerable amount of marine 

resources would have to be consumed. However, based on the marine resource 8 1 3 C and 

8 1 5 N values found for this study, consumption of so much marine-derived food should 

also cause high 8 I 3 C values - not the low 8 1 3 C values that are actually seen here. The 

subtler signs of marine resource use argued for in Chapter 7 are also absent. There is no 

correlation between collagen 8 1 3 C and 8 I 5 N on the site to site level; essentially, whatever 
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dietary factors are causing variability in 8 1 5 N on this level are not causing a 

corresponding change in 8 1 3 C . Based on the argument made in Chapter 7, we would 

expect to see such a correlation in site S 1 3 C and 5 1 5 N means in a group of communities 

with a significant reliance on marine resources; sites with higher S 1 5 N values due to 

greater marine food use would also be expected to show the highest 5 1 3 C values. A 

pattern of primary dependence on terrestrial resources is also suggested by the fact that 

there is no consistent association between inland sites and lower 8 1 3 C and 8 1 5 N values. 

As reviewed in Chapter 2 , trade may have been important in terms of transporting dried 

or salted marine resources inland. However, as effective as this transport was, it is 

unlikely to have provided inland populations with a supply of marine resources equal to 

that available to coastal populations. Thus, i f marine resources were generally important, 

one would expect some differences between inland and island or coastal groups. Such 

differences are not seen. Instead of being lower, the inland site of Servia shows one of 

the highest mean collagen 5 1 3 C values in the sample. While both Nemea and Servia are 

on the low end of the range for 5 I 5 N , medieval Mitilini 5 1 5 N values are lower than these 

two, and Petras values are very close. Thus, the inland, island and coastal groups 
* t*£* * 13 15 • 

essentially show no consistent differences in mean 8 C and 8 N . Thus, in several ways, 

the general pattern created by the site collagen 8 1 3 C and 8 1 5 N means is strongly 

suggestive of C 3 grain and terrestrial dependence, and not of an important reliance on 

marine foods. 

Given that both 8 I 3C( C Oii agen) and 8 l 3 C( C a r b 0 nate) values for most of the sites suggest 

diets based primarily on C 3 resources, it is reasonable to make an initial attempt to relate 
13 13 

the collagen 8 C values from these sites to the dietary protein 8 C values from Chapter 

7 using the 5%o protein-collagen separation typical of pure C 3 diets. In Figure 9.2 (p. 

4 2 6 ) , mean collagen 8 1 3 C and 8 1 : > N values for sites excluding the Corinth Ruined Church 

sample and both Ottoman groups are corrected by 5%o and 4%o respectively, and plotted 
13 15 

along with reconstructed protein 8 C and 8 N values for medieval foods. In Figure 
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Figure 9.3: Human Collagen Values Compared to Hypothetical Diets 
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9.3 (p. 427), the same corrected values are plotted in comparison to reconstructed 5 1 3 C 

and § 1 5 N values for hypothetical grain-dominated diets. In this figure, the polygons 

labelled "C3 grain base" and "C3/C4 grain base" portray the extreme limits of 8 1 3 C and 

§ 1 5N predicted for the various hypothetical diets described in Chapter 7. For example, 

the corners of the "C3 grain base" polygon are defined by a C3 vegan diet (low 5 1 3 C, low 

5 1 5N), a C3-based diet with 40% of protein from dairy products (low 5 1 3 C, high 8 1 5N), a 

C3-based diet with 40% of protein from low trophic level marine resources (high 5 1 3 C, 

low 5 1 5N), and a C3-based diet with 40% of protein from high trophic level fish (high 

8 1 3 C, high 5 1 5N). 

A look at Figure 9.2 shows that the adjusted human values fall into the low end of 

dietary item 8 1 3 C values, but toward the high end of dietary item 5 1 5 N values. 5 1 3 C 

values fall well away from those of marine resources and C4 grains. Instead, they are 

typical of C3 resources ranging from wheat and legumes to dairy products and meat. 

However, 5 1 5 N values fall far above those of grains and legumes. Instead, they fall very 

close to the reconstructed meat and dairy values. Their position implies that dietary 

protein at these sites had 8 1 5 N values similar to reconstructed meat and dairy product 

8 1 5 N, and 5 1 3 C values somewhat more negative than reconstructed meat and dairy 

product 5 I 3 C. On the face of it, this could be interpreted as indicating that collagen for 

these populations is largely derived from animal protein, although the low 5 I 3 C values 

would have to be explained by significant participation of ,3C-depleted lipid or 

carbohydrate carbon from sources such as grain, olive oil or dairy lipids in collagen 

synthesis. However, given the documentary data reviewed in Chapter 2, this is 

implausible: there is every indication that Greek medieval diets included large amounts 

of grain, and thus large amounts of grain protein. 

This contradiction becomes apparent when human collagen values are compared 

to reconstructed 8 1 3 C and 5 I 5 N values for potential whole diets, as opposed to dietary 

items (Figure 9.3). Here, we note that the dietary protein 5 I 3 C values implied by human 

collagen fall toward the negative end of the C3 grain-based diets. They are above the 
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negative extreme of the vegan C3 diet, falling into the area of C3 diets with major use of 

meat or dairy products. However, 8 I 5 N becomes an obvious problem. The human 8 1 5 N 

values suggest diets with 5 I 5 N values higher than those suggested by the reconstruction in 

Chapter 7. The highest 5 I 5 N values suggested by this reconstruction for diets with these 

protein 5 I 3 C values are around 4%o. However, the dietary 8 1 5 N values suggested by 

subtracting a 4%o trophic level l 5 N enrichment from the mean human collagen values 

range from 4.3%o (Mitilini Gatteliusi) to 7%o (Agora Hephaisteion). Figure 9.3, 

essentially, is a visual representation of the problem noted in section 9.1 and discussed in 

Chapter 3. Expectations regarding a grain-based diet are that much collagen N will be 

drawn from grain protein. However, at these sites, as at those described by van Klinken 

et al. (2000), collagen 8 I 5 N values appear to be too high for this scenario. 

In Chapter 3, the fact that unexpectedly high 8 1 5 N values have been noted for a 

number of human populations, both modern and archaeological, was noted, and a 

possible mechanism for the high S ' T J values, linked to protein quality and the different 

ways in which the body uses higher- and lower-quality proteins, was proposed. If valid, 

this model could also provide an explanation for the pattern seen in the medieval Greek 

sites sampled in this study. However, in reconstructing the diet indicated by the medieval 

human values, other possible explanations for the high S I 5 N values should be considered. 

The most obvious alternative, given that we are considering the possible role of 

marine resources in diets of the time, is that the high 8 1 5 N values might, despite initial 

appearances, reflect marine resource use. However, the food values reconstructed in 

Chapter 7 make this unlikely. As illustrated in Figure 7.10, it is possible to create diets 

with protein 8 I 5 N values up to 5%o - 6%o by adding large amounts of high trophic level 

marine fish or octopus and squid to the diet. However, such diets also have significantly 

higher protein 8 1 3 C values. These agree poorly with the human collagen 8 I 3 C values in 

this study, with the exception of some of the Ottoman values and the one outlier from 

Early Christian Nemea. They may be made to fit if a very narrow separation between 

dietary protein and collagen is posited for these sites; here, collagen 8 C is imagined to 

be drawn towards the more negative value of the bulk diet, with a resulting decrease in 
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AI3C(protejn-coi!agen)- However, this raises the problem of the similar collagen 5 I 3 C and 8 I 5 N 

values found for the inland sites, Nemea and Servia. If high 8 I 5 N values at Athens, 

Corinth, Petras and Mitilini are explained by a heavy dependence on marine foods, we 

must assume either that the inland sites had a similar heavy dependence, traded in from 

the coast in dried or salted form, or that the inland sites show high 5 I 5 N values for 

another reason and that their similarity to coastal collagen 5 1 5 N values is a coincidence. 

Neither of these scenarios is particularly plausible. It seems more reasonable to argue 

that the close similarity in collagen values between most sites is due to a real similarity in 

food sources, that the low 5 I 3 C values at the sites do, indeed, reflect a primary focus on 

proteins from plants and terrestrial animals, and that the high human 5 I 5 N values are not 

explained by marine resource use. 

Another possibility to eliminate is that the generally high and varied 8 1 5 N values 

are due to high and variable local foodweb 8 I 5 N values. This could possibly provide an 

explanation for the pattern seen at Athens. In Chapter 7, it was noted that faunal 5 I 5 N 

values from that site are variable, and that some are quite high. It was suggested that this 

could result from a combination of the presence of nursing animals in the sample and 

high local foodweb 8 I 5 N variability in the area. Sources of terrestrial protein with higher 

8 1 5 N values near the city could explain the generally high 8 I 5 N values of the Agora 

human samples. If differential use of these sources is posited, it could also explain the 

difference in 8 | 5 N between the Hephaisteion and Ayios Nicolaos samples in the absence 

of any 8 I 3 C differences, through different use of local resources over time or by different 

Christian communities within the town. However, for Mitilini and Corinth, the other two 

sites where local baseline 8 1 5 N values can be estimated, this explanation is a poor fit. 

Medieval human 8 I 5 N at Mitilini is elevated 3.0%o above local animal values, suggesting 

little participation of grain protein in the diet. Corinth human values are even more 

implausible in relation to local faunal 8 I 5 N, as they are elevated more than a trophic level 

above the animals. Thus, while the explanation of high local baseline 8 I 5 N values cannot 

be tested for all of the sites, it appears to be insufficient based on those that can be tested. 
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Another alternative explanation for the high human 5 1 5 N values is the 

consumption of a protein-rich food with high 5 1 5 N values and relatively low 5 1 3 C values 

that is missing from the dietary reconstruction. One possible candidate is chicken, or 

chicken eggs. As was mentioned in Chapter 7 (p. 337), these were not included in the 

dietary reconstruction due to practical difficulties. While their exact stable isotope values 

are difficult to reconstruct, it is likely that they did have relatively low 5 I 3 C and high 

5 1 5 N values. Because chickens allowed to run free eat a large number of insects, they 

should have stable isotope values typical of carnivores, with 8 I 5 N values significantly 

higher than those of local grazers (see Schwarcz et al. 1999 for stable isotope work 

supporting this point). As well, since insects have access to many of the same plants as 
13 13 

grazers do, insect 5 C values, and thus chicken 5 C values, should be similar to those of 

local grazers. One could thus expect chickens and their eggs to have S I 3 C values roughly 

similar to those of the domesticated fauna, and 8 1 5 N values approximately one trophic 

level higher. In the review in Chapter 2, it was seen that both chicken and eggs may have 

been important dietary items for all classes in many regions of Greece from medieval 

times to the modern era. Thus, these foods might partially explain the high 8 1 5 N values 

seen in medieval human collagen. 

A final possibility is that grain 5 1 5 N has been incorrectly estimated. Recall from 

Chapter 7 that there were some concerns over the low reconstructed 5 I 5 N values assigned 

to grains, and that it is possible that local animal 8 I 5 N is not the most appropriate basis 

for reconstruction of grain 8 1 5 N. The problem of grain 5 1 5 N values and collagen 5 5 N in 

archaeological European agricultural populations is addressed by van Klinken et al. 

(2000). These authors observe that high 5 1 5 N values in the agricultural populations may 

be partially due to high grain 5 1 5 N values, perhaps resulting from the use of manure as 

fertilizer. The possibility that this effect is present in the current study must be 

considered. The effect seems very uniform to be a response to a practice such as 

fertilizer use, which would presumably vary from place to place. It also seems very 

strong; in order to explain the high human 5 1 5 N values by itself, grain 5 1 5 N would have 
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to be equal to domestic animal tissue 5 1 5 N at most sites, and higher than animal 5 I 5 N at 

Corinth. As van Klinken et al. (2000) note, improved understanding of grain 8 1 5 N in 

traditional agricultural settings is necessary to further resolve the problem. It may well 

be that grain 5 1 5 N values were higher than was suggested in Chapter 7. However, the 

generality of the pattern, and its similarity to that seen a variety of other C3 agricultural 

groups, suggest that it was not the only cause. 

Thus, while there are a number of possible explanations for the high 5 1 5 N values 

seen in the medieval samples, three seem most plausible. First, it is possible that bone 

collagen 5 1 5 N at these sites disproportionately reflects the 5 1 5 N values of the higher 

quality proteins in the diet, through the mechanism proposed in Chapter 3. Another 

possibility is that high human 5 1 5 N values reflect the consumption of foods not included 

in the dietary reconstruction in Chapter 7, specifically chicken or eggs. A final possible 

explanation is that grain 5 , 5 N was higher in all periods than was supposed in Chapter 7 

due to traditional fertilization techniques. A conclusion as to which of these is the case is 

difficult to reach based on these data. It seems, however, that high grain 5 I 5 N is not a 

likely sole cause; fertilization techniques should vary by time and place, but 

unexpectedly high 5 1 5 N values were found for a variety of Greek localities and eras in 

this study, as well as for various sites elsewhere in Europe by van Klinken et al. (1999). 

Egg and chicken consumption is a more likely explanation given the information in 

Chapter 2, but it still seems somewhat odd that the effect on 8 1 5 N was so uniform. 

These uncertainties aside, however, two important conclusions regarding the 

central questions of this study can be firmly drawn. First, as discussed above, the high 

human § 1 5N values are not likely a reflection of marine resource dependence. Second, 

the 8 1 5 N values offer an answer to another of the questions this study addresses: that of 

animal resource dependence in the general medieval Greek diet. Regardless of the 

mechanism behind them, such high 5 1 5 N values are difficult to reconcile with diets 

generally low in proteins of animal origin, especially since such diets would likely 

include large amounts of legumes. While grain 5 1 5 N could be higher than was supposed 
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in Chapter 7, it would have to be very high indeed to counterbalance a large amount of 

low 5 1 5 N legume protein in the diet. Instead, realistically speaking, the high 5 1 5 N values 

of humans in this study are more likely to indicate diets including large amounts of 

animal resources. 

9.2.3. Summary: General trends in medieval Greek diets: Thus, the weight of isotopic 

evidence available at this time suggests that medieval Greek diets were typically 

terrestrially based. Carbonate 5 1 3 C values suggest a primary reliance on C3 grains, with 

variable additional use of maize or millet. Collagen 8 1 3 C and 5 I 5 N values seem to reflect 

a substantial use of animal products, largely of terrestrial origin. Unexpectedly high 5 I 5 N 

values may reflect the consumption of eggs or chicken, high 8 I 5 N values in grain, or the 

skewing of collagen 5 1 5 N values toward the higher-quality proteins in the diet; however, 

they agree poorly with a scenario of marine dependence. 

The general isotopic pattern seen at these sites begins to suggest answers to some 

of the questions initially posed in Chapter 2. First, the general medieval diet does not 

appear to have been vegan or near-vegan; instead, it appears to have included a 

substantial amount of animal products. Second, Greek populations of the era do not 

appear to have depended on marine resources for a major amount of their dietary protein. 

Third, while populations of the time clearly depended primarily on C3 grains as their 

staple, C4 grains were also included in the diets of some groups. In all, the isotopic 

pattern suggests that medieval populations from rich to poor consumed a diet based on 

C3 grains and considerable amounts of terrestrial animal products. For most people, 

these terrestrial animal products may have consisted largely of dairy products and eggs. 

The documentary evidence for low availability of meat to much of the population 

suggests that dairy products would have been more important to most people than meat, 

and high collagen 8 1 5 N values make the consumption of eggs quite likely. 

While collagen 5 1 3 C and 8 I 5 N values suggest a generally terrestrial-based diet, 

they could also admit a certain amount of marine resources, more so if all of these are 

assumed to be of low trophic level. The data in Chapter 7 suggest that isotopic changes 
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due to the moderate addition of such resources to a l a n d 4 3 a s e d diet will be difficult to 

detect based on population means alone. This question may more properly be addressed 
13 15 

through internal patterning of 5 C and 5 N in individual populations. 

9.3. Human stable isotopes and probable diet by site: In this section, the likely 

general pattern established above - a primary dependence on C3 cultivars, with some 

variable use of C4 cultivars, and dietary protein stemming largely from terrestrial sources 

with proteins of animal origin important - is treated in detail on a site by site basis. As 

this discussion proceeds, it will be seen that diet, while generally uniform, does appear to 

have differed somewhat from group to group. In this discussion, Corinth and Mitilini, 

which offer the most interpretive challenges, are left until last. In the course of 

discussion, reference will sometimes be made to sites or groups having significantly 

different 5 1 3 C or 8 I 5 N values; these comments refer back to the statistical tests conducted 

in Chapter 8. 

9.3.1. The Athenian Agora: The two samples from medieval Athens produced few 
13 13 

usable carbonate 8 C values. Given this limitation, the mean 8 C(carbonate) values of 

-11.9%o and -11.5%o place Athens near the negative end of the continuum of site values 

discussed in section 9.2.1. This suggests little use of C4 grain; however, estimated bulk 

diet 8 1 3 C, at -23.9%o to -23.5%o (using 12%o for 81 3C(C arb-coii)), does suggest some use of 

C4 plant material. This could consist of C4 grain. However, as the populations do 

extend into the early modern era, and as imported and luxury foods could presumably be 

purchased in Athens, it may also partially consist of cane sugar. Collagen 8 1 3 C values for 

the two site areas, at -19.5%o and -19.3%o, are the lowest in the study sample. As they 

appear to indicate C3 reliance, a 5%o separation for dietary protein and collagen is likely 

appropriate; this would indicate dietary protein values of -24.5%o and -24.3%o, agreeing 

with predicted 8 I 3 C values for C3-based diets rich in meat or dairy foods. The values do 

not suggest significant marine resource use, despite presumed ease of access to marine 

products in the city. This is also suggested by the absence of correlation between 
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collagen 5 1 3 C and 8 1 5 N values within the sample; while collagen 5 1 5 N varies widely, this 

does not cause a corresponding variation in collagen 8 1 3 C. Mean 5 I 5 N values are high for 

both groups, and there is a significant difference between the two, with the Hephaisteion 

burial sample higher. The fact that this difference is not mirrored in protein 5 1 3 C 

suggests that it is related either to the consumption of a protein source with similar 6 1 3 C 

and higher 5 1 5 N by Hephaisteion individuals, or to heavier use of terrestrial animal 

protein by this group. This could be linked to various causes. Since it has been 

speculated that the ossuaries the bone came from are family tombs, it is plausible to 

suppose a dietary difference between families linked to class or ethnic background. 

Alternatively, one of the few apparent differences between the two church sites is that 

burials at the Hephaisteion began earlier; the sample is likely to contain at least some 

individuals of Byzantine date, whereas the Ayios Nicolaos burials are Frankish era or 

later. Heavier use of animal protein in the earlier group might suggest a slight temporal 

shift in dietary customs, or perhaps a higher standard of living under Byzantine rule. If 

the different § 1 5 N values are explained as resulting from high variability in local resource 

5 1 5 N, the higher 5 I 5 N of the Hephaisteion group could be explained by 6 1 5 N differences 

in a grossly similar diet, perhaps linked to the consumption of food from a different 

locale in the Athens region. The speculation that the Hephaisteion graves might represent 

family tombs is also interesting, in this light, since one could imagine that people owning 

land in different regions around Athens might have significantly different dietary 8 1 5 N 

values. 

9.3.2. Nemea: The two Nemea groups show very little difference from one another. 

Due to preservation problems, few acceptable carbonate 5 C values are available. Those 

that are indicate a mean value of -10.9%o for the Early Christians and -11.5%o for the 

medieval remains. Both values, especially the earlier one, which would suggest a bulk 

diet 5 1 3 C value of ca. -22.9%o, seem to reflect some C4 plant use. Given the rural setting, 

this is likely to have been in the form of C4 grain, probably millet as only a few of the 

latest remains may postdate the introduction of maize to the region. Given the many 
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samples discarded from the carbonate analysis, these conclusions should be considered 

tentative, to be substantiated through further analyses. Since C4 grain use may be related 

to both local growing conditions and living standards, a repeat analysis of the Nemea 

remains using dental enamel and examining both 5 1 3 C and 5 I 8 0 might prove interesting. 

Collagen 5 I 3 C and 5 1 5 N at Nemea show essentially no changes, with mean 5 1 3 C values of 

-19.0%o and -19.1%o and mean 5 I 5 N values of 8.6%o and 8.8%o. The values agree with the 

use of terrestrial resources. As at the Athenian Agora, neither of the Nemea groups show 
13 15 

a relationship between collagen 5 C and collagen 6 N . If a separation of 5%o between 
13 13 

diet and collagen is assumed, the collagen 5 C values suggest dietary protein 8 C in the 

neighbourhood of -24%o. Like the 813C(carbonate) values, this would agree with a diet based 

on C3 grain supplemented with small amounts of millet. The lack of a local faunal 

sample impedes speculation here to some extent; first, 5 1 5 N spacing relative to local 

domesticates cannot be assessed; second, the possibility that slightly higher collagen 

5 I 3 C reflects local animal 5 1 3 C values rather than millet use cannot be evaluated 

(however, the increase in 51 3C( c a rbonate) is stronger than that in 513C(COiiagen), suggesting that 

millet use is a more likely explanation). The lack of change in collagen 5 I 3 C and 5 1 5 N 

values between the two periods may be taken to indicate that diet in the two periods was 

essentially similar. 

