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Abstract 

While it is recognized that anoles and geckos have convergently evolved 

o similar subdigital adhesive system (Peterson and Williams, 1982). little is 

known of the onatomicol components of the former. A comprehensive 

documentation of the morphology of the anoline subdigital adhesive system 

is provided. Polarity of the morphological components in Anolis is 

established by outgroup comparison, primarily within the Polychrotidoe and 

Iguania. Further comparisons are made with Getko gecto, the initial 

gekkonid comparative model, in order to assess the extent of convergence. 

Configuration of the pad in Anolis and Gekko gecko is  slightly different, 

but both share a similar mechanical framework: musculoskeletal 

modifications that promote digital hyperextension, sensory modifications to 

monitor digital movement, a collagenous tissue network to transfer loading, 

and a compliance mechanism. Comparison of Anolis with other gekkonids 

illustrated the existence of alternate pad designs, with the arrangement of 

mechanical units ultimately constrained by ancestry. 
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Chapter 1 

Introduction 

1.1 Background Rationale For the Study 

In a recently published textbook entitled "Herpetology", Pough et 01. 

(1998) wrote: "A very different mechanism of support involves a dry 

adhesion system (scansors), in which the bonding strength results from 

molecular attraction between closely associoted surfaces due to the sharing 

of electrons. Because these attractive forces are effective only at extremely 

small distances (less than 5 x 10.' mm), animals that rely on dry adhesion 

must achieve extraordinarily close contact with the substrate. Remarkably, 

such a mechanism has arisen independently in three lineages of lizords-the 

Gekkonidae, Anolis (Polychrotidae), and Prosinohaemo virens (Scincidae)". 

Such adhesive systems rely, proximally, on the nature of the integumentary 

materials, but in order for them to operate effectively a host of coordinated 

organ systems must interact to permit controlled function during locomotion. 

The adhesive organs of geckos have been studied in significant detail 

(Russell, 1972, 1975, 1 976, 1979, 1 981 b, 1986; Bauer and Russell, 1990; 

Russell and Bauer, 1988, 1989, 19900, b, c) but anoles and skinks hove only 

received superficial exam ination. 

The assertion of Pough et 01. (1 998) that the scansor-based adhesive 

system has arisen independently in three squomate lineages becomes 

evident when their placement in the phylogeny of squamates is examined 

(Fig. 1 .I)- the Gekkonidae, Polychrotidae and Scincidae being quite 

distantly related and each lineage having sister taxon affinities with lineages 

devoid of such adhesive systems. Takydromus keuhnei, a lacertid, has 



expanded proximal subdigital lamellae that superficially resemble those of 

some geckos, but adhesion has not been demonstrated experimentally and 

this taxon lacks epidermal structures known to enhance clinging ability 

(Arnold, 1998). 

Such recognition of multiple origins of scansor-based adhesive systems, 

and the operational constraints under which they are placed because of the 

nature of the molecular bonds that must be formed, makes such systems 

excellent foci for a study of the degree of convergence thot hos occurred 

between them. Investigations of the functiona l morphology of scansor- 

based adhesive systems in gekkonid lizards (Russell, 1972, 1975, 1976, 1979, 

1981 b, 1986) have led to the formulation of a series of statements about 

whot is necessary and sufficient to permit such integrated systems to 

operate. Although there is considerable variance among geckos in terms of 

the details of these components, they can be basically summorized as 

follows: 

a) Epidermal elaborations (setae or their equivalent) that have the 

properties of creating the adhesive bond. 

b) Skeletal modifications that permit digital hyperextension. 

c) Muscular characteristics that promote digital hyperextension. 

d) Sensory rnodificotions thot permit the monitoring of substrate contact 

and the degree of digital hyperextension throughout the locomotor cycle. 

e) Collagenous tissue networks that transfer loading from the integument 

ultimately to locations at which it con be absorbed and controlled by 

the musculoskeletal systems. 

f) A compliance mechanism within, or associated with, the scansors that 

facilitates maximal surfoce contact. 



1.2 The Comparative Framework 

Both polychrotids and scincids ore largely uninvestigated for any of the 

above phenomena except the superficially most evident - the epidermal 

manifestation of  setae or their equivalents. In this thesis I investigate the 

degree of convergence evident in polychrotid and gekkonid scansor-based 

adhesive systems by systematically examining each of the undocumented 

predictions (b-f) outlined above. Each of the statements (b-f) can be 

regarded as a hypothesis for testing, but as the adhesive system is itself 

hypothesized to rely on a hierarchical interrelationship o f  organ system 

contributions (Zweers, 1979), an ultimate evaluation of the degree of 

convergence must await a comprehensive synthesis at the conclusion of this 

document. 

Each of the predictions (b-f) about what is necessary and sufficient for 

the operation of  sconsor-based adhesive systems form a chapter of the main 

body of the thesis: 

b) Skeletal modifications permitting digital hyperextension - Chapter 4 

c) Muscu!ar modifications promoting digital hyperextension and other 

associated movements - Chapter 5 

d) Sensory modifications for monitoring digital position and movement - 

Chapter 6 

e) Integumentary and subdermal components associated with load 

transference - Chapter 7 

f) Compliance mechanisms promoting maximal substrate contact - 

Chapter 8 



To establish, within the lguonia (the higher taxon of which the 

Polychrotidae forms a part). that the potential modifications associated with 

the sconsor-based adhesive system are not widespread among non-anoline 

polychrotids, or are not. minimally, olready present in the immediate sister 

taxo. a survey of appropriate genera has been undertaken. This is 

conducted in a phylogenetic context and relies upon assessments based 

upon external morphology and skeletal anatomy of the digits. This broad 

survey forms the subject matter of Chapter 3 and establishes o basis for the 

more limited comparative observations that form the substance of Chapters 

4-8. 

Chapter 9 presents a brief reprise of the major structural modifications 

of the scansor-based odhesive system of gekkonids, as exemplified by the 

tokay gecko (Gekko gecko), the taxon for which most information is known. 

This provides a baseline for assessing the degree of homoplasy between the 

gekkonid and polychrotid systems, which is the subject of the concluding 

chapter (Chapter 10). In this final chapter the comparative base within the 

Gekkonidae is expanded to attempt to determine which, if any, 

manifestations of the scansor-based od hesive systems within the 

Gekkonidae most closely approximate the pattern seen in the anoline 

polychrotids. 

1.3 The Anoline Polychrotids in an Ecological and Morphological 

Perspective 

Anoles constitute a prolific radiation, with over 300 described species 

native to South America, Central America, the Caribbean region and 

southern North America (Williams, 1969). They colonize readily, and this is 

particularly evident in the Caribbean, where the establishment of large 



anole faunas has occurred throughout the Greater Antilles (Losos, 1994). 

The success of Anolis lizards has in part been atiributed to their subdigital 

odhesive pads that allow them to use a wide variety of structural habitats 

(Williams, 1963; Peterson, 19830; Larson and Losos, 1996). The ranges of 

the more aggressively colonizing species are still expanding (Losos et al., 

1997) and many taxa are commensal with humans. 

Ecological research on Anolis has been extensive, this being attributed to 

their high visibility, abundance and extensive radiation into diverse habitats 

(Floyd and Jensen, 1983). The large anole fauna on some Caribbean 

islands, where numerous species occur sympatrically, provides the 

opportunity to study resource partitioning in terms of  prey size (Schoener 

ond Gorman, 1968; Moermond, 1979; Floyd and Jenssen, 1983) and 

structural habitat (Rand, 1967; Schoener and Schoener, 1971 ; Losos et al., 

1993; Roughgarden, 1995). Williams (1972) and Losos (1 994) both assert 

thot interspecific competition drives adaptive radiation. Competition 

between ecologically similar species creates strong selective pressures for 

divergence in resource use. Over evolutionary time, this competition has 

resulted in the adaptive radiations seen today (Losos, 1994). 

Radiation channeled through resource use has resulted, on islands, in 

multiple repeats of the differentiation of sets of ecomorphs (Losos et ol., 

1 998). Ecomorphs are guilds of species occupying the same basic structural 

habitot/niche, and having similar morphology and behaviour. Ecomorph 

members need not be closely related (Williams, 1972; Losos et al., 1998). 

On the Greater Antillean Islands six ecomorphs are recognized and are 

named for the microhabitat they typically occupy: grass-bush, trunk-ground, 

trunk, trunk-crown, crown-giant, and twig (Losos, 1 9900). Anoles subdivide 



the arboreal habitat much more finely than other, non-pad-bearing arboreal 

lizards (Warheit et al., 1999). Each microhabitat occupancy is strongly 

associated with specific morphological traits (Powell and Russell, 1992) and 

locomotor behaviours (Pounds, 1988). Anoles that inhabit regions lower in 

the structural environment have longer hindlegs and run or jump more than 

those that crawl on narrower surfaces higher in the tree (Pounds, 1988; 

Losos, 19900, b; Losos et al., 1990; Losos and lrschick, 1996; lrschick and 

Losos, 1 998). 

The relatively short legs of twig anoles are an adaptation for moving on 

narrow surfaces (Losos and Sinervo, 1989), but short limbs are an 

evolutionary trade-off; maximizing stability on narrow surfaces results in 

reduced sprinting and jumping capabilities (Losos and Sinervo, 1989; Losos, 

1990b). The evolution of body size is the most important variable affecting 

the evolution of iumping and sprinting capability, with evolution in hindlimb 

length being the most important shape variable (Losos, 1990b). Both 

running and jumping are dependent on hindlimb length (Irschick and Losos, 

1998), and within the Anolis clade species tend not to specialize exclusively 

as either a runner or jumper (Losos, 1990b). In a study of the locomotor 

behoviour of anoles in Costa Rica, Pounds (1988) noted that many trunk- 

ground anoles previously classified as jumping specialists ran just as 

frequently. Concordant with the observation of Losos and Sinervo (1989), 

the twig anoles in Pound's (1988) study were identified as locomotor 

specialists. Clearly, the extreme reduction in the length of the hindlimbs of 

this ecomorph restricts them to specific microhabitats. 

The experimental release of Anolis sagrei onto small Bahamian islands 

devoid of a lizard fauna demonstrated that morphological adaptation to o 



different structural habitat can occur rapidly. Losos et al. (1 997) report the 

results of a 10-14 year study that involved the release of A. sagrei onto 

islands with dense vegetation. This species has relatively long hindlimbs, 

and in its natural habitat is commonly found running rapidly in open fields 

(Collette, 1961). O n  experimental islands in which narrow supports 

predominated, the introduced A. sagrei developed shorter hindlimbs than 

A. sagrei that had broader supports available. 

The success of colonization in areas with an established Anolis fauna is 

strongly dependent upon the presence or absence of an ecologically similar 

species. In an exam ination of 23 documented experirnenta l introductions of 

various Anolis species, Losos et al. (1993) found that successful colonization 

of the introduced species occurred when similar native ecomorphs were not 

present. The presence of a similar ecomorph resulted in competition 

between the introduced and native ecomorph, leading to extinction of the 

former, or more commonly, limited increase in geographic ronge. 

Anoles have proved to be instructive subiects in evolutionary studies 

(Roughgarden, 1995), and much of this has focussed upon ecomorph 

ecology and morphometry. Little attention has been paid to potential 

variation of the scansor-based adhesive system other thon rather basic 

attempts to correlate the number of larnellae (scansors) with degrees of 

oboreality. Collette (1 961) found that crown-giant ond trunk-crown 

ecomorphs had more lamellae than grass-bush forms, with moles of all 

forms having higher counts than females. However, the more arboreal 

forms examined in the study were larger, as were the males, thus 

confounding lamellar number with increasing body size. Pounds (1 988) 

found that trunk-ground anoles that occupy the forest understory and that 

frequently jump have reduced toe pads relative to running or crawling 



forms. He argued that these anoles may rely more on grasping and less on 

adhesion. Glossip and Losos (1997) counted the number of lamellae on the 

third toe of the manus and the fourth toe of  the pes in a large sample of 

anolines belonging to each of the six ecomorph closses. When the effect of 

body size was removed, the number of lamellae positively correlated with 

perch height, but only for the manus. Trunk-crown anoles, which perch high, 

move slowly, and iump infrequently, had the greatest number of lomelloe. 

In agreement with Pounds (1 9881, trunk-ground anoles had the lowest 

lamellar number. Glossip and Losos (1997) caution that lamellar count on a 

single toe may be insufficient for ecomorphological analyses, and that 

lamellar number in the trunk-crown anoles may be associated with the way 

environment is used in terms of foraging, locomotion and social interoctions. 

While there is some variance in the overall expression of lamellar size, 

number and overall pad dimensions, the anoline adhesive system is typical 

of all anoline polychrotids and the most parsimonious hypothesis, based 

upon current evidence, is that this system originated once and is a 

synapomorphy of this clade (see section 3.3 in Chapter 3 for o discussion of 

phalangeal similarity in the anolines). In accordance with this hypothesis I 

have undertaken my examination of the functional morphology of the 

anoline adhesive system by selecting examples deep within this clode (see 

Chapters 2 and 3) upon which to formulate bosic descriptions. Only once 

this has been done will it be possible to investigate whether or not the 

superficial differences seen between ecomorphs (lamellar size and number, 

for example) ore expressed in any of the anatomical systems investigated 

herein. 

Anatomical investigation of the onoline adhesive system has heretofore 

been rather sporadic, and past work has focused almost exclusively upon 



aspects of the integument, such as setal form (Ruibol and Ernst, 1965; 

Peterson and Williams, 1981; Peterson, 19830, b), the evolutionary 

development of setae (Peterson and Williams, 1981 ; Peterson, 19830, b), 

basic scansor structure (Ernst and Ruibal, 1 966), and shedding (Lillyw hite 

and Moderson, 1968). OberhButchen pattern and cutaneous 

mechanoreceptor morphology have been documented in anolines (see 

Chapter 3 and Appendix Table 5 for a review), but single receptors are 

typically described in the context of their situation on generalized body 

scales. No  documented report of sensillar pattern and morphology in 

relation to the subdigital pad is  currently available. Little documentation of 

structures of the subdigitol pads exists, with no coverage of the myology and 

only cursory treatment of the osteology (Renous-Lecuru, 1973; Brinkman, 

1980). N o  research to date has comprehensively examined the anoline 

vascular system in the region of the pod, or other potential systems that may 

enhance substrate compliance. 

The recent verification that digital hyperextension occurs during the 

locomotion of Anolis (Russell and Bels, submitted) provides the backdrop 

for the following investigations. Anolis bears subdigital setae thot ore 

responsible for adhesion, and the digits undergo similar movements to those 

of geckos (Russell, 1972, 1975) during the normal locomotor cycle. This 

degree of convergence provides the context for the testing of the other 

anatomical predictions (b-f, see above) posited for the anolines. 



Figure 1.1. Cladogrom of the Lepidosauromorpha (after Evans, 1988; Estes 
et al., 1988) showing the distribution of scansor-based adhesive systems in 
the Squamata. Clodes that include taro with subdigital adhesive pads are 
indicated by on asterisk (+). Adhesive pods bearing setae are found in the 
skink Prasinohaema virens, gekkonids, and anolines within the family 
Polychrotidoe. Skinks of the genus Lipinia, as well as two species of 
Prosinohoerna, have a subdigital pad that bears microscopic ridges or 
folds. The Squomata contains the most recent common ancestor of lguonio 
(node 1) ond Autarchoglossa (node 2). The cladogram is explained in the 
accompanying caption to Figure 3.1 in Chapter 3. 
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Chapter 2 

Materials and Methods 

The primary focus of this thesis is to provide a comprehensive 

documentation of the morphology o f  the anoline subdigital adhesive system. 

This approach is comparative, using Pristidactylus as an outgroup within 

the Polychrotidae, and Iguana as representative of the basal pattern within 

the lguania (see Chapter 3 for the establishment of the primitive pattern). 

After the anoline pattern is demonstrated, I make comparisons with the 

tokoy, and ultimately with other gekkonids. In this manner the configuration 

of the subdigital pad con be fully understood, with a determination of which 

mechanical components are necessary for pad operation, and which are 

morphologically more labile. 

2.1 Specimens 

In the course of this study a variety of approaches were taken in order 

to document the structure of the manus and pes of Anolis and to place these 

findings in a comparative context. A listing of the specimens examined, the 

parts of  this study to which each is pertinent, and details of treatment and 

methods applied are provided in Table 2.1. This table lists the specimens 

employed in each phase of the study, corresponding with the individual 

chapters. The taxa employed for primary comparisons were those 

representing Anolis, the pre-anoline Pristidactylus and the iguanid iguana. 

These taxa form the bulk of the descriptions of the myology, osteology, 

arthrology, dermatology and angiography considered in Chapters 4 to 8. 

To ensure that on appropriate systematic pottern of comparisons was made, 

a ncil lory observations were carried out on the onolines, para-onolines 

(placement into categories based upon Frost and Etheridge, 1989), leiosaurs 



(some of which are classified as pre-anolines by Peterson 1983b), and 

iguonid outgroup taro listed in Table 2.1. These initiol comparative findings 

are outlined in Chapter 3. Gekkotan comparative material (Table 2.1) was 

examined in order that the degree of homoplasy could be assessed between 

the anoline and gekkotan adhesive systems. These details are largely 

considered in Chapter 9, and rely most heavily on comparisons with Gekko 

gecko, a well-documented gekkotan in this regard. The lacertid 

comparative material (Ophisops - Table 2.1) was used largely to confirm 

details of primitive digital topography that is exhibited outside of the 

Iguania. 

2.2 Examination of Osteology 

Osteology was examined using dry skeletons, cleared and stained 

specimens, and radiographs. The latter were taken using a Hewlett- 

Packard Faxitron Model 4380N x-ray system and Polaroid Type 55 

Positive/Negative (P/N) block and white film. Details of osteology and 

arthrology were also obtained by way of dissection and via scanning 

electron microscopy. In the latter case, disarticulated elements were 

manually cleored of soft tissue (except, in some cases, of ligaments), coated 

with high purity silver paint and sputter coated with gold to a thickness of 

approximately 20 qm, using a Semprepl sputter coater. These specimens 

were then viewed with a Hitachi S-450 SEM in the Microscopy and Imaging 

Facility of the Faculty of Medicine, University of Calgary. Photomicrographs 

were taken on Poloroid Type 55 P/N film. 



2.3 Myological Dissections of the Antebrachium, Manus, Crus ond Pes 

Myology was studied by way of dissection of preserved specimens 

(Table 2.1). For each specimen the right forelimb and hindlimb were 

severed at the elbow and knee, respectively, pinned and immersed in 

ethanol in a small dissecting tray, and dissections carried out under a Wild 

M5 dissecting microscope. Drawings were mode with the aid of a camera 

lucida attachment. 

2.4 Examination of Digital Cutaneous Sensilla 

2.4.1 Preparation of Digits for Analysis of Sensillor Form and Distribution 

The integument was examined to determine the form and distribution of 

cutaneous sensilla. Specimens subjected to SEM of the integument were 

freshly prepared (see Table 2.1), thus ensuring that long-term storage in 

ethanol did not result in damage to and exfoliation of the outer epidermal 

generation (OberhButchen) (Irish et al., 1988). Digits for SEM study of the 

integument were removed at the metacarpo- or metatarsophalangeal joint; 

placed in 70% ethanol in a sonicator to remove surface debris; dehydrated 

in a graded ethanol series over a period of two hours; placed in a 5050 

mixture of hexamethyldisilazane (HMDS) and 100% ethanol for 30 minutes, 

then changed through two solutions of 100% HMDS for 30 minutes each 

(Rittenhouse, 1995). The digits were then air-dried on filter paper; mounted 

on S E M  stubs using Lepage epoxy putty; and sputter coated with gold to a 

thickness of approximately 20 qm. 

No fresh specimens of Pr is t idacty lus  were availoble for examination 

and museum specimens proved unsatisfactory as they lacked sufficient 

epidermal detail. Using the SEM to exornine the digits of Anolis resulted in 



significant methodological problems. Beam damage and surface charging 

(Hoyat, 1978) significantly impeded attempts to document sensillar number 

and distribution. Sufficient composite information was obtained, however, 

to enable an accurate ossessment to be obtained. The digits of Iguana 

suffered only minimal damage, suggesting that the topogrophy of the digits 

of Anolis predisposed them to electron beam damage. Complex scole 

architecture on the digits of Anolis and the dense fields of setae on the 

scansors contributed greotly to surface charging, reducing the effective 

sample size for detailed analysis from 61 to 15. Sufficient ancillary 

information was gleaned from the specimens sustaining such damage to 

enable corroboration of the findings from the undamaged subsample. 

2.4.2 Exomination of Sensillor Morphology and Distribution Patterns 

From SEM photomicrographs the following sensillor dimensions were 

measured with digital calipers: papillar width, bristle length (Anolis only), 

distance from scole edge, and iniersensillar distance. Attempts were made 

to measure os many of the visible receptors on one digit as possible. 

Sensilla were not measured if they were located in a region of beam 

domoge, or if they appeared to be distorted. For each receptor, three 

replicate measurements were taken of each applicable dimension, and the 

mean value calculated. The measurements for each dimension were pooled 

ond the mean, range and stondord deviation determined. 

For the purpose of categorizing ond comparing the measurements, the 

Iguana ond Anolis digits were divided into regions. The Iguana digit was 

partitioned into dorsal, lateral and mesial regions, with proximal ond distal 

components incorporated into the three. The distal port of the digit is 

defined as those scales associated with the penultimote and ungual 



phalanges. The Anolis sogrei and A. carolinensis digits were divided into 

three regions for descriptive purposes: the pad, distal to the pod 

(penultimate and ungual phalanges combined), and proximal to the pad. 

Dorsal, ventral (where opplica ble), lateral and mesial components of the 

three regions were also examined. 

The number of sensilla per digital region and pholanx was also assessed 

for lguana and Anolis. The distribution of scales relative to the phalanges 

was determined by flexing and extending the metatarsophalangeal and 

interpholangeol joints (Peterson, 19830, b). At the region of a ioint, a scale 

was ossocioted with the phalanx that it moved with. Digits from the manus 

and pes were included in the numerical count of the sensilla. Digits two 

(N=6) and five (N=7) of the manus of lguana were examined, with each digit 

removed from a different specimen. Large size and/or physical damage 

precluded the use of digits three and four. For the pes, digit two (N=3), 

three (N=l), four (N=l) and five (N=3) were used. For each pholanx, the 

numerical count was separated into ventral, lateral, dorsolateral, mesial and 

dorsomesial regions. Where multiple samples existed, the range and mean 

was determined. 

As a consequence of specimen damage, the number of Anolis digits 

available for the sensillar count was considerably less than that used for 

Iguana. Digits two, three, four and five of the manus of A. sogrei and A. 

carolinensis were used, with only one digit available for each species. The 

full complement of digits from the pes was not available. For A. 

carolinensis (N=2), digits four and five were used, ond digits three, four and 

five were examined for A. sagrei (N=l). For each phalanx the number of 

sensillo was determined for dorsal, ventrol, lateral and mesial regions. 