Combined with the archaeological data, the isotopic data suggest that in both 

periods, the diet revolved around grain products - mostly C3 with some C4 - and animal 

proteins of terrestrial origin such as dairy products. No significant differences between 

the periods are apparent. The single sample that does not fit this pattern is the Early 

Christian sample with a collagen 5 1 3 C value of -16.0%o. This individual also has one of 

the highest 5 1 5 N values at the site. The collagen 5 1 3 C value would agree with significant 

C4 dependence or marine resource use. The two possibilities cannot be evaluated 

because the sample did not provide an acceptable carbonate 5 I 3 C value; however, the 

relatively high 5 I 5 N value makes marine resource use a real possibility. This individual, 

an adult male, is separated from the rest of the Early Christian group by such a gap that it 
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might be argued that he came into the valley from elsewhere. Certainly, new peoples are 

known to have passed through the Peloponessos in this era. However, these northern 

pastoral peoples would not be expected to be associated with high 5 I 3 C values. This 

might be more realistically expected of a person coming in from a less distant coastal 

community, or one within the valley in which substantial amounts of C4 grain were 

grown. The status of this individual may be clarified after study of other aspects of the 

population by Dr. Becker; a second analysis involving tooth as well as bone would also 

aid in resolving matters. 

9.3.3. Servia: The Servia group shows a pattern similar overall to the Nemea sample in 

some respects. Mean 5 C(Carbonate), at -11.5%o, is suggestive of a diet focused on C3 grain 
• 13 

with little C4 grain use; assuming that 5 C(Carbonate-buik) diet is 12%o, bulk diet would be 

-23.5%o. Collagen 5 ! 5 N values, like those at Nemea, are on the low end for the study. 

Although this is difficult to interpret in the absence of local faunal samples, they are not 

immediately suggestive of a higher reliance on dairy foods than is seen at the other sites. 

Servia 513C(COiiagen) values are slightly higher than most others in the study. This is 
13 

interesting in that Triantaphyllou (1999) also observed high 8 C(COiiagen) values for sites in 

inland northern Greece, one of which was in the same valley as the kastron of Servia. 

The study was on the Late Bronze Age, making the finding of no import in terms of 

medieval cultural practices. However, as that researcher suggests that sites in inland 

northern Greece may show systematically higher baseline 5 1 3 C values, it is interesting to 

bring up as a possible climatic explanation for the higher collagen 5 I 3 C values. If these 
13 13 

are not explained by local baseline 5 C, their cause is unclear. Carbonate 5 C values do 

not suggest that they relate to C4 grain use. They also are not likely the result of traded 

marine resources in the diet; this would accord poorly with the relative pattern of 5 1 3 C 

and 5 I 5 N values, which show no relationship with one another. The increase in collagen 

5 1 3 C is not large; in comparison to Nemea, for example, its significance is questionable, 

as the difference in mean values amounts to only 0.4%o. The Servia sample was one of 

only two with tentative evidence for male-female differences; women are lower for both 
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isotopes and more tightly grouped. If these differences, within the small range of overall 

variability at the site, are significant, they would agree with women consuming a more 

uniform diet than that of men, and lower in animal resources. 

9.3.4. Petras: In contrast to the relatively uninformative samples from Servia and 

Nemea, the small Petras community produced values with some interesting implications. 
13 • 

First, the 8 C(carbonate) values associated with the site are the lowest of any of the samples. 

At -12.4%o, the mean value would suggest an average bulk diet 8 I 3 C value of -24.4%o, 

close to the most negative 8 I 3 C values suggested for C3-based terrestrial diets. It will be 

recalled that the low 8 1 3 C value of Petras carbonate relative to those at all other sites is 

statistically significant. It may be that there is a true dietary difference operating here. 

One possible explanation would be olive oil consumption. Recall from Chapter 2 that 

Allbaugh (1953) recorded a high consumption of oil in Crete. This might have been a 

response to the unavailability of other foods. However, it could also reflect a long-term 

focus on oil use in the area that would agree with the general importance of oil in the 

island's economy in the past (e.g. Greene 2000). The mean collagen 6 1 3 C value for 

Petras, at -19.2%o, is similar to that seen for Nemea; mean 8 I 5 N is slightly higher, 

approaching the value seen for the Ayios Nicolaos sample. However, the Petras group 

shows something that none of the other samples discussed to this point do: a slight 

positive relationship between 8 1 3 C and 8 1 5 N. The overall range of 8 1 3 C values is small; 

however, samples with higher 8 1 5 N values do tend to gather at its positive end. In 

Chapter 7, it was predicted that such a relationship might reveal the variable presence of 

marine resources in a diet otherwise dominated by foods of terrestrial origin. It may be 
13 

that this is the case at Petras. Overall, the Petras 8 C(COiiagen) values do not agree with a 

primary reliance on marine resources. The mean 8 1 3 C value of -19.2%o suggests that 

most dietary protein is terrestrial in origin. While the mean collagen-carbonate spacing 

for the site is 7.1%o, the smallest of any of the sites surveyed, it is the result of low 

813C(Carbonate) values at this site, rather than high 8 l3C(Coiiagen) values as would be predicted 

from major dependence on marine protein. It is more likely that the positive relationship 
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between collagen 5 C and 5 N is a reflection of variable consumption of marine 

resources as a secondary source of animal protein. The use of some marine resources at 

this site, situated on a good harbour on an island, would come as no surprise. Petras is 

also the other population in the study in which a possible gender difference is seen, with 

males more variable than females in collagen 8 I 3 C and 8 I 5 N . If the linkage of 5 I 3 C to 

5 I 5 N at this site is indicative of the incorporation of small amounts of marine resources 

into the diet, this difference may indicate more variable access to these foods by men than 

by women. As at Servia, however, the small differences involved make interpretation 

difficult, and major differences in diet between the sexes are not indicated. 

9.3.5. Mitilini: Each of the two Mitilini groups has a distinctive isotopic profile. The 

Gatteliusi group falls in with the majority of sites in the study in terms of its carbonate 

5 1 3 C values. With a mean carbonate 8 I 3 C value of - l l . l % o , bulk diet 5 1 3 C was likely 

around -23.1%o. This would agree with a diet based on C 3 grains. However, i f the low 

faunal collagen 5 I 3 C values at Mitilini reflect low local baseline 5 1 3 C relative to the other 

sites it could be argued that the Mitilini carbonate 5 1 3 C values reflect participation of C 4 
13 

grain in the diet. Mean collagen 5 C , at-19.2%o, is similar to that of Petras. However, 

5 1 5 N is substantially lower; in fact, the sample has the lowest 5 I 5 N value in the study. 

Taken at face value, this is surprising, given that the Mitilini fauna do not have 

particularly low 8 1 5 N values. If anything, given the high likelihood of an elite status for 

this group, patterns in the historical data would lead one to expect higher animal protein 

consumption than at other sites in the study. However, perhaps this difference should not 

be overinterpreted; the Gatteliusi human 5 I 5 N values are still 3.0%o higher than the local 

fauna, suggesting a significant use of animal protein. As with carbonate 8 1 3 C values, the 

low local faunal 5 1 3 C values suggest that collagen 5 1 3 C for the Gatteliusi sample is 

actually l%o higher, relative to local fauna, than the other groups for which this factor can 

be determined. Presumably, it indicates either addition of a more C-enriched protein or 

absence of a more l 3C-depleted item in the diet. The high values of § l 3 C ( C a r b o n a t e ) values 

suggest that C 4 grain consumption may be the answer. However, an alternative 
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explanation is suggested by internal patterning of the Mitilini collagen 5 1 3 C and 8 1 5 N 

values. A look at Figure 8.19 shows that like the Petras group, the Gatteliusi remains 

show a positive relationship between 8 I 5 N and 8 , 3 C. If this relationship does indicate the 

addition of some marine resources to the diet, as was suggested for the Petras group, this 

is an alternative explanation for the relatively high collagen 8 I 3 C values. As at Petras, the 

values for the Gatteliusi do not fit a general dependence on marine resources. However, 

collagen 8 1 3 C and 8 ! > N patterning may indicate a supplementary role for them in the diet. 

As at Petras, this makes sense considering the location of the site, directly on a good 

harbour on an island. As well, the privileged position of the Gatteliusi would argue easy 

access to any desired resource, including marine resources. 

The pattern seen in the Mitilini Ottoman sample is entirely different. In this large 

group, a clear separation can be drawn between the majority of the population and a few 

outliers with much higher 8 I 3 C values. When these outliers are omitted from the 

calculations, mean values for the Ottoman group are 9.8%o for 8 1 5 N , -18.9%o for collagen 

8 1 3 C, and -10.3%o for carbonate 8 I 3 C. The high mean S I 3 C( C a r b 0 nate) value strongly 

suggests some C4 use by this population, which would also explain the slight increase in 

the 8 , 3 Q collagen) value. These data are an excellent fit to historical data reviewed in 

Chapter 2 that suggest an increasing C4 grain use in later populations in the region, and 

to sources commenting on the importance of maize in the Ottoman Empire. The high 

8 1 5 N value seen in the Ottoman group suggests that other dietary differences separate this 

group from the earlier Gatteliusi. Internal patterning of collagen 8 1 3 C and 8 I 5 N in the 

Ottomans does not suggest increased marine resource use as an explanation, as there is no 

sign of a relationship between the two values. A more plausible explanation might be 

increased dependence on meat or dairy foods in the later era. 

The most unusual aspect of the Mitilini Ottoman group is the scatter of samples 

with high 81 3C(C 0iiagen) values. The reader will recall from Chapter 8 that these range from 

-14.5%o to -8.4%o; the high end of the range is far too high to agree with any of the 

dietary protein values proposed in Chapter 7. These values show no systematic 

relationship with collagen 8 1 5 N ; some of the outliers show high 8 I 5 N values, while in 



441 

others, 81 N is low (see Figure 8.21). However, they do show a general pattern of high 

carbonate 5 I 3 C values. 

What dietary differences could account for the presence of this outlying group? 

The highest of the carbonate values, at -5.5%o, suggests a bulk diet 5 I 3 C value of -17.5%o, 

which would suggest a diet in which most calories came from C 4 sources. Thus, part of 

the explanation must lie in a difference in dietary staple, with the outliers depending far 

more heavily on C 4 grains. However, the slope of the 8 I 3 C collagen-carbonate 

relationship for these individuals shows greater change in collagen 8 I 3 C than in carbonate 

8 C . This pattern suggests that there is more than a difference in grain staple at work: 

these individuals were also consuming some protein-rich food with high 8 1 3 C values. For 

individuals also showing high collagen 8 1 5 N values, marine resource use is the obvious 

explanation. However, for those individuals not showing higher 8 1 5 N, the explanation 

might be the consumption of meat or dairy products from domesticated animals with 

higher tissue 8 I 3 C values than those sampled in this study. 

The dichotomy seen in the Mitilini Ottoman sample between members of the 

central cluster of values and the few outliers strongly suggests that the outliers may not 

be native to this population. In order for them to be native to the area, one must propose 

a strong dietary division within the population, with a minority eating a diet radically 

different from that consumed by the majority, focused on a different staple grain. While 

this is theoretically possible, perhaps as a reflection of ethnic differences within the local 

Muslim community, no historical references for such a pattern in the Ottoman period 

have been found. It seems more plausible to argue that this handful of individuals 

originated from somewhere else in Ottoman lands, moved to the island, and died before 

their bone stable isotope values could equilibrate to those of the rest of the population. 

This would fit the pattern of 8 I 3 C and 8 1 5 N differences between the outliers and the main 

group very well. The differences suggest that the outliers depended on a different grain 

staple, and also that they consumed protein-rich foods with high 8 I 3 C values, in some 

cases likely marine resources but in others possibly the meat or milk of domesticated 

animals with high 81 C values. Such dietary differences can easily be imaged to be 
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regional in nature: differences in local conditions or traditions could explain not only 

primary dependence on a C4 staple crop, but also the availability of meat or milk from 

animals with 5 C values higher than those seen in local Mitilini fauna. 

Residential mobility is also a good explanation for the Mitilini data based on 

documentary sources and local history. Long-distance movement of peoples within the 

later Ottoman Empire is well documented; it was often motivated by trade activity or by 

assignment to an administrative post (Palmer 1992; Greene 2000). Such movement 

could also result from a military posting: in this period, Mitilini housed an army 

garrison, based in the acropolis above the cemetery (Williams and Williams 1988). Any 

of these reasons could lead a man to move to the area, and conceivably bring his family 

along (note that one of the individuals with higher 8 1 3 C values is an adult female, and 

another is a juvenile). The question of where in the empire such people might have come 

from must remain open. They could have come from any community in the empire 

where millet, maize or both was intensively grown. In the case of maize, such 

communities were found in Greece itself, the Balkans and Anatolia, as well as in more 

far-flung regions (Stoianovich 1966; Andrews 1993). Given the possible evidence for 

use of milk or meat from animals with high 5 1 3 C values, it is possible that some of the 

outliers came from a portion of the empire, such as the Levant, where hotter, drier 
13 

conditions led to higher 5 C values for domesticated animals. 

Thus, in all, the Ottoman group at Mitilini reflects two interesting aspects of its 

time that set it apart from other groups discussed to this point: increased importance for 

C4 grains in the main group relative to earlier populations, and evidence for population 

mobility that is not seen in the Christian groups, apart from the one outlying individual 

from Early Christian Nemea. 

9.3.6. Corinth: The last site to be discussed, as it is also the most complex, is Corinth. 

Here, there seem to be distinctly different patterns in all three populations sampled. 

Among these, that of the Frankish Cemetery is the most straightforward. The mean 

Frankish o 1 3 C( C a r b o n aic) value of -11.2%o is similar to that of the Nemea population, a 
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distance inland and somewhat earlier in time. It suggests a bulk diet 5 I 3 C value of 

-23.2%o, which would agree with a diet largely based on C3 grains. Mean collagen 5 1 3 C 

for this population, at -18.8%o, is somewhat higher than most of the medieval Greek 

populations, and collagen 8 I 5 N is high, similar to values at Athens. There is no internal 

relationship between collagen 5 I 3 C and 5 I 5 N ; instead, relative patterning of 8 1 3 C and 

S 1 5 N would agree with the consumption of a variety of protein resources with variable 

S 1 5 N but similar 5 1 3 C. If 5 1 5 N values of Corinth fauna are taken as an indication of local 

domesticate 8 1 5 N values in general, the Frankish group shows one of the largest 

separations between human 5 I 5 N and meat and dairy 5 I 5 N in the sample, amounting to 

more than a full trophic level. This strongly suggests the presence of other 15N-enriched 

foods in the diet that have relatively low 5 I 3 C values. Possibilities include suckling 

animals, eggs and chicken, all of which are attested to in food refuse from medieval 

Corinth (Williams et al. 1997, 1998). It should be noted at this juncture that the Corinth 

food refuse did include some marine resources in the form of echinoderm shell and a 

single fish head (Williams et al. 1997, 1998), clearly indicating that some marine 

resources were consumed. However, the proximity of the human 8 C values to those of 

the local domesticated fauna (reconstructed meat values for Corinth range from -21.9%o 

to -21.1%o, and reconstructed dairy 8 1 3 C is -22.6%o) and the lack of a relationship 

between human collagen 8 I 3 C and 8 , 5 N do not suggest that these were dominant in the 

diet. This conclusion fits both the most reasonable interpretation of the faunal deposits 

(Williams et al. 1997,1998) and Greek conceptions of the 'typical Frankish diet'. At this 

point, however, it must be stressed that there is good reason to suspect that not ail 

individuals buried in the cemetery had eaten local resources for most of their lives. As 

reviewed in Chapter 4, the archaeological interpretation of the hospice and osteological 

examination of the burials both suggest that this was a mobile population including 

Frankish individuals passing through the area more or less temporarily. Thus, population 

8 1 3 C and 8 1 5 N values may not all reflect local resources. One would not expect the 

inclusion of individuals from Western Europe to be obvious from 81 C or 8 1 5 N values; it 
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was shown in section 94 that medieval Greek § I 3 C and 5 I 5 N values are typical of those 

seen in European populations in general. Identification of foreign individuals in the 

group could potentially be accomplished through enamel carbonate 5 I 8 0 analysis, or 

paired bone and tooth phosphate analysis, as many of the Western Europeans passing 

through the region would have grown up in cooler, wetter areas than Corinth. 

The slightly later Ruined Church population is different from the Frankish group, 

and has unusual values in comparison to most others in the study. Its mean collagen 

values of 5 , J C = -19.0%o and 5 , J N = 9.6%o are similar to those of the Frankish sample, 

although significantly more tightly clustered. On the face of it, this would suggest little 

difference in the protein makeup of the two groups' diets, especially considering that, as 

they occupied the same site less than a century apart, the resource bases they subsisted on 

presumably reflect the same baseline 5 1 3 C and 5 1 5 N values. Like the Franks, the Ruined 

Church population is quite high for 8 I 5 N relative to local animals, but shows no sign of 

significant marine resource dependence. The difference that sets this group apart is a 

significantly higher value for 5l3C(carbonate); the mean value of -9.9%o suggests a bulk diet 

13 13 

5 C value of -21.9%o, at the low end of the range of proposed bulk diet 8 C values for 

populations subsisting on a mixed C3/C4 grain regimen. Because there is no equivalent 

rise in 5l3C(COiiagen), A1 3C(C a rb- c oii) for this group is high, with a mean value of 9.1%o. In 

other areas of the world, such a pattern has been interpreted as resulting from diets 

pairing C3 animal resources with significant amounts of C4 grain (Norr 1997; Harrison 

2000). A similar mechanism might be at work here, although the absence of relative 

collagen l 3 C enrichment does not fit the pattern predicted in Chapter 7, in which 

substantial use of C4 grain is predicted to result in higher collagen 51 C as well, though to 

a lesser extent. The difference may reflect a lesser input of plant protein to collagen 

protein. Evidence for significant C4 grain consumption in the Ruined Church population 

is interesting as it points to a significant change in local diet coinciding with the change 

in use pattern of the site (disuse of the hospice and destruction of the church), and with a 

decrease in variability of nonmetric markers suggesting use of the burial area by a more 

local population. It also coincides with a significant decrease of variability in collagen 
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stable isotopes. Taken together, these data suggest that after the earthquakes and the 

Catalan raid, the community burying their dead at the church was less mobile, less 

variable in diet, and relied more heavily on C4 grains. The lower status afforded C4 

grains in the sources of the time suggest that this change may reflect class distinctions 

between the visitors patronizing the site in its time as a hospice and the local people of 

the area; it is also possible that it reflects a change in the economic well-being of the 

community after the events of 1300-1311. 

The final population considered is that of Ottoman-era Corinth. As discussed in 
13 15 

Chapter 8, this group shows 5 C and 5 N values that are both high and scattered relative 

to those for earlier periods at the site and those of most other populations in the study. 

Mean S I 3C(C a rbonate), at -8.9%o, suggests an average bulk diet 5 1 3 C value around -20.9%o, 

well within the range predicted for a mixed C3/C4 subsistence base. Values are strongly 

correlated with 5 1 3C(C Oiia gen) values. A look at the data (see Figure 8.16) shows that § 1 3 C 

values seem to fall into groups. A group of samples at the low end of the carbonate-

collagen regression are roughly similar to the Ruined Church sample, with carbonate 
8 1 3 C values around -10%o and collagen values of -19%o to -18.5%o. A second group 

13 

shows a consistent 5 Carbonate) value around -8%o and broadly spaced collagen values 

ranging from -18%o to -16%o. While the first of the groups could be proposed to have 

bulk diet and dietary protein values similar to those of the Ruined Church group, the 

second of the groups shows more 5 I 3 C increase for collagen than for carbonate, 

displaying the opposite pattern. This may reflect marine resource use by some 

individuals in the group; the values are certainly within the 5 I 3 C range proposed for 

marine diets. However, i f it does, this has not caused a relationship to appear between 

collagen 5 I S N and 5 1 3 C values, as some of the highest 5 1 5 N values are seen in adult 

individuals with low 51
 C(COiiagen) values. These individuals, with values of up to 14.2%o, 

are unusual for the site as a whole (see Figures 8.9 and 8.10). Overall, the pattern may 

reflect a population in which C4 grain use, marine resource use and terrestrial animal 

resource use all varied substantially and partially independently. However, a more likely 

explanation, as with the Mitilini Ottoman material, is residential mobility. 
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An argument for high residential mobility at Ottoman Corinth would agree with 

the information provided by nonmetric traits for this population, indicating increased 

genetic diversity and the presence of new populations in the era. The isotopic scatter of 

the group is impressive in comparison to the other two eras at Corinth (see Figures 8.9 

and 8.10), and would agree with a sample of individuals drawn from various populations 

of the Mediterranean, some with more marine resources in the diet, some with substantial 
13 15 

C4 grain use, and others with low 5 C and high 5 N values suggestive of C3-dominated 

agriculture in extremely hot, dry climates (cf. Iacumin et al. 1996). Such a gathering of 

peoples would also agree with the evidence from the historical sources pointing to the 

highly mobile nature of early Ottoman society. The early Ottoman system encouraged 

mobility on the part of those who lived within it. On the broadest level, state-ordered 

migrations were a tool of government; Turks and other peoples were sent en masse to 

live in new territories in order to ensure a stable and loyal population in the lands of the 

empire (Inalcik 1976; Braude and Lewis 1982b; Dimitriades 1991; Bintliff 1996). Such 

migrations had significant demographic effects on some regions of Greece, and although 

Corinth was not a region in which significant population replacement took place, the era 

still would have seen many more foreigners, and especially Muslim foreigners, travelling 

through Greek lands. Mobility was also likely high on an individual scale due to 

administrative duties. Greene (2000) notes that in the fourteenth through sixteenth 

centuries, the administration of recently acquired lands was the responsibility of the 

conquering forces, who were expected to settle in an area and help to govern them. She 

also remarks that later in the existence of the empire, more of the uppermost 

administration was done from abroad, and most Muslim administrators were of local 

origin; this has interesting implications for the difference seen between the two Ottoman 

populations, as isotopic patterning in the later Mitilini group does suggest the picture of a 

majority population who were native to the island. 

Thus, while in situ dietary variability might explain the pattern seen in the Corinth 

Ottomans, an explanation related to population movement seems more likely. This 
18 

proposal could be tested using enamel 5 O analysis, as has been done for some New 
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World groups (e.g. Stuart-Williams et al. 1996; White et al. 1998). Such work would not 

only be interesting for the Corinth Ottomans in their own right, but could be extremely 

valuable for Greek archaeology in a wider sense. Testing a 5 1 3 C mobility study on a 

historical population with good independent evidence for residential mobility would 

provide a firm basis from which similar work on earlier populations could draw. 

9.3.7. Summary: Diet on a site-by-site basis: Interpretation on a site-by-site basis 

enriches the picture of diet in medieval and later Greece provided by stable isotope 

analysis. None of the populations dealt with here seem to have depended on marine 

resources. Instead, most of them agree with the dietary pattern proposed in section 9.1: 

dependence on terrestrial animal proteins. However, two island groups, Petras and the 

Gatteliusi cemetery population, show internal patterning of collagen 5 1 3 C and 5 1 5 N 

suggestive of a mixed diet, with marine resources added to a regime of largely terrestrial 

foods. Petras also shows low 5 C(carbonaie) values that may document heavy use of olive 

oil. 513C(Carbonaie) values for all sites suggest a diet dominated by C3 grains, but with a 

varying and sometimes important consumption of C4 grains. This is particularly the case 

in Corinth after the earthquakes and Catalan sack of the early 1300s; here, increased C4 

grain use may witness a social or economic transition related to these events. C4 grain 

use also was more important in the two Ottoman populations, a finding in agreement with 

historical data suggesting rising use of maize in the Ottoman era Mediterranean. The two 

Ottoman groups also show increased scatter in their stable isotope values, especially 

513C(COiiagen)- For the Corinth group this takes the form of a broad general scatter of 

values; in the case of the Mitilini group, the pattern is more one of a main group of 

values contrasted to a few outliers with extreme values. These patterns may reflect 

population mobility in the Ottoman era, with the earlier group showing origins from a 

variety of regions while the later group, part of the settled world of the 19 th century, 

contained only a few migrants from elsewhere in the Ottoman state. In the case of the 

Corinth population, this agrees with analysis of nonmetric genetic markers by Dr. E. 

Barnes (Barnes, personal communication 2001). The same analysis indicates that the 
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Corinth Frankish group is also quite variable. In this case, however, 5 1 3 C and 8 1 5 N would 

not be expected to reflect the presence of non-native individuals, as human 8 1 3 C and 8 1 5 N 

values for medieval Greece in general are similar to those found in Western Europe. The 

proposed explanation for the greater Ottoman variability, and the hypothesis that the 

Corinth Frankish cemetery contains individuals who spent much of their lives in Western 

Europe, could be tested through 8 O analysis of tooth enamel carbonate, or by paired 

8 1 8 0 analysis of enamel and bone phosphate. 

9.4. Comparison to other stable isotope data for Greece: At this juncture, it is 

interesting to compare the values obtained in this study with others obtained on Greek 

populations. One prior study has analyzed material from the Byzantine period 

(Agelarakis 1989). Unfortunately, this study, on the northern coastal population of 

Kavala, does not provide stable isotope values, merely the speculations based on these. 

Agelarakis proposes a shift from a Middle Byzantine diet based on C3 grains coupled 

with significant consumption of marine resources to a Late Byzantine diet characterized 

by less marine resource use and possible increased dependence on C4 plants. While no 

direct comparison is possible, the pattern suggested for the Late Byzantine group is 

similar to that proposed for the majority of medieval Greek populations surveyed in this 

study. Moving further back in time from the period studied here, work currently in 

progress on Hellenistic and Classical period remains from Ambrakia (Epiros) has 

produced preliminary results in close agreement with the results of this study (H. Berry, 

personal communication 2001). Despite indications from the literature that marine 

resources or legumes may have been important to the diet, collagen values obtained 

cluster around a central area of 8 1 3 C = ca. -19%o, 8 I 5 N = ca. 10%o, with no internal 

relationship between 8 I 3 C and 8 I 5 N visible. As with Early Christian Nemea in this study, 

a single individual showed a much higher 8 I 3 C value. 

Values obtained in stable isotope work on earlier Greek populations are provided 

in Table 9.2 (p. 449). With the exception of the Early Christian sample from Kos, all of 

these populations are substantially earlier than those studied here. However, all are 



4 4 9 

Table 9.2: 8 1 3 C and S 1 5 N Values of Some Earlier Greek Populations 
Locale Era 5 l 3 C(coi i ) 8 , 5 N 8 , 3 C ( c a r b ) 

Korinos1 Late Bronze Age -19 .2 8.7 

Spathes1 Late Bronze Age -18 .5 7.7 

Rymnio1 Late Bronze Age - 1 7 . 6 8.6 

Makrigialos1 Neolithic -19 .8 6.8 

Makrigialos1 Bronze Age - 1 9 . 6 7.4 

Makrigialos1 Iron Age -18 .9 7.3 

Makrigialos1 Classical -19 .0 8.2 

Kos 2 Early Christian -17 .4 9.0 

Alepotrypa3 Neolithic - 2 0 . 0 7.2 - 1 2 . 9 

Franchthi3 Neolithic - 1 8 . 7 9.2 - 1 2 . 9 

Kephala3 Neolithic -19.1 9.2 - 1 2 . 7 

Tharrounia3 Neolithic - 2 0 . 0 8.0 -11 .8 

Theopetra3 Neolithic -19 .8 7.4 -12 .3 

Kouveleiki 3 Neolithic -19 .8 8.1 -12 .4 

1. Triantaphyllou 
2. van Klinken et 
3. Papathanasiou 

1999 
al., unpublished, cited in Triantaphyllou 1999 
1999 

agricultural populations. Comparison of these values to values obtained in the current 

study shows that the medieval values are quite close to those of earlier Greek 

populations. Mean collagen 5 1 C values for this study, ranging from -19.5%o to -17.6%o, 

occupy a space very similar to mean collagen 8 1 3 C values in earlier periods; note that the 

range the medieval values fall into agrees better with that seen in populations from the 

Bronze Age and later (-19.6%o to -17.4%o) than it does with values for the Neolithic, most 

of which fall in a very narrow band between -20.0%o and -19.8%o. 813C(Carbonate) values 

obtained for this study are also similar to those found for other Greek populations. The 

range for most sites in the current study (omitting the Ottomans and the Corinth Ruined 

Church group) is -12.4%o to -10.9%o. Compared to values determined for Neolithic sites 

in various regions of Greece by Papathanasiou (1999), the values for the current study are 

somewhat high; thus, they exhibit the same pattern relative to the Neolithic sites for 

carbonate as for collagen. Mean S 1 N values for the medieval sites range from 8.3%o to 
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11.0%o (8.3%o to 10.0%o i f the Agora Hephaisteion group is omitted). Here, we do see a 

significant difference from most earlier sites: while medieval Mitilini, Nemea and Servia 

fall into the range of mean 5 I 5 N values reported for earlier eras, the other sites fall 

moderately to substantially above this range. 

The authors of the studies that generated the data presented in Table 9.2 

concluded that diet in all of the eras was dominated by terrestrial resources. 

Papathansiou (1999) sees no evidence for heavy use of marine resources at her Neolithic 

sites; she notes, however, that two of the coastal sites show higher 5 1 3 C and 5 I 5 N values 

than the other sites, and suggests that marine resources played a supplementary role in the 

diet at these locales. She interprets her data as indicating a strong focus of Neolithic diets 

on cultivated C3 plants with, in general, little use of animal proteins of any type. Values 

for Alepotrypa in particular, with individual 5 I 5 N values as low as 4.4%o, may indicate 

substantial reliance on legumes. The other study (Triantaphyllou 1999) deals with more 

recent populations, and reports higher 5 1 3 C values. The highest of these are reported for 

Bronze Age Rymnio and Early Christian Kos. While Kos is an island site with potential 

access to marine resources, Rymnio is far inland; in fact, that sample comes from the 

same valley as the Servia population in this study. Triantaphyllou (1999) has discounted 

marine resources as a possible factor in comparative 1 3 C enrichment at that site; instead, 

she suggests that this enrichment may reflect millet consumption. She favours C4 grain 

consumption, and perhaps inter-site differences in local climate (causing variation in 5 C 
1 3 " 

of some foods) as the explanation for collagen 5 C variation between her sites. In 

general, she traces a temporal trend in diets in northern Greece, seeing lower animal 

resource use in the Neolithic, and, after that, rising 5 I 3 C and 5 1 5 N values suggesting 

increased use of C4 grains and increased dependence on animal resources (either meat or 

dairy products) over time, culminating in the Classical period. Although the Servia 

population analyzed in the current study is far later again than this time, it is interesting to 

note that its values fit the proposed trend. It should be noted, however, that even in the 

Neolithic, human 8 1 5 N values are a good deal higher than animal values; Triantaphyllou 

(1999:240) reports 5 I 5 N values ranging from 3.2%o (deer) to 5.2%o (domestic swine) for 
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Neolithic Makrigialos, placing Neolithic humans, at 6.8%o, about 2.6%o higher than the 

animals. 

9.5. Infant stable isotope values, nursing and weaning: A final topic to discuss 

before passing to the general questions posed at the end of Chapter 2 is patterning in the 

8 I 5 N and 8 1 3 C values of infants in the study. The most prominent internal patterning, 

seen in almost all of the sites, is 8 1 5 N elevation of infants. The general pattern was seen 

in Figures 8 .37 and 8 .38 . A more detailed view is given in Table 9.3 (p. 4 5 2 ) ; here 

stable isotope values for all individuals aged under 3 years at death are given by site, 

along with the mean stable isotope values for adult females in each group. When the 

information is presented in this format the patterning of 8 1 5 N increase is seen to be 

consistent in some respects. In all groups but the Corinth Ruined Church sample, at least 

one young child shows apparent l 5 N enrichment. Maximum values for this enrichment, 

in comparison to adult female means, vary: 2.5%o for Athens, 3.7%o for the Corinth 

Franks, 3.9%o for Corinth Ottomans, 2.9%o for Mitilini Byzantine, 1.9%o for Nemea 

Byzantine, 3.5%o for Petras and 2.8%o for Servia. Such variation presumably reflects 

both time along the curve of increasing, then decreasing 8 1 5 N that traces breast milk 

dependence in infants (see Chapter 3) and variability in maternal diet and thus mother's 

milk 8 I 5 N . The individual site samples are not large enough to dependably trace weaning 

age. However, there are indications of variation in weaning practices. The four Frankish 

infant values hint at a shift in 8 1 5 N taking place before two years of age, but infants older 

than this from Petras and Athens show clear 8 1 5 N elevation. These data suggest possible 

cultural variation at work. They also provide tentative support for a longer nursing 

period in some medieval populations than is documented for more recent European 

populations (compare Katzenberg and Pfeiffer 1995 and Herring et al. 1998 , who 

document falling 8 1 5 N values after one year of age in two nineteenth-century European-

Canadian populations). With a sufficient internationally based sample, a study on 

cultural differences in weaning among medieval European populations would be 

possible, and could yield interesting results. 
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Table 9.3: Infant and Adult Female Values by Site 
Site Age (months) 5 , 5 N S 1 3C( c o||) S 1 3 C ( c a r b ) A , 3 C ( c a r b - c o l l ) 

Agora Ayios 24-36 12.1 -18.7 -10.8 7.9 
Nicolaos Adult Females 9.6 -19.4 -11.2 8.2 

Corinth Ruined 18-24 8.8 -18.8 -8.6 10.2 
Church 24-30 10.1 -18.8 -9.9 9.0 

30-36 10.2 -18.7 -9.1 9.6 
Adult Females 9.6 -18.9 -10.2 8.7 

Corinth Franks 7-10 13.5 -18.6 -11.3 7.3 
16-18 14.4 -18.3 -11.4 6.9 
24-30 10.0 -19.0 -10.8 8.2 
30-36 10.5 -17.4 -10.5 6.8 
Adult Females 10.7 -18.7 -11.5 7.2 

Corinth Ottomans 12-18 13.2 -18.0 -9.5 8.5 
ca. 16 12.1 -18.6 -9.8 8.8 
24-36 10.1 -16.9 -8.5 8.5 
Adult Females 9.3 -18.4 -9.2 9.1 

Mitilini Gatteliusi 12-24 10.9 -18.1 
24-36 8.6 -19.1 -10.9 8.2 
Adult Females 8.0 -19.3 -11.7 7.6 

Nemea Medieval 15-28 10.5 -18.5 -12.0 6.5 
16-32 8.6 -19.0 — 

Adult Females 8.6 -19.1 -11.6 7.3 

Petras 30-42 12.7 -18.6 -12.0 6.6 
Adult Females 9.2 -19.3 -12.4 7.1 

Servia ca. 12 11.3 -17.6 -11.0 6.6 
Adult Females 8.5 -18.9 -11.5 7.3 

Of the nine infants showing detectable N enrichment over the adults, several 

show higher 5 l 3 C( C O i i a gen) values as well. These individuals are from the Agora, Mitilini, 

Nemea, Petras and Servia. Relative to the mean adult female § 1 3 C ( C O i i a g e n ) values, 

1 3C(coiia gen) enrichment in these infants varies from 0.6%o (Nemea) to 1.3%o (Servia), with 
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an average of 0.9%o. I5N-enriched infants from the Corinth Ottoman and Frankish groups 

show a less consistent pattern. The two from the Frankish group have 8 l 3 C( C O n a g e n) values 

0.1 %o and 0.4%o higher than the adult female mean. Of the two Ottoman infants, one has 

a 5 I 3 C( C O i i a gen) value 0.2%o lower than the mean, while the other is 0.4%o higher than the 

mean. The generally consistent direction of the shift and its magnitude are interesting, as 

they suggest a possible trophic level effect. The operation of such an effect in nursing 

infants would be expected based on the same logic as the 8 1 5 N nursing effect: as the 5 1 5 N 
1 £ I T 

nursing effect reflects the 4%o trophic level shift in 5 N , so should there be a small 8 C 

nursing effect reflecting the l%o trophic level shift in 8 ! 3 C. However, in past studies 

detection of a 8 I 3 C nursing effect in human populations has been hampered by significant 

use of C4 resources in the study populations, introducing the alternative possibility of a 

weaning diet based on C4 grain mush (e.g. Katzenberg 1993; Wright and Schwarcz 

1999). Given evidence for variable C4 grain use by Greek medieval societies, such an 

explanation for higher infant 5 1 3 C could also be proposed here. However, infant 

5 l 3 Q C a r b o n a t e ) values agree poorly with such an explanation: while some infants show 

some increase in 5 1 3 C ( c a r b o n a t e ) relative to adult females, it is smaller in most cases (0.4%o 

to 0.5%o) than infant enrichment in collagen. An opposite pattern would be expected if a 

C4 grain-based food were being fed to the infants. 

If all groups but the Corinth Ottomans and Franks are considered, the pattern of 

collagen values fits a trophic level effect of nursing quite well, since 5 l 3 C ( C O i i a g e n ) increase 

is seen in infants with nursing-affected 8 1 5 N values, and is absent in infants with 8 I 5 N 

values similar to those of adults (Corinth Ruined Church, and the older infants from 

Nemea and Mitilini). However, when Corinth Ottomans and Franks are also considered, 

there are some inconsistencies. As mentioned above, S l 3C( C O | | a g e n) increase in infants with 

high 8 I 5 N values is both less marked and less consistent at these sites. As well, each of 

the groups contains an older infant which shows a high 8 C ( C O i i agen ) value, but not a high 

8 1 5 N value. In the case of the Ottomans, this departure from the pattern is not likely 

significant, since the entire group is quite scattered for 8 1 3 C ( C O H a g e n ) . However, a look at 
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Corinth Frankish values (Figure 843) shows a different pattern. Here, the position of the 

nursing infants relative to the entire population does suggest some elevation of collagen 
1 3 * 13 

8 C due to nursing. However, the older infant with higher 8 C(COiiagen) is clearly set off 

from the rest of the group. The possibility that this child was consuming a weaning diet 

with a higher 8 , 3 C value than the adult diet for this population must be entertained. 

However, the composition of such a diet is problematic, as 8 l 3C(c arbonate) in this individual 

is similar to that of the highest adults in the study; this suggests that the real difference 

lies in protein 8 1 3 C rather than whole-diet 8 I 3 C, making a weaning food such as millet or 

sorghum mush an unlikely mechanism. Recently, Dupras et al. (2001) have argued that 
13 * 

higher 8 C in infants can sometimes reflect weaning with animal milk. However, their 

model is intended to apply to regions where 8 I 3 C values of dairy products are higher than 

the 8 1 3 C value of the overall diet in general, and is not appropriate given the low 

reconstructed dairy 8 I 3 C values in this study. 

Despite some inconsistencies, the pattern of 8 l 3C(COiiagen) values seen in infants in 
13 

this study best agrees with a 8 C trophic level effect of nursing that is similar in direction 

and magnitude to the value of +l%o predicted from the 8 1 3 C trophic level effect in 

ecosystems. General C3 reliance in these populations, coupled with narrow variation in 
13 

adult 8 C(C Oiia gen), may have made apparent an effect that is usually hidden in the noise of 

population 8 1 3 C variability. 

9.6. Revisiting the original research questions: With the interpretation complete, 

the questions posed at the end of Chapter 2 may be revisited. 

The first question posed was that of the relative importance of animal products to 

the general diet: were medieval diets generally based on grains and legumes, with few 

animal products consumed, or were they relatively rich in animal products? Collagen 

8 1 5 N data suggest the latter alternative. Collagen 8 1 5 N values in all of the study 

populations are very high in comparison to the reconstructed 8 i 5 N values of medieval 

foods. Such high values agree poorly with the heavy consumption of legume protein. It 
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is true that grain 8 1 5 N may have been higher than was proposed in Chapter 7 as a result of 

traditional fertilization practices. However, it is difficult to imagine that its value could 

have been high enough to balance the effect of substantial amounts of legume protein and 

create such high human 8 I 5 N values. Instead, it seems more likely that the high human 

S I 5 N values reflect a substantial importance for animal-derived proteins in medieval diets. 

The second of the questions originally posed is that of the importance of marine 

resources: did they serve as an essential staple, a more minor addition to a largely 

terrestrial-based diet, or as an occasional relish and food of the wealthy? From the stable 

isotope evidence assembled in this study, it seems that the middle alternative is the most 

likely. Generally speaking, the populations surveyed show no sign of primary 
13 13 

dependence on marine resources. Collagen 8 C values are quite low, and collagen 8 C 

and 8 I 5 N are not correlated on the level of population means as one would expect if there 

were significant differences in marine resource consumption between them. The pattern 

of high 8 1 5 N values and low 813C(COiiagen) values better agrees with diets providing much 

of their protein from terrestrial animal sources. It should be stressed that the use of 

marine resources as an occasional treat or relish by these communities cannot be 

eliminated; as discussed in Chapter 7, such consumption would fall below the detection 

threshold of the methods used here. The only evidence for substantial marine resource 

use comes from Petras and the Mitilini Gatteliusi. Here, an internal relationship between 

8 1 3C( c oiiagen) and 8 I 5 N is seen, suggesting variable consumption of a protein with both 

higher 8 I 5 N and higher 8 I 3 C. These values do not suggest marine dependence, but do 

seem to document a nutritionally significant use of marine resources. This fits 

expectations based on the groups' island, coastal locations, and also on the privileged 

status of the Gatteliusi group. The overall pattern, therefore, appears to be one of primary 

dependence on terrestrial resources, with marine resources acting as an important 

supplement to the diet in some communities. Given the strong evidence in the literature 

for marine resource consumption, it is surprising that more, or stronger, marine use 

signatures were not seen. However, if eggs and dairy products were generally available 

to most classes as the historical data suggest, it is possible that they were used frequently 
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enough to 'drown out' the isotopic effects of smaller amounts of marine resources. It is 

possible that coupling Ba/Ca analysis with 5 l 3 C and 5 1 5 N work would improve detection 

thresholds for marine resources, allowing minor marine resource use to be more exactly 

documented. 

The original hypotheses regarding ethnic differences in diet - that Greek 

Orthodox populations consumed more marine resources than other groups, and that 

Franks may have consumed more meat - were not confirmed. As no substantial marine 

dependence was documented for the Greek Orthodox populations, the posited difference 

in marine resource use also did not appear. Stable isotope values suggest that rather than 

using more marine resources than the Franks or Ottomans, the Greek Orthodox 

populations were similar to them in focusing on terrestrial animal products. 