Statistical comparisons were made for the following: number of sensilla 

between the lateral and mesial side of the Iguana digit; intersensillar 

distance and distonce from scale edge on the laterol and mesial sides of the 

lguana digit; papillar diameter for bristled and bristleless sensilla in A. 

sagrei and A. carolinensis; bristle length for sensillo in dorsol, ventral and 

penultimate regions for both Anolis species; intersensillor distonce for 

proximal, pod and penultimate digital regions in Anolis. For all 

comparisons the Kolmogorov-Smirnov test was first performed to assess 

normality of distribution. Assumption of equal variances was tested with the 

F max  test. If the sample was both normal ond of equal voriance a T test 

was performed. Samples that were not normo! and/or not equol were 

subjected to the non-parornetric Mann-Whitney U test. 

2.5 Examination of the Digital Blood Voscular System 

Anatomical details of the digital blood voscular system were gleaned by 

way of ewominotion of specimens injected with Microfil " (Conton 

Biomedical Products, Boulder, Colorado) (for methodology see Russell, 

1981 a, Russell et al., 1988), or serial histological cross, longitudinal and 

frontal sections stained with Mosson's and Milligan's trichrome (Humason, 

1979), or a combination of both. Drawings of iniected ond cleared 

specimens were made with the aid of a camera lucida attached to a Wild 

M5 dissecting microscope. 

Histological preparation was carried out as described in Russell (1 981 b). 

Serial sections were cut to o thickness of 8-10 pm. Histological sections 

were also employed to evaluate features of the integument, skeletol 

disposition, musculor morphology, and tendon topography. 



Table 2.1. A list of the specimens examined, the methods that they were subjected to, and the location in the thesis that the taxa and 
Ireatments can be found. The absence of a chapter number indicates that a toxon was examined to corroborate documented findings 
and origin01 observations were not made. The use of prepared histological and ~icrof i l@-injected material precluded the 
determination of sex (indicated by ?). 



Table 2.1. Continued. 

species n osteo'ogy/ rnyology wnsilla inhgumant circulation source ond 
(F:M) arthroloqy commnts 

Urostrophus 
vautieri 

Anisolepis grill; 

Enyolius 
iheringii 

Diplolaernus 
bibr onii6 

Leiosourus 
catarnorcensis6 

Prisiidactyfus 
ocha/ensis6 

2 

lguono iguono 

Morunosourus 
annular i s  

Hoplocer cus 
spinosus 

Polychrus 

rnorrnordus 

2 

2 

2 

18 

(1:l) 

(1 :1) 

9 

2 

2 

(1 :1) 

(1:l) 

(1:l) 

SEM'=(O:~) 
~ ' = ( 5 :  5) 

(ch 3) 

R) (ch 3) 

(0: 9)  

(?:I)  

( ? : I )  

(1 :I) 

MCZ-R-133255 
MCZ - R- 1 33256 

MCZ-R- 1331 89 
MCZ -R-133190 

R5 (ch 3) 

R~ (ch 3) 

R~ (ch 3) 

SEMI (ch 4) 

SEMIID' 

(ch 4) 

R5 (ch 3) 

R5 (ch 3) 

R) (ch 3) 

~2 (ch 5) 

MCZ-R-6315 
MCZ- R-163787 

MCZ-R-14918 
MCZ-R-14919 

MCZ-R-15898 
MCZ-R-96710 

APR 

~ ~ ( ~ h 5 )  SEMI 

(ch 6)  
commercial 

supplier 

MCZ-R- 1 46376 
MCZ-R-146377 

MCZ-R-154210 
MCZ-R-154211 

MCZ-R- 154638 
MCZ-R-156319 



Table 2.1. Continued. 

species n mcio osk0109y' myology rmsilla integunnnt circulation source and 
(F:M) arthrology cornmen ts 

MCZ-R-37284 

Material prepared for scanning electron microscopy for integumentary observations. Specimens were obtained olive from 

comrnerciol dealers, euthanized with T-61 (Hoechst Pharmaceuticals 7, fixed in 10% neutral buffered formolin and preserved in 70% 
ethonol prior to preparation for SEM observation 

Material dissected to reveal the morphology of muscles or bones 

Histological sections examined 

' Microfil ' (Canton Biomedical) iniections examined in cleared specimens 

' Osteology examined by way of radiographs. Registered numbers refer to specimens on loan from the Museum of Comparative 

Zoology, Harvard University 

' These ioxa ore classified as pre-onolincr by Peterson (1983b) 



Chapter 3 

3.1 Establishing the Comparative Framework 

To conduct on appropriate comparative investigation of the anoline 

scansor-based adhesive system it is  necessary to establish the polarity and 

relative timing of change of the various systems involved in the context of 

squamate phylogeny in general. This has necessitated an extensive 

literature survey and the mapping of pertinent osteologico I, myologico l and 

epidermal features onto the accepted phylogenetic pattern of the 

lepidosauromorphs (Fig. 3.1). Surveys and phylogenetic mapping of these 

systems provide justification for the selection of the primary comparative 

models employed in the main body of the thesis. 

An examination of the osteology of the corpus, metocorpus, tarsus, 

metatarsus and the manual and pedal phalanges is then conducted on 

representative iguanians. In gekkonids there are osteological correlates of 

the hyperextension mechanism that is associated with the deployment of the 

setae. Recognition of such osteological features should, therefore, be 

predictive of clodes in which the basic anatomical prerequisites of a 

scansor-based adhesive system are present. 

3.1.1 Literature Survey of the Osteology of the Manus and Per of 

Lepidosauromorphs 

As mentioned above, certain osteologicol correlates of a scansor-based 

adhesive system are evident among geckos (Russell, 1972, 1975, Russell et 

al., 1997). These features are evident in the carpus, metacarpus, tarsus, 

metatarsus and phalanges, and are expressed in both qualitative 

morphological changes and quantitative features such as presence or 



absence of elements, and changes in proportions. As the skeleton is the 

main contributor to the vertebrate fossil record, establishment of 

osteological features of the monus and pes should be reasonable indicators 

of the potential of  the scansor-based adhesive systems in extinct and extant 

forms, and precursors of such a system in outgroups. 

Literature surveys of the osteology of the manus and pes of  

lepidosouromorphs were conducted (Appendices 1 and 2) and 

characteristics of the carpus and tarsus in selected representative taxa are 

provided in Figures 3.2 and 3.3, respectively. 

The carpus of stem amniotes consisted of eleven elements arrayed in 

three rows (Romer, 1956): proximally the radiole, ulnare, intervening 

intermedium and lateral pisiform; next a pair of centralia, ond distally five 

distal carpals. This pattern is exemplified by Sphenodon (Fig. 3.2b) and is 

also similar to Permo-Triassic eosuchians such as Youngina, an early 

diapsid that is closely related to squomates (Carroll, 1977). Saurosternon, 

a lizard-like taxon from the Upper Permian and Lower Triassic of South 

Africa, provides the earliest evidence of the emergence of lizards from more 

primitive reptiles, and is selected here as an outgroup. Although Gauthier et 

al. (1 988) argue that the use of Sourosternon is dubious because of the 

difficulty of deriving phy logenetical ly relevant information from a poorly 

preserved specimen, the manual characteristics of Saurosternon serve as a 

reasonable starting point for subsequent comparisons. The carpal pattern 

of Saurosternon bainii (Fig. 3-20), with a reduction in the size of the 

intermedium, more closely resembles that of modern lizards than does the 

eosuchian pattern (Carroll, 1977, 1988). Rorner (1956) contends that the loss 

of one centrale and the reduction or loss of the intermedium resulted in the 



squamate pattern. However, Carroll (1977) suggests that lizards retain both 

centralia, and incorporate the first distal carpal into the head of the first 

metacarpal as an epiphyseal element. 

Descriptions of this primitive configuration o f  the carpus in 

lepidosauromorphs typify most lizards (Appendix 1) and thus appears to be 

the basal squamate condition. Except for the specialized morphologies seen 

in chamaeleons (Fig. 3.2i) and forms with reduced limbs, the pattern of the 

carpus is relatively constant (Renous-Lecuru, 1 973). Carpal pattern differs 

slightly between taxa in terms of the presence or  obsence of an 

intermedium, the loss of which is a derived state (Greer and Gans, 1983). 

This element is  sporadically present in the lguania, consistently absent in the 

Scleroglosso, and common in the Autorchoglossa. The carpus can also be 

modified in terms of the form of the elements, and this is exemplified by the 

condition displayed by Gekko gecko (Fig. 3.2h) (see Chapter 9) .  

Relative to the abundant l iteroture perta ining to the osteology of the 

carpus, the metacarpus has been documented to a significantly lesser extent. 

The carpus o f  Saurosternon is narrower than that of eosuchians, resulting in 

an overlapping of the metacarpal heads that is characteristic of lizards 

(Carroll, 1977). With the exception of the highly derived manus of 

chamaeleons, and the modifications seen in Gekko gecko, metacarpal 

imbrication is common (see Figure 3.2). 

Documented phalangeal morphology is addressed in Appendix 1 .  The 

osteology of the phalanges is given cursory treatment in the literature, with 

detailed descriptions being rare. The lack of attention to the intricacies of 

pho longeal morphology and interphalangeal articulation is not restricted to 

herpetological study. Bryant et al. (1996) found a similar scarcity of 



qualitative and quantitative descriptions of middle and distal phalanges 

associated with claw retraction and protraction in felids. 

In early reptiles, the structure of the tarsus resembled that of the carpus, 

consisting of a mosaic of elements. Saurosternon (Fig. 3.3~3) possessed a 

separate astrogalus and calcaneum, a large lateral centrole, and five distal 

tarsals (Carroll, 1977). As a consequence of this mosaic architecture, the 

pes was relatively flexible and was limited in its ability to impart locomotor 

thrust (Schaeffer, 1941). Fusion and loss of tarsal elements eliminated such 

structural weakness and enabled the pes to participate more effectively in 

the transmission of locomotor effort (Rewcastle, 1983). 

In most squomates the first and second distal tarsals fuse early with their 

respective metatarsols (Borrows and Smith, 1 947; Guibe 1 970; Costeili and 

Hecht, 1971) and the hooked fifth metatarsal may include the fifth distal 

tarsal in fusion (Robinson, 1975). In sphenodontids (Fig. 3.3b) and lizards 

(Fig. 3.3~-h) the astragalus (including the centrale) is  fused with the 

calcaneum, and a mesotarsal ioint is  formed between the 

astragalocalcaneum and the fourth distal tarsal (Carroll, 1988). However, 

the attainment of a functionally similar mesotarsal joint in sphenodontids 

and lizards may be on independent derivation (Brinkman, 1980). 

Descriptions of the osteology of the astragalocalcaneum are infrequent, 

with Russell (1975), Rewcastle (1977) and Rieppel (19920, b; 19930, b; 1994) 

providing the most extensive accounts. Beyond naming the distal tarsals, 

descriptions of these elements are brief and rarely consider articulation 

patterns with other bones (however, see Rewcastle, 1997 and Russell et al., 

1997 for thorough documentation). With the exception of the taxa examined 

by Robinson (1 9 7 9 ,  Rewcastle (1 977) ond Russell et al. (1 977), osteological 



details of the metatarsal heads and the articulation between them is not 

adequately addressed. 

Examination of the documented written and illustrative accounts of the 

osteology of the pes indicates that the primitive pattern of morphology is 

generally widespread among squamate taxa. In a broad taxonomic survey 

of the structure of the mesotarsal joint in lizards, Brinkman (1980) found a 

great deal of morphological uniformity (see Appendix 2 for reference to 

specific taxa). Obviously, finer osteological details of pedal elements hove 

not been described for some of the taxa. However, in many instances the 

basic morphology of the elements is the same. With the exception of highly 

specialized forms such as chamaeleons, gekkonids, and (for some features), 

Varanus, the osteology of the pes is comparable between taxa and 

indicotive of a highly conserved morphology throughout the lizards. 

3.1.2 Literature Suwey of the Myology of the Lower Limbs and Feet of 

Extant Lepidosauromorphs 

Unlike the situation for the skeleton, details of the myology of fossil 

forms must be inferred and reconstructed rather than directly observed. As 

the skeletons of the antebrochium and manus, and crus and pes of 

lepidosauromorphs are generally conservative, the patterns of musculature 

in these regions can be assumed to have been extensively conserved as well. 

Musculature has been for less frequently employed in taxonomic and 

systematic studies than the skeleton (Russell, 1988) and the coverage in the 

literature is much more sporadic. However, the overall patterns for the 

antebrochium, manus, crus and pes of extant lepidosauromorphs has been 

established by way of an extensive literature survey (Appendices 3 and 4). 



For the antebrachium, variability is observed for the rn. 

epitrochleoanconeus and the rn. flexor digitorum longus, with other 

muscles exhibiting a great deal of uniformity for most taxa. Russell (1988), 

using Sphenodon as an outgroup, established the primitive pattern of the m. 

supinutor longus, the m. extensor carpi radialis, and the rn. 

epitrochleoanconeus (see Appendix 3 for the taxa that share or  deviate 

from this pattern). For all documented manual muscles, the pattern 

described for Sphenodon is consistent with that o f  iguana. Gekkonids and 

chamaeleons exhibit a modified origin and insertion pattern for several 

antebrachial and manual muscles, and this can be related to extreme 

locomotor specializations. Documented descriptions for chamaeleons are 

frequently confusing, and in some cases, ore contradictory. 

For many of the crural muscles, consistency in documented pattern exists 

(Appendix 4). The m. flexor digitorum longvs has been documented 

extensively, and for the crural components many taxa have the same pattern. 

The intricate and smaller plantor heads, however, ore often ignored (e-g. 

Snyder, 1954), or generate contradictory descriptions (eg. Perrin, 1895 and 

Byerly, 1925 for Sphenodon). Deeper crural muscles, such as the rn. 

pronator prof  undus and m. popliteus, have been off orded little 

consideration. For five of the crural muscles, Sphenodon deviates from the 

pattern described for Iguana (see Appendix 4 for a list of taxa congruent 

with Sphenodon). 

Descriptions of the pedal musculature, while often scant, are more 

common than those for the manus. Where descriptions exist, a fair degree 

of uniformity is observed for both the origin and insertion pattern o f  mony of 

the muscles. The m. adductor et extensor hollvcis et  indicus exhibits the 



greatest variability, with differences occurring amongst taxa for the number 

of digits involved (including Sphenodon). Similar to that seen in the rnanus, 

gekkos exhibit a modified morphology for several o f  the pedal muscles; this 

being associated with digital hyperextension (Russell, 1975). Several of the 

pedal muscles in chomoeleons have not been adequately documented. 

3.1.3 Literature Sunrey of the Morphology of the OberhButchen and Sensilla 

in Extant Lepidosouromorphs 

In addition to the morphology of the musculoskeletal systems of the fore 

and hind limbs, considerable but sporadic documentation exists for the 

external manifestations of the integumentary system (especially since the 

advent of the scanning electron microscope and its potential for visualizing 

external morphology). As with the skeletal system, the patterns revealed on 

the outer epidermal generation have been employed as systematic features, 

although generally at lower and more exclusive levels. However, sufficient 

details ore known to enable mapping of characters onto a phylogeny of 

lepidosauromorphs (Fig. 3.4). Such features ore summarized in Appendix 5.  

Three basic Oberheutchen patterns ore found in extant 

lepidosaurornorphs, with various ornamentation designs superimposed upon 

these. A lamellate pattern occurs in Sphenodon, and is found in many 

Autarchoglosson taxa, including lacertids, anguids, xantusiiids, scincids, ond 

teiids. Because the lamellate pattern is so widespread, Harvey (1993) 

suggests that it may be a plesiomorphic feature. Polygonal ridges ore 

commonly found in the lguania ond appear sporadically in the 

autarchoglossa. A spinulate Oberheutchen is consistently found in 

gekkonids, and all  polychrotids (the family that includes Anolis) except 



Polychrus.  A spinulate OberhButchen is regorded as a key innovation in 

the development of setae in geckos and anoles (Russell, 1979). 

Determination of  sensillar morphology typically has consisted of 

examining isolated receptors, or treating them incidentally, with 

Oberheutchen pottern being the primary focus. Sensillo have a 

mechonoreceptive role; deformation of the thin OberhButchen surrounding 

the sensillum leods to stimulation of the underlying sensory nerve (Hiller, 

1978). Few authors have examined the topographical distribution of 

sensilla. Ananjeva et 01. (1991) compared the number of sensilla on the 

head and body of various lizards but did not posit a functional 

interpretation of observed differences. Lauff et al. (1 993) provided a rare 

comprehensive description, mapping sensillor distribution on gekkonid digits 

and relating the pattern to locomo~ion. Documented descriptions con be 

difficult to interpret, particularly if SEM photomicrographs are not included. 

For example, the descriptions of sensillar vario bility provided by Will iams 

(1988) are ambiguous, with reliance upon illustrations of single receptors. 

The use of a small sample size can result in incorrect interpretotions if the 

documented receptor is anomalous in form. Knowledge gained from SEM 

examination of anoline sensillar morphology in the present thesis suggests 

that Williams' (1 988) different morphological classes may simply represent 

variation of one form of sensillum. Because of this, some of his observations 

have been omitted from this survey. 

A variety of sensilla hove been described for extant lepidosauromorphs 

(Appendix 5). Polychrotids, oplurids, and gekkonids have sensilla with o 

hair-like bristle. Agomids and some xenosourids have a receptor with o 

single spike, but these ore not considered to be homologous with bristled 

sensil lo (Harvey, 1 993). Bristleless (Ienticu tor) sensi lla have a widespread 



distribution among lizards, and are found in Sphenodon, and basal forms 

such a s  Xantusia and iguanids (Ananjeva et al., 1991). The presence of 

bristleless sensilla in these groups may indicate that this represents the 

primitive state (Williams, 1988). Sensilla with hair-like bristles are restricted 

to taxa with a spinulate OberhButchen, and, in geckos at least, the hairs 

have been proposed to be elaborations of this pattern (Schmidt, 1920). 

Bristles function as  mechanical transducers, allowing more distant stimuli to 

be registered by the epidermis, and by woy of the structure of the sensillurn, 

to be transmitted to the underlying nerves (Bauer and Russell, 1988). The 

bristled sensil la of oplurines and polychrotids have a simple morphology, 

while gekkonids exhibit the greatest sensillor diversity of any clade. 

3.2 Determining Charocter State Changes 

Using information gleoned from the literature surveys described above, I 

determined 60 character states of the osteology, myology and surficial 

integumentary morphology of the lower limbs and feet of taxa within the 

Lepidosauromorpha (after Estes et al. 1988). When possible, outgroup 

comparison with Saurosternon and Sphenodon was used to ascertain 

character state changes within each taxon. Using the approach proposed 

by Lang (1 991 ), characters were selected only if they differed absolutely 

between taxa. For example, the presence or absence of a structure, 

differences in shape of a structure, or positional differences. A character 

code of "0" denotes the primitive state, and "1" (or higher) the derived state. 

Charocter assignments for the taxa are shown in Table 3.1, and mapped 

character state changes on the phylogeny of the Lepidosauromorpha are 

presented in Figure 3.4 and described in the accompanying caption. 

Mapping allows an establishment of the relative timing of change of the 



characters under investigation. Character descriptions ore presented below, 

and are divided into five sections: 1 ) characters of manual osteology; 2) 

characters of pedal osteology; 3) characters o f  the myology o f  the 

antebrachiurn and manus; 4) characters o f  the myology of the crus and pes; 

5) characters of the epidermis. Characters 1, 19-21, 29, 37-38,42 and 45 

are represented by only one character state a t  this level of analysis. 

Variance may occur within terminal taro as depicted on the cladogram, but 

current evidence suggests that the primitive pattern is characteristic o f  all o f  

these clades. 

3.2.1 Character Descriptions 

3.2.1.1 Characters of Manual Osteology 

1. Proximal carpal row: (0) consists o f  radiale, ulnare, and pisiform. 
-the presence o f  these three elements in the proximal carpal row, 
particularly the pisiform, is characteristic o f  reptiles (Romer, 1956) 

2. Size of intermedium: (0) reduced compared with that o f  eosuchians; (1 ) 
large; (2) absent. 

3. Number of centralia: (0) two; (1) one. 

4. Distal carpal pattern: (0) five distal carpals sub-equal in size; (1 ) fourth 
distal carpal is the largest 

5. Metacarpal arrangement: (0) expanded heads overlap; (1) imbricates 
strongly; (2) pincer-like arrangement; (3) no imbrication. 

6. Metacarpal length: (0) four the longest; (1) three the longest, creating a 
symmetrical metacarpus. 

7. Distal rnetaeorpal articular surfaces: (0) convex and hemicylindrical; (1) 
greatly expanded (1 ). 



8. Pholangeal morphology (phalanges 2 and 3 of digit four): (0) short, 
broad and somewhat depressed; (1) phalanges very short, markedly 
depressed and ventrally bear a furrow; (2) phalanges short and robust. 

9. Distal phalangeal articulatory facets: (0) ginglymous; (1 ) expanded and 
unicondy lor. 

3.2.1.2 Charoders of Pedal Osteology 

10. Proximal tarsal row: (0) consists of separate astragalus and calcaneum; 
(1) fused astragalus and calcaneum, forming the astmgalocalcaneum; (2) 
does not arise from either the astrogalus or calcaneurn (according to 
Rieppel, 1 993). 

11. Dorsally-directed flange on the tarsal facet of the astragalocalcaneum: 
(0) absent; (1) present and contributed to by calcaneum only; (2) present 
and contributed to by astragalar and calcaneal areas. 

12. Lateral border of calcaneal portion of astragalocalcaneum: (0) 
rounded, and forms a moderctely developed lateral process; (1) expanded 
into small flange that is less than 10% of the total mesiolateral width of the 
astragolocalcaneum; (2) expanded into prominent flange that is greoter 
than 20% of the total mesiolateral width of the astragalocalcaneum. 