Unfortunately, the question of higher meat use by Frankish populations cannot be 

answered through stable isotope analysis in this particular environment. Stable isotope 

values do not allow the consumption of meat to be distinguished from that of dairy 

products. Thus, similar 5 1 3 C and 5 1 5 N values in Greek Orthodox and Frankish 

populations suggest only a similar level of terrestrial animal resource use, while giving no 

indication as to whether these resources took the form of meat or dairy products. This 

being said, it is worth noting that the Corinth Frankish population, whose privileged 

status and ethnic origin would suggest substantial meat use, do in fact have the highest 

5 1 5 N values relative to local domesticated animal 5 I 5 N . While this cannot be linked 

specifically to meat use as opposed to dairy product consumption, it does agree in a wider 

sense with the stereotypical idea of Franks being heavy consumers of animal products. 

Although the expected ethnic differences did not materialize, other ethnic 

differences were found. Both of the Ottoman populations show high variability in 

comparison to the other ethnic groups. In the Corinth group, this takes the form of a 

general wide scatter of values, while for the Mitilini group a few outlying individuals 

appear far from the main group of values. The patterns could conceivably be due to 

significant in situ variability in diet, perhaps along ethnic lines within the greater Muslim 

community. However, it seems much more likely that they reflect increased mobility 
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within the Ottoman era, with individuals moving in from other regions where marine 

resources or C4 grain were more central to the diet. In the case of the Corinth group, this 

mechanism would agree with evidence from nonmetric traits that new populations were 

moving into the Corinth area at that time. Given similar evidence for movement in the 

Frankish population from the same site, one might expect increased isotopic variability in 

this group. However, Greek medieval values are, in general, similar to those seen in 

other European agricultural populations, and this would essentially make any Western 

European migrants present in the Frankish group isotopically invisible in terms of 5 I 3 C 

and 8 I 5 N. The possibility that isotopic analysis has detected migration in these samples is 

of interest for the history of Ottoman Greece as well as for wider applications of isotopic 

work to the study of human movement work in the Mediterranean. Phosphate or enamel 

carbonate 8 I 8 0 analysis could potentially confirm the suspected foreign origin of these 

individuals, although background work on natural 51 O variability in Greece, ideally 

using archaeological faunal tooth carbonates, would need to be performed to allow the 

implications of human 8 I 8 0 values to be realistically assessed. 

Other interesting information has emerged for the next question, that of the 

importance of C4 grains to the medieval diet. It was established in Chapter 7 that, at least 

at the sites surveyed, the feeding of C4 grain fodder to domesticated animals was not 

common. Instead, the evidence found in this study for C4 grain consumption is seen in 

the human populations. Human 513C(Carbonate) values suggest that C4 grains often 

contributed to medieval diets, with an importance that varied from place to place. The 

magnitude of the 5 1 3C(C a r bonate) shift away from C3 dietary values, as well as the fact that 

the major 5 I 3 C difference between most of the sites is seen in 513C(Carbonate) and not 

5 1 3C(C Oiia gcn), indicate that the high human values are indeed due to the direct human 

consumption of C4 grain. If high human values resulted from the consumption of milk or 
13 * 13 

meat from animals with high 5 C values, the main impact would be on 5 C(C 0 |i a gen) 

values, with 5 l 3C( C a r b 0nate) showing far less change. 

Generally speaking, the grain staple for most of the populations was primarily C3, 

presumably wheat or barley. C4 grain appears to have been consumed as a supplement to 
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this staple. The exact proportion of C4 grain used is difficult to define due to the 

potential distorting effect of cane sugar and olive oil consumption on o 1 3C(C a rb o n a t e) values. 

Significant consumption of cane sugar could increase the apparent amount of C4 grain 

used. However, based on historical data this is likely to only be a problem for the two 

Ottoman populations; prior to their time, such large amounts of cane sugar were not 

likely available. Olive oil consumption could have the opposite effect: by drawing 

S l 3C(carbonate) values further to the negative, it could reduce the apparent importance of C4 

grain in past diets. Significant olive oil consumption has been suggested in connection 

with low 81
 C( c a r b 0nate) values found for Petras, and it is quite possible that at some of the 

other sites - perhaps all of them to a certain extent - 5 l3C(Carbonate) increase due to C4 grain 

consumption has been counterbalanced by the low 5 1 3 C value of olive oil. The groups 

with the strongest evidence for C4 grain use are the Corinth Ruined Church sample and 

the two Ottoman populations. In the case of the Corinth sample, C4 grain use increases 

abruptly after a series of misfortunes at the city. This may reflect social or economic 

changes after these misfortunes, and is certainly reminiscent of historical data suggesting 

that increased C4 grain use was a sign of hard times. The evidence for increased C4 

grain use by the two Ottoman populations is an excellent fit to historical data suggesting 

that maize became important in Ottoman times. In sum, the evidence for C4 grain use in 

the various populations fits well with the historical evidence and may have provided 

novel information regarding diet and the economy at Corinth. A more general study of 

the late medieval to early modern Mediterranean, designed specifically to examine C4 

grain use (perhaps by looking at areas such as Corfu where historical documents indicate 

that C4 grains were important crops) might yield valuable results. 

In terms of the final question posed, that of gender differences in access to valued 

foods, little firm information has come out of the study. While Petras and Servia both 

show some evidence for increased dietary variability in males, the differences between 

the sexes are very small, and interpretation of the patterning is uncertain. Populations 

surveyed for the project generally show little internal isotopic variation. This being 

given, it is likely unrealistic to expect significant gender-based dietary variability to 
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emerge. This becomes even more the case when the potential role of dairy products in 

the diet is considered. If women in a community were denied access to meat or marine 

resources, they might easily make up any nutritional difference by eating more dairy 

products. As dairy products have stable isotope values similar to those of meat at the 

sites sampled, such substitution would likely erase any isotopic differences that might 

have resulted from differential meat access. 

9.7. Summary: The generally low collagen and carbonate 5 C values of most of the 

sites in this study likely reflect a diet based on C3 grain, with variable addition of C4 

grains. 8 1 5 N is unexpectedly high in comparison to expectations for a grain-dominated 

diet. The pattern of 5 1 5 N values does not agree with consumption of marine resources. 

Instead, it may reflect consumption of l 5N-rich terrestrial foods, such as eggs or chicken, 

that were not considered in the reconstruction of dietary values; other possibilities 

include an unexpectedly high 5 I 5 N value for medieval grain or the slanting of collagen 

5 1 5 N values towards those of the higher quality proteins in the diet. Whatever the 

mechanism, it seems clear that human collagen values reflect dependence on terrestrial 

resources. The overall pattern of high 5 I 5 N and low 5 l 3C(C Oiiagen) suggests a low 

importance of legume protein in the diet and significant dependence on some source of 

terrestrial animal protein. The data agree with one of the proposals for medieval Greek 

diets made in Chapter 2: that dairy products and eggs were important in the day to day 

diet of most individuals. Meat use cannot be ruled out, especially for more privileged 

groups such as the Gatteliusi and Corinth Franks. However, it was demonstrated in 

Chapter 7 that meat will be isotopically similar to dairy products, and thus the two 

possibilities cannot be distinguished. A certain amount of low-level marine resources 

may have been added to this diet; again, Chapter 7 suggested that isotopic changes due 

to the moderate consumption of such resources will be difficult to detect. However, the 

combination of high 5 I 5 N values and low 5 1 3 C values argues against a generally heavy 

reliance on these foods, as a strong enough reliance to cause the observed 8 , 5 N values 
13 

should cause higher ft C values than are seen here. These conclusions could be verified 
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through Ba/Ca analysis, which would not suffer from the confounding effects of grain 

5 I 5 N value and other factors on human 5 I 5 N values that were encountered here. 

Detailed comparisons of the individual sites produce more interesting 

information. The Athens remains show low 5 I 3 C and high 8 1 5 N values, showing little 

sign of marine resource use despite their location near the coast. High 5 1 5 N may reflect 

heavy animal resource use, but may also be a reflection of the 5 1 5 N variability suggested 

for this locale by animal remains. The difference between the two Athens burial groups 

may reflect changes in diet over time, or perhaps use by families accessing different 

resource bases. The Nemea and Servia groups produce values consistent with a 

C3/terrestrial-based diet. The Nemea remains show no evidence for major dietary 

changes between the Early Christian and medieval periods; however, carbonate 5 I 3 C 

data are rather tentative due to poor preservation at the site, and should be confirmed 

using dental enamel analysis. There is some evidence for C4 grain use at Nemea, 

especially in the Early Christian era, and a study looking at long-term changes in climate 

and C4 grain use at this site might yield interesting results. One individual from Early 

Christian Nemea has a collagen 5 1 3 C value widely separated from others at the site, 

which may reflect significant resource use variation within in the valley, or perhaps 

immigration from another area. At Petras, and in the Gatteliusi sample, a relationship 

between collagen 5 1 3 C and 5 I 5 N may indicate variable mixing of marine resources with a 

terrestrial-dominated diet. These results would seem to confirm that an internal 

relationship between 5 I 3 C and 5 1 5 N may be one way of documenting more modest 

marine resource use in the area. The very slight (less than l%o) span of 5 C values 

would go unnoticed in the absence of 5 I 5 N variation; however, co-variation with 8 , 5 N 

makes the pattern clear enough to detect. Petras also provides possible evidence, in the 

form of very negative 5 l 3 C( C a r b 0 naie) values, for higher consumption of olive oil than is 

seen at the other sites. At Corinth, there is evidence for a substantial increase in C4 grain 

use between the Frankish and Ruined Church periods. The high 51 3C( c a rbonate) values seen 

in the Ruined Church sample, together with its restricted isotopic variability, suggest that 

use of the burial ground after the destruction of the hospice at Corinth saw the 
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replacement of a variable group with low dependence on C4 grain to a very uniform 

group with higher dependence. The change in resource use between the two periods may 

reflect an important economic difference between the thirteenth and fourteenth centuries 

at Corinth. 

The Ottoman Corinth and Ottoman Mitilini populations present several patterns of 

interest. First, they show signs of increased reliance on C4 grain, a finding that agrees 

well with historical evidence for the adoption of maize in Ottoman Greece. As well, both 

Ottoman groups display higher internal variability than is seen in previous eras. At both 

sites this could conceivably result from dietary variability in situ; however, given the 

scale of the isotopic variation and good documentary evidence for population movements 

in Ottoman times, it seems more likely to reflect population mobility. At Corinth, the 

pattern is one of high overall variability. An attribution of this variation to mobility 

agrees with historical data indicating that in the early centuries of the Ottoman Empire, 

some elements of its Muslim population were highly mobile. It also agrees with 

nonmetric trait evidence for the influx of a new population to the community. The 

pattern at Mitilini is more suggestive of a population largely born in the area, with the 

addition of a small number of immigrants from other areas of the Mediterranean. This 

agrees with the nature of the site and its era: in this period, most Muslim populations in 

Greece were more settled, but some individuals could have been moving about for 

reasons of trade, administration, or military service at the garrison on the island. In 

general, a difference seems to emerge between the more mobile and cosmopolitan 

Ottoman empire and the earlier groups. The hypothesis that these differences result from 

population movement could be verified through 8 1 8 0 analysis of enamel carbonate. 

A final finding of interest was the appearance of a small, but fairly consistent, 

8 1 3 C increase in nursing infants. The increase occurs across several sites, and is more 

significant in collagen than in carbonate. The possibility that it reflects feeding with 

various weaning foods was discussed. However, this explanation fits the observed data 

poorly. The best explanation for the increase, despite some inconsistencies, appears to be 

a 8 I 3 C trophic level shift associated with nursing. While the 8 I 5 N shift associated with 
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nursing has been documented in many archaeological populations, the theoretically 

expected 5 I 3 C trophic shift is far smaller, and thus more difficult to detect in a population 
13 * 13 

with variable 5 C values. It is likely the low variability of 5 C in the groups in this 

study that has allowed it to be observed here. If this explanation is correct, one might 

expect 5 1 3 C trophic shifts due to nursing to be detected in other C3-dependent European 

populations. 

In general, the attempt to answer the questions posed in Chapter 2 through stable 

isotope analysis of human remains has been successful. The stable isotope data have 

limitations that must be recognized. Small amounts of marine resources in the diet will 

not be detected. This problem is exacerbated when the marine resources consumed are of 

low trophic level. Meat and dairy resources cannot be distinguished; because of this, it 

becomes less likely that significant gender (or by analogy, class) differences in diet, at 

least in terms of meat consumption, will be detected. However, working within the 

limitations of the method, the study had gained significant information on resource use in 

medieval Greece. This includes evidence that the general diet included large amounts of 

animal protein, perhaps in the form of dairy products and eggs, that medieval populations 

showed a low dependence on marine resources, although there is evidence for some 

marine food consumption at two sites, and that C4 grains played a significant role in the 

medieval Greek diet, increasing in Ottoman times. 
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Chapter 10: Conclusions 

The results of the analysis offer several insights into life in medieval Greece. 

While it was expected that the information gained would primarily address questions of 

resource use, the project has also yielded insights into population mobility in the early 

modern Mediterranean. In addition to this knowledge, the work done in this project has 

produced insights into methods for stable isotope work with European agricultural 

populations, into the stable isotope effects of nursing in humans, and into issues of bone 

carbonate diagenesis. The purpose of this chapter is to summarize the important findings 

of the work, and to point to possible new directions in research that they imply. It begins 

with the main thrust of the dissertation - inquiry into the nature of medieval Greek diets. 

Discussion will then pass to implications of the findings for stable isotope work with 

European agricultural groups, and end with comments on bone carbonate preparation and 

bone carbonate diagenesis. 

10.1. Diet in medieval Greece: An isotopic perspective: This study began with a 

review of historical and other sources on medieval Greek diets. A look through the 

review demonstrates the rich and detailed sources available to those interested in the area, 

and provides an example of the depth of information available to dietary analysts 

working with recent populations. Still, the sources tend, overall, to follow certain trends: 

they typically focus on what was eaten rather than how much; they often provide the 

most detailed information on the least typical members of the population (such as 

Dembinska's monks), and they are coloured by the social associations of food and eating. 

The resulting portrait of diet and resource use in medieval Greece is highly detailed as to 

the identity of items eaten, but is less certain in terms of their importance in the diet. For 

example, do the descriptions of urban commoners' diets in the Prodromic Poems reflect 

easy access to animal protein, or - as seems more likely - must they be dismissed as 

rhetoric? We receive vivid impressions of what people of the time thought that those of 

other ethnic groups ate, but due to the intrusion of misunderstandings, ethnic stereotypes 

and rhetoric into the accounts, are left unsure of their meaning for actual differences in 
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daily diet. At the end of the review, five questions for which stable isotope analysis 

could improve our insight into the time were identified: How important, relatively 

speaking, were animal and plant proteins to the medieval Greek diet? How important 

were marine resources, specifically, to the diet? Did differences in diet truly follow the 

ethnic boundaries suggested by writers of the time? How significant was C4 grain use, 

and did this use increase over time? Finally, were there significant gender differences in 

access to valued foods, specifically meat or fish? 

10.1.1. The discriminatory power of stable isotopes in the region: Analysis of faunal 

remains, as well as extrapolation from modern material, allowed a reconstruction of 

likely 8 1 3 C and 5 I 5 N values for items in medieval diets. When these were combined into 

theoretical diets, some aspects of the potential power of 5 I 3 C and 5 1 5 N analysis to answer 

the questions posed above became clearer. If the question is, 'can stable isotope analysis 

realistically address such questions?', the short answer is yes. However, analysts must be 

aware of certain limitations. First, because C3 grains tends to dominate theoretical diets, 

the expected 8 1 3 C variation between diets dominated by terrestrial and marine resources 

is relatively narrow, and interpretation must work within this framework. Adding to this 

problem is the fact that marine resources of low trophic level are relatively close, 

isotopically speaking, to terrestrial resources. While a diet focusing on these low trophic-

level marine organisms would be isotopically distinct from a diet involving terrestrial 

animal protein, smaller amounts of them incorporated into a diet could go more or less 

unnoticed. A useful aid in this situation is the tendency of diets including variable 

amounts of marine foods to show a positive relationship between protein 5 I 3 C and 5 1 5 N 

values; this opens the possibility that a population primarily dependent on terrestrial 

resources, but with some marine admixture, will be identified through a relationship 

between collagen 5 I 3 C and 5 1 5 N values. The other caution that anyone working in the 

region must bear in mind is that dairy products were easily available, and that at the sites 

studied here they were isotopically similar to meat. This has serious import for any study 

proposing to look at class or gender differences in diet in the area: a near total distinction 
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in meat consumption between rich and poor or men and women could be completely 

erased, isotopically speaking, by increased consumption of dairy products by those 

denied access to meat. 

10.1.2. Isotopic insights into diet in medieval Greece: Given the above provisos, the 

analysis has offered interesting answers to some of the questions posed at the beginning 

of the study. 

10.1.2.a. The importance of animal protein and legumes: Interpretation of collagen 8 I 5 N 

in the human remains was complicated by their unexpectedly high values. While it is 

possible that this is linked to high 5 1 5 N values in grain, it may also be linked to relatively 
I5N-enriched terrestrial foods such as eggs, or to the disproportionate presence of 

nitrogen from more complete dietary proteins in collagen. Whatever the mechanism, the 

5 1 5 N values agree very poorly with values expected from a diet rich in legumes, so much 

so that it seems unlikely that legumes were a large part of the diet in these communities. 

With the caution that grain 5 I 5 N may have played a role, human 8 I 5 N values, at one 

trophic level or more above local domesticated animals, fit expectations for a diet using 

significant animal resources. This argues against reconstructions of the medieval diet 

that have suggested a largely vegan diet as the norm. The key to the apparent 

contradiction may lie in the consumption of dairy products and eggs, both of which 

appear to have been easily accessible by much of the population. If this is the case, it 

certainly emphasizes the importance of the pastoral economy to Greece in the era. 

10.1.2.b. The importance of marine resources: While collagen stable isotope values 

suggest significant use of animal protein by communities of the time, they do not suggest 

a primary reliance on marine resources. It is true that the potential range of collagen 8 C 

from terrestrial-based to marine-based subsistence is narrower here than for some past 

societies due to the impact of C3 grain; however, a significant potential range does exist, 

and mean collagen 8 I 3 C values for all but the Ottoman sites fall into its negative end. 
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This agrees with a primary reliance on terrestrial resources, an interpretation also 

suggested by the absence of an overall relationship between collagen 8 1 5 N and 5 1 3 C in the 

human data set as a whole, and the fact that neither 5 1 5 N nor 5 l 3C(coiia gen) values are higher 

at coastal sites. Instead, the combination of high S 1 5 N and low 8 I 3 C suggests a diet 

combining C 3 grains with meat - or, as suggested in the section above, with dairy 

products and eggs. Two of the coastal sites show evidence for admixture of marine 

resources into this terrestrial-based diet. At medieval Mitilini and Petras, collagen 5 1 3 C is 

generally low and shows modest overall variation. However, there is a positive 

relationship with 5 1 5 N that is not seen at any of the other sites in the study. While the 

overall low 8 C values do not support a staple status for marine resources at either site, 

these correlations appear to indicate that enough marine resources were consumed here to 

make some alteration in tissue values. This makes sense, as these island sites have the 

easiest access to and thus the greatest expected overall importance of marine resources. 

These findings suggest that, in this region, looking for such marine-terrestrial mixing 

curves within populations may allow supplementary marine resource use to be teased 

from the background of general dependence on terrestrial resources. 

10.1.2.C. The importance of C 4 grains: The attempt to document C 4 grain use in the 

medieval and early modern eras using 8 1 3C(C a rbonate) values met with considerable success. 

Reconstruction of hypothetical dietary values showed that C 4 grain is perhaps the easiest 

resource to detect in the area. For most of the period in question, no other food would be 
13 

expected to cause a major departure of human 8 Carbonate) values from the range typical 

for C 3 grain dependence. While cane sugar became easily available in Ottoman times, 
13 

the effects of even substantial cane sugar use on human 8 Carbonate) values are not 

expected to be as great as the effects of C 4 grain use. 

The results of the analysis confirm suggestions from the historical data that C 4 

grains served as human food, functioning as supplements to a primary staple of C 3 grain. 

While the documentary sources also suggest that C 4 grains were used as animal fodder, 

the stable isotope data do not support such a role. The 8 I 3 C values of domesticated 
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animals do not indicate C4 grain consumption (an exception may be seen in the one horse 

or donkey analyzed, which may indicate special treatment for such animals). Also, the 
13 13 

fact that site-to-site differences in human 5 C values are larger for 8 C(C a rb 0nate) than for 

8 Collagen) indicates that C4 grains were used directly as human food; if the shift in 

human 8 1 3 C values were due to the consumption of meat or dairy products from animals 

feeding on C4 grains, the opposite pattern would be seen. 

At most of the sites showing evidence for C4 grain use, its importance in the diet 

seems to have been relatively minor. However, this impression may partially be due to 
13 

the consumption of olive oil, which is expected to draw 8 Carbonate) values down. Olive 

oil definitely seems to have had an impact on 8 l 3C(C a riX )nate) values at Petras; this site 

shows very low 813C(Carbonaie) values, an interesting finding given the documentary 

evidence suggesting high olive oil consumption on Crete. Those groups for which C4 

grains appear to have been most important are the Corinth Ruined Church sample and 

both of the Ottoman Muslim groups. In the case of the earlier Ruined Church sample, 

there is some indication that a rise in millet use took place after a series of local 

calamities including at least one earthquake and a military raid. This suggests either a 

social distinction between those using the site before and after the disasters, or an impact 

on the quality of life of the local population. In the case of the Ottoman remains, 

evidence for higher C4 grain use tallies very well with documentary evidence that maize 

became an important staple in the Ottoman Empire. The results of this study suggest that 

8 l 3C ( c a rbonate) analysis may change our views of C4 grain use in Mediterranean populations 

in various eras. The question of maize use is a particularly interesting one: proper 

application of 8 1 3C(C a rb o nate) analysis could shed light on the importance of this staple in 

various regions of the Mediterranean, and on its development after the initial introduction 

of maize to the area. 