13. Tarsal facet of astragalocalcaneum: (0) has one groove; (1 ) has two 
grooves. 

14. Lateral centrale: (0) present; (1 ) absent. 

15. Number of distal tarsals: (0) five; (1 ) loss of first distal tarsal and loss 
or fusion of fifth. 

16. Second distal tarsal: (0) present; (1 ) absent. 

17. Hooking of metatarsal five: (0) absent; (1 ) present. 

18. Mesial ond lateral tubercles of metatarsal five: (0) absent; (1 ) present. 

19. Length of metatarsal five: (0) much shorter than the fourth. 
-this feature is characteristic of Lepidosauromorphs (Evans, 1988) 



20. Position of proximal end of metatarsal five relative to distal torsals: (0) 
intrudes into distal tarsal row. 
- this feature is characteristic of Lepidosauromorphs (Carroll, 1977) 

21. Lateral outer process on metatarsal five: (0) present. 
- this feature is characteristic of Lepidosauromorphs (Robinson, 1975) 

22. Extent of metatarsal imbrication: (0) extensive; (1) marginal; (2) none. 

23. Symmetry of pes: (0) markedly asymmetrical; (1 ) secondarily 
symmetrical; (3) zygodactylous. 

3.2.1.3 Characters of the Myology of the Antebrachiurn and Monus 

24. Number of heads of origin of the m. supinutor longus/ertensor carpi 
radialis: (0) three, all from humeral entepicondyle; (1) two, one from 
humerus and one from fasciol sheet shared with the rn. extensor digi torum 
longus. 

25. Insertion pattern of the m. efiensor digitorum longus: (0) onto 
metacarpals one, two , three and four; (1) onto metacarpals two, three and 
four, with that onto metacarpal one lost; (2) insertion onto metocarpals one 
and two lost, with attachment onto metacarpals three, four, and additionally, 
five. 

26. Muscle fibre orientation and insertion pattern of t k  m. extensor carpi 
ulnaris: (0) a parallel-fibred muscle that inserts onto metacarpal five; (1) 
fibres hove spiral arrangement, and distally the muscle unites with the rn. 
flexor carpi ulnoris to insert in common onto metacarpal five. 

27. Number of bellies of the m. supincrtor manus: (0) one belly arises from 
distal end of ulna to insert onto metacarpal one; (1 ) two bellies, one from 
the ulna and one from the radiale, with insertion of both onto metacarpol 
one; (2) two bellies, one from the ulna and one from the radiale, with 
insertion onto metacarpal one and contributions made to the mm. interossei 
dorsales. 

28. Origin pattern of the m. flexor carpi mdialis from the humeral 
ectepicondyle: (0) single; (1 ) bifid. 



29. Origin ond insertion pattern of the m. pronutor terns: (0) arises from 
humeral entepicondyle to insert fleshily onto the radius. 
-this muscle shows an origin and insertion pattern that is uniform in al l  taxa 
examined (see Appendix 3) 

30. Insertion pattern of the rn. flexor carpi ulnaris: (0) onto the pisiform 
and annular ligament; (1) onto the pisiform, fourth distal carpal and 
metacarpal five. 

31. Heods of origin of the m. flexor digitorurn longus: (0) three, two from 
the humeral entepicondyle, and the third from the ulnar shaft; (1) four, three 
from the humerus and one from the ulna; (2) four, two from the humerus and 
two from the ulna. 

32. Extent of insection of the m. epitrochleoanconeus: (0) an expansive 
muscle that inserts onto the distal half of the ulna; (1) insertion onto the 
m iddle one third of the ulnar shaft; (2) insertion restricted to the proximal 
one third of the ulna. 

33. Size of the rn. pronotor accessorius: (0) expansive, and overlaps 
extensively with the m. pronator profundus; (1) small, and overlaps 
minimally or not at al l  with the rn. pronator profundus. 

34. Involvement of the origin of the m. prondor profundus with the distal 
head of the m. pronator uceessorius: (0) no association between the two; (1 ) 
both muscles united. 

35. Belly arrangement and insertion pattern of the mm. extensores digitores 
breves: (0) superficiales and profundi components, with insertion onto the 
ungual phalanx of each digit; (1 ) superficiales and profundi components, 
with insertion onto the penultimate phalanx; (2) muscle is complexly 
subdivided, and the profundi contribution is lost from digits two and three. 

36. Extent of development of the mm. interossei dorrales: (0) minimal, with 
only a single belly; (1 ) muscle complex is hypertrophied, with each digit 
receiving a pair. 



37. Origin and insertion pattern of the mm. flexores digitores breves: (0) 
each digit is served by a branch thot arises from the annular ligoment, with 
insertion onto intermediate and basal phalanges. 
-this muscle shows an origin and insertion pattern that is uniform in all taro 
examined (see Appendix 3) 

38. Origin and insertion pattern of the m. abductor digiti quinti: (0) muscle 
has superficial and deep components, taking origin from the annular 
ligament and pisiform, and inserting onto the first phalanx of digit five. 
-this muscle shows an origin and insertion pattern that is uniform in al l  taro 
examined (see Appendix 3) 

39. Presence of the abductor of metacarpal five: (0) not present; (1 ) 
present, arising from the pisiform and inserting onto metacarpal five. 

40. Insertion pattern of the palmar head of the m. flexor digitorum longus: 
(0) onto digits two, three and four; (1) insertion onto digit two lost, with only 
three and four being served. 

41. Insertion pattern of the mm. lumbricales: (0) all digits receive a 
contribution; (1) attachment onto digits two, three and four, with insertion 
onto digits one and five lost. 

42. Origin and insertion pattern of the mm. interossei ventmiis: (0) small 
muscles that arise from the carpal bones to serve digits one to four. 
-this muscle shows an origin and insertion pattern thot is  uniform in ol l  toxo 
exomined (see Appendix 3) 

3.2.1.4 Characters of the Myology of the Crus ond Pes 

43. Morphology and origin of the m. peroneus longus/breves: (0) mass 
divided into distinct longus and breves components, with both arising from 
the fibula; (1 ) muscle mass partially undivided, with fibular origin only; (2) 
mass divided, with additional origin from the femur; (3) mass undivided, 
with additional origin from the femur. 

44. Insertion pattern of the m. extensor digitorum longus: (0) onto 
metatarsals two and three; (1) onto metatarsal two only. 



45. Origin and insertion pattern of the m. tibiulis onterior: (0) arises from 
the tibia1 head to insert onto metatorsol one. 
-this muscle shows an origin and insertion pattern that is uniform in all taxa 
examined (see Appendix 4) 

46. Origin pattern of the m. femorotibial gastrocnamius: (0) arises from the 
femur, tibia and mesial collateral ligament; (1) the origin is restricted to the 
tibia, with on accessory belly arising from the moin belly; (2) the main belly 
arises from the femur, tibia and mesial collateral ligament, with an 
accessory belly arising from the principal component. 

47. Insertion pattern of the superficial aponeurosis of the rn. femoral 
gastrocnemius: (0) onto digits two, three and four; (1) insertion onto digit 
two lost, with attachment onto digits three and four only. 

48. Number of heads of the m. flexor digitorum longus: (0) two, with the 
largest arising from the femur, fibula, and astragalocalcaneum, and a 
smaller accessory head arising from the insertion tendon of the rn. flexor 
tibialis externus; (1) no accessory head; (2) no occessory head, and muscle 
belly is divisible into separate components that serve digits one and two, 
three and four, and five. 

49. Extent of origin of the m. pronator profundus: (0) from the entire fibular 
shaft; (1) origin restricted to the distal two thirds of the fibular shaft. 

50. Extent of origin of the m. popliteus: (0) from the entire length of the 
tibiol shaft; (1 ) origin restricted to the proximal one third of the tibia. 

51. Number of bellies and insertion pattern of the mm. eHensons digitores 
breves: (0) a single belly serves digits one and two, three bellies serve digit 
three, five bellies insert onto digit four, and the fifth digit receives two 
contributions. Insertion is onto the ungual pholanx of each digit; (1) muscle 
complex has occessory heads, with insertion onto the antepenultimate 

of digits three and four, and the penultimate phalanx of the other 
digits. 

52. Extent of development of the mm. interossei donabs: (0) muscle is not 
well developed, with a small belly arising from metatarsals three and four to 
serve the next most mesial metatarsal; (1) muscle is hypertrophied, with each 
digit receiving a bulky pair. 



53. Insertion pattern of the m. adductor e i  extensor hallucis et indicus: (0) 
onto digits one and two; (1) insertion onto digit one lost, with digit two 
receiving two slips. 

54. Origin and insertion pattern of the mm. flexons digitores breves: (0) 
arises from the deep femoral aponeurosis to serve digits one, two and three; 
(1) additional insertion onto digit four; (2) originates from metatarsal one to 
serve digits three, four and five. 

55. Number of bellies of the m. adductor digiti quinii: (0) muscle is 
bipartite; (1 ) three bellies. 

56- Number of bellies of the m. abducior digiti quinti: (0) single belly; (1 ) 
two bellies. 

57. Number of bellies of the mm. contrahenks: (0) four; (1) greater than 
four. 

58. Number of bellies of the mm. interossd plantares: (0) complex network 
of bellies serving all of the metatarsals. This description is questionable, as 
Perrin (1892) may have confused this layer with others; (1) metatarsals one, 
two and three served by this complex. 

3.2.1.5 Characters of the Epidermis 

59. OberhButchen pattern: (0) lamellate; (1) polygonal ridges; (2) 
polygonal ridges mixed with spinules; (3) spinulate; (4) pitted. 

60. Sensillar morphology: (0) bristleless; (1 ) sensi l la with centra l spike; (2) 
sensilla with single unornamented bristle; (3) sensilla with single branched 
bristle; (4) sensilla bearing multiple bristles 

3.3 The Comparative Framework Employed in this Study 

The foregoing sections have outlined that musculoskeletal anatomy of the 

antebrachium and monus, and crus and pes are highly conserved among 

extant lepidosauromorphs as  a whole, and that only in certain specialized 

taxa ore major deviations evident (Appendices 1-4, Fig. 3.4). Surficial 

integumentary features are also firmly enough established to enable 



generalized summaries to be made for most of the major lepidosauromorph 

clades (Appendix 5). Anolis is a taxon embedded in the Polychrotidae (Figs. 

3.1, 3.5). The primitive states of the musculoskeletal and integumentary 

charocteristics of interest in this study can be established by comparative 

observations within the iguania, and more globally, by comparison with 

other taxa outside of the lguania. 

A more fully resolved view of the pertinent portions of the lguania (Fig. 

3.5) provides the backdrop for the establishrne~t of the primary comparative 

framework employed in the bulk of this study. Iguana is token as 

representative of the iguania, Pristidactylus a s  a representative of the non- 

anoline Polychrotidae, and Anolis as a representative of the anoline 

polychrotids (Fig. 3.6). To employ the first two of these taxa as reasonable 

and meaningful exemplars of a broader pattern, it is necessary to establish 

that they are not aberrant and that they concur in basic details with other 

taxa that complete the subordinating branching pattern between Iguana and 

Anolis (Fig. 3.5). 

To achieve this, two approaches were taken. Firstly, for Iguana 

statements and comparisons from the literature were used to establish its 

essentially primitive and basal antebrachiol/manual and crural/pedal 

morphology among living squamates (see Section 3.2). The findings of Rabl 

(1 91 5), Rewcastle (1 977, 1980, 1981, 1983) ond Brinkman (1 980, 1981), 

among others clearly indicate that Iguana is quite generalized in these 

characteristics. Secondly, within the Polychrotidae osteolog ica l patterns 

were examined in the taxa (Fig. 3.5) in stepwise fashion. Morunosourus is a 

member of the Hoplocercidae, Anisolepis, Enyolius and Leiosaurus bracket 

Pristidactylus as non-anoline polychrotids, Chamaeleolis, Chamaelinorops 

and Phenacosourus are anolines, with Polychrus being the sister taxon of 



the remainder of the anolines. Skeietol morphology was examined to 

enable establishment of patterns within this cluster (Figs. 3.7, 3.8). 

Both overall skeletal form of the rnanus and pes (Figs. 3.7, 3.8) and 

pertinent proportional relationships of certain phalanges (Table 3.2) were 

employed to ascertain at what points significant changes in the polychrotid 

cluster may have occurred. Examination of phalangeal morphology proved 

most useful in establishing these changes. 

Morunasourus, Anisolepis and Leiosourus have bicondylar phalanges, 

which is the primitive morphology (Character 9 above) (Romer, 1956). The 

bicondylar structure is not as pronounced in Enyalius, and is clearly absent 

in Polychrus and the anolines. The phalangeal proportions (see below) of 

Polychrus differentiate this taxon from the others, and can likely be 

attributed to its type of locomotion. This arboreal lizard is reported to have 

a pronounced ability to grasp, and it suspends itself from supports with at 

least one limb free of any contact (Vanzolini, 7 983). 

In Morunosourus, a basal iguanid, the second and third phalanges of 

the fourth digit of the manus are roughly subequal in length, and are slightly 

shorter than the first (Fig. 3.7). The phalangeal proportions of Anisolepis, 

Enyalius and Leiosourus are similar to those exhibited by Morunasourus 

(Table 3.2). Relative to these taxa, the anolines Anolis, Chomaeleolis and 

Charnaelinorops have a smaller phalangeal proportional value for the 

manus (Table 3.2). The second phalanx on the manus of these anolines is 

roughly half the length of the first and third, which are of equivalent length. 

The anoline Phenocosourus has a higher phalangeal proportional value 

than Anolis, Chornaeleolis and Chamaelinorops. Relative to the latter three 

toxa, the third phalanx in Phenocosourus is longer, and is subequal in 

length to the fourth. Polychrus, the sister taxon to anoles, has the lowest 



phalangeal proportional value for any of the taxa. The second ond third 

phalanges are shorter and the penultimate and ungual phalanges longer 

than seen in Morunasaurus. 

The phalangeal proportions of the fourth digit of the pes follow the same 

general trend as seen in the manus. Morunasaurus, Enyalius and 

Leisosourus exhibit similar proportions (Fig. 3.8, Table 3.2). with the first 

phalanx being the longest, and the second, third and fourth being of roughly 

equal length. The anolines Anolis, Charnaeleolis and Charnoelinorops 

have a lower phalange01 proportional value than these taxa, this largely 

being o consequence of an elongated first phalanx. Phenacosaurus also 

has a long first phalanx, but the fourth phalanx is relatively shorter, yielding 

a larger phalangeal proportional value. Polychrus has the lowest value, 

and this is the result of the second and third phalanges being reduced in 

length. Relative to the other taxa the third phalanx is particularly short. 

Also contributing to a lower phalangea l proportional value ore longer 

penultimate and ungual phalanges. 

These basic findings indicate that the skeletal panerns seen in Iguana are 

not greotly different from those encountered in Pristidactylus, and that 

significant skeletal changes associated with the scansor-based adhesive 

system occur in the anoline branch of the Polychrotidae and are not a 

generalized or primitive feature of this taxon. In anolines, skeletol changes 

such as the adoption of unicondylar interpholangeal joint articulations and 

modification of phalangeal length, are suggestive of correlated muscular, 

integumentary and circulatory changes associated with predictions b-f 

outlined in Chapter 1. 

In this thesis Pristidacty/us achalensis, a terrestrial lizard from South 

America, was selected as a primary comparative taxon that sits between 



iguana and Anolis (Fig. 3.5). Within the family Polychrotidoe Pristidactylus 

is allied to Diploluemus, Leiosaurus, Aperopristis and Enyalius. These 

taxa retain four pairs of sternal ribs and have a median longitudinal groove 

on the distal two or three subdigital scales (Etheridge and Williams, 1985). 

Peterson (1 983b) found the phalongeal proportions of Pristidactylus to be 

similar to those of Leiosaurus. As shown in this radiographic survey, the 

osteology of Leiosaurus is very corn parable to Morunasaurus, a 

hoplocercid. Intensive examination of the osteology of Pristidactylus in this 

thesis (Chapter 4) shows that the morphology of this taxon is almost identical 

to bosal forms such as Leiosourus, Anisolepis, Enyalius, Morunosaurus 

and Iguana. Based upon this information it is reasonable to use 

Pristidactylus as exemplar of the primitive organization within the 

Polychrotidae for comparison with the anolines (Fig. 3.5). 

3.4 The Use of Successive Outgroups 

The literature reviews (Appendices 1-4) and character mapping (Fig. 3.4) 

have established that iguana possesses the essentially primitive squamate 

condition for both osteology and myology of the lower limbs and feet. The 

selection of lguana allows for comparisons within the lguanomorpho and 

for polo rizing character state changes within the Polychrotidae. The skeletal 

morphological pattern of Pristidactylus, a basal polychrotid, is identical to 

that of lguana in most respects. Establishment of this situation allows a 

stepwise comparison with Anolis. 

Following investigations of the morphological components of the 

adhesive system in Anolis, in comparison with Iguana and Pristidactylus 

(Chapters 4-8)) further comparisons are made with gekkonids. The tokay 

gecko (Gekko gecko) is  used as the initiol comparative model because its 



morphology has been well documented in the literature. The thesis 

concludes with a more globol overview of the pafterns of scansor-based 

adhesive systems in geckos to establish which gekkonids, if ony, most closely 

resemble the general morphological arrongernent of the sconsor-based 

adhesive system in Anolis and how closely predictions b-f in Chapter 1 hove 

been borne out. 



Figure 3.1. Phylogenetic relationships among the Lepidosauromorpha, 
which includes extinct Permo-Triossic lizard-like taxa, such as Sourosternon, 
as well as Sphenodon (within the family Sphenodontidae) and squamates 
(Evans, 1 988; Estes et al., 1 988). Lepidosaurians include the most recent 
common ancestor of Sphenodon and all its descendents, while the 
Squamata contains the most recent common ancestor of lguania (node 1 )  
and Autarchoglossa (node 2) (after Evans, 1988; Estes et al., 1988). Within 
the former are the Agamidae, Chamaeleonidae and iguanidae, while the 
latter encompasses all other squomates. Based upon an examination of 67 
morphological characters, Frost and Etheridge (1 989) partitioned the 
lguanidae into eight families that correspond to the rnonophyletic groups of 
Etheridge and de Queirot (1 988): Corytophanidae, Crotaphytidae, 
Hoplocercidae, Iguanidae, Opluridae, Phyrnosomatidae, Polychrotidae, and 
Tropiduridae. Frost and Etheridge (1 989) found no evidence for the 
monophyly of the lguonidae or the Agamidae. Recently, Macey et 01. (1 997) 
examined mitochondrial DNA sequences in representative iguanians and 
proferred that the lguanidae is indeed monophyletic and that it be restored 
to its previous configuration, with the eight families being given subfamily 
status. They did not find any evidence that convincingly rejects the 
monophyly of the Agamidae. Both Frost and Etheridge (1989) and Macey et 
al. (1 997) found support for the monophyly of the Chamaeleonidae. The 
assertions of Macey et al. (1997) must be treated with caution because of the 
small number of taxa examined. Because relationships within the lguania 
have not been fully resolved, the systemotic arrangement of Frost and 
Etheridge (1 989) is used here. Sourosternon and Sphenodon are used as 
outgroups in this Chapter for establishing primitive morphological patterns. 
Similarity in the postcranial skeleton of sphenodontids and lizards suggests 
that they probably shared a common ancestor among eosuchians (Carroll, 
1977). However, the presence o i  two temporal arches in the sphenodontid 
skull indicates that they are more primitive than most modern lizards 
(Romer, 1956). Clodes that include taxa with subdigitol adhesive pads are 
indicated by an asterisk (*). 



I I Sphenodontldae 



Figure 3.2. Cho rocteristics of the left dorsal carpus in representative 
Lepidosauromorph taxa. lllustrotions are adopted from the following 
sources: a, Carroll (1 977); b, Renous-Lecuru (1 973); c, Renous-Lecuru 
(1 973); d, Renous-Lecuru (1 973); e, Renous-Lecuru (1973); 1, Barrows and 
Smith (1 947); g, Renous-Lecuru (1 973); h, Russell (1 975); i, Rieppel (1 993). 
The first distal carpal in Chamaeleo (i) is designated with a question mark 
due to uncertainty about identification of the element (Rieppel, 1993). The 
manus of chamaeleons, which is highly modified into a pincer system, 
deviates rnorkedly from that of other taxa. The manus of Xenosaurus (f) 
illustrates a primitive imbricate metacarpus and phalanges with bulbous 
orticulotions. Gekto gecko (h) represents a derived pattern, with widely 
spaced metacarpa Is and highly modified phalanges. Abbreviations: C, 
centrale; Dc, distal carpal; I, intermedium; Mc, metacarpal; Pi, pisiform; R, 
radius; Rod, radiale; U, ulna, Uln, ulnare. 
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Figure 3.3. Characteristics o f  the left dorsa l tarsus in representative 
Lepidosauromorph taxa. illustrations ore adapted from the following 
sources: a, Carroll (1 977); b, Romer (1956); c, Brinkman (1 980); d, Rieppel 
(1 9920); e, El-Toubi (1 938); f, Barrows and Smith (1947); g, Brinkman 
(1 980); h, Russell (1 975); i, (Rieppel, 1993). The highly modified tarsus of 
chamaeleoos (i) deviates markedly from that of other taxa, making 
identification of the elements difficult. The pes of Xenosaurus (f) illustrates 
a primitive imbricate arrangement of the metatarsus and primitive 
phalangeal morphology. The pes is asymmetrical due to difference in 
digital length, as well as the disparate shape of the hooked fifth metatarsal. 
Gekko gecko (h) represents a derived pattern, with a secondarily 
sym metrical pes, widely-spaced metatarsals, a highly modified fourth 
metatarsal, and phalanges modified for hyperextension. Abbreviations: 
AC, ostragolocalcaneum; Ast, astragalus; C, centrale; Cal, calcaneum; Dt, 
distal tarsal; F, fibula; Mt, metatarsal; 1, tibia, TP, tarsale proximal 
(according to Rieppel, 1993). 
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Figure 3.4. Pattern of relationships within the Lepidosaurornorpho after Estes st 01- (1 988) 
(see statements in Fig. 3.1). Onto this pattern have been mapped charocter states (section 
3.2.1) of the osteology, myology and surficial integumentary morphology of the lower limbs 
and feet of the included taxa. Osteologicol features only of Saurosternon can be recorded. 
The Pygopodidae, Dibamidae and Ophidia are limbless and thus cannot be examined in this 
regard. While osteological features have been recorded in the literature for one or more 
members of most taxa, the myological and integumentary information is sparse. The 
character mapping of such feotures is, therefore, not robust but is  as comprehensive as the 
literature allows. The cumulative data indicate that Iguana, as a member of the lguonia 
(node C) and the Iguanidoe, i s  relatively unspecialized in these 60 characters and is an 
appropriate and reasonable choice for comparative observations with Pristidactylus and 
Anolis. The data available also indicate that the Gekkonidae and Chamaeleonidae show a 
high degree of specialitotion and autapomorphy. In both cases this is largely reflective of 
the disproportionate amount of work that has been conducted on the distal limb segments of 
these taxa. Further, the autapomorphic states of the Gekkonidoe will most likely diminish 
once more primitive members of this taxon (in the context of their locomotor system) have 
been studied-a disproportionate amount of data are available for highly specialized 
members of this taxon. Character state patterns ore as follows, those outlining the nested 
sets leading to lguona are boldfoced. States for Node 8: All (0) except for characters 
10(1), 11 (I), 14(1), 15(1), 17(l), 18(1), 32(2), 33(1). Node B--Sphenodontidae: 2(0-I), 
6(0-1); Node B-Node C: 3(0-I), 5(0-.1), 13(041), 16(0+1), 24(0-I), 25(0+1), 47(0-I), 
48(0+1), 49(0+1); Node C-Node 0: 43(0+3), 53(0+1), 59(0+1); Node 
D--Corytophonidae: 2(0--2); 32(0-I), 54(0-1); Node D-Crotaphytidae: 32(0-I), 54(0-1), 
59(1--2); Node D-.lguanidoe: 39(0+1); 50(0-1); Node D-Opluridae: 59(1--3); Node 
D--Polychrotidae: 44(0--1); Node D-Tropiduridae: 33(1--0); Node D--Node E: 31 (0--I), 
32(0--I), 33(1-0); Node E--Chamaeleonidae: 4(0-1); S(1-2); 6(0-I), 7(0-I), 1 O(1-2), 
23(0--2); 25(1-2); 26(0+1), 27(0-I), 28(0-I), 30(0--I), 31(1-2), 32(2-I), 34(0-I), 35(0-2), 
40(0--I), 43(0--I), 44(0--I), 48(1 --2), 53(1-2), 54(0-2), 59(1--3); Node C--Node F: No 
changes; Node F-Node G: 4(0--I), 5(1-3), 6(0-I), 59(0-3); Node G-Eublephoridoe: 
12(0-I), 22(0--1); Node G-Gekkonidae: 8(0-I), 9(0--I), 12(0--2), 22(0--2), 23(0-I), 
27(0--l), 32(2-O), 35(0-I), 36(0-I), 40(0-I), 41(0-I), 43(0-3), 51(0--I), 52(0-I), 56(0--I), 
57(0+1); Node F-Amphisbaenia: 6(0-I), 8(0-2), 59(0-4); Node F--Node H: 46(0-1); 
Node ti--Node I: No changes; Node I--Node J: 53(0--I), Node J-Node K: 47(1--01, 
48(1-0); Node K--Lacertidae: 32(2--O), 43(0--2); Node K-Node 1: No changes; Node 
L-Teiidae: 46(1--2); 55(0--1); 59(0--4); Node I--Node M: No changes; Node 
M--Scincidae: 31(0--I), 32(0--1); Node M--Node N: No changes; Node H-Node 0: No 
changes; Node O--Node P: 12(0-2); Node P-Helodermatidae: 59(0--4); Node P-Node 
Q: No changes; Node Q-Node R: 2(0-2), 32(2-O), 47(1--O), 48(1-01, 55(0--1). 





Figure 3.5. Phylogenetic relationships within the Polychrotidae. Iguana 
(Iguanidae) is chosen as the primarf outgroup for purpose of morphological 
comparison in the thesis. This cladogram shows finer resolution between the 
fomilies within the lguania than does that depicted in Figure 3.1. Morunosourus 
(Hoplocercidae) is  selected as an outgroup for comparison in the radiographic 
survey in Chapter 3. This toxon is persistently primitive for many morphological 
aspects (Etheridge and de Queiroz, 1988) and is  generalized in form. Taxa within 
the Hoplocercidoe and Opluridae possibly have a closer relationship to the 
polychrotids thon do other iguanians (Etheridge and de Queiroz, 1988; Williams, 
1988; Frost and Etheridge, 1989). This affinity is not firmly estoblished, however, 
and the relationships among the iguanian families still remain poorly resolved 
[Etheridge and de Queiroz, 1988; Frost and Etheridge, 1989). Branch 1 identifies 
taxa within the Polychrotidae (as defined by Frost and Etheridge, 1989). Inclusion 
within this family was based upon the presence of 30 characters of osteology, 
dentition, squamation, internal nasal structure, musculature and hemipenes. 
Branch 2 shows the position of the para-anolines, with Anisolepis representative of 
this group. For simplicity Urostrophus and Aptycholaemus are not illustrated. 
The para-anoles may not form a monophyletic group, but the relationship between 
these taxa hos not been resolved (Etheridge and de Queiroz, 1988; Frost and 
Etheridge, 1989). Branch 3 denotes the position of Enyolius, a basal polychrotid 
that is the sister taxon of Pr is t id~c t~ lus  and its derivative taxon Leiosaurus (Branch 
4) (Frost and Etheridge, 1989). Enyalius, Pr istidoctylus, Leiosaurus, Diploloemus 
and Aperopristis (the latter two not shown on the cladogram) form a group, the 
leiosaurs, that possess su bdigital scales divided distally (Etheridge and Williams, 
1985). Peterson (1 983b) classifies the leiosaurs, with the exception of Enyalius, as 
pre-anolines. According to Peterson (1983b). the integument of pre-onoline 
subdigital scales forms a morphological series that appears to model the early 
stages in the evolution of the anoline pad. Branch 5 identifies the placement of 
Polychrus, a basal polychrotid that is the sister taxon to anolines. Unlike other 
polychrotids, Polychrus has femoral pores and a non-spinulate Oberhautchen 
(Frost and Etheridge, 1989). Anoles and Polychrus share four morphological 
characters: second ceratobranchial extends to clavicles, anterior process of 
interclavicles well developed, most anterior cervical ribs on vertebra five, and loss 
of gular fold (Frost and Etheridge, 1989). The sixth branch identifies the anolines, 
which includes Anolis, Chomae/eolis, Chamaelinorops and Phenacosavrus. All 
four genera have subdigital adhesive pads. Since the work of Frost and Etheridge 
(1 989), the phylogenetic relationships within the anolines has been resolved to o 
greater level of detail (see Fig. 3.6). 





Figure 3.6. Phylogenetic relationships in Anolis lizards (adapted from 
Jackman et al., 1997, 1999). The authors examined mitochondria1 DNA 
sequences from the NADH dehydrogenase subunit 2 gene (ND2) and five 
transfer-RNA (tRNA) genes, and 16 morphological characters (dental and 
osteological). The in-group consisted of 53 species of anoles, largely from 
the Greater Antilles, with Polychrus (branch 5, Fig. 3.5) and the leiosaur 
Diplolaemus (branch 4, Fig. 3.5) selected as out-groups. The morphological 
characters alone did not successfully elucidate higher level anole 
relationships, but they may be useful when used in conjunction with 
molecular data (Jackman et al., 1999). Analysis of DNA sequences showed 
that Anolis is paraphyletic with respect to Phenacosourus, Chamaeleolis 
and Chamaelinorops (Jackman et al., 1997, 1999). They suggest that the 
latter three taxa are nested within Anolis, and proposed that they be 
considered subclades within the inclusive clade of Anolis. Chomaeleolis 
has a close relationship with Anolis cuvieri (Hass et al., 1993; Jackman et 
al., 1997, 1 999). Anoles have demonstrated four separate instances of 
adaptive radiation in the Caribbean, with largely independent diversification 
occurring on each island of the Greater Antilles (Jockman et al., 1997). 
Examination of the DNA sequences of representative anoles from these 
islands ruled out the hypothesis that each island represents a monophy letic 
radiation. Monophyly was rejected for groups of anoles occurring on Cuba, 
H ispaniolo and Puerfo Rico, with tentative monophyly only for Jamaican 
onoles. Jackman et al (1 997, 1999) found poorly supported nodes deep in 
the onole tree, but many well-supported nodes for more recent phylogenetic 
divergences. They contend that lack of resolution is likely the result of 
rapid, sucessive branching of lineages that ocurred early in the evolutionary 
history of anoles. For simplification the original cladograrn of Jackman et 
al. (1997, 1999) has been collapsed into clodes in this Figure. Superscript 1 
denotes that Phenacosourus is included in the Anolis equestris cluster, and 
superscript 2 indicates that Chamaelinorops and Chornaeleolis are found 
within the Anolis lucius cluster, which includes A. cuvieri mentioned above. 
An asterisk (+) beside a clade indicates that taxa within it have been 
examined in this thesis. Anolis equestris, a Cuban species, is the only taxon 
examined from the basal part of the tree. Aoolis carolinensis, while 
common in Florida and the Bahomos, is likely derived from a Cuban species 
(Jackman et al., 1997). O n  this cladogram it is nested within the Anolis 
morcanoi clade that contains species mainly from Cuba, but also from 
Hispaniola. Anolis sagrei is located with the Cuban Anolis ahli clade, and 
A. lineatopus, A. garmani and A. grohami are found within the Jamaican 
Anolis valencienni clade. 
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Figure 3.7. Radiographs of the monus of the representative bosol iguanid 
outgroup (a, Morunasaurus) and of polychrotids (b-h). Refer to Figure 3.5 
for an explanation of the cladogram. All radiographs ore of the dorsol 
aspect and, with the exception of specimen b (Anisolepis), represent the 
right manus. 





Figure 3.8. Radiographs of the right pes of the representotive basal iguanid 
outgroup (a, Morunasaurus) and of polychrotids (b-h). Refer to Figure 3.5 
for an explanation of the cladogram. All radiographs are of the dorsal 
aspect. Digit four on Anisolepis (b) is not intact, and is broken at the 
metatarsophoiongeal joint. 





Table 3.1. Character data matrix resulting from a literalure review of osteological, myological and epidermal characters in 
documented taxa. A "0" code denotes the primitive state, and "1" (or higher) the derived state. A character assignment of 9 
indicates that the condition is  unknown. 

TAXON CHARACTER 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Souroster non 0 0 0 0 0 0 0 0 0 0 0 9 9 0 
Sphenodontidae 0 1 0 0 0 1 0 0 0 1 1 0 0 1 
Corytophonidae 0 2 1 0 1 0 0 0 0 1 1 0 1 1 
Crotaphytidae 0 0 1 0 I 0 0 0 0 1 1 0 1 1 
Holplocercidae 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

lguanidoe 0 0 1 0 1 0 0 0 0 1 1 0 1 1 
Oplur idae 0 2 1 0 1 0 0 0 0 1 9 0 9 1 

Phyrnosomatidoe 0 0 1 0 1 0 0 0 0 1 1 0 1 1 
Polychrotidae 9 2 9 9 9 9 9 9 9 1 1 9 1 1 
Tropiduridae 0 2 1 0 1 0 0 0 0 1 9 0 9 1 

Agamidae 0 0 1 0 1 0 0 0 0 1 1 0 1 I 
Chamoeleonidoe 0 9 9 1 2 1 1 9 9 2 9 9 9 1 

Pygopodidae NA N A  NA NA NA NA NA NA NA NA NA NA NA NA 
Eublephar idae 0 2 1 1 3 1 0 0 0 1 9 1 9 1 
Gekkonidae 0 2 1 1 3 1 0 1 1 1 1 2 1 1 

Amphisbaenia 0 2 1 1 1 1 0 2 0 NA NA NA NA NA 
Dibamidae NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
Xontusiidae 0 0 1 0 1 0 0 0 0 1 1 0 1 1 
Lacertidae 0 0 1 0 1 0 0 0 0 1 1 0 I 1 

Tei idae 0 0 1 0 1 0 0 0 0 1 1 0 1 1 
Gymnophthalmidae 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

Scincidae 0 0 1 0 1 0 0 0 0 1 1 0 1 1 
Cordylidae 0 0 1 0 1 0 0 0 0 1 9 0 9 1 

Gerrhosauridae 0 0 1 0 1 0 0 0 0 1 9 0 9 1 
Anguidae 0 0 1 0 1 0 0 0 0 9 9 9 9 9 

Xenosauridae 0 0 1 0 1 0 0 0 0 1 1 0 1 1 
Helodermatidoe 0 0 1 0 1 0 0 0 0 1 1 2 1 1 
Lanthonotidae 0 0 1 0 1 0 0 0 0 9 9 9 9 9 

Varonidoe 0 2 1 0 1 0 0 0 0 1 2 2 1 E 





Table 3.1. Coni nued. 
TAXON CHARACTER 

29 30 31 32 33 34 35 36 37 38 39 40 41 42 
Sauroster non NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Sphenodontidae 0 0 0 0 9 0 0 9 0 0 9 0 0 9 
Corytophanidae 9 9 9 1 9 9 9 9 9 9 9 9 9 9 
Crotaphytidae 9 9 9 1 9 9 9 9 9 9 9 9 9 9 
Holplocercidae 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

lguonidae 0 0 0 2 1 0 0 0 0 0 1 0 0 0 
Opluridae 0 9 0 9 9 9 9 9 9 9 9 9 9 9 

Phyrnosomat idae 9 9 9 2 9 9 9 9 0 9 9 9 9 9 
Polychrotidae 9 9 9 2 9 9 9 9 Y 9 9 9 9 9 
Tropiduridae 9 9 0 9 0 9 9 9 9 9 9 9 9 9 

Agomidoe 0 0 1 1 0 0 0 9 0 9 9 9 9 9 
Chamaeleonidae 0 1 2 9 1 1 2 0 9 0 9 I 9 9 

f'ygopodidae NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
Eublepharidae 9 9 9 9 9 9 9 9 9 9 9 9 9 9 
Gekkonidae 0 0 0 0 9 9 1 1 0 0 9 1 1 9 

Amphisboenio NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
Dibamidoe NA NA NA NA NA NA NA NA NA NA NA NA NA NA 
Xantusiidoe 9 0 9 2 9 9 9 9 9 9 9 9 9 9 
Lacertidae 0 0 0 0 9 9 9 9 9 9 9 9 9 9 

Teiidae 0 0 9 2 1 9 9 9 9 9 9 9 9 9 
Gyrnnophthalmidae 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

Scincidae 0 0 1 1 1 9 9 9 9 9 9 9 9 9 
Cordy tidae 0 0 9 9 9 9 9 9 9 9 9 9 9 9 

Gerr hosauridae 9 9 9 2 9 9 0 9 9 9 9 9 9 9 
Anguidae 9 9 9 9 9 9 9 9 9 9 9 9 9 9 

Xenosauridae 0 0 9 9 9 9 9 9 9 9 9 9 9 9 
Helodermotidae 9 0 9 2 9 9 9 9 9 9 9 9 9 9 
Lanthanotidae 0 0 9 9 9 9 9 9 9 9 9 0 0 9 

Varonidae 0 0 1 0 9 0 0 9 0 0 9 0 0 0 





Table 3.1. Continued. 
TAXON CHARACTER 

57 58 59 60 
Souros ter non NA NA NA NA 

Sphenodontidae 0 0 0 0 
Corytophanidae 9 9 7 0 
Crotaphytidae 9 9 2 0 
Holplocercidae 9 9 1 9 

lguanidae 0 1 1 0 
Opluridae 9 9 3 0, 2 

Phyrnosomcltidae 0 9 1, 2 0 
Polychrotidae 9 9 1 ,  3 0, 2 
Tropiduridae 9 9 1, 2 0 

Agamidae 0 1 1 0, 1 
Chamoeleonidae 9 9 3 0 

Pygopodidae NA NA 3 2 
Eublepharidae 9 9 3 2 
Gekkonidae 1  1 3 0,  2, 3,4 

Amphisbaenia NA NA 4 9 
Dibarnidae NA NA 9 9 
Xantusiidae 9 9 0 0 
Locertidae 9 9 0 0 

Teiidae 9 9 4 0 
Gymnophthalmidae 9 9 9 9 

Scincidae 9 9 0 0 
Cordylidae 9 9 9 9 

Gerrhosauridae 9 9 9 9 
Anguidoe 9 9 0 0 

Xenosauridae 9 9 0, 1 0, 1 
Heloderrnatidae 0 1 4 9 
Lanthanotidae 9 9 9 9 

Varanidae 0 9 1 0 



Table 3.2. Phalangeal proportions of digit four of the manus and pes for 
tax0 shown in Figures 3.7 and 3.8. Proportions were determined by adding 
the length of phalanges two and three and dividing the sum by the length of 
all phalanges of the digit. In anolines the pad is typically confined to 
phalanges two and three. The fourth digit of the pes was broken in the 
Anisolepis  specimen, preventing the determination of a phalangeal 
proportion value. 

Pholangeal Proportions 

Toxon Manus Pes 

M o r u n a s o u r u s  

Anis o lep is  

Enyal ius 
Le iosaurus 

Polychrus 

Anol is  

C h o m a e l e o l i s  

C h a m a e l i n o r o p s  

Phenacosaurus 
* 

The average of phalangeal proportion values for two specimens. Range: Anolis (0.35-0.35); 

Chomaeleol is (0.33-0.34); Chomoelinorops (0.33-0.35); Phenacosourus (0.38-0.38). 



Chapter 4 

Results: Comparative Osteology and Arthrology of the Manus and Pes 

The primitive configuration of the osteology of the manus and pes in 

lepidosauromorphs was established in Chapter 3. It is evident that Iguana 

possesses the essentially primitive pattern and therefore it is  unnecessary to 

describe its pattern here. Descriptions of the osteology of the carpus, 

metocarpus, tarsus, metatarsus and phalanges are provided for Anolis, for 

later comparison with Iguana. The arthrology of the monus and pes is olso 

considered. At the end of each section a discussion indicates the ways in 

which Anolis differs from the primitive pattern displayed by /guano and the 

more closely related Pristidoctylus. The discussion also indicates where 

differences occur between the latter two taxa, and how these differences 

relate to the condition seen in Anolis. This chapter concludes with a 

comprehensive comparative summary of the osteology and arthrology of the 

manus and pes. In Gekko gecko hyperextensible phalanges in the region of 

the pod have specializations thot facilitate both digital mobility and 

compliance with the substratum (Russell, 1975). Anoles can hyperextend 

their digits (Russell and Bels, submitted), therefore I hypothesize that 

modifications in phalangeal morphology will also be exhibited. 

4.1 Osteology and Arthrology of the Monus 

4.1.1 Osteology of the Carpus of Anolis 

The ulnare (Fig. 4.1) is a truncated cuboidal element. The distal condyle of 

the ulno fits into a deep, rounded, diagonally-oriented depression on the 

proximal surface of the ulnare, that trends from ventromesial to distolateral. 

Distally. the fourth and fifth distal carpals ore received by a concave surface 



on the ulnare. The mesial border of the ulnare is identical in length to the 

adjacent centrole. A stout ligament on the lateral margin of the ulnare binds 

it to the distal end of the ulna and the pisiforrn. Ventrally, the cuboidal 

shape is maintained. The surface is relatively smooth, and is devoid of 

prominences. 

The rodiale (Fig. 4.1 ) is triangular in dorsal view, with the apex directed 

mesially and the base laterally. Proximally the radiole articulates with the 

radius, laterally with the centrale, and distally with the first distal carpal. 

Ventrally, it appears more ovoid, with the longest axis trending 

mesiolaterolly. The ventromesial aspect of the rodiale bears a large, 

sphericol, rugose prominence, from which a ligament runs to the distomesial 

border of the radius. The ventral surface of the anoline radiale is  not 

heavily sculptured. 

The centrolt (Fig. 4.1 ) is elongated proximodistally, and dorsally it takes the 

form of a narrow triangle, with the apex directed proximally, and the base 

distally. It forms a wedge that completely separates the radiale and ulnare, 

having the same length as the mesial border of the latter. Ventrally, the 

centrale maintains a pyramidal shape, but is considerably brooder than it 

appears dorsally. A concavity on the distal surface receives the convex 

proximal ends of the second and third distal tarsals. 

The pisiform (not illustrated) is a small, smooth, ovoid element that 

articulates with the ulna via o slightly concave, oval facet. Its long axis 

trends ventrolatera lly, and is anchored to the dorsolateral and ventroloterol 

margins of the ulnare by thick ligaments. Its size is variable, and in some 

specimens it may be very small and difficult to locate, being encapsulated 



by a large amount of connective tissue. The Anolis specimens in the SEM 

photomicrographs lack a pisiform because of removal during preparation. 

The first distal carpal (Fig. 4.1) is a small, crescent-shaped bone that is very 

narrow along its proximodistal axis. The convex portion is oriented 

proximally and lies in contact with the distal hollow of the radiale, and the 

concave distal region is directed towards the rounded head of metacarpal 

one. Ventrally, it is not visible. 

The second distol carpal (Fig. 4.1 ) i s  slender, with the apex directed ventrally 

and the base projecting somewhat dorsomesially. A broad ligament binds 

the convex base to the head of the second metacarpol, which lacks an 

obvious articulatory facet for the second distal carpal. Ventrally, it becomes 

ovoid, with the longest axis extending from mesial to lateral. 

The third distal carpal (Fig. 4.1) is, in relative terms, similar in size and 

shape to the second distal carpal, with the exception that the proximally- 

directed apex is pointed. Again, the apex is  oriented somewhat ventrally. 

The convex distal base conforms to a cup-shaped depression on the third 

metacarpal. A ligament binds the distai rllcl of the third distal carpal to the 

proximal end of the third metacarpol. The triangular shape of the third 

distal carpal is noticeable ventrally, but the apex is more blunt than it 

appears dorsally. 

The fourth distal carpal (Fig. 4.1) is  a large, irregularly-shaped bone. The 

proximal half of the mesial aspect is convex, fitting into a concave 

depression on the proximolateral surface of the third distal carpal. In 

contrast, the distal half of the mesial surface is concave, and accepts the 

rounded distolateral side of the third distal carpal. The rounded distomesial 



surface fits into a deep proximomesial notch on the head of the fourth 

metacarpal. A ligament on the distolateral margin of the fourth distal 

carpal connects it to the head of the fourth metacarpal. The convex 

proximal surface is received by a shallow concavity on the distomesial 

surface of the ulnare. Ventrally it is rectangular, with the proximodistal axis 

being the longest. 

The fifth distol carpal (Fig. 4.1) is a small, pyramidal element, with the 

convex apex directed proximally to contact the concave bose of the ulnare. 

Distally the convex bose articulates with a concove mesial focet on the fifth 

metacarpal, as well as being bound to that metacarpal by a ligament. 

Mesially, it articulates with the proximolateral aspect of metacarpal four. 

Ventrally, the triangular shape persists. 

4.1.2 Summary of the Osteology of the Corpus 

4.1.2.1 Comparison of Pristidoctylus ond iguana 

The morphology and arrangement of the corpa! bones in Pristidactylus 

(Fig. 4.2) is very similar to the pattern presented by Igucma. In both taxa the 

corpus consists of robust elements arronged in straight rows. The only 

difference is the shape of the fourth distal carpal in Pristidactylus. 

Primitively this bone is irregularly-shaped, and the mesial aspect is concave, 

particularly for the proximal half of the bone. In Pristidoctylus the 

proximal half of the mesial aspect is  convex, fitting into a concave 

depression on the proximolaterol surfoce of the third distal carpal. The 

distal half of the mesial surface is  slightly concave, and accepts the rounded 

distolateral side of the third distal carpal. 