10.1.2.d. Differential access to valued foods by gender: The study found little evidence 

for gender-based differences in diet. At two sites, Servia and Petras, collagen 81 C and 

8 , 5 N values seem to show increased scatter in males relative to females. These results 



468 

could indicate that men in these groups enjoyed a more variable diet than did women. 

This would fit, in a way, with an argument of division by status, with men more free to 

choose their diet - above all, perhaps, its protein component - than women. However, 

the populations are small, and the differences may not be of practical significance. The 

general lack of patterning by sex in the period is quite clear. This may reflect an absence 

of gender patterning in resource use. However, it could also relate to the wide variety of 

protein-rich foods available in the Greek diet. A woman might be given less access to 

meat on a day to day basis, but with the apparent high use of milk and milk products, the 

difference might never show up in tissue values. 

10.1.2.e. Ethnic variation in diet: The original speculations about ethnic dietary 

variability in medieval Greece were not borne out. There is a sound basis in the historical 

record to argue that people of Orthodox faith ate more marine resources than other groups 

in Greece at the time, due partially to religious fasting rules. If this was so, however, the 

effect is not visible in the stable isotope values. The question is complicated by the fact 

that while two of the fast periods, as well as Wednesdays and Fridays, prohibited meat 

but allowed any fish, the strictest fast periods allowed only 'bloodless' marine organisms 

such as shellfish and molluscs. As the reconstruction in Chapter 7 showed, many such 

organisms should have 5 1 3 C values that are relatively low for marine fauna. Thus, 

comments above on the difficulty of detecting low trophic-level marine resources in the 

diet apply. However, protein 5 1 3 C values of hypothetical diets do predict a small but 

consistent 5 1 3 C separation between groups focused on meat and dairy resources and those 

focused on low trophic-level marine resources. Even this minimal difference, which 

would assume that all marine resources eaten were of low trophic level, is not seen 

between Orthodox and other groups in the data set. This does not necessarily indicate 

that the Orthodox groups were not fasting, but rather that no significant isotopic effects 

were seen. Consumption of other foods in non-fast periods might swamp the isotopic 

effect of marine resource use in fast periods (in this case marine resources would appear 

as part of a regime more focused on dairy and meat, agreeing with the pattern seen at 



469 

Petras). As well, a faithful community in an inland area with no access to marine 

resources might consume largely dairy resources when meat was prohibited, and 

consume a vegan diet in the periods that banned dairy use. In this light, it would be 

extremely interesting to see the stable isotope values for a monastic community. The 

restricted diets consumed by monks were largely vegan, or vegan with small supplements 

of fish or dairy, predicting that if there is any community in Greece where the isotopic 

impact of religious beliefs would be seen, it would be a monastic one. 

The other ethnic difference originally proposed was a higher consumption of meat 

by Frankish populations. Here, the problem is the fact that meat and dairy resources have 

expected 5 1 3 C and 5 I 5 N values that are practically identical. Because of this, 

consumption of the two cannot be distinguished. The Frankish populations do not differ 

substantially from the Orthodox groups in 5 , 3 C or 5 1 5 N. However, it is not possible to 

say whether this indicates no difference in resource use; Orthodox populations could 

easily have been consuming more dairy products, while Frankish groups ate more meat. 

In the absence of either of the ethnic dietary distinctions that were originally 

suggested for this region, the only ethnic pattern seen in the data set is one of higher 5 C 
13 

values and increased variability in the Ottoman groups. Part of the 5 ' J C increase appears 

to reflect the increase in C4 grain consumption that was discussed above. However, the 

increased scatter is more likely to reflect higher population mobility in Ottoman times. 

10.2. Population mobility in Ottoman Greece: One of the most interesting aspects of 

the data set was the high variability seen in the two Ottoman groups. This variability was 

of a different sort for each of the two groups. The Corinth Ottomans show a substantial 

scatter in general, with varying relationships between collagen 5 I 3 C and 5 1 5 N, suggesting 

more than one type of diet being consumed. In contrast, the Mitilini Ottoman sample is 
13 

composed of a main group and a few outliers with much higher 5 C values who must 

have consumed a diet radically different from that eaten by the majority. Both of these 

patterns could theoretically arise from consumption of extremely variable diets by a 

stationary population. However, it was argued in Chapter 9 that the scattered values 
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more likely result from movement of individuals from other populations into the area. 

For the Corinth group, that interpretation agrees with work on skeletal nonmetric traits; 

together, the two suggest a highly mobile population that would fit a pattern of new 

Muslim immigration into Greece, from a variety of regions, during the early years of 

Ottoman rule. In contrast, the pattern in the Mitilini data agrees with a stationary 

population, with frequent immigration from areas with high C4 grain and/or marine 

resource consumption. 

8 I J C and 8 , J N are basically dietary indicators, and cannot serve as the primary 

basis for an argument of mobility. In order for this suggestion to be confirmed, an 

analysis whose results may be more confidently interpreted in terms of geographic 

mobility must be performed. A n obvious candidate is 5 O analysis, performed on dental 

enamel carbonate or bone phosphate. If the 8 1 3 C and 8 1 5 N patterns are truly caused by 
i o i g 

immigration, 8 O differences would also appear, providing that local 8 O values at the 

immigrants' point of origin differed from those in the are where they died. A bone/tooth 

comparison, provided that the tooth in question was one formed in late childhood, could 

be particularly useful, as it would also survey the population for the presence of people 

who had moved to the area many years ago, and whose distinctive bone values had been 

erased by turnover. In order for the analysis to be correctly interpreted, an idea of local 

8 1 8 0 values in Greece must be developed; this could be achieved by using enamel 8 1 8 0 

from faunal remains in archaeological sites. Confirming Ottoman mobility would be 

only one of the benefits of 8 1 8 0 analysis. The same technique could also be used to 

examine other situations in which substantial mobility is expected. For example, it would 

be extremely interesting to know more about the one isotopic outlier at Early Christian 
1 8 

Nemea. An examination of 8 O in the Corinth Frankish population could also be very 

informative. The Corinth Franks do not show extreme 8 C or 8 N variability; however, 

immigrants in that population are assumed to come from Europe, whose medieval and 

early modern populations have 8 1 3 C and 8 1 5 N values similar to those seen in this study. 

8 1 8 0 analysis, however, should pick some of them out clearly, as the Frankish community 

in Greece included people whose origins lay in areas such as central France, a far cooler 
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climate. In fact, 5 O analysis has a wide range of potential applications in Greek 

populations that is not limited to the medieval period; an obvious next step, after 

examining populations for which we have sound historical evidence for mobility, would 

be to extend the study into earlier periods for which high residential mobility has been 

suggested (based, for example, on trade patterns), but no historical documents exist to 

confirm it. 

10.3. Stable isotope values in European agriculturalists: The results of this study 

fall in line with prior observations on European agriculturalists in two important ways. 

First, 8 1 3 C values fall into the generally narrow range of European values. It has been 

argued here that this range is the result of heavy C3 grain use, which has a dampening 

effect on potential 5 1 3 C variability. Second, the results are similar to those reported for a 

variety of agricultural groups in showing unexpectedly high 5 1 5 N values. The 

hypothetical diets constructed for medieval populations predict low 5 I 5 N values resulting 

from a heavy consumption of grain protein. However, the medieval groups show 5 I 5 N 

values elevated a full trophic level above the local domesticated animals from which 

most of the animal proteins in their diets likely came. Some possible reasons for this 

were discussed. These included two general mechanisms of concern for dietary 

reconstruction in general. First, traditionally grown grain may have unexpectedly high 

6 I 5 N values due to traditional fertilization methods involving manuring. Second, human 

collagen 5 I 5 N values in a mixed economy may be biased toward the values of the higher 

quality proteins in the diet. This would match a few observations made to date on 

modern human hair. If the second observation is correct, typical assumptions regarding 

the import of 5 I 5 N values in agricultural populations must be re-examined. If 5 I 5 N 

responds in a nonlinear way to the presence of higher quality proteins in the diet, the 

proportion of animal protein or legumes in the diets of agricultural groups may be 

systematically overestimated. Hopefully, future research will shed light on these 

questions, and remove some of the uncertainties involved in interpreting S I 5 N in 

agricultural groups. 
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10.4. Nursing and the trophic level 5 I 3 C effect: One of the other interesting results of 

the study involves the trophic level effects of nursing. The infant remains from most of 

the sites show the expected 8 1 5 N value increase related to nursing. However, several of 

them also show higher 5 1 3 C. This is generally present in infants still showing higher 8 1 5 N 

values; in two cases, the child shows higher 5 C in the absence of higher 5 N . Given 

the small number of infants available and the fact that they come from different 

communities, it is not possible to say as much about the meaning of the pattern as would 

be desired. The pattern does not agree with that expected from feeding with a C4 grain 

weaning mush, as the effect is seen in collagen 5 C but not carbonate 6 C. 

Supplemental feeding with animal milk is also an unlikely explanation for the high 5 I 3 C 

values, as reconstructed values for dairy protein S C are low. Thus, it appears that the 

5 1 3 C increase seen in these infants reflects a 5 1 3 C trophic level shift due to nursing. Such 

a shift is predicted by the +\%o trophic level § I 3 C shift seen in nature, and would fit the 

pattern seen, in which higher 5 I 3 C tends to go hand in hand with higher 6 I 5 N. 

Populations such as this, with a heavy C3 focus and little internal collagen 5 I 3 C 

variability in adults, are the sort in which the small 8 I 3 C nursing effect would be expected 

to make itself seen. Further examples of 8 I 3 C trophic level effects due to nursing will 

likely be seen as more studies are carried out on European populations with few or no 

potential sources of C4-derived carbon in their diets. Against the narrow 6 I 3 C variation 

that would typify such populations, even the small trophic level effect predicted for 

nursing should show up clearly. 

10.5. Carbonate preparation and carbonate diagenesis: The preparation of 

carbonate samples for this study, the results of an experiment designed to help choose a 

preparation method and the evidence for diagenesis in the study sample together provide 

some interesting information for 8 I 3 C analysis of archaeological bone carbonate. The 

carbonate analysis unquestionably met with difficulties. However, results in the end were 

informative. While bone carbonates present more challenges than enamel carbonates in 
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terms of diagenetic alteration, continued refinement of preparation methods and 

diagenesis indicators should allow them to provide useful 5 I 3 C information in many 

cases. The specific information gained in this study was as follows: 

10.5.1. Sample preparation: time and concentration of acid treatment: The results of 

the preparation experiment comparing 1.0 M and 0.1 M acid treatments support the use of 

0.1 M acid. One benefit of a less concentrated acid soak is that it causes less sample loss. 

As well, treatment with the more concentrated solution caused unusual FTIR profiles in 

some samples that may reflect problems with recrystallization. The time needed in acid 

treatment appears to be minimal. There is no indication of net sample dissolution or 

carbonate 5 1 3 C alteration beyond the four hour point. Longer times in acid treatment may 

cause treatment-induced degradation: fluctuations in 5 O and FTIR ratios in samples 

treated for over four hours suggest that recrystallization may occur. While this did not 

seem to affect sample 5 I 3 C in the samples studied, it should still be avoided if at all 

possible. 

The experiment also showed a differential impact of the two acid concentrations 

on sample 5 1 3 C and 5 I 8 0 . Both of the isotopes show a consistently greater shift in the 1.0 

M acid treatment. Repeat samples prepared with doubled amounts of acid solution 

indicate that this does not relate to increased dissolution in 1.0 M acid. Instead, it may 

document a differential fractionation effect similar to that proposed by previous 

researchers. If this is the case, it has serious implications for interpreting data in the 

literature. Researchers have used both 1.0 M and 0.1 M acid; use of the lower 

concentration is becoming more and more predominant. If the results of the preparations 

are truly not comparable, comparisons of some values in the literature may produce 

misleading conclusions. 

10.5.2. Sample preservation indicators: the performance of mineral yield: The second 

interesting conclusion of the study in terms of carbonate analysis is the documentation of 

mineral yield as a potentially valuable preservation indicator. The preparation 
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experiment demonstrated that mineral yield is a good proxy for sample organic content. 

Based on this speculation, this measure was included as a quality indicator for the 

carbonate analysis in this project. Its performance was successful: correlations between 

mineral yield and sample 5 I 3 C revealed problems with diagenesis at some of the sites, 

and aided in the elimination of suspect samples. FTIR scans of the study samples 

indicate that high mineral yield was generally associated with increased recrystallization. 

Data on the study samples also suggest that organic content, as measured by mineral 

yield, was more important in determining diagenetic change in the samples than was 

collagen matrix integrity. These relationships are not completely consistent; as seen in 

other examinations of diagenesis in the literature, multiple factors appear to be at work. 

Overall, however, the performance of mineral yield in this study points to its potential 

value as an indicator of sample quality in bone carbonate analysis. 

Thus, in all, this research has advanced knowledge both in the area of medieval 

Greek lifeways and in more general areas of archaeological stable isotope analysis. The 

work advances knowledge on preferred bone carbonate preparation techniques, and 

introduces an easily determined and inexpensive measure for judging diagenetic 

alteration in these carbonates. The information provided on life in medieval and early 

modern Greece is not limited to insights into diet, but extends to population mobility 

patterns in Ottoman times. The results demonstrate the wealth of information that can 

potentially be gained through the stable isotope analysis of historical populations. 
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Appendix 1: Human and Faunal Samples Included in the Study 

This appendix contains a full list of archaeological bone samples collected for analysis, 

along with identification by age, sex and species. It also includes a list of modern marine 

species sampled. 

Table A l . l : Human Bone Samples from Ayios Nicolaos 
Sample No. Sex Age 
SAG-01 male adult 
SAG-02 unknown 10- 17yr 
SAG-03 female adult 
SAG-04 unknown adult 
SAG-05 unknown adult 
SAG-06 female young adult 
SAG-07 female adult 
SAG-08 female young adult 
SAG-09 female middle adult 
SAG-10 unknown 7 - 8 y r 
SAG-11 unknown 24 - 36 mo 
SAG-12 unknown 10- 12 yr 
SAG-13 male adult 

Table A1.2: Human Bone Samples from the Hephaisteion 
Sample No. Sex Age 
SAG-14 male adult 
SAG-15 unknown 10- 12 yr 
SAG-16 unknown 7- 10 yr 
SAG-17 unknown 4 - 7 y r 
SAG-18 male middle adult 
SAG-19 unknown adult 
SAG-20 unknown adult 
SAG-21 unknown adult 
SAG-22 male adult 
SAG-23 male adult 
SAG-24 unknown adult 
SAG-25 unknown adult 
SAG-26 unknown adult 
SAG-27 female adult 
SAG-28 unknown adult 



Table A1.3: Human Bone Samples from the 
Frankish Cemetery at Corinth 

Sample No. Sex Age 
SCO-42 unknown 5.5 - 6.5 yr 
SCO-43 unknown 24 - 30 mo 
SCO-48 female middle adult 
SCO-49 unknown 7- 10 mo 
SCO-50 male middle adult 
SCO-52 female old adult 
SCO-53 unknown 16- 18mo 
SCO-54 male young adult 
SCO-57 male young adult 
SCO-58 unknown 30 - 36 mo 
SCO-59 male young adult 
SCO-60 female young adult 
SCO-63 female middle adult 
SCO-64 female young adult 
SCO-65 male young adult 

Table A1.4: Human Bone Samples from the 
Ruined Church Cemetery at Corinth 

Sample No. Sex Age 
SCO-04 female young adult 
SCO-05 unknown 30 - 36 mo 
SCO-06 female young adult 
SCO-07 unknown 24 - 30 mo 
SCO-10 male old adult 
SCO-13 male middle adult 
SCO-15 male young adult 
SCO-16 unknown 4.6 - 5.5 yr 
SCO-17 female young adult 
SCO-18 female old adult 
SCO-19 female young adult 
SCO-21 male young adult 
SCO-23 unknown 3 - 4 y r 
SCO-24 male young adult 
SCO-25 unknown 18 - 24 mo 



Table A1.5: Human Bone Samples from the 
Ottoman Cemetery at Corinth 

Sample No. Sex Age 
SCO-26 female young adult 
SCO-27 female old adult 
SCO-28 male young adult 
SCO-29 female young adult 
SCO-30 female young adult 
SCO-31 male young adult 
SCO-32 male young adult 
SCO-33 unknown 24 - 36 mo 
SCO-34 male middle adult 
SCO-35 unknown 8 -9y r 
SCO-36 male 14-16 yr 
SCO-37 unknown 4.0 - 4.5 yr 
SCO-38 female young adult 
SCO-39 unknown 12- 18mo 
SCO-40 unknown ca. 16 mo 
SCO-41 male middle adult 

Table A1.6: Human Bone Samples from the 
Gatteliusi Cemetery at Mitilini 

Sample No. Sex Age 
SMY-01 unknown 12-24 mo 
SMY-02 male adult 
SMY-03 unknown 24 - 36 mo 
SMY-04 male old adult 
SMY-05 unknown adult 
SMY-06 male adult 
SMY-07 unknown 18-20 yr 
SMY-08 female middle adult 
SMY-09 unknown adult 
SMY-10 unknown adult 
SMY-11 male old adult 
SMY-12 unknown adult 
SMY-13 unknown adult 
SMY-14 female middle adult 
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Tabic A1.7: Human Bone Samples from the Ottoman Cemetery at Mitilini 
Sample No. Sex Age Sample No. Sex Age 
SMY-15 male young adult SMY-38 male adult 
SMY-16 male middle adult SMY-39 male young adult 
SMY-17 unknown adult SMY-40 male middle adult 
SMY-18 male middle adult SMY-41 male 14- 16 yr 
SMY-19 unknown middle adult SMY-42 unknown adult 
SMY-20 unknown adult SMY-43 female young adult 
SMY-21 unknown 4 - 7 y r SMY-44 unknown old adult 
SMY-22 unknown adult SMY-45 unknown adult 
SMY-23 unknown adult SMY-46 unknown adult 
SMY-24 unknown adult SMY-47 unknown adult 
SMY-25 female middle adult SMY-48 unknown adult 
SMY-26 unknown young adult SMY-49 unknown adult 
SMY-27 female young adult SMY-50 male middle adult 
SMY-28 male young adult SMY-51 male adult 
SMY-29 unknown adult SMY-52 unknown adult 
SMY-30 unknown young adult SMY-53 female young adult 
SMY-31 male middle adult SMY-54 unknown < 18 yr 
SMY-32 unknown young adult SMY-55 unknown adult 
SMY-33 female young adult SMY-56 unknown adult 
SMY-34 unknown young adult SMY-57 male middle adult 
SMY-35 unknown adult SMY-58 unknown adult 
SMY-36 unknown old adult SMY-59 unknown adult 
SMY-37 male adult SMY-60 unknown adult 
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Tabic A1.8: Human Bone Samples from Early Christian Nemea 
Sample No. Sex Age Sample No. Sex Age 
SNE-01 unknown adult SNE-16 female old adult 
SNE-02 unknown adult SNE-17 male adult 
SNE-03 unknown 6- 10 yr SNE-18 unknown 12 - 17 yr 
SNE-04 female adult SNE-19 male adult 
SNE-05 female young adult SNE-20 male adult 
SNE-06 unknown 12- 15 yr SNE-21 female middle adult 
SNE-07 male adult SNE-22 female middle adult 
SNE-08 unknown 5 - 9 y r SNE-23 male adult 
SNE-09 female adult SNE-24 unknown 3 - 5 yr 
SNE-10 unknown adult SNE-25 male middle adult 
SNE-11 male 40 - 50 yr SNE-26 female middle adult 
SNE-12 male adult SNE-27 male young adult 
SNE-13 unknown adult SNE-28 male young adult 
SNE-14 male young adult SNE-29 male old adult 
SNE-15 unknown 5 - 11 yr 

Table A1.9: Human Bone Samples from Medieval Nemea 
Sample Sex Age Sample Sex Age 
SNE-30 male young adult SNE-43 male young adult 
SNE-31 unknown 5 - 10 yr SNE-44 female old adult 
SNE-32 unknown 16-32 mo SNE-45 male adult 
SNE-33 male middle adult SNE-46 unknown 12- 15 yr 
SNE-34 female old adult SNE-47 male middle-old adult 
SNE-35 female young adult SNE-48 male young adult 
SNE-36 male adult SNE-49 female old adult 
SNE-37 unknown adult SNE-50 unknown 15-28 mo 
SNE-38 male young adult SNE-51 female young adult 
SNE-39 unknown adult SNE-52 female§ 4 - 6 yr 
SNE-40 male middle-old adult SNE-53 unknown adult 
SNE-41 male young adult SNE-54 female middle adult 
SNE-42 female middle adult 

§ sex established from grave goods 
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Table A1.10: Human Bone Samples from Byzantine Petras 
Sample No. Sex Age 
SPE-01 male young adult 
SPE-02 unknown 4 - 5 yr 
SPE-03 male middle adult 
SPE-04 male middle adult 
SPE-05 female young adult 
SPE-06 male young adult 
SPE-07 unknown 6 - 7 y r 
SPE-08 male young adult 
SPE-09 female middle-old adult 
SPE-10 male middle adult 
SPE-11 female adult 
SPE-12 male middle-old adult 
SPE-13 female young adult 
SPE-14 unknown 5.5-6.5 yr 
SPE-15 male young adult 
SPE-16 unknown 30 - 42 mo 
SPE-17 female adult 

Table A l . l l : Human Bone Samples from the Episcopal Church at Servia 
Sample No. Sex Age Sample No. Sex Age 
SSE-01 male adult SSE-35 male adult 
SSE-02 ?? 8 - 11 yr SSE-36 female middle adult 
SSE-03 ?? 3 - 7 y r SSE-37 unknown ca. 12 mo 
SSE-04 ?? 15 -20yr SSE-38 unknown adult 
SSE-05 female adult SSE-39 female young adult 
SSE-06 female young adult SSE-40 male adult 
SSE-07 male adult SSE-41 unknown young adult 
SSE-08 female middle adult SSE-42 unknown 14- 18 yr 
SSE-18 male adult SSE-43 female middle-old adult 
SSE-33 male adult SSE-44 male adult 
SSE-34 female adult 



Table A1.12: Archaeological Fauna Bone Samples 
Site Genus Period N Total 

Athens Ovis/Capra 9 t h - 10 th c. 
12 t h - 13 th c. 
15 t h -16 t h c. 