4.1.2.2 Comparison of Anolis to lguana and Pristida~Ius 

The osteology of the anoline carpus differs considerably from the pattern 

of lguana and Pristidoctylus (compare Figs. 4.1 and 4.2). The most 

significant deviation is that in Anolis the digits are spread into an arc, rother 

than being sub-porollel. The digital orientation is a direct consequence of 

the morphology of the carpal elements, with the centrale having a pivotal 

role. In lguana and Pristidoctylus the centrale is robust and is distally 

expanded and does not completely separote the radiale and ulnare, 

allowing their proximal halves to abut. In contrast, the anoline centrale is 

elongated along its proximodistal axis and has the same length as the 

ulnare, forming a wedge that pushes the radiale and ulnore completely 

apart. The third distal carpal, along with the centrale, occupies a medial 

position on the rnanus. The other distal carpals radiate mesially (distal 

carpals one and two) and laterally (distal carpals four and five) from this 

midline axis. Mesial to the axis created by the centrale and third distal 

carpal, the proximal ends of these elements tend to be directed laterally, 

towards the midline of the manus. Lateral to the third distal carpal, the 

proximal ends of the distal carpal elements are oriented mesially. 

In Anolis the carpals are more gracile, typically consisting of a 

pyramidal shape with a tapered, proximally-directed apex. The only 

morphological feature of the carpus that Anolis has in common with 

Pristidactylus i s  the shape of the fourth distal carpal. 



4.1.3 Osteology of the Metacarpus of Anolis 

Metacarpal one (Figs. 4.1, 4.3) is short, with a bulbous proximal epiphysis. 

The head is large and rounded, displaying a greater curvature on the mesial 

aspect than on the lateral. The proximolateral region in Anolis bears a 

large ovoid prominence that extends onto the proximal portion of the shaft. 

Veotrolly, this prominence places the lateral aspect of the heod into relief 

from the rest of the metacarpal, which is relatively flat. In cross section the 

shaft is ovoid, with the longest axis extending from mesial to lateral. 

Distally, the narrow shaft expands into a rounded end that is symmetrical 

and unicondylar. 

Metacarpal two (Figs. 4.1, 4.3) has a slender ovoid shaft that is copped by 

slightly expanded, gently rounded ends. The proximal articulatory facet on 

the second metacarpal is not pronounced, and attachment of the second 

distal carpal is largely via a stout ligament. The remainder of the 

metacarpal head is convex. With the exception of a small prominence on 

the proximolateral aspect of the shaft, the dorsal surface is devoid of 

surface relief. The ventral aspect of the epiphysis is generally smooth, and o 

large, irregularly-shaped rugose prominence on the proximolateral side of 

the head i s  the only distinguishable contour. The unicondylar distal end is 

approximately sub-equal in size to the proximal, and both dorsal and 

ventral surfaces are smooth, with the latter being slightly concave. 

Metacarpal three (Figs. 4.1, 4.3) has a smoll, square heod that displays 

more surface relief than metacarpals one and two. Dorsally, the 

proximomesial aspect of the head is more expansive than the lateral side, 

and it proiects outwards from the shaft. A more subtle, rounded prominence 

i s  found mid-dorsally at the junction between the head and the shaft. 



Surface relief is most evident on the ventral surface of  the head, which is not 

as smooth as metacarpals one and two. Ventrally the midline of the head 

bears a low ridge. The narrow ovoid shaft expands into o smooth, 

unicondylor distal end thot is considerably broader and rounder than the 

head. The ventral surfoce is slightly concave. 

Metacarpal four (Figs. 4.1, 4.3) has a proximal end thot bears a deep 

hollow on the mesiol side that oppears notch-like in both dorsal ond ventral 

views. This concavity accepts a projection from the fourth distal carpal. It 

covers approximately half of the head, with the remainder of the proximal 

articulatory area consisting of o steeply-sloping laterol facet. A ridge 

separates the two facets. Both dorsal and ventral surfaces of the head are 

smooth. The distal end is symmetrical and gently rounded, and its ventral 

surface bears a slight concavity. Both mesial and lateral collateral fossae 

are present, the latter being the largest. 

Metacarpal five (Figs. 4.1, 4.3) has an expansive, shallow concave facet on 

the mesial aspect o f  the head, is oriented from distomesial to 

proximolateral, and receives the convex distal end of the fifth distal carpal. 

Ventrally, the surface is smooth and slightly convex. The distal end is 

symmetrical, rounded, and unicondylar, with the midventral surfoce bearing 

a shallow concavity. 

4.1.4 Summary of the Osteology of the Metacarpus 

4.1.4.1 Comporison of Pristidactylus and lguana 

With the exception of slight differences in contour, the morphology of the 

metacarpals in Iguana and Prist idactylus (see Figs. 4.2, 4.3) is  sirnilor. They 

exhibit an increase in length from first to third, with the second and fourth 



being roughly subequal in length and the fifth being the shortest. 

Metacarpals two, three and four have an  irnbricote arrangement, and are 

partially overlain by the head of the adjacent mesial metocarpal. 

Compared to rnetacorpals one and five, the heods o f  the second, third and 

fourth ore compressed, and this is accompanied by marked surface relief. 

This is most visible on the proximoventral surface, which is narrow and 

heavily sculptured. The distal articulatory surface of each metocarpo l of 

lguana is ginglyrnous. The equivalent condyles of Pristidactylus are less 

robust but are still discernible. Al l  of the ioints in each digit o f  Iguana and 

Pristidactylus are bicondylar, and ginglymoid, permitting only flexion and 

extension (Barnett et al., 1961 ). 

4.1.4.2 Comparison of Anolis to Iguana and Pristidacfylus 

The only metacarpal feature that Anolis shares with lguana ond 

Pristidactylus is asymmetry in metacarpal length. In contrast to the latter 

two taxa, Anolis does not exhibit a pronounced imbrication o f  the 

metacarpals. As mentioned obove, the digits of Anolis are arranged in an 

arc rather than being sub-parollel (compare Figs. 4.1 and 4.2). 

Consequently, the heads of metacarpals two, three and four, which ore 

overlain mesially by the adjacent metacarpal in lguana and Pristidactylus, 

are more widely separated in Anolis. The heads o f  these metacarpals, 

particularly the third ond fourth, are more broadly expanded in Anolis and 

lack the sculpturing that is a characteristic feature o f  the compression that 

occurs in Iguana and Pristidactylus (see Fig. 4.3). The distal condyles of  

anoline metacarpals are unicondylar, permitting more degrees o f  freedom 

than is possible with the primitive bicondylar, ginglymoid arrangement. 



A feature of the anoline manus that is particularly noteworthy is the 

position of the adhesive pads on digits three and four. On the manus, the 

scansors of digits three and four lay next to each other, and this alignment is 

a consequence of the length of the digital elements. Even though digit four 

has one more pholanx than digit three, the two digits are approximately 

subequal in length. This similarity in length is the result of a longer 

metacarpal on digit three, and an extremely short second phalanx on digit 

four. The arrangement of the adhesive pads on the manus is in marked 

contrast to the staggered arrangement seen in the pes. 

4.1.5 Osteology of the Phalanges of Anolis 

The osteology of the non-terminal phalanges (Fig. 4.4) is described for digit 

four as this digit has the greatest number of elements. The first phalanx has 

a long shaft that is slightly expanded proximally, with a single cup-shaped 

depression that is  flanked proxirnoventrally by a slight projection. Ventrally, 

a shallow concavity is present on the distalmost part of the shaft, and this 

depression extends onto the distal articulatory surface. While the mesial 

and lateral edges of the distal end are offset by this median hollow, a 

distinct bicondylar structure typical of the iguanian pattern is not apparent. 

The first phalanx of digit three has a similar morphology. Digits one, two 

and five, which have fewer elements, lack a phalanx with this morphology. 

The second phalanx is conspicuously shorter than the others, and it is  

approximately half the length of the first. The proximal and distal ends ore 

not distinct, and are only barely expanded beyond the width of the shaft. 

Dorsally, they appear smooth and are slightly convex. The proximal 

articulatory facet is a single, concave hollow that is surrounded by a rim of 

bone. Ventrally, the proximal end is smooth and devoid of contouring. A 



shallow medial depression is apparent on the distal third of the shaft, and 

this extends for a short distance onto the distal articulatory surface. The 

distal region of the second phalanx is elevated slightly above the hollow, 

and is free of contouring. Again, a bicondlyar structure is absent. The 

second pholanx is depressed when compared to the first. The proximalmost 

region of the adhesive pad is located beneath the distal region of this 

phalanx. 

The third pholanx is approximately the same length as the first. The 

proximal articulatory facet is a single depression encircled by a rim. This 

phalanx overlies the adhesive pad, and is  markedly depressed. Ventrally, a 

pronounced concavity extends from the middle of the shaft to the distal end 

of the bone. This depression is broad and, with the exception of a narrow 

mesial and lateral border of bone, covers most of the width of the shaft. 

Moreover, it is deeper distally, and ot the junction between the shaft and 

distal articulatory surface, becomes a pronounced hollow. The first phalanx 

of digits two and five, and the second phalanx of digit three overlie the 

adhesive pad and disploy this characteristic morphology. Digit one on both 

the manus and pes lack a subdigital pad, and concomitantly lack a phalanx 

with this morphology. 

The fourth, or penultimate, phalanx is slightly longer than the first and 

third. In comparison to the preceding phalanges, the shaft is  narrow, and 

becomes more so distally. The proximal end is slightly expanded beyond 

the width of the shaft, and the articulatory facet consists of a single 

depression. Both dorsally and ventrally the proximal end is smooth and free 

of contouring. A proximoventral projection slightly overlaps the distoventral 

end of the preceding phalanx. Distally, the articulatory surface is narrow 

and only extends marginally beyond the width of the shaft. Ventrally, the 



distal articulatory surface is bicondylar, with both condyles being oval and 

of equal size. The condyles of  the penultimate phalanx are received by two 

deep concavities on the proximal end of the ungual phalanx. Thus, the 

articulation between the penultimate and ungual phalanges is the only one 

to involve a bicondlyar structure. 

With the exception of digit one, the penultimate phalanges have a 

uniform morphology. The only non-terminal phalanx on the first digit has 

relief associated with articulation with both a metacarpal and a terminal 

phalanx. In Anolis, this phalanx has an expansive proximal end that bears 

a single cup-shaped depression, os well as a slight proximoventral 

projection. The long shaft is slender, and becomes more so distally, where it 

terminates in a bicondylor articulatory surface. 

The terminal phalanx (Fig. 4.4) forms the bony core of the claw. Proximally 

it articulotes with the distol bicondylar structure of the penultimate phalanx 

by woy of two deep, oval hollows that are separated by a vertical ridge. 

On the proximoventral surface a rounded tubercle serves as the attachment 

point for the long flexor tendon. The tubercle is separated from the 

proximal articulatory region by a deep transverse hollow, but it i s  not offset 

from the distal half of  the phalanx, and grades smoothly into it. Dorsally, 

the proximal half of the onoline ungual phalanx bears a convex ridge that 

terminates at the same point on the proximodistal axis as the ventral 

tubercle. The distal half of  the anoline ungual phalanx is triangular, with a 

slightly convex dorsal margin and a slightly concave ventral aspect. The 

apex tapers to a sharp point that is directed somewhat ventrally. In Anolis 

the dorsoventra l length is only slightly greater than the proximodistal length. 



4.1.6 Summary of the Osteology of the Phalanges 

4.1.6.1 Comparison of Pn'stiductylus and lguana 

The pholangeal morphology of Iguana ond Pristidactylus is very similar, 

with the following exception. The proximoventrol tongue on o phalanx of 

Iguana bears a medial depression, which is not as noticeable in 

Pristidactylus. The first phalanx is smooth, but more distal phalanges do 

hove a shallow depression, which is most marked on the penultimate 

phalanx. However, this groove is never os deep as that on a non-terminal 

phalanx of Iguana. 

Taking digit four as an example, in both taxa the phalanges tend to 

decrease in length towards the distal end of the digit. This decrease in 

length is gradual, with the first phalanx being only slightly longer than the 

second, which in turn, is somewhat longer than the third. The penultimote 

phalanx is the longest, but is  not noticeably greater in length than the first. 

With the exception of the ungual phalanx, the phalanges are all bicondylar 

and ginglyrnoid, with a conspicuous proximoventral tongue that overlops the 

condyles of the preceding phalanx. The shofts of these pholanges are 

slightly convex dorsally and flat ventrally. 

4.1.6.2 Comparison of Anolis to Iguana and Pristidacrylus 

The morphology of anoline phalanges diverge noticeably from that of 

lguana and Pristidactylus. In terms of pholangeal length, the second 

phalanx is roughly half the length of the first and third, which are subequal 

in length. This is in contrast to the continuous decreose in length from the 

first to the third phalanx in Iguana and Pristidactylus. Moreover, 



interpholangeoi joint structure differs between the taxa. The phalanges of 

Iguana and Pristidactylus are bound tightly together, with the bicondylar 

region of one phalanx articulating with a deep depression on the next most 

distal phalanx. Furthermore, the prominent proximoventral tongue on the 

more distal phalanx overlaps the distoventral region of the preceding 

phalanx. This kind of articulation is most marked between the penultimate 

and ungual phalanges, in which the former phalanx is strongly bicondylor 

and is received by deep hollows on the latter element. As o consequence of 

this type of joint structure in lguana and Pristidactylus, phalangeal 

movement is restricted to the dorsoventral plane. 

The only bicondylar articulation in Anolis occurs between the penultimate 

and ungual phalanges, and this is the sole instance in which the type of ioint 

is identical to the primitive pattern. Proximal to this articulation the 

phalanges are unicondylar, with those phalanges associated with the pad 

being most noticeably so. Anoline phalanges lack a prominent 

proximoventral tongue, and only the first and the penultimate bear a 

proximoventral projection, which is larger on the latter bone. However, 

these projections are not as strongly developed as the proximoventrol 

tongue seen in lguana and Pristidactylus. Thus, the unicondylar 

interphalangeal articulation associated with the subdigital pad permits 

greater movement than is present at the joint between the penultimate and 

ungual phalanges. 

As mentioned, the pha langes of lguana and Pr i~ t idac t~ lus  are slightly 

convex dorsally and flat ventrally. In contrast, the pholonges on digits two, 

three, four and five of Anolis that overlie the subdigital pad exhibit 

conspicuous dorsoventrol flattening. Furthermore, these phalanges bear a 



ventral hollow that accommodates the long flexor tendon of that digit (this 

feature is clearly shown on phalanx 3 in Fig. 4.4). 

The shape of the anoline ungual phalanx is considerably different from 

that of lguona and Pristidactylus, especially in its distal half. In the 

primitive pattern, the distal half of the uogual phalanx is narrow along the 

dorsoventral axis and elongated proximodistally, with the rounded terminal 

point sloping ventrally. In contrast, the anoline ungual phalanx has a 

symmetrical triangular shape with a sharp apex. The proximoventral 

tubercle that serves as the attachment point for the long flexor tendon is 

placed further distolly than in the primitive pattern. 

4.1.7 Arthrology of the Monus of Anolis 

The arthrology of the corpus (Fig. 4.5) includes a network of ligaments, with 

the most prominent of these associated with the wrist ioint and proximal 

carpal row. Stout ligaments connect the distal ends of the rodius and ulna, 

and the proximal ends of the radiale and the ulnare. The most conspicuous 

component of this network is a thick, fibrocartilagenous meniscus-!ike 

ligament positioned between the radius and radiole (Landsmeer, 1983). 

Ventrally, a thick distal radio-ulnar ligament binds the distolateral end of 

the radius to the ulna, while another prominent bond fastens the pisiform to 

the distolateral aspect of the ulna. The radius and radiale are tightly bound 

by ligaments, including a stout longitudinal bond, as well as by smaller 

transverse ligaments. A similar network of ligaments binds the ulna and 

ulnare. 

In addition to the a bove-mentioned stout ligaments, other smaller 

ligaments are also present. Dorsally, the distal carpals, except for the first, 



ore firmly attached to the heads of their respective metacarpals by brood 

ligaments. A network of ligaments radiates from the centrale, binding that 

element to the ulnare, radiale, and the first, second and fourth distal 

carpals. 

Ventrally, a broad superficial ligament joins the distal aspect of the 

radiale to the second distal carpal, then posses transversely across to palm 

to bind to the fourth distal carpal. A longitudinal ligament occupies the 

mesial border of the palm, and extends between the ulnare and the head of 

metacarpal five, and laterally a similar ligament connects the radiale to 

metacarpal one. Deeper ligaments in the palm form a network that 

connects all carpal elements together. 

The arthrology of the metacarpus (Fig. 4.5) includes stout transverse 

ligaments that bind the proximal ends of the metacarpals together dorsally 

and ventrally, and ligaments that extend obliquely between the metacarpals. 

Anolis has two oblique ligaments, and they originate from the second and 

third metacarpals. The mesialmost is slender and arises from the 

proximolateral aspect of the head of metacarpal two. It crosses the 

intermetacarpal space obliquely, to attach onto the metacarpophalangeoi 

joint of digit three. Distally, this fine ligament traverses the mesial side of 

the digit and attaches onto the proximal end of the antepenultimate phalanx, 

beneath which lies the adhesive pad. At this point, slender branches rodiate 

outwards from the mesial ligament and are incorporated into the connective 

tissue of the scansors. 

The ligament that originates on the proximolateral border of metacarpal 

three is broad and transparent. It crosses the intermetacarpal space 

obliquely, ond inserts onto the mesial side of the metacarpophalangeal joint 

of digit four. This ligament tapers distally, and ultimately inserts onto the 



antepenultimate phalanx, with slender branches being incorporated into to 

the connective tissue core of the sconsor. 

The lateral sides of digits three and four are served by tendinous 

extensions of muscle bundles that occupy the intermetacarpal spaces 

(Landsmeer, 1981 ). They are extremely fragile in Anolis and are difficult to 

locate in the connective tissue that surrounds the joint capsules of the digit. 

Eoch tendon extends to the proximal end of the antepenultimate phalanx of 

its respective digit, where it is incorporated into the connective tissue of the 

scansor. 

4.1.8 Summary of the Arthrology of the Manus 

4.1.8.1 Comparison of Pristidacrylus and Iguana 

The network of ligaments of the carpus of Pristidactylus and iguana are 

congruent with those of Anolis (see above). However, the arthrology of the 

metacarpus is more variable. iguana hos four fibrotendinous oblique 

bands, and they originate from the dorsolateral ospects of metacarpals one, 

two, three, and from the insertion tendon of the rn. extensor digitorurn 

longus that serves digit four (Landsmeer, 1981). These bands extend 

obliquely and laterally across the intermetacarpal space to attach onto the 

ventromesial aspect of the metacarpophalangeal joint of the adjacent digit. 

In all digits except the first, the bands continue down the mesial side and 

attach onto the terminal phalanx. At the level of the metacarpophalangeal 

joints and perpendicular to the main strand, flat ligaments branch off and 

attach onto the proxirnomesial aspect of the adiacent digit. In iguana all 

digits receive such a contribution (Landsmeer, 1981). The lateral sides of 

digits two, three, and four are served by tendinous extensions of muscle 

bundles located within the intermetacarpal spaces. 



Pristidactylus closely approximates the pattern seen in iguana, with the 

following exceptions. First, the mesial ligament in Pristidactylus does not 

extend to the ungval phalanx, and instead oppears to insert onto the 

penultimate phalanx. Second, the intermetacarpal oblique ligaments do not 

produce stout branches near their origin. Rather, fibres extend 

perpendicularly from the main ligament, but lack a cohesive structure. 

4.1.8.2 Comparison of Anolis to iguana and PrisiiducfyIus 

As mentioned, the ligamentous aspects of the arthrology of the carpus 

are uniform in Anolis, /guano and Pristidactylus and involve a network of 

superficial and deep ligaments that link all of the elements, with the 

coupling of the radius, radiale, ulna and ulnare being a functionally 

important feature. The binding of these elements controls carpal 

displacement that results from forearm rotation that is inherent to sprawling 

locomotion (Landsmeer, 1983). 

The arthrology of the metacarpus of Anolis deviates somewhat from the 

primitive pattern, but this may be a function of quality of preservation. 

Primitively in Iguana and Pristidoctylus there are four intermetacarpal 

ligaments, but Anolis has only two, originating from metacarpals two and 

three. In Anolis, these ligaments do not bronch at their origin. Moreover, 

only digits three and four have mesial and lateral digital ligaments. While 

their origin is comporable to the primitive pattern, their insertion is different. 

On both sides of the digit, the anoline ligaments extend only to the proximal 

end of the antepenultimote phalanx, where they ore incorporated into the 

connective tissue of the scansors- 



4.2 Osteology and Arthrology of the Pes 

4.2.1 Osteology of the Torsus of Anolis 

The astrogalocolconeum (Figs. 4.6,4.7) is depressed, and firmly attached to 

the tibia and the fibula. Proximally the articulotory facets almost abut one 

another, save for an intervening narrow ridge of bone. They are oriented 

such that the tibia and fibula approach one another more closely on the 

ventral surface than they do dorsally. The mesial border of the 

astragalocalcaneum is gently rounded, and distally it grades into a bulbous 

tuberosity. A meniscus intervenes between the tuberosity and the first 

metatarsal. 

The distal contours of the astragalocalcaneurn form an interlocking ridge 

and groove system with the fourth distal tarsal. These contours mediate the 

movements ot the mesotarsal ioint, and have been referred to as control 

surfaces by Rewcastle (1980). A crucial part of this interlocking system is the 

large, sub-oval tarsal focet, a prominent feature on the dorsal and distal 

aspects of the astragalocalcaneum. Distomesially the element beors a 

pronounced rounded oblique ridge that is bordered laterally by an oblique 

groove. Lateral to the groove, the contours of the astrogalocalcaneum 

become more pronounced. The groove grades into a broad, oval, slightly 

convex lateral expansion, which is bordered by a thick margin of bone. This 

margin, the lateral rim, is quite flat in Anolis. The oblique ridge and groove 

form the primary control surfaces, with the lateral rim being a subsidiary 

surface (Rewcastle, 1980). The distomesicl border of the tarsal facet bears 

a prominent indentation, termed the disto-mesial notch, which is bordered 

mesially by the globular mesiol tuberosity, and laterolly by the distally 



projecting oblique ridge. The disto-mesial notch receives a convex 

projection of the fourth distal tarsal, the ventral peg, and represents the 

pivot01 region of the mesotarsol ioint. In Anolis the distomesial notch is 

deep and it is bordered laterally by an oblique ridge that is pronounced 

and convex. The lateral process consists of a rounded and bulbous tubercle 

that is  directed somewhat ventrolokrolly and only extends slightly beyond 

the fibular facet. Functionally, the lateral process operates to maintain the 

positional relationships of the ventral cruro-pedal muscles that pass across 

this region to insert onto the plantor surfoce of the foot (Rewcostle, 1977). 

Ventrally, the anoline astragalocalcaneum is deeply indented. This 

hollow is broadest distally, and gradually becomes narrow proximo lly. At 

the level of the tibia1 and fibular articulatory facets, the concavity expands 

slightly. The ventral hollow is largely confined to the middle region of the 

astragalocalcaneum, and offsets the elevated mesial and lateral borders. 

Distally this hollow is overlapped by the ventral peg of the fourth tarsal. The 

mesial aspect is smooth, convex, and ovoid, with the proximodistal axis 

being the longest. While also offset from the median hollow, the lateral 

edge is flatter and more rugose than that of the mesial surface. In contrast 

to the complex sculpturing of the dorsal surface, that o f  the ventral i s  

smooth. Along with the lateral process, the concave surface operates to 

prevent displacement of the ventral muscles (Rewcastle, 1977). 

The fourth distal tarsal (Figs. 4.6, 4.7) is an irregularly-shaped bone that 

forms the distal part of the mesotarsal joint. Its broadest region occurs 

middorsally and appears as a ventrolaterally to dorsomedially trending 

groove, which separates a convex dorsal ridge from a prominent rounded 

peg on the ventromesial corner. The middorsal groove and ridge on the 



fourth distal tarsal motch the oblique ridge and oblique groove on the 

astragalocolcaneum, respectively. In Anolis the ventral peg is very narrow 

and rounded, and it articulates with the prominent distomesial notch on the 

astragolocalcaneum. 

In addition to articulating with the astragalocalcaneum, the fourth distal 

torsal also contacts the fourth and fifth metatarsals distally, and the third 

distal tarsal mesiolly. The focet for the fifth metatarsol is ovoid, slightly 

concave, and located on the lateral margin of the fourth distal tarsal. It 

receives the subtly rounded mesial aspect of the fifth metotarsal. 

Articulation with the fourth metatorsal occurs via a poorly-defined facet on 

the distal end of the fourth distal tarsal. This facet is positioned more 

dorsally than the facet for the fifth metatarsal. Articulation with the third 

distal tarsal is by way of a deep ovoid facet on the mesial margin of the 

fourth distal tarsal. The proximodistol axis of this facet is  the longest, and is 

surrounded by o rim of bone. 

The third distal tarsal (Figs. 4.6, 4.7) is o small rounded element that is 

bound to the proximomesial aspect of the head of the third metatarsal via a 

stout ligament. Ventrally, it is narrower than in dorsal view, and is ovoid, 

with the longest axis directed from proximal to distal. The convex 

proximolateral aspect fits into a concavity on the fourth distal tarsal. 

Mesially it articulates with the second distal tarsal. Dorsally, the proxima l 

border of the third distal tarsal is attached to the astragalocolconeurn via an 

astragalar-metatarsd ligament. 



The second distal tarsal (Figs. 4.6, 4.7) is larger than the third, but has a 

similar spherical shape in dorsal view. It articulates with the head of the 

second metatarsal across its entire width, and the two elements are tightly 

bound dorsally by a broad ligament. A stout astragalar-metatorso I 

ligament binds this element to the base of the astragolocalcaneurn. 

Distomesially, the second distal tarsal contacts the first metatarsal. 

Laterally, it abuts the adiocent third distal tarsal vio a flat surface. Ventrally, 

the second distal tarsal becomes more ovoid, with the longest axis oriented 

from mesial to lateral. 

4.2.2 Summary of the Osteology of the Tarsus 

4.2.2.1 Comparison of Pristidocfylus and iguana 

The morphology of the tarsus in Iguana and Pristidoctylus (Fig. 4.8) is 

essentially identical, and no features of the astragalocaicaneum, and third 

and fourth distal tarsals distinguish Prist idacty lus from the former. While 

the astragalocalcaneum for these two taxa is generally comparable to the 

condition in Anolis, three features should be described for completeness. In 

Iguana and Prist idacty/us the expansive tibial facet slopes distomesially 

and receives the slightly convex distal end of the tibia. The fibular facet is 

angular, with the mesial margin oriented distomesially and the lateral 

margin facing more distally. Further, in both taxa the lateral rim is elevated 

considerably from the dorsolateml surface of the astragalocalcaneum, and 

appears as a prominent convex lip. Ventrally, the astroga localcaneurn is 

slightly concave, except for the elevated lateral process. 



4.2.2.2 Comporison of Anolis to Iguana and Pn'stidaciylus 

In Anolis, when compared to the other two taxo, there are 

morphological differences that pertain to certain features of the 

astragalocalcaneum and the possession of a second distal torsal, but the 

structure of the mesotarsal ioint is uniform in all three. The most distinctive 

feature of the anolioe astragalocalconeurn is its deeply hollowed ventral 

surface, when compared to the subtle concavity seen in lguana and 

Pristidactylus. The orientation of the tibia1 and fibular facets also differs. 

In Anolis the tibia and fibula abut more closely on the ventral surface than 

they do dorsally, while in the putatively primitive condition they are 

equidistant dorsally and ventrally. The distomesial notch on the onoline 

astragalocolcaneum is more pronounced than it is in lguana and 

Pristidactylus, and this is matched by a more distinct ventral peg on the 

fourth distal tarsal. 

The contour of the tarsal facet on the ostrogalocalcaneum, except for 

slight differences, is  consistent in the taxa. The ridges and grooves on the 

tarsal facet are matched in all taxa by complimentary structures on the 

fourth distal tarsal. The matching nature of these contours is crucial 

because they mediate the movements that occur at the mesotarsal ioint. As 

such, key features of  the mesotarsal joint are quite uniform and they disploy 

little morphological variation. This uniformity is concordant with the results 

of an extensive survey of lacertilian mesotorsal morphology conducted by 

Brinkman (1 980). Except for chamaeleonids, Saurosternon, and varanids, 

the mesotarsol ioint in all lizards so for examined is like that of iguana. 



Compared to the complex morphology of the fourth distal tarsal, that of 

the other distal torsals is simple. Iguana and Pristidoctylus have only o 

third distal tarsal that intervenes between the second and third metatarsals. 

It functions as an important packing piece that keeps the proximal ends of 

the second and third metatarsals apart, and hence helps maintain the 

transverse arch of the metatarsus (A.P. Russell, pers. comm.). In addition, 

Anolis has a second distal tarsal that articulates with first metatarsal 

mesially, the second metatarsal distally, and the third distal tarsal laterally. 

4.2.3 Osteology of the Metatarsus of Anolis 

Metatarsal one (Figs. 4.6, 4.7, 4.9) is the shortest metotarsal and it has a 

bulbous proximal end. The laterol aspect of the head of metatarsal one 

abuts the odjacent second distal tarsal. Proximally, the first metatarsal 

articulates with the distomesial aspect of the astragalocalcaneum by an 

intervening meniscus. Ventrally, the head of metatarsal one is devoid of 

sculpting, and it grodes into a straight shaft that is smooth and ovoid in 

cross section, with a mesiolaterolly trending long oxis. Distally, the shaft 

expands into a unicondylar articulatory surface. 

Metatarsal two (Figs. 4.6,4.7,4.9) has a wedge-shaped proximal end. The 

flat proximolateral margin of the head of metatarsal two abuts a similar 

planar surface on the proximomesial region of metatarsal three. Each of 

these bones is abutted by similarly shaped distal tarsals that articulate with 

each other. Mesially, the second metatarsal articulates with the head of the 

first via a flat facet. The head of  metatarsal two is only slightly narrower 

ventrally than dorsally, and consequently the extent of imbrication is slight, 

and largely involves metatarsal one projecting over the second. The shaft of 

the second metatarsal is again ovoid in cross section, with the longest axis 



oriented from mesial to lateral. In contrast to the first metatarsal, the shaft 

of the second is curved slightly rnesially. Similor to the first, the distal end of 

the second is also unicondylar. 

Metatarsal three (Figs. 4.6, 4.7, 4.9) has a somewhat flattened, spade- 

shaped proximal end that i s  twisted on the shaft (Rewcastle, 1977). such that 

the expanded surfaces of the proximal end come to face ventrolaterally and 

dorsomesially. Besides being flatter than metotarsal two, the third is  also 

broader dorsally and ventrally. Overlap between the third and fourth 

metatarsals in Anolis is minimal. Proximally, metatarsal three articulates 

with the third distal tarsal for most of its width. The shaft is ovoid in cross 

section, exhibits o noticeable mesially directed curvature of its long axis. 

and it terminates in a unicondylar distal articulatory surface. 

Metatarsal four (Figs. 4.6, 4.7,4.9) has a shape similar to that of the third, 

but it is even more depressed and lacks the appearance of having a twisted 

shaft. Proximally, the mesial aspect of the head bears a small diagonal 

facet, while the lateral side is concave. Compored to the third metatarsal, 

the distal end of the fourth i s  very expansive. Consistent with the other 

anoline metatarsals, the distal articulatory surface of the fourth is also 

unicondylar. 

Metatarsal five (Figs. 4.6, 4.7,4.9)  has a hooked proximal end that is devoid 

of conspicuous contours. Ventrally the mesial and lateral tubercles are not 

prominent, giving the plantar surface a flat appearance. These tubercles lie 

for apart, with the mesial being positioned considerably more proximally 

than the lateral. The rounded lateral expansion is not pronounced, and the 

head is only minimally dorsoventrally angled. The anoline fifth metatarsal 

has a long shaft that terminates in a distal unicondylar articulatory surface- 



4.2.4 Summary of the Osteology of the Metatarsus 

4.2.4.1 Comparison of Pristidaefylus and lguana 

The metatarsals of lguana and Pristidactylus (Figs. 4.8, 4.1 0) have a 

similar morphology, and for the first, third and fourth the two taro are 

essentially indistinguishable. Pristidactylus deviates slightly from lguana in 

the morphology of the second and fifth metatarsals, but these differences do 

not alter the arrangement between the distal tarsals and the metatarsals. In 

Pristidactylus the proximal end of  the second metatarsal is rounder, the 

articulatory facets are not oriented as steeply, the curvature of the shaft is 

somewhat greater, and the proximal end is broader ventrally. O n  

metatarsal five the mesial and lateral tubercles in Pristidactylus do not 

curve as much medially as they do in iguana. 

In both genera the metatarsals have an imbricate arrangement. The 

proximal end of  metatarsal two is overlapped by the head of the first, and 

the third overlaps the fourth. In these taxa, the distal articulatory surfaces of 

the first two metatarsals have a moderately developed bicondylar structure, 

and are ginglymoid. A bicondylar distal articulatory surface is not os 

apparent on metatarsal three. The distal end of metatarsal four is broadly 

expanded, and condyles are not evident (Fig. 4.1 0). In both Pristidactylus 

and lguana, the relative proportions of the metatarsals are quite similar, 

with the distal tips of the first three lying on o straight, oblique line. 

The morphology of the fifth metatarsal in both Iguana and Pristidactylus 

is sirnilor, and its hooked shape and short shaft are markedly different from 

those of the other metatarsals. It extends farther proximally than the other 

metatarsols, and its chief articulation is with the fourth distal tarsal- The 

distal end of the fifth is  not bicondylar, but convex, sub-hemispherical, and 



is received by a cup-shaped articulatory facet on the first phalanx. Such o 

joint is capable of o wide range of movement, including rotation round its 

long axis (Robinson, 1975). Compared to the first four metatarsals, the 

ventral surface of the fifth is heavily sculptured, with prominent tubercles 

and flanges. 

4.2.4.2 Comporison of Anolis to lguano and Pn'stidaciylus 

Relative to lguano and Pristidactylus, the extent of imbrication between 

the metatarsals is less in Anolis, and this is  most evident in the minimal 

overlap of the fourth metotarsol by the third. This is a consequence of the 

head of the fourth metatarsal exhibiting less of a twist on the shaft, as 

described by Rewcastle (1 977). In the putotively primitive state, the ventral 

surface of the head of metatarsal two is overlapped laterally by the third 

distal tarsal. In contrast, the third distal tarsal does not overlie the second 

metatarsal in Anolis, ond does not participate in the maintenance of the 

transverse arch. Compared to iguana, the distal ends of all of the anoline 

metatarsals are unicondylar, as is the case for the metacarpals. The fifth 

metatarsal of Anolis displays significant divergence from the pattern seen in 

Iguana. It has a longer shaft, and the ventral surface is flat with little 

surface relief. The unicondylar distol end is broadly expanded. 

The first four metatarsals in Anolis, like those of iguana, are tightly 

bound by ligaments and are also constrained by the integument that 

encloses them. In contrast to the widely spaced metacarpals of the 

symmetrical anoline manus, the first four metatarsals of  Anolis are sub- 

parallel. The arrongernent of the onoline metatarsus has implications for 

the placement of the subdigital adhesive pads as it limits spatial disposition 

(see Chapter 10). 



4.2.5 Osteology of the Phalanges of Anolis 

The phalanges of the pes closely resemble those of the rnanus, and only 

deviations from this pattern will be described here. The ungual phalanges 

have an identical morphology in the manus and pes, and they will not be 

considered further. As in the manus, the fourth digit is described because it 

has the greatest number of phalangeal elements. 

The osteology of a non-terminol phalanx (Fig. 4.5) of the pes generally 

resembles that described for the anoline manus. Considering digit four, only 

phalanges one and two on the pes have morphological features that 

distinguish them from the corresponding digit on the manus. The first 

phalanx on the pes has a noticeably elongated shaft that is approximately 

twice as long as that of the other phalanges of the digit. Also, the shaft has 

a marked mesially-directed curvature, and it is capped by an asymmetrical 

distal end. 

The second phalanx of digit four of the pes is  about subequal in length 

to the third, and it clearly lacks the truncated shape of the corresponding 

phalanx of the rnonus (compare phalanx two on the manus and pes in Fig. 

4.5). The proximal surface of phalanx two of the pes is oriented diagonally. 

The highest corner occurs on the proximolateral aspect of the second 

phalanx, this corresponding to the distolateral protrusion on the end of 

phalanx one. In contrast, the some region on phalanx two of the monus has 

a flat surface. 

The fifth digit of the pes, as is the primitive condition in lizards, has one 

more phalanx than does the corresponding digit on the manus. 

Consequently, the placement of the adhesive pad on this digit differs 



between the manus and pes. On the pes, the pad is located beneath the 

second phalanx, and is proximally preceded by a unicondy lor first phalanx 

that is  not markedly depressed. In contrast, the pad on the fifth digit of the 

monus is positioned under the first phalanx. 

4.2.6 Summoy of the Osteology of the Phalanges of the Pes 

4.2.6.1 Comparison of PristidacfyIus and lguana 

In Iguana and Pristidactylus the phalanges of the pes have a uniform 

morphology, and they conform to the description given for the manus (see 

Fig. 4.5). They gradually decrease in length from the first to the 

antepenultimate, with the penultimate being slightly longer than the rest. 

Bicondylar joints limit interphalangeal movement to the dorsoveotral plane 

only. The sole exception to the bicondylar structure is the ball and socket 

joint between the fifth metatarsal and first phalanx of the fifth digit that 

permits long axis rotation (Barnett et al., 1961). 

4.2.6.2 Comparison of Anolis to Iguana and Pristidactylus 

All the phalanges of the anoline per show a markedly different 

morphology from the pattern in lguana, while phalanges one and two on 

digit four differ from the corresponding phalanges of  the anoline manus. A 

comparison of digit four of the manus and the pes reveals differences 

between them. Phalanges one and three on the manus are subequal in 

length. and are slightly shorter than the penultimate phalonx. Furthermore, 

the first phalanx on the manus has a straight shaft with a symmetrical distal 

end. In contrast, the first phalanx of the pes is elongated, has a mesially 

directed curvature, and has an asymmetrical distal end. Moreover, the shaft 



of the second phalanx is also elongated in comparison to that on the manus, 

but not as noticeably as the first. 

The difference in phalangeol morphology between the monus and pes is 

largely restricted to the first and second phalanges o f  the fourth digit o f  the 

latter. O n  the pes, the phalanges that are associated with the odhesive pad 

are morphologically similar to thase on the monus. Such phalanges are 

typically depressed, concave ventrally, and unicondylar. A bicondylar joint 

is  always found between the penultimate and ungual phalanges, resulting in 

movement in this region being restricted to the dorsoventral plane. All other 

interphalangeal joints are unicondylor. 

4.2.7 Arthrology of the Pas of Anolis 

The synoviol mesotarsol joint is enclosed by a fibrous capsule (Williams 

and Worwick, 1980). The capsule consists of parallel and interlacing 

bundles of connective tissue fibres, that enclose the joints and help to 

maintain the bony relations by restricting and guiding movements (Barnett et 

al., 1961). The mesotarsal joint has o complex arrangement o f  intracapsular 

and extracapsular ligaments that bind the elements together to contribute to 

the rigidity o f  the pes. Associated with the ligaments is a meniscus that 

intervenes between the first metatarsal and the mesial tuberosity of the 

ostragalocalcaneum. They are fibrocartilaginous semi-lunar shaped 

elements with one concave and one flat surface that ore found in certain 

synovial joints (Ghadially,1983). Menisci typically intervene between 

articular surfaces where the degree o f  congruity is low. 

Descriptions of the arthrology of the lacertilian pes are scarce - 

Schaeffer (1 941) and Brinkman (1980) contributed brief accounts, and 

Rewcastle (1 977, 1980) thoroughly described the tendinous contributions to 



the fibrous joint capsule a s  well as the extracapsular ligaments. Rewcastle's 

(1 977, 1980) descriptions of the intracapsular ligaments were less 

comprehensive and an illustration or a detailed written account of these 

ligaments was not provided. Rewcastle (1 977) simply stated that a system of 

ligaments extends from the torsot facet on the astrogalocalcaneum to the 

dorsal margin of the fourth distal tarsal. 

Brinkman (1 980) briefly described the intro- and extrocopsular structures 

of the mesotarsal ioint, with the treatment of the former being brief and 

without illustrations. Brinkman (1 980) mentioned two thickened areas of the 

joint capsule that aid in controlling movement at the joint. The first is 

located dorsally, and consists of strengthened fibres that extend from the 

tarsal facet on the astrogalocalcaneum to the fourth distal tarsol. The 

second area of thickening is located ventrally, and it is referred to by 

Brinkman (1 980) as being a distinct ligament that extends between the fourth 

distal tarsal and the astrogalocalcaneum. 

From the above, it is apparent that knowledge of the intracapsulor 

structures o f  the fibrous joint capsule is sparse. Given the small size of these 

structures, the use of the dissecting microscope alone is insufficient to reveal 

their morphology. The use of the scanning electron microscope in the 

present study has revealed internal structures of the mesotorsal joint that 

have not previously been documented. 

The astragolo-metatarsal ligaments (Fig. 4.1 1 ) are extraca psula r, and they 

extend between the head of metatarsal one, the proximal ends of distal 

tarsals two and three, and the distomesial aspect of the 

astrogalocoicaneum. 



The ostragol~-meniscal ligaments (Fig. 4.1 1 ) link the astrogalocalconeurn 

and the meniscus. Two originate from the dorsomesial aspect of the 

astragalocalcaneurn, the first being positioned proximal ond lateral to the 

second. The first is thick and stout, forming a prominent band that passes 

obliquely across the astragalocalcaneum then curves around the distomesial 

border of the element. At the level of the mesial tuberosity this ligament 

becomes continuous with the meniscus. The second is considerably shorter 

and flatter than the first, and originates on the distomesial border of the 

astragalocalcaneum, to which it adheres to closely. At its origin. it is 

crossed by the first. The association of this ligament with the meniscus is  not 

readily apparent. Unlike the first ligament, the second is not continuous with 

the meniscus at the level of the mesial tuberosity. In the iguana preparation 

in Figure 4.1 1, the second ligament can be seen passing behind the 

astragalo-metatarsal ligaments. Dissection reveals that it ioins the meniscus 

on its lateral border, deep to the astragolo-metatarsal ligaments. 

The third astragalo-meniscal ligament is smaller than the other two and 

arises on the mesial border of the disto-mesiol notch. It passes behind the 

astragalo-metatarsal ligaments, to insert onto the lateral border of the 

meniscus, along with the second astrogalo-meniscol ligament. In Anolis the 

third ostragalo-meniscal ligament is obscured by the stout astragolo- 

metatarsaI ligaments. 

The mesial tibial-astragalar ligament is closely associated with the 

astragalo-meniscal ligaments and the meniscus, a relationship not described 

by Rewcastle (1 977). The broad tibial-astragalar ligament originates on the 

distol aspect of the tibia, at the midpoint of the bone. It passes obliquely 



across the joint between the tibia and astragalocalcaneurn, tapering as it 

does so. Distally it follows the mesial border of the astragalocalcaneum 

and, at the level of the mesial tuberosity, becomes continuous with the first 

astragalo-meniscal ligament and the meniscus. 

The menisco-metatarsal ligament (Fig. 4.7) is extrocapsular, and it originates 

from the meniscus and passes around the mesial margin of the 

astragalocalcaneum to course ventrally across the proximal end of the 

metatarsus. Insertion is onto the mesial plantar tubercle of the fifth 

metatarsa 1. 

The intermetatarsal ligaments (Fig. 4.7) bind the first four metatarsals tightly 

together. Three transverse ligaments attach onto the metatarsal heads, 

while oblique ligaments extend between the shafts of the metatarsals 

(Rewcastle, 1977). 

Ventrally, an intermetatarsal ligament arises from the proxirnolateral 

aspect of metatarsal one and passes transversely across the plantar surface 

to attach to the proximomesial margin of metatarsal four. A second 

intermetatarsal ligament arises from the proximolateral border of metotarsol 

two, and obliquely spans the interosseal gap between the second and third 

metatarsals. Attachment i s  onto the proximal region of the shaft of 

metatarsal three. Similarly, a third ligament spans the gop between 

metatarsals three and four. 

Four oblique ligaments span the intermetatarsol space. The first 

originates on the proximolateral aspect of the shaft of metatarsal one. It 

crosses the gap between metotarsals one and two obliquely, to insert 

broadly onto the metatarsophalangeal joint capsule of metatarsal two. The 

ligaments that arise on the second and third metatarsals are similar to the 

first, each inserting on the next most lateral digit. The final ligament is  



oriented differently than the others. It follows the loteral margin of 

metatarsal four for most of its length, and ot the head of this metotarsol, it 

loops distally to attach onto the proximomesiol aspect of the first phalanx of 

digit five. 

The meniscus (Fig. 4.1 1) is a crescentic structure that is located on the mesial 

edge of the mesotarsal ioint, between the first metatarsal and the 

distomesial aspect of the astragalocalcaneum. 