18 , hc. 

3 
5 
1 
2 11 

Sus 9 t h - 10 th c. 
12 t h - 13 th c. 
15 t h - 16th c. 

18 , hc. 

3 

6 
Bos 9 t h - 10 th c. 

12 t h - 13 th c. 
15 t h -16 t h c. 

2 

4 
Equus 9 t h - 10 th c. 1 1 

Corinth Ovis/capra 12 th c. 5 
Sus 12 t h c. 1 1 
Bos 12 th c. 1 1 

Mitilini Ovis Byzantine 
Ottoman j 3 

Capra Ottoman 1 1 
Ovis/Capra Byzantine 

Ottoman J 2 
Sus Byzantine 3 3 
Bos Byzantine 1 

Ottoman 2 3 
Total Faunal Samples 41 
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Table A1.13: Mediterranean Marine Species Analyzed 
Scientific name Greek name English name Diet (major dependence) 
Sardina pilchardus Zap5eA.a pilchard Plankton 
Engraulis Taupot^ European Zooplankton 
encrasicolus anchovy 
Boops boops rona bogue Omnivorous (plants/algae) 
Pagellus erythrinus AiGpivi common Omnivorous 

pandora (invertebrates, small fish) 
Sparus aurata Toinoupa gilt-head sea Omnivorous (crustaceans, 

bream molluscs, fish) 
Diplodus sargus Eapyo^ white sea Carnivorous 

bream (invertebrates) 
Micromestitius M7iaKaA , i a p o £ , Blue whiting Carnivorous 
poutassou (crustaceans, amphipods) 
Mullus surmuletus MnapnTtouvi red mullet Carnivorous 

(invertebrates, small fish) 
Scomber scombrus EKOUUTtpi Atlantic Carnivorous 

mackerel (crustaceans, worms, fish) 
Dentex marocanus Morocco Carnivorous 

dentex (crustaceans, fish) 
Trachurus Za((>pi9i horse mackerel Carnivorous 
mediterraneus (crustaceans, fish) 
Octopus vulgaris OKTO7IO8I Common Carnivorous 

octopus (crustaceans, bivalves) 
Loligo vulgaris KaXapapi Common squid Carnivorous (crustaceans, 

molluscs, fish) 
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Appendix 2: Preservation Indicators and Stable Isotope Values 

The first table in this appendix presents all stable isotope values and values for 

preservation indicators obtained in the study, for both accepted and rejected samples. 

The relationship between poor collagen yield and poor mineral quality that is discussed in 

Chapter 6 was noted part of the way through the analytical work. As it was decided at 

that point to base interpretation of 8 C(carbonate) values only on samples which had 

provided passable collagen, some samples with poor quality collagen were not submitted 
13 

for carbonate 8 C analysis (noted as 'not run'). The other tables present information on 

the samples excluded from the final set of collagen and carbonate 8 I 3 C values. These 

include samples omitted due to poor preservation indicators, and due to the need to 

eliminate correlations between stable isotope values and preservation indicators. 

Table A2.1: A l l Values, Human and Faunal Samples 
Sample Collagen Data Carbonate Data 

Yield 8 1 5 N 8 , 3 C C/N % N %C Mineral 8 , 3 C 8 , s O 
(%) (%o AIR) (%o P D B ) Yield (%) (%o P D B ) (%« P D B ) 

Agora faunal 
SAG-F01 13.0 3.3 -19.9 3.2 15.7 43.1 66.2 -11.3 -6.8 
SAG-F02 14.7 6.4 -20.9 3.2 15.8 42.9 68.5 -12.4 -6.4 
SAG-F03 13.1 4.7 -17.3 3.3 15.6 43.9 68.8 -9.1 -5.4 
SAG-F04 13.6 11.7 -19.8 3.3 15.4 43.1 66.8 -12.2 -10.9 
SAG-F05 12.6 4.5 -20.3 3.2 15.6 43.3 65.9 -11.7 -6.3 
SAG-F06 8.8 9.1 -18.9 3.2 15.6 42.9 58.8 -11.7 -7.0 
SAG-F07 14.2 3.9 -19.2 3.3 15.6 43.8 64.9 -11.5 -5.7 
SAG-F08 15.9 4.6 -21.1 3.3 15.8 44.2 61.2 -11.2 -6.3 
SAG-F09 11.9 8.0 -20.1 3.2 15.4 44.2 69.3 -12.0 -5.1 
SAG-F12 9.4 6.3 -19.9 3.2 15.8 44.0 70.9 -10.2 -5.6 
SAG-F13 7.8 9.3 -19.9 3.2 15.7 43.4 69.9 -10.9 -5.6 
SAG-F14 14.1 3.9 -19.7 3.2 15.8 43.2 67.4 -12.0 -6.4 
SAG-F15 9.5 4.2 -19.5 3.3 15.8 43.6 65.7 -11.6 -6.6 
SAG-F16 3.3 4.0 -19.6 3.3 15.6 43.8 69.3 -8.9 -6.3 
SAG-F17 16.3 6.7 -19.9 3.2 15.5 44.0 69.0 -10.3 -10.8 
SAG-F18 16.3 5.6 -19.4 3.2 14.6 40.7 60.8 -10.8 -4.5 
SAG-F19 8.4 6.4 -19.9 3.3 15.9 43.2 70.7 -10.5 -7.2 
SAG-F20 12.2 6.4 -20.8 3.3 15.8 43.2 63.7 -11.0 -8.4 
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Table A2.1: All Values, Human and Faunal Samples (continued) 
Sample Collagen Data Carbonate Data 

Yield 5 1 5 N 5 1 3 C C/N % N %C Mineral 5 , 3 C 5 1 8 0 
(%) (%o AIR) (%o PDB) Yield (%) (%» PDB) (%» PDB) 

Agora faunal (continued) 
SAG-F21 15.0 7.3 -19.0 3.2 15.0 42.3 68.9 -10.2 -5.4 
SAG-F22 19.0 3.7 -19.9 3.3 15.7 44.3 61.6 -10.9 -6.2 
SAG-F23 10.3 6.2 -21.1 3.2 15.8 43.4 71.1 -12.0 -14.0 

Agora human 
SAG-01 2.6 9.6 -19.2 3.3 14.9 41.9 74.7 -11.0 -5.7 
SAG-02 2.9 9.9 -19.8 3.3 14.9 42.0 73.6 -10.4 -5.6 
SAG-03 7.0 9.0 -19.3 3.2 16.5 45.7 67.7 -10.5 -4.8 
SAG-04 6.5 9.3 -19.7 3.2 17.2 47.7 71.2 -10.0 -5.5 
SAG-05 1.7 8.5 -19.7 3.3 16.0 45.1 73.0 -10.6 -4.5 
SAG-06 2.5 10.1 -19.8 3.3 15.2 43.4 74.5 -9.8 -5.4 
SAG-07 9.5 8.3 -19.2 3.2 15.0 41.6 70.2 -10.2 -6.8 
SAG-08 10.1 10.3 -19.4 3.2 16.7 46.3 65.2 -11.8 -8.1 
SAG-09 5.8 10.2 -19.3 3.2 16.2 45.0 70.1 -10.3 -4.8 
SAG-10 13.8 10.5 -19.8 3.2 16.7 46.2 59.4 -11.9 -6.1 
SAG-11 3.5 12.1 -18.7 3.3 17.4 49.1 67.0 -10.8 -4.6 
SAG-12 12.2 10.7 -19.7 3.2 15.2 42.1 62.5 -12.0 -6.8 
SAG-13 5.9 10.8 -19.4 3.4 14.8 43.7 73.3 -11.3 -6.0 
SAG-14 10.3 12.7 -19.6 3.3 15.9 44.4 59.2 -13.6 -7.5 
SAG-15 0.4 10.5 -19.1 3.5 14.0 41.8 72.6 -11.8 -5.6 
SAG-16 6.3 10.4 -18.9 3.3 16.2 46.0 71.1 -12.1 -5.6 
SAG-17 2.2 11.1 -19.0 3.3 16.6 46.8 75.1 -11.8 -6.4 
SAG-18 3.3 12.0 -18.9 3.4 15.3 44.6 63.9 -10.6 -6.0 
SAG-19 3.5 10.6 -19.3 3.3 16.1 45.2 74.4 -11.6 -6.7 
SAG-20 0.5 17.8 -19.2 6.7 4.8 31.8 75.2 -11.5 -6.6 
SAG-21 1.3 11.6 -19.8 3.6 14.6 45.4 75.7 -8.9 -7.3 
SAG-22 20.8 12.5 -19.4 3.2 15.3 42.5 51.9 -13.0 -8.6 
SAG-23 21.6 11.8 -20.1 3.2 16.5 45.9 55.6 -12.9 -7.2 
SAG-24 16.2 10.2 -19.0 3.3 16.1 45.0 60.0 -12.3 -6.9 
SAG-25 10.1 9.1 -19.1 3.3 15.7 44.1 65.0 -10.6 -5.3 
SAG-26 8.6 9.7 -19.4 3.3 17.4 48.9 63.8 -10.6 -4.2 
SAG-27 4.7 10.5 -19.3 3.3 14.9 42.8 72.4 -9.4 -4.8 
SAG-28 4.6 11.4 -19.4 3.3 16.4 46.3 62.2 -11.2 -5.3 

Corinth faunal 
SCO-F01 3.1 5.3 -19.8 3.4 14.2 41.8 77.7 -10.7 -6.3 
SCO-F02 4.5 3.5 -19.8 3.2 15.3 43.7 79.9 -9.9 -4.9 
SCO-F03 1.7 5.9 -21.2 3.4 14.2 41.0 76.8 -9.8 -2.7 
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Table A2.1: All Values, Human and Faunal Samples (continued) 
Sample Collagen Data Carbonate Data 

Yield 5 , 5 N 5 , 3 C C/N % N %C Mineral 5 , 3 C 6 1 8 0 
(%) (%o AIR) (%o PDB) Yield (%) (%, PDB) (%0 PDB) 

Corinth faunal (continued) 
SCO-F04 11.2 4.0 -19.9 3.3 15.5 44.2 66.1 -11.9 -5.2 
SCO-F05 2.3 3.1 -19.1 3.3 14.4 41.1 74.4 -9.4 -2.5 
SCO-F06 7.9 4.2 -20.4 3.3 15.1 42.4 66.3 -10.1 -2.6 
SCO-F07 9.8 3.6 -19.6 3.3 15.3 42.8 60.1 -10.8 -8.0 

Corinth human 
SCO-04 4.3 9.8 -19.1 3.3 15.0 42.5 72.9 -9.9 -7.0 
SCO-05 9.7 10.2 -18.7 3.2 15.5 41.8 64.8 -9.1 -3.7 
SCO-06 1.8 8.1 -19.3 3.5 14.3 42.4 76.0 not run not run 
SCO-07 9.3 10.1 -18.8 3.3 14.9 41.9 56.3 -9.9 -5.3 
SCO-10 2.0 10.4 -19.4 3.5 13.8 41.5 70.6 not run not run 
SCO-13 2.6 10.1 -19.1 3.4 14.3 42.1 71.5 not run not run 
SCO-15 5.4 9.4 -18.9 3.2 15.7 43.6 68.3 -9.6 -7.5 
SCO-16 4.4 8.9 -19.3 3.3 14.6 41.3 68.5 -8.8 -5.3 
SCO-17 10.2 9.5 -19.0 3.1 15.8 42.6 65.0 -10.5 -5.6 
SCO-18 8.9 9.9 -18.7 3.2 16.0 43.7 68.2 -9.8 -2.7 
SCO-19 15.2 9.3 -18.6 3.2 16.1 44.0 62.7 -10.6 -6.0 
SCO-21 4.8 9.5 -19.2 3.3 15.4 43.2 71.3 -10.3 -6.8 
SCO-23 8.4 10.0 -18.9 3.2 15.9 43.3 61.3 -9.2 -7.0 
SCO-24 9.6 9.7 -18.8 3.2 15.8 42.5 64.2 -10.1 -7.2 
SCO-25 8.2 8.8 -18.8 3.3 15.1 42.5 63.3 -8.6 -4.8 
SCO-26 0.8 9.8 -19.0 3.4 11.7 33.6 75.8 not run not run 
SCO-27 9.3 9.1 -19.1 3.3 14.8 42.0 69.3 -10.0 -5.6 
SCO-28 5.2 14.2 -18.6 3.3 15.3 43.2 71.8 -10.0 -7.5 
SCO-29 4.9 9.6 -17.4 3.4 14.7 42.6 71.0 -8.3 -6.0 
SCO-30 4.3 8.3 -18.1 3.4 14.3 41.3 73.7 -8.4 -6.0 
SCO-31 3.0 12.3 -18.1 3.4 14.8 42.5 75.1 -9.9 -7.3 
SCO-32 10.8 8.9 -17.6 3.3 15.5 42.5 69.6 -5.9 1.4 
SCO-33 7.3 10.1 -16.9 3.2 15.1 41.6 66.0 -8.5 -5.6 
SCO-34 4.0 10.7 -15.4 3.3 14.1 40.3 74.6 -7.3 -3.4 
SCO-35 5.4 8.4 -16.4 3.3 14.6 41.5 67.0 -8.1 -7.0 
SCO-36 4.3 8.4 -18.2 3.2 15.0 41.6 75.2 -8.9 -7.1 
SCO-37 3.8 10.9 -18.4 3.4 14.0 41.2 73.4 -9.0 -6.0 
SCO-38 5.5 10.2 -18.9 3.3 14.6 41.4 69.1 -10.4 -5.4 
SCO-39 6.2 13.2 -18.0 3.3 15.0 42.1 70.3 -9.5 -6.2 
SCO-40 11.0 12.1 -18.6 3.3 15.1 42.9 57.1 -9.8 -5.4 
SCO-41 6.9 8.0 -18.6 3.4 14.2 41.4 68.4 -9.8 -7.1 
SCO-42 14.1 9.0 -19.1 3.2 15.5 42.2 67.6 -11.0 -7.6 
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Table A2.1: AH Values, Human and Faunal Samples (continued) 
Sample Collagen Data Carbonate Data 

Yield 8 1 5 N 8 1 3 C C/N % N %C Mineral 8 I 3 C 8 1 8 0 
(%) (%o AIR) (%o PDB) Yield (%) (%o PDB) (%o PDB) 

Corinth human (continued) 
SCO-43 13.9 10.0 -19.0 3.2 15.7 42.6 66.2 -10.8 -7.5 
SCO-48 10.4 11.0 -19.2 3.2 15.7 42.8 68.8 -11.9 -5.3 
SCO-49 9.2 13.5 -18.6 3.2 15.0 41.3 66.9 -11.3 -6.9 
SCO-50 6.3 10.0 -19.1 3.3 14.8 41.8 76.2 -11.1 -9.0 
SCO-52 14.9 10.6 -18.4 3.3 15.0 42.3 70.4 -11.5 -8.8 
SCO-53 6.6 14.4 -18.3 3.2 14.8 40.8 77.1 -11.4 -9.4 
SCO-54 8.3 10.5 -18.5 3.2 15.7 43.5 68.9 -11.7 -6.2 
SCO-57 7.7 8.5 -18.7 3.2 15.7 43.0 69.4 -10.7 -7.1 
SCO-58 8.3 10.5 -17.4 3.2 14.9 41.5 72.4 -10.5 -6.0 
SCO-59 6.8 8.6 -19.0 3.3 15.4 43.3 74.1 -10.8 -7.8 
SCO-60 3.6 11.4 -19.1 3.3 14.2 40.7 77.0 -10.7 -7.7 
SCO-63 11.6 10.2 -18.7 3.2 15.3 42.1 69.4 -11.8 -4.7 
SCO-64 6.1 10.4 -18.2 3.3 14.9 42.0 74.1 -11.7 -6.5 
SCO-65 8.0 10.2 -18.6 3.2 15.0 41.4 76.1 -10.6 -6.1 

Mitilini faunal 
SMY-F01 0.0 78.3 not run not run 
SMY-F02 4.2 6.2 -21.5 3.3 15.9 46.3 75.4 -10.1 -3.7 
SMY-F03 4.4 6.3 -21.2 3.4 15.3 46.1 78.4 -9.7 -4.8 
SMY-F04 3.6 5.2 -21.5 3.4 16.1 46.4 81.4 -9.9 -5.7 
SMY-F05 4.2 5.7 -21.1 3.2 15.7 43.7 63.3 -12.8 -9.2 
SMY-F06 5.7 6.0 -20.4 3.3 15.6 43.8 74.3 -9.5 -4.8 
SMY-F07 1.4 6.6 -21.8 3.3 15.6 44.5 80.1 not run not run 
SMY-F12 7.7 8.4 -21.7 3.3 16.4 46.6 77.9 -10.9 -6.8 
SMY-F13 2.3 8.3 -20.8 3.5 15.2 45.8 73.8 not run not run 
SMY-F14 0.2 8.7 -21.1 3.7 14.0 43.9 78.4 not run not run 
SMY-F15 5.5 3.5 -21.4 3.4 16.0 47.0 70.6 -8.5 -5.8 
SMY-F16 4.6 7.6 -20.3 3.6 14.8 45.6 68.8 not run not run 

Mitilini human 
SMY-01 6.0 10.9 -18.1 3.3 14.6 41.5 71.9 -10.9 -14.5 
SMY-02 4.7 7.3 -19.5 3.3 17.1 48.0 67.2 -10.4 -7.5 
SMY-03 6.8 8.6 -19.1 3.3 16.0 44.3 73.2 -10.9 -7.6 
SMY-04 4.3 9.7 -19.0 3.3 15.6 43.8 79.8 -10.6 -7.1 
SMY-05 0.0 81.7 -11.8 -7.1 
SMY-06 0.0 82.3 not run not run 
SMY-07 6.0 9.5 -19.1 3.2 15.7 43.3 73.3 -9.6 -8.4 
SMY-08 11.4 7.8 -19.5 3.3 15.9 44.8 62.2 -12.3 -7.3 
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Table A2.1: AH Values, Human and Faunal Samples (continued) 
Sample Collagen Data Carbonate Data 

Yield 8 , 5 N 5 1 3 C C/N %N %C Mineral 5 I 3 C 5 1 8 0 
(%) (%o A I R ) (%o P D B ) Yield (%) (%o P D B ) (%o P D B ) 

Mitilini human (continued) 
SMY-09 13.6 8.1 -19.4 3.3 15.7 43.9 67.1 -11.4 -7.0 
SMY-10 5.0 7.4 -19.8 3.3 15.9 45.5 71.6 -11.5 -7.5 
SMY-11 0.3 10.0 -18.8 3.3 14.8 41.8 84.6 not run not run 
SMY-12 9.5 9.7 -19.1 3.2 15.8 43.9 64.3 -11.2 -8.7 
SMY-13 5.6 8.5 -19.0 3.3 15.9 44.7 67.6 -11.0 -12.5 
SMY-14 10.6 8.3 -19.1 3.3 15.8 44.4 72.9 -11.1 -6.1 
SMY-15 5.0 9.1 -18.7 3.3 15.7 44.4 76.3 -9.9 -6.9 
SMY-16 5.7 9.2 -17.9 3.4 15.3 45.1 71.8 -9.2 -1.0 
SMY-17 6.2 9.1 -18.7 3.2 17.6 49.0 71.5 -9.7 -7.8 
SMY-18 6.8 9.6 -19.0 3.2 16.0 44.3 71.4 -11.1 -13.5 
SMY-19 6.0 9.5 -19.2 3.3 15.6 44.3 70.5 -11.2 -8.8 
SMY-20 8.3 9.0 -19.5 3.3 15.9 44.6 70.6 -10.8 -6.4 
SMY-21 8.1 9.7 -19.0 3.4 15.8 46.1 70.4 -9.4 -9.7 
SMY-22 5.9 11.4 -19.3 3.4 15.2 44.7 71.8 -10.4 -6.0 
SMY-23 0.8 11.4 -19.2 3.4 15.0 44.0 81.4 not run not run 
SMY-24 6.1 8.4 -19.0 3.3 16.7 47.5 73.5 -10.3 -7.5 
SMY-25 8.1 10.0 -19.4 3.2 17.7 48.3 73.1 -10.9 -5.3 
SMY-26 3.9 11.0 -19.1 3.4 16.8 48.5 75.3 -10.2 -7.7 
SMY-27 8.1 7.0 -18.1 3.2 16.8 46.4 69.0 -10.9 -7.0 
SMY-28 4.8 7.9 -18.4 3.4 16.1 46.6 74.2 -10.9 -7.2 
SMY-29 7.1 9.1 -18.9 3.2 17.1 47.3 72.7 -10.2 -6.5 
SMY-30 5.5 10.1 -19.2 3.2 16.4 45.0 70.5 -10.4 -6.8 
SMY-31 4.6 8.9 -19.1 3.2 15.6 42.9 74.5 -10.4 -6.3 
SMY-32 6.6 9.1 -19.2 3.2 14.9 40.7 73.9 -10.0 -5.7 
SMY-33 4.2 10.1 -19.7 3.5 14.1 42.8 75.7 not run not run 
SMY-34 6.9 9.8 -19.1 3.2 17.2 46.7 73.2 -9.5 -6.1 
SMY-35 5.4 11.0 -19.4 3.2 16.9 46.3 69.1 -10.4 -6.4 
SMY-36 4.4 9.9 -19.3 3.3 16.2 46.6 73.7 -10.5 -7.2 
SMY-37 7.6 10.4 -18.9 3.2 18.0 49.4 72.5 -10.6 -6.7 
SMY-38 0.3 10.2 -18.6 3.3 15.9 45.1 81.0 -9.8 -1.2 
SMY-39 6.6 8.9 -17.7 3.2 17.2 46.6 75.9 -9.2 -5.9 
SMY-40 5.0 10.6 -18.9 3.1 17.1 45.7 82.6 -12.5 -6.5 
SMY-41 2.9 11.6 -18.5 3.2 17.2 46.8 80.7 -10.2 -6.9 
SMY-42 6.2 10.3 -19.6 3.2 16.7 46.2 73.9 -10.3 -3.1 
SMY-43 7.3 10.5 -9.9 3.3 17.5 47.5 74.3 -6.6 -4.8 
SMY-44 4.0 13.0 -18.5 3.2 17.2 47.3 75.4 -9.9 -6.6 
SMY-45 5.4 9.7 -18.8 3.2 16.8 46.2 73.9 -10.6 -12.6 
SMY-46 8.9 10.3 -18.9 3.2 17.1 47.0 67.3 -11.1 -5.4 
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Table A2.1: All Values, Human and Faunal Samples (continued) 
Sample Collagen Data Carbonate Data 

Yield § 1 5 N 5 1 3 C C/N % N %C Mineral 5 , 3 C 5 1 8 0 
(%) (%o AIR) (%o PDB) Yield (%) (%0 PDB) (%o PDB) 

Mitil ini human (continued) 
SMY-47 3.4 12.0 -19.6 3.5 15.5 46.3 76.2 -10.6 -5.2 
SMY-48 6.3 9.4 -18.3 3.3 15.6 45.7 74.3 -9.9 -6.9 
SMY-49 6.8 10.1 -19.5 3.3 15.6 43.6 73.2 -9.7 -5.7 
SMY-50 4.6 8.0 -13.6 3.3 16.2 45.8 74.8 -8.3 -7.0 
SMY-51 6.4 10.9 -18.5 3.3 16.6 47.3 72.4 -11.3 -6.3 
SMY-52 6.6 8.2 -14.5 3.3 16.8 49.1 70.8 -9.0 -6.0 
SMY-53 1.5 9.8 -19.1 3.3 15.7 44.6 75.8 not run not run 
SMY-54 6.9 12.4 -8.4 3.3 16.8 47.9 73.9 -5.7 -6.1 
SMY-55 11.2 13.2 -8.5 3.3 15.7 44.8 71.0 -4.7 -2.7 
SMY-56 10.7 10.2 -9.8 3.3 16.3 46.4 65.6 -5.5 -5.6 
SMY-57 3.8 10.0 -19.2 3.4 16.2 46.8 74.2 -11.3 -7.3 
SMY-58 7.0 6.0 -12.7 3.3 16.2 47.1 72.4 -8.2 -7.9 
SMY-59 3.8 14.6 -18.4 3.5 15.8 47.5 71.4 not run not run 
SMY-60 4.2 10.1 -19.2 3.4 16.1 47.7 73.7 -10.9 -6.7 

Nemea 
SNE-01 1.8 7.6 -19.7 3.4 14.9 43.6 76.5 not run not run 
SNE-02 3.7 7.2 -19.9 3.3 16.3 46.3 73.0 -10.8 -6.8 
SNE-03 5.5 8.3 -19.5 3.3 15.8 45.0 69.8 -11.1 -5.3 
SNE-04 5.1 9.1 -19.8 3.3 16.6 47.0 72.6 -10.4 -5.1 
SNE-05 6.3 8.3 -19.3 3.3 15.7 44.7 71.6 -10.9 -5.5 
SNE-06 1.7 8.4 -19.6 3.4 15.4 44.7 79.3 not run not run 
SNE-07 3.0 8.8 -19.2 3.3 16.3 46.9 77.6 -9.2 -5.2 
SNE-08 3.8 8.4 -19.6 3.3 15.3 43.1 § 
SNE-09 2.6 7.6 -19.5 3.4 15.6 45.3 79.1 not run not run 
SNE-10 3.0 7.8 -19.0 3.3 16.5 46.9 81.8 -9.0 -6.1 
SNE-11 3.0 9.8 -16.0 3.3 14.6 41.3 77.9 -8.2 -6.8 
SNE-12 2.4 7.7 -19.1 3.4 15.5 44.7 80.2 not run not run 
SNE-13 2.7 8.3 -19.6 3.3 15.7 44.3 78.4 not run not run 
SNE-14 2.9 7.6 -18.9 3.2 16.1 44.8 79.6 -9.2 -4.6 
SNE-15 1.8 7.6 -19.4 3.3 16.2 46.2 80.5 not run not run 
SNE-16 4.6 8.2 -19.2 3.2 15.7 43.4 68.6 -8.2 -6.9 
SNE-17 2.1 8.2 -19.7 3.4 14.2 41.8 81.4 not run not run 
SNE-18 12.6 7.9 -19.2 3.3 16.1 46.0 76.8 -10.5 -6.7 
SNE-19 3.4 9.1 -19.2 3.3 16.0 45.3 75.2 -11.9 -6.7 
SNE-20 11.0 8.3 -18.8 3.3 15.8 45.1 68.8 -10.7 -4.4 
SNE-21 7.2 7.8 -19.1 3.3 15.5 43.9 69.4 -10.9 -6.4 
§ this sample was exhausted in collagen analysis 
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Table A2.1: All Values, Human and Faunal Samples (continued) 
Sample Collagen Data Carbonate Data 

Yield 5 , 5 N 6 , 3 C C/N %N %C Mineral 5 , 3 C 5 1 8Q 
(%) (%o A I R ) (%o P D B ) Yield (%) (%o P D B ) (%o P D B ) 

Nemea (continued) 
SNE-22 9.8 8.3 -19.2 3.3 16.5 46.4 72.3 -11.2 -6.6 
SNE-23 5.5 9.5 -18.8 3.2 15.7 43.3 74.1 -10.2 -3.9 
SNE-24 5.2 8.6 -18.5 3.2 15.7 43.5 75.6 -10.4 -7.3 
SNE-25 8.4 9.4 -18.8 3.2 16.0 43.9 71.6 -10.8 -5.8 
SNE-26 6.7 8.8 -19.1 3.2 15.9 44.2 71.7 -10.9 -5.2 
SNE-27 5.8 8.6 -19.0 3.2 15.7 43.6 71.1 -9.9 -5.1 
SNE-28 5.4 8.5 -19.4 3.3 15.0 42.9 72.0 -12.7 -6.4 
SNE-29 6.5 9.0 -19.7 3.3 15.6 43.8 73.7 -10.1 -4.6 
SNE-30 7.2 8.3 -19.6 3.2 15.6 43.1 60.8 -11.4 -6.9 
SNE-31 4.9 7.5 -19.2 3.3 15.4 44.1 71.0 -9.6 -6.5 
SNE-32 7.1 8.6 -19.0 3.3 15.6 44.3 63.8 -9.6 -5.4 
SNE-33 5.6 8.9 -18.9 3.3 15.5 44.5 72.4 -10.0 -6.3 
SNE-34 16.3 7.7 -19.0 3.2 16.1 44.3 54.9 -12.0 -7.0 
SNE-35 3.6 9.5 -19.3 3.4 14.7 43.4 71.6 -9.7 -8.8 
SNE-36 9.5 9.0 -18.6 3.2 15.9 44.5 59.7 -11.9 -7.2 
SNE-37 5.4 8.8 -19.3 3.4 14.6 42.0 67.5 -8.9 -6.5 
SNE-38 11.7 9.2 -18.6 3.3 16.1 45.2 63.3 -10.8 -6.7 
SNE-39 5.6 7.9 -19.2 3.3 15.7 44.9 69.1 -10.8 -8.9 
SNE-40 7.2 8.9 -19.3 3.3 15.3 43.5 62.6 -11.7 -5.4 
SNE-41 4.2 8.4 -19.2 3.3 15.3 43.6 76.7 -9.4 -6.2 
SNE-42 3.5 9.2 -19.1 3.3 14.7 41.4 76.4 not run not run 
SNE-43 5.7 8.9 -19.2 3.3 14.8 42.1 75.7 -10.0 -8.4 
SNE-44 8.2 9.8 -19.5 3.4 14.9 43.9 65.9 -10.9 -7.2 
SNE-45 9.1 9.2 -18.7 3.3 15.7 44.9 67.5 -12.6 -5.2 
SNE-46 8.0 8.7 -19.3 3.4 15.4 44.7 72.1 -9.8 -8.4 
SNE-47 17.9 8.4 -18.9 3.2 15.8 43.7 56.8 -11.7 -5.9 
SNE-48 10.2 9.3 -19.0 3.3 16.1 45.3 63.5 -10.1 -6.5 
SNE-49 8.7 8.5 -19.0 3.3 15.5 43.5 65.2 -10.3 -6.5 
SNE-50 18.4 10.5 -18.5 3.2 15.8 43.4 55.4 -12.0 -5.6 
SNE-51 8.3 9.5 -19.0 3.2 15.5 43.0 64.7 -11.3 -6.8 
SNE-52 6.9 9.8 -19.3 3.2 15.5 42.6 58.8 -11.4 -7.4 
SNE-53 6.0 8.7 -19.0 3.3 15.0 42.5 67.2 -10.1 -8.1 
SNE-54 5.3 8.1 -19.5 3.3 14.6 41.4 70.5 -10.6 -9.5 

Petras 
SPE-01 2.6 9.0 -19.6 3.5 13.7 41.5 73.7 -10.1 -4.5 
SPE-02 19.4 8.6 -20.2 3.2 16.8 45.2 58.5 -14.0 -6.94 
SPE-03 5.6 10.8 -18.7 3.4 15.0 44.3 79.3 -10.3 -5.61 
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Table A2.1: A l l Values, Human and Faunal Samples (continued) 
Sample Collagen Data Carbonate Data 

Yield 5 1 5 N 5 1 3 C C/N % N %C Mineral 5 , 3 C 5 1 8Q 
(%) (%o A IR) (%o P D B ) Yield (%) (%o P D B ) (%o P D B ) 

Petras (continued) 
SPE-04 4.1 10.7 -18.7 3.4 15.6 45.5 77.6 -10.6 -4.37 
SPE-05 12.5 9.6 -18.9 3.3 16.1 45.4 71.2 -10.6 -7.14 
SPE-06 9.2 8.9 -19.4 3.3 15.9 45.5 69.0 -11.9 -7.44 
SPE-07 13.6 8.9 -19.7 3.3 16.7 47.0 65.8 -11.3 -8.06 
SPE-08 5.4 9.5 -19.2 3.4 15.6 45.5 73.5 -10.3 -8.47 
SPE-09 15.3 9.2 -19.5 3.2 15.9 45.6 67.1 -12.4 -6.63 
SPE-10 10.3 8.5 -18.9 3.4 15.5 44.5 71.2 -10.5 -7.49 
SPE-11 6.7 9.1 -19.3 3.3 15.6 44.6 81.8 -10.8 -6.87 
SPE-12 21.2 9.4 -19.5 3.2 16.4 45.3 52.9 -12.3 -6.45 
SPE-13 8.8 9.1 -19.5 3.4 15.4 45.1 75.7 -9.7 -6.84 
SPE-14 4.2 9.6 -18.9 3.3 15.4 43.5 77.4 -9.2 -7.26 
SPE-15 16.7 9.8 -18.8 3.3 15.6 44.4 64.9 -12.5 -7.23 
SPE-16 18.6 12.7 -18.6 3.3 16.7 47.1 63.3 -12.0 -5.83 
SPE-17 10.9 8.9 -19.4 3.3 16.1 44.9 72.6 -12.4 -8.12 

Servia 
SSE-01 7.7 8.7 -18.1 3.3 16.6 46.7 78.9 -10.6 -7.98 
SSE-02 4.5 9.2 -19.0 3.4 14.9 43.9 61.3 -9.1 -5.82 
SSE-03 13.5 9.5 -18.6 3.2 15.7 43.6 51.6 -11.6 -5.96 
SSE-04 5.1 9.3 -19.2 3.4 15.5 45.3 76.1 -8.6 -7.22 
SSE-05 11.3 8.6 -18.8 3.4 16.4 47.4 55.8 -10.8 -7.86 
SSE-06 10.0 9.0 -18.8 3.3 16.2 46.0 73.7 -10.3 -11.53 
SSE-07 0.0 83.1 not run not run 
SSE-08 21.2 8.4 -19.0 3.2 16.8 46.0 58.4 -12.3 -15.76 
SSE-18 17.8 9.6 -18.0 3.2 17.2 47.2 60.0 -12.1 -7.07 
SSE-33 2.2 9.7 -18.7 3.3 15.2 43.5 82.4 not run not run 
SSE-34 20.0 8.2 -19.0 3.3 16.0 43.6 61.1 -12.1 -10.62 
SSE-35 16.3 8.5 -18.6 3.2 16.4 44.9 64.2 -12.4 -7.46 
SSE-36 21.2 8.5 -18.7 3.2 16.2 45.6 60.7 -12.3 -8.8 
SSE-37 14.0 11.3 -17.6 3.3 15.9 44.9 62.8 -11.0 -7.88 
SSE-38 10.2 8.3 -18.6 3.2 16.9 47.0 71.7 -11.8 -7.94 
SSE-39 20.4 8.6 -19.1 3.3 15.9 45.5 67.9 -11.7 -8.6 
SSE-40 0.7 8.6 -18.7 3.3 15.6 43.5 86.5 not run not run 
SSE-41 0.0 84.7 not run not run 
SSE-42 18.6 7.3 -18.6 3.2 16.9 46.2 54.5 -10.6 -12.5 
SSE-43 8.9 8.4 -18.8 3.2 16.6 45.8 76.2 -11.2 -8.03 
SSE-44 20.3 9.0 -19.0 3.2 16.3 44.0 63.2 -12.4 -7.45 
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Table A2.2: Samples Rejected From Collagen Study 
Sample Yield 5 , 5 N 

(0/ \ 
5 , 3 C 
(0/ \ 

C/N % N % C Reason 

SAG-15 
K 
0.4 

(/6o) 
10.5 

(%%) 
-19.1 3.5 14 42 model quality, C/N 

SAG-20 0.5 17.8 -19.2 6.7 5 32 model quality, C/N, %C, % N 
SAG-21 1.3 11.6 -19.8 3.6 15 45 yield, C/N 
SCO-F03 1.7 5.9 -21.2 3.4 14 41 yield, aberrant stable isotope 

values for species and site. 
SCO-06 1.8 8.1 -19.3 3.5 14 42 yield, C/N 
SCO-10 2.0 10.4 -19.4 3.5 14 42 yield, C/N 
SCO-26 0.8 9.8 -19.0 3.4 12 34 yield, model quality, %C, % N 
SCO-37 3.8 10.9 -18.4 3.4 14 41 model quality 
SMY-F01 failed to produce model 
SMY-F07 1.4 6.6 -21.8 3.3 16 44 yield, model quality 
SMY-F13 2.3 8.3 -20.8 3.5 15 46 yield, C/N, model quality 
SMY-F14 0.2 8.7 -21.1 3.7 14 44 yield, C/N 
SMY-F16 4.6 7.6 -20.3 3.6 14.8 45.6 C/N 
SMY-04 4.3 9.7 -19.0 3.3 16 44 model quality 
SMY-05 failed to produce model 
SMY-06 failed to produce model 
SMY-11 0.3 10.0 -18.8 3.3 15 42 yield 
SMY-23 0.8 11.4 -19.2 3.4 15 44 yield 
SMY-33 4.2 10.1 -19.7 3.5 14 43 C/N 
SMY-38 0.3 10.2 -18.6 3.3 16 45 yield 
SMY-47 3.4 12.0 -19.6 3.5 16 47 C/N 
SMY-59 3.8 14.6 -18.4 3.5 16 48 C/N 
SNE-01 1.8 7.6 -19.7 3.4 15 44 discarded to eliminate 

5 1 3 C:C/N correlation 
SNE-02 3.7 7.2 -19.9 3.3 16 46 55 55 

SNE-06 1.7 8.4 -19.6 3.4 15 45 55 55 

SNE-09 2.6 7.6 -19.5 3.4 16 45 55 55 

SNE-12 2.4 7.7 -19.1 3.4 16 45 11 11 

SNE-15 1.8 7.6 -19.4 3.3 16 46 11 11 

SNE-17 2.1 8.2 -19.7 3.4 14 42 11 11 

SNE-31 4.9 7.5 -19.2 3.3 15 44 55 55 

SNE-35 3.6 9.5 -19.3 3.4 15 43 55 55 

SNE-44 8.2 9.8 -19.5 3.4 15 44 55 55 

SPE-01 2.6 9.0 -19.6 3.5 14 41 yield, C/N 
SSE-07 failed to produce model 
SSE-40 0.7 8.6 -18.7 3.3 16 44 yield 
SSE-41 failed to produce model 
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Table A2.3: Samples Eliminated from Carbonate Data Set 
Sample Collagen data Carbonate data Reason for Omission 

Yield 5 I 3 C Mineral 5 , 3 C 6 , 8 0 A 1 3 C 
(%) (%o) Yield (%) (%o) (%o) (%o) 

Agora faunal 
SAG-F04 13.6 -19.8 66.8 -12.2 -10.9 7.6 5 I 8 0 value 
SAG-F12 9.4 -19.9 70.9 -10.2 -5.6 9.6 high mineral yield 
SAG-F16 3.3 -19.6 69.3 -8.9 -6.3 10.7 5 l s O value 
SAG-F17 16.3 -19.9 69.0 -10.3 -10.8 9.5 5 I 8 0 value 
SAG-F23 10.3 -21.1 71.1 -12.0 -14.0 9.1 C/P value 

Agora human 
yield - 5 I 3 C correlation SAG-01 2.6 -19.2 74.7 -11.0 -5.7 8.3 yield - 5 I 3 C correlation 

SAG-02 2.9 -19.8 73.6 -10.4 -5.6 9.4 yield - 5 I 3 C correlation 
SAG-04 6.5 -19.7 71.2 -10.0 -5.5 9.8 yield - 5 I 3 C correlation 
SAG-05 1.7 -19.7 73.0 -10.6 -4.5 9.1 yield - 8 I 3 C correlation 
SAG-06 2.5 -19.8 74.5 -9.8 -5.4 9.9 yield - 5 1 3 C correlation 
SAG-07 9.5 -19.2 70.2 -10.2 -6.9 9.0 yield - 5 I 3 C correlation 
SAG-09 5.8 -19.3 70.1 -10.3 -4.8 9.1 yield - 5 1 C correlation 
SAG-13 5.9 -19.4 73.3 -11.3 -6.0 X.I partial collagen model 
SAG-14 10.3 -19.6 59.2 -13.6 -7.5 6.1 partial collagen model 
SAG-15 0.4 -19.1 72.6 -11.8 -5.6 7.4 collagen rejected 
SAG-17 2.2 -19.0 75.1 -11.8 -6.4 7.2 partial collagen model 
SAG-20 0.5 -19.2 75.2 -11.5 -6.6 7.7 collagen rejected 
SAG-21 1.3 -19.8 75.7 -8.9 -7.3 10.9 collagen rejected 
SAG-27 4.7 -19.3 72.4 -9.4 -4.8 9.9 yield - 5 C correlation 
SAG-28 4.6 -19.4 62.2 -11.2 -5.3 7.2 partial collagen model 

Corinth faunal 
SCO-F03 1.7 -21.2 76.8 -9.8 -2.7 11.5 collagen rejected 
SCO-F07 9.8 -19.6 60.1 -10.8 -8.0 8.9 5 I 8 0 value 