The fibrous joint capsule (Fig. 4.1 1) has tendinous contributions that have 

been thoroughly described by Rewcastle (1 977, 1980). Dorsally, the capsule 

is  intimately involved in the epimysial sheaths of crural and pedal muscles 

passing near the region of articulation, these being the m. peroneus brevis, 

m. extensor digitorurn longus, rn. tibialis anterior, and the m. extensores 

digit ores breves (Rewcastle, 1 980). Ventrally, the joint capsule arises 

mainly from the insertion tendon of the rn. pronator profundus. In Anolis 

this muscle contributes to a brood oponeurosis that adheres closely to the 

ventral surface of the astragolocalcaneum and connects to the meniscus (see 

section 5.2.3 in Chapter 5). 

The intracapsular ligaments have a complex branching structure that is 

most visible at higher magnification (Fig. 4.1 1). A ligament orises on the 

ventral surfoce of the astrogalocalcaneum, in the vicinity of the distomesial 

notch. At the level of the ventral peg of the fourth distal tarsal this ligament 

joins two others, one that attaches onto the fourth distal tarsal, and the other 

onto the meniscus. The ligoment that extends dorsally to the fourth distal 

tarsol is  slender, parallel-fibred and cord-shaped, and it affixes to the 

mesial edge of the ridge of the element via finger-like extensions. The other 



ligament that becomes continuous with the meniscus is broad, and is olso 

parallel-fibred. It originates just mesial to the ventral peg of the fourth 

distal tarsal, then it extends behind the astragalo-metatarsal ligaments to 

insert onto the lateral border of the meniscus. 

In the region in which the three ligaments intersect is a sheet of 

connective tissue that represents part of the fibrous capsule. At high 

magnification (Fig. 4.1 I ) ,  this sheet con be seen to pass behind the ventral 

peg of the fourth distal tarsal. Examination of dissected specimens and 

those prepared for the SEM reveals that the thickest part of  the capsule is 

largely confined to the area between the fourth distal tarsal and the first 

metatarsal. This is congruent with the observation of Rewcastle (1977), who 

noted that the main contribution to the capsule was the insertion tendon of 

the m. pronotor profundus which spans the region between the fourth distal 

tarsal and the first metatarsal. Laterally, the capsule becomes thinner, and it 

is  anchored to the distolateral aspect of  the astragalocalcaneum. 

4.2.8 Summary of the Althrology of the Per 

4.2.8.1 Comparison of PristidactyIus and lguana 

The arthrology of the pes is comparable in iguana and Pristidactylus 

(Figs. 4.8, 4.1 1). The single deviation from the putatively primitive pattern is 

that the first two astragalo-rneniscal ligaments in Pristidactylus ore closely 

associated at their origin, the firsf almost corn pletely covering the second. 

The use of the scanning electron microscope in the present study has 

revealed features o f  the arthrology of the mesotarsal ioint in Iguana that 

hove not been documented by Rewcostle (1 977, 1980) or Brinkman (1 980). 

These include the orientation ond appearance of the astragalo-meniscal 

ligaments (see the Iguana mesotarsal joint in Fig. 4.1 I), and the relationship 



between the mesial tibial-astrogalor ligament and the meniscus. 

Furthermore, these authors do not provide an illustration of the intracapsular 

ligaments of iguana. In Fig. 4.1 1, on intracapsulor ligament is evident that 

attaches onto the mesial aspect of the dorsal ridge of the fourth distal tarsal 

by way of finger-like extensions. In form and position this ligament is 

congruent with a similar structure in Anolis. 

The intracapsular ligaments of the Pristidactylus mesotarsal ioint are 

visible in ventral view (Fig. 4.8), and their morphology is consistent with that 

seen in Iguana and Anolis. A slender ligament curves around the 

proximomesial aspect of the ventral peg of the fourth distal tarsal, and 

attaches onto the dorsal ridge of the fourth distal tarsal. This ligament 

corresponds to the intracapsular ligament described above for Iguana. A 

thicker extension from the first ligament follows the curvature of the 

distornesial aspect of the astragalocalcaneum to join the meniscus that is 

positioned above metatarsal one. On the proximolateral border of the 

ventral peg, a band of connective tissue is all that remains of the capsule 

that attaches to the ventral surface of the fourth distal tarsal. 

4.2.8.2 Comparison of Anolis to Iguana and Prirtidadylus 

The arthrology of the anoline pes is similar to that of Iguana and 

Pristidactylus, with all displaying a complex mesotarsal joint that internally 

involves a fibrous capsule that is attached to a system of ligaments and a 

meniscus. External to the capsule are several ligaments that predominantly 

connect osseous elements on the mesial side of the pes, in the region 

between the fourth distal tarsal and the first metatarsal. The thickest part of 

the fibrous ioint capsule is also found within this area. 



The fourth distal tarsal is tightly bound by introcopsulor structures (Fig. 

4.12). This bone forms the maior distal articular surface of the mesotarsal 

joint, and as such it is  crucial thot the opposing ridge-and-groove features 

on the fourth distal tarsal and the astragalocalcaneum be kept in alignment. 

The ventral surface of the fourth distol tarsal is covered by the fibrous joint 

capsule, and an intracapsular ligament is  bound to the dorsal ridge. Both 

the capsule and ligament operate in concert to control the movement of the 

fourth distal tarsal. 

Besides being continuous with introcapsular ligaments, the meniscus is 

joined to ligaments thot are external to the joint. While these ligaments 

largely arise on the on the mesial aspect of the astrogalocalcaneum, some 

originate at a distance. These include the menisco-metatarsal ligament thot 

links the ventral surface of the fifth metatarsal to the meniscus, and the 

tibial-astragalar ligament that arises on the distal end of the tibia. 

While ligaments maintain the congruence between the articular surfaces 

of the mesotarsal joint, they also serve to tie the metatarsals together. 

Metatarsals one to four ore tightly secured by both transverse and oblique 

ligaments, while the fifth diverges from the others and is not held tightly in 

place. 

4.3 Overview of the Osteology and Arthrology of the Manus and Pas 

4.3.1 The Manus 

A comparison of the osteology of  the manus in iguana, Prist idactylus 

and Anol is  shows that the morphoiogy is strikingly similar in the first two 

toxa. The osteology of the monus of Pr is t idac ty lus  is virtually 

indistinguishable from i g u a n a ,  with the only discrepancy being the form of  

the fourth distal carpal. This is the only derived morphological character 



fhot Pristidoctylus has in common with Anolis. Whereas Pristidactylus 

deviates little from the primitive osteological pattern, the onoline manus is 

markedly different and displays osteologicol autapomorphies that ore 

correlated with the possession of subdigital odhesive pods. In particular, 

joint structure and pholangeal morphology is highly modified, particularly 

for those digitol elements that are hyperextensible. A summary of  the 

osteology and arthrology for the three regions of the rnanus in Anolis 

relative to the putative primitive pattern is presented in Table 4.1. 

Differences in the osteology of the manus between the taxa under 

investigation can be related to locomotory pattern. Anolis and 

Pristidactylus, while members of the some family, display a markedly 

different osteology. Pristidoctylus closely resembles iguona, a genus that is 

generalized in form. The arboreal Anolis has subdigital adhesive pads that 

facilitate climbing, and correlated with these pods is a suite of 

morphological modifications, including osteolog ical features. 

4.3.2 The Pes 

The osteology of the anoline pes resembles that of iguana and 

Pristidactylus in some features, yet is  dissimilar in others. The osteology of 

the pes in lguana and Pristidactylus is very similar, and this parallels the 

similarity seen for the manus. A summary of the osteology of the three 

regions of the onoline pes relative to the presumed primitive pattern is 

presented in Toble 4.2. 

The pes of Anolis has many morphological features in common with 

lguana and Pristidoctylus, such os the marked asymmetry, the structure of 



the mesotarsal ioint and the distal tarsals, and the arthrology. As described 

for the manus, the phaiongeal and ioint structure deviates from the primitive 

pattern. The deeply concave ostragalocalconeum, the possession of o 

second distal tarsal and the particular structure of the fifth metatarsal also 

distinguishes Anol is  from I g u a n a  and Pristidactylus. 



Figure 4.1. SEM photomicrographs of osteological preparations of the right 
monus of Anolis garmcmi. Scale bars for the preparations are equivalent to 
0.5 mm. Size discrepancy between the two preparations is a consequence 
of the use of dissimilarly sized specimens. Abbreviations: C, centrale; Dc, 
distal corpal; Mc, metacarpal; R, radius; Rod, radiole; U, ulna; Uln, ulnare. 



Figure 4.2. SEM photomicrographs of osteological preparations of the 
manus of Pr is t idacty lus .  The right manus is shown in the dorsal 
preparation, and the left in the ventral. Scale bars ore equivalent to 0.5 mm. 
Abbreviations: Pi, pisiform. All other abbreviotions defined in Figure 4.1. 



Figure 4.3. S E M  photomicrographs of the metacarpals of Pristidactylus 
(left side) and Anolis gormoni (right side). Dorsal preparations are in the 
top row, and ventral in the bottom. All bones were removed from the right 
rnanus. Scale bars for the Pristidactylus and Anolis metacarpal arrays are 
equivalent to 0.5 mm. 
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Figure 4.4. SEM photomicrographs of the phalanges of Pristidactylus and 
Anolis garmani.  Phalanges from digit four of the right manus of 
Pristidactylus are presented in the top row. In this array dorsal 
preparations are on the left and ventral on the right, with a lateral view of 
the ungual (terminal) phalanx. Anoline phalanges from digit four of the 
right manus (left side of orray) and right pes (right side of orray) are 
wronged in the bottom row, with dorsal preparotions presented first. Scale 
bors for the Pristidoctylus and Anolis arrays are equivalent to 0.5 mm. 





Figure 4.5. The arthrology of the carpus of Anolis garmoni. illustrations 
were made from SEM photomicrographs of the ligoments of the manus. 
Abbreviations: DRUL, distal radio-ulnar ligament; InMcL, intermetacarpol 
ligament; LRRL, longitudinal radio-radiale ligament; MenLL, meniscus-like 
ligament; Mc, metocarpal; ObMcL, oblique metacarpal ligament; R, radius; 
U, ulna. Abbreviations from Londsmeer (1  983). 
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Figure 4.6. S E M  photomicrograph of a dorsal osteological preparation of 
the left pes of Anolis equestr is. Abbreviations: AC, astragalocalcaneum; 
Dt, distal tarsal; F, fibula; Mt, metatarsal; 1, tibio. Scale bar is equivalent to 
0.5 mm. 





Figure 4.7. S E M  photomicrograph of a ventral osteological preparation of 
the right pes of Anolis garmani. Scole bar is equivalent to 0.5 mm. 
Abbreviations: IntMtL, intermetotarsol ligament; MenMtL, menisco- 
metotarsol ligament. All other abbreviations defined in Figure 4.6. 





Figure 4.8. SEM photomicrographs of osteological preparations of the pes 
of Pristidoctylus. The dorsal preparation is of the left pes, and the ventral 
of the right. Scale bar is equivalent to 0.5 mm. Abbreviations: AMenL, 
astragalo-menisca l ligament; AMtL, astraga lo-metatorso l ligament; TibAL, 
tibial-astrogalar ligament; TibFibL, tibial-fibular ligament. All other 
abbreviations defined in Figures 4.6 ond 4.7. 





Figure 4.9. SEM photomicrographs of the metatarsals of the right pes of 
Anolis garmoni. For each metotarsal pair, the dorsal aspect is on the left 
and ventral on the right. Size discrepancy between the dorsal and ventral 
preparations is a consequence of the use of dissimilarly sized specimens. 
All dorsal preparations were taken from one specimen, and ventrol from 
another. Scale bar is equivalent to 0.5 mm. 





Figure 4.10. SEM photomicrogrophs of the metatarsals of the right pes of 
Prist idoctylus.  For eoch metatarsal pair, the dorsal ospect is on the left and 
ventral on the right. Scale bar is equivalent to 0.5 mm. 





Figure 4.1 1 .  S E M  photomicrographs of the arthrology of the tarsus of the 
right pes of Iguana iguana and the left pes of Anolis equestris.  Both 
preparations are of the dorsal aspect. Scale bars are equivalent to 0.5 mm. 
Abbreviations: Cap, fibrous ioint capsule; IntCap, intracapsular l igoment; 
M, meniscus. Other abbreviations are defined in Figures 4.6, 4.7 and 4.8. 



Figure 4.12. Schematic diagram of the ligaments of the squamate 
mesotarsal joint. l llustration a shows the major morpholog ica I features of 
the mesotarsal ioint (adapted from Rewcastle, 1977). In b the fibrous joint 
capsule, and intracapsular and extracapsular ligaments that bind the fourth 
distal tarsal are shown. The illustration in b is a composite of several SEM 
photomicrographs. Abbreviations are defined in Figures 4.6, 4.8. and 4.1 1 . 
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Table 4.1. A comparison of  the osteology in the three regions o f  the anoline 
manus relative to the putative primitive pattern represented by Iguana. 

Region 1 Putative Primitive Pattern 
1 

Carpus 

The carpus consists of  
robust cuboid01 or 

cuneiform bones arranged 
in straight rows. The 

centrale only partially 
segregates the radiale and 
ulnare, and the pisiform i s  

large. A network of 
ligaments link the bones, 

with the ulna, ulnare, radius 
and radiale firmly bound to 

each other. 

Anoline Pattern 

The distal carpal bones are 
typically pyramidal in form, 
and the pisiform is reduced 

in size. The radiale and 
ulnare are completely 

segregated by the cen trale. 
Distal corpals one, two, 

four and five radiate from 
the median axis marked by 
the centrale and third distal 
carpal. The arthrology of 
the region i s  similar to the 

primitive pattern. 

Metacarpus 

The metacarpals are sub- 
parallel, closely clustered, 

and are imbricately 
arranged, with the heads of 
the second, third, and fourth 

overlain mesially by the 
adjacent metacarpal. 

Proximal surfaces of these 
bones are compressed and 
heavily sculptured. Distally, 
the articulatory surfaces are 

bicondylar and the 
rnetacarpophafangeal joint 

i s  ginglymoid, permitting 
only flexion-extension. Four 
oblique ligaments bind the 
metacarpals, and mesial 

and lateral ligaments 
extend the length of  digits 

two, three and four. 
Transverse ligaments 

connect the heads of the 
metacarpals. 

The symmetrical manus has 
widely divergent 

metacarpals and hence 
displays minimal 

imbrication. The proximal 
ends are not compressed, 
and are smooth. Distally, 
the ends are unicondylar, 
permitting a greater range 

of movement at the 
metacarpophalangeal joint. 

Transverse ligrnents bind 
the heads o f  the 

metacarpals, but only two 
intermetacarpal oblique 

ligaments exist, and these 
originate on metacarpals 

two and three. Digits three 
and four have mesial and 

lateral ligaments, and these 
are incorporated into the 

adhesive pads. 

Phalanges 

Non-terminal phalanges 
have a uniform 

morphology, and are 
convex dorsally and flat 
ventrally, with bulbous 

bicondylar distal ends. A 

Pholangeal morphology 
exhibits regional 

specialization related to the 
subdigital adhesive pads. 
Except for the penultimate 
phalanx, all others have a 



Phalanges 
continued 

linued. 
Putative Primitive Pattern 

deep ventral notch 
characterizes the bicondy lor 
structure, and a pronounced 

proximoventral tongue 
overlaps the distal end of 

the preceding pholanx. All 
interphalangeal joints are 
ginglymoid. Non-terminal 

phalanges exhibit a gradual 
decrease in length from first 

to antepenultimate. 
Terminal phalanges are 

elongated proximodistally 
with o moderately sharp 

distal end. 

Anoline Pattern ~ 

unicondylar distol end. 
Phalanges positioned above 
the pad ore dorsoventrally 
flgttened and ventrally a 
deep hollow houses the 
long flexor tendon of the 
digit. Digit one lacks a 

pad. The third and fourth 
digits are sub-equal in 

length with aligned 
subdigital pods, this being 
a consequence of o long 
metacarpal on digit three 
and a very short second 

pholanx on digit four. The 
terminal phalanx is 

triangular with a very 
sharp distal apex. 



Table 4.2. A comparison of the osteology in the three regions o f  the anoline pes 
relative to the putative primitive pattern represented by Iguana. 

I Region I Putative Primitive Pattern I Anoline Pattern 
I 

Tarsus 

The proximal tarsal row consists of  
the astrogolocalconeum, which is 

firmly attached to the tibia and 
fibula. The third and fourth distal 
tarsals constitute the distal row. 

The tarsal facet on the 
astragalocalcaneum is the major 
control surface of  the mesotarsal 
ioint, ond it consists of an oblique 
ridge and groove that articulates 
with complementary structures on 

the fourth distal tarsal. The lateral 
process and the concavity on the 

ventral surface of  the 
astragalocalcaneum are 

moderately developed. Proximal 
articulatory facets are oriented 

such that the interosseal distance 
between the tibia and fibula is the 
same dorsally and ventrally. The 
arthrology of  the mesotarsal joint 

consists o f  a fibrous capsule, a 
meniscus between the 

astragalocalcaneum and the first 
metotarsal, and several 

intracapsular and extracapsular 
ligaments. 

Anolis has a second distal 
tarsal in addition to the 
third and fourth. The 

mesotarsal joint, except for 
slight differences in 

contour, resembles the 
primitive pattern, as does 

the arthrology of the 
region. The lotera1 process 
on the ostragalocalcaneum 

is only marginally 
developed. However, the 

ventral surface of the 
element is deeply 

hollowed, and this is  
function0 1 ly important in 

maintaining the 
relationships of ventral 

cruro-pedal muscfes that 
pass over the region. The 

articulatory facets are 
oriented such that the tibia 
and fibula abut ventrally. 

Metatarsus 

The first four metatarsals are 
similar, sub-parallei bones held 

rigidly together by ligaments, and 
are enclosed with associated soft 
tissues in a common envelope of  

skin. They are bound tightly to the 
distal tarsals and 

astragalocalcaneum, forming a 
functional tarsometatarsus. The 

metafarsals increase in length from 
first to third, contributing to the 

asymmetry of the pes. They have 
an imbricate arrangement, and the 
second element is the keystone of 

the transverse arch. It 

The first four metatarsals 
are similar to those of 

Iguana, but the extent of 
imbrication is less. The 
anoline pes is markedly 
asymmetrical. The distal 

ends of al l  the metatarsals 
are unicondylar. The 

morphology of the fifth 
metatarsal shows the 

greatest divergence from 
the primitive pattern. The 
shaft is longer, the head is 

less angled, the ventral 
surface is  more planar, 



Table 4.2. Continued. 
Region I Putotive Primitive Pattern 

I 

I is broader dorsally than ventrally. 
I and lies above the first and third. 
I Distally, the metotorsals are 

Metatarsus 
continued 

bicondylar and the joints are 
ginglymoid. The dissimilor fifth 
metatarsal provides the second 

aspect of asymmetry. It is a short, 
I unicondylar, proximally bent bone 

I with tubercles and flanges on the 
ventral surface. The fifth 

I metatarsal diverges from the 

I others and it is not tightly 
constrained by ligaments. 

Anoline Pottem 

and the mesial and lateral 
tubercles are more widely I 

spaced. 

Phalanges 

The phalanges of  the pes are 
almost identical in form to those of 

the manus. The only exceptions 
are that digit five on the pes has 

an additional phalanx, and a 
single cup-shaped hollow on the 
first phalanx of digit five receives 
the unicondylar end of  metatarsal 

five. 

The phalanges of the pes 
generally resemble those 

of the anoline manus, with 
the following exceptions. 

Phalanx one on digit four i s  
markedly elongated, has 

an asymmetrical distal end, 
and a mesially directed 

curvature. Also, the 
second phalanx on this 
digit is longer than the 

corresponding phalanx on 
the manus. The result i s  

that the pad on digit four 
of the pes is carried further 

distally than that on the 
adjacent third digit. 

Functionally, this prevents 
interference of  the pads 
that may result from the 
rigidity and sub-parollel 
arrangement of  the first 

four metatarsals. 



Chapter 5 

Results: Comparative Myology of the Antebrachium, Manus, Crus and Pas 

In Chapter 3 the primitive origin and insertion patterns of the muscles of 

the antebrachium and manus, and crus and pes were established for 

squamates. Iguana is again taken as representative of this pattern, ond as 

such, a lengthy description for the myology of this taxon is not presented 

here. Descriptions of the myology of the antebrachium, manus, crus and pes 

ore provided for Anolis, for later comparison with the putatively primitive 

pattern of Pristidactylus and iguana. The chapter concludes with an 

overview of the myology of the forelimb and hindlimb. In the tokay, muscles 

that facilitate digital hyperextension and plantarf lexion are modified. Thus, 

it is expected thot Anolis will also present modifications in muscles 

responsible for digital hyperextension, as well as  foot placement. 

5.1 Myology of the Forelimb 

5.1.1 Myology of the Dorsal Division of the Antebrachium of Anolis 

Five muscles are located on the dorsal surface of the antebrachium: the 

mm. extensor digitorurn longus, extensor corpi radiolis and supinot or 

loogus, which form a combined mass, the rn. extensor carpi ulnaris, and 

the deepest layer, the m. supinator manus. 

M. extensor digitorurn longus (Fig. 5.1 )-This is a strop-shaped, parallel- 

fibred muscle located on the anterior aspect of the antebrachium between 

the m. extensor carpi ulnaris and the m. extensor carpi radialis. It has two 

heads of origin: one arises tendinously from the ectepicondyle of the 

humerus, to which it is tightly bound by the connective tissue of the joint 

capsule; the other originates from an interm uscular septum between itself 



and the rn. extensor carpi radialis, to which it is  joined for most of the 

length o f  the forelimb. 

The rn. extensor digitorum longus has two components. The main belly 

serves digits two and three by way o f  two stout tendons of approximately 

equal size. The mesialmost of these passes between the short digital 

extensors of digits two and three, to insert on the dorsal part  o f  the proximal 

head of metacarpal two. The other passes between the short digital 

extensors of digits three and four, to insert on the dorsal port of  the 

proximal head of metacarpal three. A subsidiary, slender belly is evident 

midway down the length o f  the muscle on its loterol border, and it tapers 

into a stout tendon that inserts on the dorsal part o f  the proximal head o f  

metacarpal four. The three insertion tendons of the m. extensor digitorum 

longus pass beneath a retinacular bond of the subdermal fascia prior to 

attaching onto their respective metacarpals. 

M. extensor carpi mdialis/m. supinator longus (Fig. 5.1 )-The rn. extensor 

carpi radialis and the rn. supinator longus do not form distinct units in 

Anolis; instead, their fibres merge imperceptibly. They are tightly joined at 

their shared origin, and remain so for the entire length o f  the forearm. This 

composite mass arises by way o f  a strong, thick tendon from the 

ectepicondyle of the humerus, as well as from an intermuscular septum 

between itself and the m. extensor digitorurn longus for three quarters of  

the length o f  the forearm. The combined rn. extensor carpi radialis and m. 

supinat or longus insert in common fleshily onto the entire length of the 

radius, and also onto the radiale by means of a tendinous ond fleshy 

attachment. 