Corinth human 
SCO-06 1.8 -19.3 76.0 collagen rejected 
SCO-10 2.0 -19.4 70.6 collagen rejected 
SCO-13 2.6 -19.1 71.5 not run 
SCO-26 0.8 -19.0 75.8 collagen rejected 
SCO-28 5.2 -18.6 71.8 -10.0 -7.5 8.6 CI, C/P 
SCO-31 3.0 -18.1 75.1 -9.9 -7.3 8.2 CI, C/P 
SCO-32 10.8 -17.6 69.6 -5.9 1.4 11.6 S I 8 0 value 
SCO-36 4.3 -18.2 75.2 -8.9 -7.1 9.3 partial collagen model 
SCO-37 3.8 -18.4 73.4 -9.0 -6.0 9.5 collagen rejected 
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Table A2.3: Samples Eliminated from Carbonate Data Set (continued) 
Sample Collagen data Carbonate data Reason for Omission 

Yield 5 1 3 C Mineral 5 ) 3 C 5 l g O A , 3 C 
(%) (%o) Yield (%) (%o) (%o) (%o) 

Mitilini faunal 
SMY-F01 0.0 78.3 no collagen model 
SMY-F05 4.2 -21.1 63.3 -12.8 -9.2 8.4 5 I 8 0 value 
SMY-F07 1.4 -21.8 80.1 partial collagen model 
SMY-F13 2.3 -20.8 73.8 collagen rejected 
SMY-F14 0.2 -21.1 78.4 collagen rejected 
SMY-F16 4.6 -20.3 68.8 collagen rejected 

Mitilini human 
SMY-01 6.0 -18.1 71.9 -10.9 -14.5 7.3 6 I 8 0 value 
SMY-04 4.3 -19.0 79.8 -10.6 -7.1 8.5 collagen rejected 
SMY-05 0.0 81.7 -11.8 -7.1 no collagen model 
SMY-06 0.0 82.3 no collagen model 
SMY-11 0.3 -18.8 84.6 collagen rejected 
SMY-13 5.6 -19.0 72.9 -11.1 -6.1 7.8 partial collagen model 
SMY-18 6.8 -19.0 71.4 -11.1 -13.5 7.9 S l 8 0 value 
SMY-23 0.8 -19.2 81.4 collagen rejected 
SMY-33 4.2 -19.7 75.7 collagen rejected 
SMY-38 0.3 -18.6 81.0 -9.8 -1.2 8.9 collagen rejected 
SMY-40 5.0 -18.9 82.6 -12.5 -6.54 6.4 partial collagen model 
SMY-41 2.9 -18.5 80.7 -10.2 -6.9 8.3 partial collagen model 
SMY-45 5.4 -18.8 73.9 -10.6 -12.6 8.2 5 , 8 0 value 
SMY-47 3.4 -18.9 76.2 -10.6 -5.2 8.3 collagen rejected 
SMY-53 1.5 -19.1 75.8 not run 
SMY-55 11.2 -8.5 71.0 -4.7 -2.7 3.8 CI, C/P 
SMY-59 3.8 -18.4 71.4 collagen rejected 

Nemea 
SNE-01 1.8 -19.7 76.5 collagen rejected 
SNE-02 3.7 -19.9 73.0 -10.8 -6.8 9.1 collagen rejected 
SNE-04 5.1 -19.8 72.6 -10.4 -5.1 9.4 yield - 51 C correlation 
SNE-06 1.7 -19.6 79.3 collagen rejected 
SNE-07 3.0 -19.2 77.6 -9.2 -5.2 9.9 yield - 8 I 3 C correlation 
SNE-08 3.8 -19.6 insufficient sample§ 
SNE-09 2.6 -19.5 79.1 collagen rejected 
SNE-10 3.0 -19.0 81.8 -9.0 -6.1 10.0 yield - 5 1 3 C correlation 
SNE-11 3.0 -16.0 77.9 -8.2 -6.8 7.8 yield - 5 1 3 C correlation 
SNE-12 2.4 -19.1 80.2 collagen rejected 
SNE-13 2.7 -19.6 78.4 not run 
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Table A2.3: Samples Eliminated from Carbonate Data Set (continued) 
Sample Collagen data Carbonate data Reason for Omission 

Yield S 1 3 C Mineral 5 , 3 C S 1 8 0 A , 3 C 
(%) (%o) Yield (%) (%o) (%o) (%o) 

Nemea (continued) 
yield - 5 1 3 C correlation SNE-14 2.9 -18.9 79.6 -9.2 -4.6 9.8 yield - 5 1 3 C correlation 

SNE-15 1.8 -19.4 80.5 collagen rejected 
SNE-17 2.1 -19.7 81.4 collagen rejected 
SNE-18 12.6 -19.2 76.8 -10.5 -6.7 8.7 CI, C/P 
SNE-23 5.5 -18.8 74.1 -10.2 -3.9 8.7 yield - 6 C correlation 
SNE-24 5.2 -18.5 75.6 -10.4 -7.3 8.2 13 

yield - 5 C correlation 
SNE-27 5.8 -19.0 71.1 -9.9 -5.1 9.1 I T 

yield - 8 C correlation 
SNE-29 6.5 -19.7 73.7 -10.1 -4.6 9.6 yield - 81 C correlation 
SNE-31 4.9 -19.2 71.0 -9.6 -6.5 9.6 collagen rejected 
SNE-32 7.1 -19.0 63.8 -9.6 -5.4 9.4 yield - 8 1 3 C correlation 
SNE-33 5.6 -18.9 72.4 -10.0 -6.3 8.9 yield - S I 3 C correlation 
SNE-35 3.6 -19.3 71.6 -9.7 -8.8 9.7 collagen rejected 
SNE-37 5.4 -19.3 67.5 -8.9 -6.5 10.4 yield - 8 1 3 C correlation 
SNE-41 4.2 -19.2 76.7 -9.4 -6.2 9.8 yield - S 1 3 C correlation 
SNE-42 3.5 -19.1 76.4 not run 
SNE-43 5.7 -19.2 75.7 -10.0 -8.4 9.2 yield - 5 I 3 C correlation 
SNE-44 8.2 -19.5 65.9 -10.9 -7.2 8.6 collagen rejected 
SNE-46 8.0 -19.3 72.1 -9.8 -8.4 9.5 yield - 5 C correlation 
SNE-48 10.2 -19.0 63.5 -10.1 -6.5 8.9 yield - 5 I 3 C correlation 
SNE-49 8.7 -19.0 65.2 -10.3 -6.5 8.7 yield - 8 1 3 C correlation 
SNE-53 6.0 -19.0 67.2 -10.1 -8.1 8.9 13 * 

yield - 5 C correlation 
SNE-54 5.3 -19.5 70.5 -10.6 -9.5 8.9 CI, C/P 

Petras 
SPE-01 2.6 -19.6 73.7 -10.1 -4.5 9.5 collagen rejected 
SPE-03 5.6 -18.7 79.3 -10.3 -5.6 8.5 yield - 5 I 3 C correlation 
SPE-04 4.1 -18.7 77.6 -10.6 -4.4 8.0 5 1 8 0 value 
SPE-05 12.5 -18.9 71.2 -10.6 -7.1 8.2 yield - 5 1 3 C correlation 
SPE-08 5.4 -19.2 73.5 -10.3 -8.5 8.9 1 3 

yield - 5 C correlation 
SPE-10 10.3 -18.9 71.2 -10.5 -7.5 8.4 yield - S 1 3 C correlation 
SPE-11 6.7 -19.3 81.8 -10.8 -6.9 8.5 yield - 8 1 3 C correlation 
SPE-13 8.8 -19.5 75.7 -9.7 -6.8 9.7 13 * 

yield - 8 C correlation 
SPE-14 4.2 -18.9 77.4 -9.2 -7.3 9.7 yield - 8 I 3 C correlation 
§ this sample was exhausted in collagen analysis 
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Table A2.3: Samples Eliminated from Carbonate Data Set (continued) 
Sample Collagen data Carbonate data Reason for Omission 

Yield 5 1 3 C Mineral 5 , 3 C 5 1 8 0 A , 3 C 
(%) (%o) Yield (%) (%o) (%o) (%o) 

Servia 
SSE-01 7.7 -18.1 78.9 -10.6 -8.0 7.5 partial collagen model 
SSE-04 5.1 -19.2 76.1 -8.6 -7.2 10.5 high mineral yield 
SSE-06 10.0 -18.8 73.7 -10.3 -11.5 8.5 5 l s O value 
SSE-07 0.0 83.1 no collagen model 
SSE-08 21.2 -19.0 58.4 -12.3 -15.8 6.7 5 l g O value 
SSE-33 2.2 -18.7 82.4 partial collagen model 
SSE-34 20.0 -19.0 61.1 -12.1 -10.6 6.9 5 l g O value 
SSE-40 0.7 -18.7 86.5 collagen rejected 
SSE-41 0.0 84.7 no collagen model 
SSE-42 18.6 -18.6 54.5 -10.6 -12.5 8.0 5 , 8 0 value 
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Appendix 3: Calibration and Precision of Stable Isotope Ratios 

This appendix outlines the methods used for calibration of the stable isotope data 

provided by the mass spectrometers. It also describes the methods used to determine the 

precision of the measurements, and provides the data, calculations, and final standard 

error values obtained for the stable isotope values. 

Calibration 
13 15 

During 5 C and 8 N assay, the mass spectrometer produces a series of 

uncorrected stable isotope values that must be calibrated to standards of known 8 , 3 C and 

S 1 5 N. This was done under the guidance of Stephen Taylor, University of Calgary 

Department of Physics and Astronomy, using his methodology as follows. 

Calibration of the bone carbonate S 1 C values was straightforward: 

1) For each run of bone mineral samples, two samples of a single homogenous carbonate 

standard, Lublin, were analysed, one at the beginning of the run and a second at the 

end. This internal standard had previously been run against international standards by 

the University of Calgary Stable Isotope Laboratory to determine its true 8 1 3 C value 

as calibrated against these standards. 

2) After the run was complete, values obtained for the standards were compared to 

ensure that undue measurement drift had not taken place over the run. 

3) The raw 8 1 3 C value of the two standards was then averaged. This average 8 I 3 C value 

was compared to the known 8 1 3 C value of the Lublin standard. The difference in the 

values was taken as the correction factor for that run. 

Calibration of the bone collagen, food and hair values was more complex, as it 

involved the use of two standards to overcome increased difficulties with within-run drift 

encountered when performing simultaneous 8 1 3 C and 8 1 5 N analysis. 
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1) For each run of samples, several samples of two internal standards were analysed. 

The standards used were caffeine ( C g H i 0 N 4 O 2 ) and bovine gelatin (both homogenous 

standards supplied by Sigma). Like the Lublin standard, these had previously been 

run against international standards to determine their true 5 1 3 C and 8 I 5 N values. 

2) For all runs, uncorrected 5 1 3 C and 5 I 5 N values and peak sizes for the standard 

samples were screened for aberrant values indicating problems specific to the sample 

(e.g. errors in sample packing). The data from these samples were discarded. 

3) The sample data were corrected for measurement drift over the course of the run. 

Mean uncalibrated 5 1 3 C and 6 I 5 N values for the standards at the beginning and end of 

the run were calculated. For each standard, change in uncalibrated 5 1 3 C and 5 I 5 N was 

calculated. Drift for each isotope was then obtained by taking the average change for 

the two standards. The total value of this drift was factored out over the number of 

sample positions in the run, and applied to the samples according to their position. 
13 

For example, i f uncalibrated § C of gelatin changed by -0.3%o over the run while 

uncalibrated 5 1 3 C of caffeine changed by -0.1 %o, mean drift for carbon would be 
* • • 13 

-0.2%o. This indicates that 5 C values were drifting to the negative, and that a small 

positive correction should be applied to samples later in the run. If 35 samples were 

run between the beginning and end groups of standards, then the total drift would be 

factored out as !/35(-0.2%o) for each position. The correction would thus be 

'/35(0.2%o) for the first sample position after the initial standards, 2/35(0.2%o) for the 

second one, and so one, with the final sample position before the end standards 

corrected by 3 5/3 5(0.2%o), the full value of the drift. 

4) After sample values were drift-corrected, the stable isotope values for the run were 

calibrated using the standards. Uncorrected 5 C and 5 N values for the standards 

from the beginning of the run were plotted against the standards' true values. For 

each isotope this produced 2 data points: uncorrected value against true value for 

caffeine, and uncorrected value against true value for gelatin. A regression equation 

was generated for these points in the form 



5 4 9 

(true value) = ^(uncorrected value) + b 

This equation was then applied to the sample values to calibrate them. 

Precision of Stable Isotope Measurements 

Before the stable isotope values obtained could be interpreted, their precision had 

to be evaluated. As with calibration, the methods used to calculate measurement 

precision differed somewhat for collagen and carbonate values. 

Bone Carbonate Values 

In the case of the bone carbonate 5 I 3 C values, one indication of precision is the 

difference seen between the two Lublin standard values from each run. This ranged from 

0.03%o to 0.22%o, with a mean of 0.1 %o; the direction of change was not consistently 

positive or negative. This suggests generally good precision within runs and no 

systematic effect arising from the position of a sample within the run. A better indicator 

of precision, one which reflects measurement error on samples assayed in different runs 

as well as internal error within the run, may be derived from calibrated 5 C values 

obtained for a number of samples which were assayed in triplicate over different 

measurement runs. The mean 5 1 3 C values and standard deviations are given in Table 

A 1.1, below. 

Table A3.1: Repeat 5 1 3 C Values Obtained for Bone Carbonate Samples 
Sample Value 1 Value 2 Value 3 Mean s.d. 
SCO -F02 -10 .7 -10 .5 -10 .0 -10 .4 0 .389 

SAG -F01 -11 .3 -11.1 -11.3 -11 .3 0 .106 

S M Y - F 0 4 - 9 . 9 -9.5 -9 .7 -9 .7 0 .200 

SMY -01 - 1 0 . 9 -10 .6 -10.8 -10 .8 0 .135 

S M Y - 2 0 -10 .8 -10 .4 -10 . 8 -10 .6 0 .202 

Average s.d. 0.206 
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These standard deviations indicate a measurement error similar to that suggested by 

within-run variation in Lublin standard 8 1 3 C values. Overall measurement error may be 

taken as the mean of the standard deviations, or 0.206%o. This indicates that the bone 
13 * 

carbonate 8 C values obtained in this study should be assumed to be accurate within 

±0.4%o at 95%. Samples with values separated by less than 0.8%o should not be assumed 

to be significantly different. 

Bone Collagen, Food and Hair 8 1 3 C and 8 I 5 N 

In the case of the collagen 8 1 3 C and 8 I 5 N values, precision was determined using 
13 15 

the 8 C and 8 N values obtained for a large number of samples run in quadruplicate 

across different measurement runs. Table A 1.2 shows the A N O V A for quadruplicate 

8 1 3 C measurements on 28 samples. The measurement error on individual samples is 

given by the root of the within-runs MSE, which is 0.125. Table A1.3 shows a similar 

A N O V A for quadruplicate 8 1 5 N measurements. Measurement error, from the root of the 

within-runs MSE, is 0.214. 

1 ̂  
Table A3.2: A N O V A for Repeat Measurements on Samples - 6 Cf Source of Variation SSE df MSE F P-value F crit 

Between Runs 664 27 24.6 1572 1.8x10""" 1.62 
Within Runs 1.31 84 0.0156 

Total 665 111 
f the extremely small P value results from inter-sample variability in 5 I 3C 

Table A 3 . 3 : A N O V A for Repeat Measurements on Samples - 8 1 5 N f 
Source of Variation SSE df MSE F P-value F crit 
Between Groups 418 27 15.5 339 1.14x10"74 1.62 
Within Groups 3.83 84 0.0456 
Total 422 111 

f the extremely small P value results from inter-sample variability in 5 I 5 N 

Based on these A N O V A tables, measurement error values are +0.125%o for 8 , 3 C 

and ± 0 . 2 1 4 % o for 8 1 5 N . Thus, 8 1 3 C figures cited for this study may be taken as accurate 
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to ±0.1 %o and 5 1 N measurements may be taken as accurate to ±0.2%o. The 95% 

confidence intervals for the measurements are ±0.2%o for 5 1 3 C and ±0.4%, for 5 1 5 N . 

Thus, 8 1 3 C measurements separated by more than 0.4%o are assumed to reflect true 

differences in 5 1 3 C ; the equivalent figure for 5 1 5 N is 0.8%o. 
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Appendix 4: Calculation and Correction of C/N Atomic Ratios 

The calculation of atomic C/N ratios from the data output of the C/N analyzer and 

mass spectrometer was performed under the guidance of Stephen Taylor, University of 

Calgary Dept. of Physics and Astronomy, using his methodology as follows: 

1) The output of the C/N analyzer and mass spectrometer provide data on the area of the 

carbon and nitrogen signal peaks for each sample. Sample weight (to 0.001 mg) is 

recorded during weighing. 

2) For each run of 49 sample positions, 6 to 8 samples of an internal standard of known 

atomic formula (caffeine, C8H10N4O2) were analyzed at various positions. For each of 

these samples, weight of C and of N was calculated using the known %C(weight) and 

%N(Weight) of caffeine. 

3) Regression analysis was performed on the set of caffeine samples for each run, 

matching weight of C to C peak area and weight of N to N peak area. 

4) For each sample of unknown C/N for that run, C peak area and N peak area were 

converted to weight of C and N using the regression formulae. These were then used 

to calculate a C/N(m a s s) ratio {C/N(m a s s) = mass C/mass N}. 

5) Atomic weights of C and N were then used to convert this ratio to an atomic C/N 

ratio: 

Atomic weight of C = 12.011 Atomic weight of N = 14.0067 

Atomic C/N = massC x (1/12.011) 
mass N x (1/14.0067) 

C / N ( m a s s ) x (14.0067/12.001) 



553 

Precision of C/N measurements 

Before the C/N ratios generated could be interpreted, they had to be checked for 

consistency. This was done by using the C/N regression formulae on the gelatin 

standards. As these are homogenous, variability provides information on the precision of 

the C/N measurements. As well, variability in repeat C/N measurements on samples was 

considered. 

The data collected for gelatin standard C/N is given in Table A2.1, below. 

Gelatin C/N means show a range of 0.15 in the 16 runs, with a high of 3.31 and a low of 

3.16. The mean within-run standard deviation is 0.049. 

Table A4.1: Calculated C/N Ratios 
Run Mean 1 s.d. Run Mean 1 s.d. 

1 3.25 0.106 9 3.27 0.0768 
2 3.21 0.0441 10 3.22 0.0341 
3 3.23 0.0571 11 3.31 0.0416 
4 3.24 0.0833 12 3.16 0.0438 
5 3.24 0.0336 13 3.20 0.0732 
6 3.29 0.0610 14 3.26 0.0101 
7 3.31 0.0563 15 3.26 0.0155 
8 3.16 0.0330 16 3.24 0.0074 

or Gelatin Standards 

Table A4.2: ANOVA for Gelatin Standards by Run 
Source of Variation SSE df MSE F P-value F crit 
Between Runs 0.187 15 0.0125 3.94 2.25 x 10"5 1.78 
Within Runs 0.279 88 0.00317 
Total 0.467 103 

The precision of the gelatin C/N measurement within and between runs can be 

assessed using an A N O V A table of the measurements (Table A2.2, above). Error within 

runs is given by the root of the within-runs MSE. This works out to 0.0563. Error 

between runs, as estimated by the root of the between-runs MSE, is 0.118. The 

significant F value obtained in the A N O V A test demonstrates that this error is large 

From this point, and at all times in the main text, the term " C / N " will be used to indicate atomic C/N ratio. 
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enough to create significant run-to-run differences in C/N measurements. This 

presumably relates to specific conditions on the various days the samples were run. 

The appropriate estimate of overall error for the C/N values is the total standard 

deviation of gelatin samples from all runs. This is equal to 0.0673. Based on this, a C/N 

figure may be considered to be precise to about ±0.07 at a 66% confidence interval and 

±0.14 at a 95% confidence interval. Roughly, C/N ratios separated by more than 0.3 can 

safely be assumed to be truly different. 

Impact of sample in homogeneity on C/N measurement precision: 

Another consideration for C/N precision is the possibility that measurements on 

samples are less precise than those on standards due to internal variation in sample C/N. 

This possibility may be checked using the repeat sample C/N measurements included in 

each run. A comparison of the variation in these figures to variation of standard C/N 

within runs should provide an indication of the degree to which sample inhomogeneity 

adds to measurement error. 

An A N O V A test run on the 51 sets of sample triplicates allows a comparison 

between error on standards and samples. As Table A2.3 (below) shows, the MSE value 

for the sample triplicates is 0.0026, giving an error value of 0.0508. This is slightly 

smaller than the within-samples error of 0.0563 obtained on the gelatin standards, 

suggesting that inhomogeneity of the collagen samples does not add to the error of the 

C/N measurement. Thus, the error figure of ±0.07 generated using the gelatin standards 

may confidently be used for the collagen samples in the study. This figure is similar to 

the error of ±0.1 cited by DeNiro (1985) in the original study confirming the utility of 

C/N ratios for assessing collagen diagenesis. 

Table A4.3: ANOVA for Sample Triplicate Repeats 
Source of Variation SSE df MSE F P-value F crit 
Between Samples 1.532 51 0.0300 11.6 1.57 x 10"2i 1.47 

Within Samples 0.269 104 0.00259 

Total 1.80 155 