M. extensor carpi ulnaris (Fig. 5.1)-This large, parallel-fibred, strop-shaped 

muscle on the anterolateral aspect of the forelimb has two tendons of origin 

The mesialmost originotes from the ectepicondyle of the humerus, with the 

second point of origin being from the olecronon process of the laterol 

aspect of the ulna. They are linked by a u-shaped ligamentous band and 

are tightly bound to the joint capsule. Between the two points of origin, the 

m. t r iceps complex inserts onto the olecranon process. The lateral border 

of the m. extensor  carpi  ulnoris is tightly bound to the m. f lexor  c a r p i  

ulnaris,  for approximately the distal three quarters of the antebrachiurn. 

The two muscles shore an intermuscular septum. 

The tendon of insertion is visible on the deep surface of the muscle, for 

its distal half. Insertion is onto the dorsal head of the fifth metacarpal, with 

an additional tendinous branch onto the pisiform that is closely associated 

with the insertion of the rn. f lexor  carp i  u lnar is .  

M. supinator manus (Fig. 5.1)-This is a triangular, parallel-fibred muscle that 

originates from the mesial aspect of the distal one third of the ulna. Fibres 

have a distomesial course, and distally the muscle topers to a stout tendon 

that inserts onto the proximomesial aspect of the first metacarpal. The m- 

supinator manus is closely applied to the head of the mm. extensores 

d i g i t o r e s  b r e v e s  superf iciales that serves the first digit. Consequently, 

separation of the individual layers is difficult. 



5.1.2 Summoy of the Dorsal Antebrachial Musculature 

5.1.2.1 Comparison of Prididoctyius and iguana 

The origin and insertion patterns of the dorsal antebrachial muscles in 

Prist idactylus and l g u a n a  ore uniform, and the only notable difference 

between the two taxa is the extent of muscle fusion. The trend in 

Prist idoctylus is for greater muscle fusion to occur than is seen in l guana ,  

and this is evident in the close union between the m. e x t e n s o r  c a r p i  rad ia l i s  

(Fig. 5.2) and the m .  sup ina tor  longus (Fig. 5.2), and the joining of the rn. 

supinator  manus (Fig. 5.2) to the head of the mm. e x t e n s o r e s  d i g i t o r e s  

b reves  s u p e r f  i c io les  that serves the first digit. In Pr is t idocty lus  the extent 

of fusion is variable, with some specimens exhibiting almost complete fusion 

of two muscles, while others display more separation. However, in all 

specimens examined the extent of fusion is consistantly greater in 

Prist idactylus than it is in l guana .  The m. e x t e n s o r  c a r p i  u lnar is  (Fig. 5.2) 

and the m. sup ina tor  manus (Fig. 5.2) have o comparable morphology in 

the two toxa. 

5.1.2.2 Comporison of Anolis to lguano and Pristidoctylus 

The origin and insertion patterns of the dorsal antebrachial muscles in 

Anolis do not deviate substantially from the primitive pattern of Iguana.  The 

trend in Anol is  and Pr is t idacty lus  is for greater muscle union to occur than 

is seen in l g u a n a ,  and this is most marked in A n o l i s .  incomplete muscle 

fusion, in which separate units are recogniza ble in Anol is ,  occurs between 

the m. ex tensor  d i g i t o r u r n  longus and the rn. ex tensor  c a r p i  rad ia l i s ,  and 

between the m. s u p i n a t o r  manus and the first branch of the mrn. ex tensores  



d i g i t o r e s  b r e v e s  superf iciales.  P r i s t i d ~ c t ~ l u s  exhibits a similar pattern o f  

fusion for the latter muscle. Complete fusion, where separate muscles 

cannot be identified, occurs between the m. extensor  c a r p i  radiol is and the 

m. supinator  longus in Anolis. The degree of fusion between these two 

muscles is more extreme than that seen in Prist idactylus,  where 

demarcation o f  individual components is not completely obliterated. 

5.1.3 Myology of the Ventral Division of the Antebrachiurn in Anolis 

Seven muscles constitute this region in Anolis:  the mm. pronator  t e r e s ; .  

f l exor  c a r p i  rad ia l is ;  f lexor d ig i torurn longus, f lexor  c a r p i  ulnaris,  

ep i t r  ochleoanconeus,  pronator  access orius,  and pronator  pro f  undus.  

M. proncrtor teres (Fig. 5.3a)-This is a narrow, strap-shaped, pora l lel-fibred 

muscle located on the ventromesiol border of the antebrachium. It 

originates from the lateral aspect of the humeral entepicondyle by means of 

a prominent tendon that is visible on the superficial surface of the proximal 

one half of the muscle. The muscle fibres are oriented obliquely relative to 

the long axis of the forelimb. Insertion is fleshily onto the anteromesial 

ospect of the distal two thirds of the radius. The distal one third of the m. 

p r o n a t o r  t e r e s  is joined to the m. extensor  carp i  radiol is  by an 

intermuscular septum. 

M. flexor carpi rodialis (Fig. 5.30)-This is a large. strap-shaped and 

parallel-fibred muscle situated between the rn. pronator  t e r e s  and the m. 

f lexor  d ig i torurn longus. Origin is by way of a short. stout tendon from the 

lateral entepicondyle of the humerus, in close proximity to the origin of the 

m. p r o n a t o r  t e r e s .  Fibres also arise from an intermuscular septum between 



the m. f lexor  carpi radiol is and the mesial humeral head of the m. f lexor  

digitorurn longus. The union between the two muscles ranges from 

approximately one quarter of the forearm length, to greater than one half. 

Strands o f  connective tissue appear on the exposed surface one third of the 

way down the antebrachium, and distally they coalesce into a strong tendon 

that inserts onto the radiale. 

M. flexor digitotum longus (Fig. 5-30, b)-The rn. f lexor digitorurn longus 

originates by way of four heads: two humeral and two ulnar. The first 

humeral head arises tendinously from the proximal entepicondylar 

tuberosity. in conjunction with the rn. flexor carpi  radialis. It gives rise to a 

large, fleshy belly, upon which the tendon of origin is  evident on the lateral 

surface for the proximal half of  the length of the antebrachium, before 

gradually fading. Connective tissue is  apparent on the muscle surface, 

which distally merges into a large motor tendon. 

The slender lateral humera l heod arises from the distal entepicondylor 

tuberosity, with fibres also originating from the tendon of origin of the m. 

flexor carpi  ulnaris for a short distance. Proximally, the lateral humeral 

head and the rn. f lexor carpi  ulnaris are tightly joined for one third of the 

antebrachial length. The tendon of insertion is visible on the mesial border 

for slightly more than the distal half of the muscle. The two humeral heads 

remain separate for their entire length. 

The ulnar contribution is complex, and consists of two heads. The first is 

broad, and originates from the distal three quarters of the mesial border of 

the ulna. This head has two recognizable components, the most proximal is 

slender and fusiform and tapers to a fine tendon that merges with the 

tendon of insertion of the mesial humerol head; a second distinct component 



originates fleshily, at the midpoint of the ulna, from its distomesial aspect. 

The fibres of the latter portion attach obliquely onto the tendon of insertion 

of the proximal ulnar component. 

The second ulnar head arises from the ventrolateral border of the ulna. 

Its fibres ore oriented diagonally with reference to the ulna, originate from 

the proximal three quarters of the ulnar shaft, and extend from the lateral 

border of the ulna to attach to the tendon of inserfion of the lateral humeral 

head. 

The palmar aponeurosis in Anolis is poorly developed and the origin of 

the long flexor tendons can be traced high up in to the antebrochium. The 

aponeurosis consists of the five long flexor tendons held together by small 

bands of connective tissue. 

M. flexor carpi ulnaris (Fig. 5.3a)-This muscle arises by way of a broad 

tendon from the posterodistal aspect of the humerol entepicondyle. It is 

poral lel-fibred, with the fibres oriented from proximomesial to distolateral. 

The m. flexor corpi ulnaris i s  closely associated with three muscles. 

Laterally, it is fused to the m. extensor carpi ulnoris for greater than three 

quarters of the proximal length of the antebrachiurn. Mesially, the proximal 

three quarters of the m. flexor carpi ulnaris is joined to the lateral humeral 

head of the rn. flexor digitorurn longus. Lastly, the proximalmost portion of 

the m. flexor corpi ulnaris is closely associated with the m. 

epitrochleoanconeus. Distally, the muscle gives rise to a stout tendon that 

appears to insert onto the pisiforrn. Precise identification of the attachment 

site is obscured by the extensive amount of connective tissue in this region of 

the carpus. 



M. epitrochkounconeus (Fig. 5.3b, c)-This is a small, triangular muscle that 

i s  confined to the proximal end of the antebrachiurn. It arises jointly with the 

m. flexor carp i  ulnaris from the distal aspect of the humeral entepicondyle 

by a short tendon. The obliquely oriented fibres insert onto the lateral 

aspect of the ulna, for its proximal one half. 

M. pronotor occessorius (Fig. 5.3bf c)-This muscle consists of a small 

humeral head that is confined to the proximal end of the ontebrachium. It 

arises fleshily from the distal aspect of the humeral entepicondyle, in close 

association with the m. epitrochleoanconeus. lnsertion is fleshily onto the 

proximal one third of the radius. 

M. pronufor profundus (Fig. 5.3~)-Two ulnar origins exist, and the corn bined 

muscle mass spans the space between the ulna and radius for most of the 

antebrachial length. The first component arises via a broad aponeurotic 

band that is attached to the mesial border of the proximal half of the ulna. 

The fibres are arranged in a parallel fashion, and are oriented obliquely. 

Insertion is fleshily onto the posterolateral aspect of the radial shaft halfway 

down its length. 

The second belly arises fleshily from the distal one third of the ulnar 

shaft, from its lateral and posterior aspects. This head is also parallel- 

fibred, but the fibres are oriented at an angle less steep than that of the first 

belly. Insertion is fleshily onto the posterolatera l aspect of the ulnar shaft 

for its distaf half. 



5.1.4 Summa y of the Ventral Antebrachial Musculature 

5.1.4.1 Comparison of Prisr idac~lus and Iguana 

Relative to lguana, the ventral antebrachial muscles in Pristidactylus 

exhibit greater fusion between the m. flexor digitorum longus (Fig. 5.4) and 

the m. flexor carpi ulnaris (Fig. 5.4), and between the m. flexor and 

extensor carpi ulnaris. The m. pronator teres (not illustrated), the rn. 

epitrochleoancoeus (Fig. 5 . 4 ~ )  and the m. pronator profundus (Fig. 5 . 4 ~ )  

are morphologically similar in the two toxa. 

In terms of origin and insertion patterns, Pris tidactylus deviates from 

lguana for the m. flexor carpi radialis (Fig. 5.4) and the m. pronator 

accessorius (Fig. 5.4~).  In P r i~ t i dac t~ lus  the m. flexor carpi radialis inserts 

onto the radiale, in contrast to insertion onto the first metacarpal in iguana. 

Variability in insertion pattern is not unusual, and for the rn. flexor carpi 

radialis it has been found between taxa, and even within a single toxon, 

with either the first metacarpal or radiale implicated as insertion sites (A.P. 

Russell, pers. comm.). A major contributing factor to the confusion 

regarding muscle insertion, particularly in smaller specimens, is the delicate 

nature of the insertion tendon. identification is  further complicated by the 

complexity of the wrist joint, which is invested with a large amount of 

connective tissue. 

The m. pronator accessorius in Pristidactylus differs from that of 

lguana in terms of insertion pottern and the number of heads. Insertion is 

tendinous in Iguana and a large ulnar head exists. In contrast, insertion is 

fleshy in Pristidactylus, and the ulnar heod is wanting. 



5.1.4.2 Comparison of Anolis to lguana and Prisfiducrylus 

Compared to lguana and Pr ist ida~t~ lus ,  Anolis exhibits a trend towards 

greater muscle union for both the dorsal and ventral antebrachial muscles. 

Ventrally, this is evident in the conjoining of the m. pronutor teres and the 

m. extensor carpi radiolis/rn. supinutor longus mass, as well as between 

the m. epitrochleoonconeus and the m. flexor carpi ulnaris. In both Iguana 

and Pristidactylus these muscles remain separate. Relative to Iguana, both 

Pristidactylus and Anolis exhibit greater fusion between the m. flexor 

digitorum longus and the rn. flexor carpi ulnoris, and between the m. 

flexor and extensor carpi ulnaris. The extent of attachment between these 

muscles is most pronounced in Anolis. Union between the m. extensor and 

m. flexor carpi ulnaris is not uncommon in lizards (A.P. Russell, pers. 

comm.). 

The ventral antebrachial muscles of Anolis and Pristidactylus largely 

differ from those of iguana in terms of the degree of muscle fusion, with the 

origin and insertion patterns remaining quite uniform in the three taxa. 

Pristidactylus closely resembles Iguana for all but two muscles: the rn. 

flexor carpi radialis and the m. pronotor occessorius. For these muscles, 

Anolis and Pristidoctylus are congruent in terms of morphology. 

The m. flexor digitorum longus of Anolis presents the most notable 

deviation from the primitive pattern. Both Iguana and Pristidactylus have a 

single ulnar and double humeral head, a pattern that is common in several 

other taxa (see Appendix 3). In contrast, Anolis has two humeral and two 

ulnar heads, and the long flexor tendons can be distinguished high up into 

the antebrachiurn. O n  the palm these tendons are held together by a poorly 

developed aponeurosis. 



5.1.5 Myology of the Dorsal Division of the Monus of Anolis 

Two muscle complexes originate on the dorsal surface of the monus in 

Anolis: the mm. extensores digitores breves and the mm. interossei 

dorsales. 

MM. exfensores digitores breves (Fig. 5.1 )-This muscle complex consists of  

superficiales and profundi bellies which are present in the primitive 

pattern, and three accessory bellies. 

i). mm. extensores digitores breves superficialas. Five unequally-sized, 

parallel-fibred bellies originate fleshily from the ulnare, and fan out to serve 

each digit. Digit five receives the largest belly, followed by digit one, while 

digits two, three and four receive small heads that are subequal in size. 

Each belly gives rise to two extensor tendons, one on the mesial side o f  the 

digit, and one on the lateral. The superficiales complex contributes a 

mesial extensor tendon to digits one to four, and a lateral tendon to digit 

five. 

(ii). mm. extensores digitores breves profundi. The profundus complex 

serves digits one to four only, and the bellies are restricted to the lateral 

side o f  their respective metacarpals. At the level of the 

metacarpophalangeal joints, each terminates in a slender tendon that 

occupies the lateral border o f  the digit. The lateral and mesial extensor 

tendons unite at the joint between the ungual and penultimate phalanges, 

and the resulting single tendon inserts mid-dorsally onto the proximal end of 

the ungual phalanx. 

(iii). accessory bellies. The mm. extensores digitores breves have a 

complicated arrangement that involves three accessory bellies that pass 

obliquely between digits two and three, three and four, and four and five. 



The parallel-fibred bellies that serve digits three and four arise f leshily from 

the proximolaterol margin of the next most mesial metacarpal. They cross 

the intermetacarpal spoce distolaterally to insert onto the tendon of the 

superficialis belly that traverses the mesial side of the respective digit. 

The accessory belly that serves digit five arises from the motor tendon of 

the m. extensor digitorurn longus that inserts onto the proximal end of 

metacarpal four. Fibres also toke origin from the proximolateral aspect of 

metacarpal four. The parallel-fibred belly crosses the intermetacarpal 

spoce distolaterally, and at the level of  the intermetocarpophalangeal joint it 

produces a slender tendon thot passes down the mesial side of digit five. At 

the distal end of the second phalanx it unites with the lateral tendon 

produced by the superf icialis be1 ly. The resulting single tendon inserts onto 

the proximal end of the ungual phalonx. 

MM. interossei donales-This muscle complex is not identifiable as discrete 

units in Anolis. 

5.1.6 Summary of the Dorsal Manual Musculature 

5.1 .6.1 Comparison of Pristidacfylus and Iguana 

The dorsal manual musculature in Iguana and Pristidactylus is  very 

similar in morphology. The bulky mrn. extensores digitores breves 

complex (Fig. 5.2), with superficiales and profundus components, yields o 

single, mid-dorsally positioned extensor tendon thot inserts onto the ungua l 

phalanx of each digit. 

The mm. interossei dorsales muscles could not be located in either 

\guano or Pristidactylus. In the cose of  the former, reports of the extent of 



development o f  this muscle complex are equivocal, ranging from an origin 

from the first four metacarpals (Mivort, 1867), to a single belly extending 

proximodista lly between metacarpals four and five (A.P. Russell, pers. 

comm.). 

The reported absence o f  the mm. interossei dorsoles in Iguana and 

Pristidactylus must be viewed with caution, as small size may impede their 

identification. Primitively, these muscles exhibit minimal development, and 

they form a continuous lamina with the mm. interossei ventralis located on 

the palm (A.P. Russell, pers. comm.). 

5.1.6.2 Comparison of Anolis to lguonu and Pristidactylus 

The arrangement of  the mm. extensores digitores breves muscles o n  

the dorsal manual surface of  Anolis is more complex and markedly different 

from that seen in either lguona or  Pristidactylus. In contrast to the single 

digital extensor tendon in the putatively primitive pattern, Anolis has two: a 

lateral tendon arising from the profundi bellies (superficiales on digit five) 

and a mesial tendon originating from the superf iciales bellies (accessory 

belly on  digit five). The accessory bellies in Anolis that cross the space 

between metacarpals two and three, three and four, and four and five are 

not present in the primitive pattern. These bellies are assumed to belong to 

the mm. extensores digitores breves complex and not to the mm. 

interossei dorsales because of their association with the digital extensor 

tendons. O n  digits three and four the occessory bellies attach onto the 

mesial extensor tendon that arises from the superficiales bellies, while the 

accessory belly to digit five yields the mesial extensor tendon. 

Careful exomination of several Anolis specimens did not reveal the 

presence of the mm. interossei dorsoles complex. However, as in lguona 



ond Pristidactylus, I cannot state with complete certainty thot they do not 

exist. The muscles on the anoline manus are very frogile, and it is  possible 

the mm. interossei dorsales ore closely attached to the mm. interossei 

ventralis. As previously noted, muscle fusion in Anolis is common. 

5.1.7 Myology of the Ventral Division of the Manus of Anolis 

The ventral musculature of the manus of Anolis consists of a complex 

stratification o f  five layers. From superficial to deep these are: mm. 

flexores digitores breves; abductor digi t i  quint;; palmar head of the m. 

flexor digitorum longus; lumbricales, and the interossei ventrales. 

MM. flexores digitores braves (Fig. 5.30)-This is  a complex muscle that 

originates from the annular ligament, and more laterally from the foscia of 

the m. flexor carpi ulnaris. Each digit receives a parallel-fibred belly. 

The belly serving digit one arises from the mesial margin o f  the annular 

ligament, and has two components that are tightly bound; a superficial belly 

from which a short tendon arises, and a deeper, fleshier belly. Insertion is 

tendinously and fleshily onto the proximal end of phalanx one. The second 

digit receives a belly that originates from the annular ligament. Distally it 

produces two fine tendons, one mesial and ventrol to the long flexor tendon, 

and one lateral and dorsal to it. A short distance from their individual 

origins, the two tendons unite and insert onto the proximal end of phalanx 

two. The belly serving digit three arises from the middle region of the 

annular ligament, and distally yields a single, fine tendon that inserts onto 

the proximal end of  phalanx two. The belly thot serves digit four originates 

mesially from the annular ligament, and laterally from the fascia and 

insertion tendon of the rn. flexor carpi ulnaris. Extensive fusion with the 

underlying palmar head of the m. flexor digitorum longus occurs. While 



this fusion is also apparent on digits two and three, it is most morked on 

digit four, where it is almost impossible to separate the layers. This belly 

gives rise to a single tendon that inserts on the proximal end of the fourth 

phalanx. The fifth digit receives a belly that has a combined origin from the 

annular ligament and the motor tendon of the m. flexor carpi vlnoris. 

Distally it produces a single tendon that is positioned dorsal to the long 

flexor tendon, with insertion onto the proximal end of phalanx two. 

M. abductor digiti quinti (Fig. 5.5b)-This muscle has two components, 

although in some specimens the great extent of fusion between the two 

obscures the boundaries. They originate from the lateral border of the 

ulnare and the annular ligament, with the former head having fibres 

oriented at a steeper angle than the latter. The first heod adheres to the 

edge of the m. extensor carpi ulnoris and contact is olso made with the 

head of the m. extensores digitores breves superficiales. The parallel- 

fibred belly of the m. obductor digit i  quinti inserts fleshily onto the 

proximal end of phalanx one of digit five. 

Palrnar head of the m. flexor digitorurn longus (Fig. 55)-This muscle 

originates from the palmor aponeurosis, and serves digits two, three and 

four. Two para llel-fibred bellies are associated with the second digit, with 

one positioned mesial to the long flexor tendon of digit two, and the other 

lateral. The first belly is short and arises from the proximomesial border of 

the long flexor tendon of digit two, to insert fleshily onto the proximomesial 

aspect of phalanx one of digit two. The second be1 ly originates from the 

long flexor tendon of digit three, extends distomesia lly between the second 

and third digits, and inserts fleshily onto the lateral border of the long flexor 

tendon of digit two. 



The bellies serving the third digit take origin either from the long flexor 

tendon or the palmar aponeurosis. The first beliy, which has a pennate 

arrangement, arises from the mesial and laterol aspects of the proximal 

region of the long flexor tendon of the third digit. The obliquely oriented 

fibres converge on a tendon that inserts onto the proximal end of phalanx 

two of digit three. The second belly serving digit three originates from the 

distal extent of the polmar aponeurosis and from the proximal end of the 

long flexor tendon serving digit three. This parollel-fibred belly inserts 

fleshily onto the proximal end of  phalanx one of that digit. 

Digit four has a complex arrangement of bellies. The first arises from 

the long flexor tendon of digit three, passes obliquely between digits three 

and four, and unites with the second belly. The latter initially arises from the 

lateral aspect of the long flexor tendon of digit four, then passes deep to it, 

to emerge on the mesial side. The first and second bellies converge on a 

tendon that inserts onto the proximal end of phalanx three of digit four. 

Another belly takes origin from the lateral border of the aponeurosis and 

the proximal end of the long flexor tendon serving digit four. It passes 

down the mesial side of digit four to insert fleshily on the proximal end of 

the second phalanx of the fourth digit. Arising from the extreme distolateral 

extent of the palmar aponeurosis is a filiform belly that passes laterally 

along digit four to insert fleshily onto the proximal head of phalanx two. 

MM. lumbricoles (Fig. 5.5b)-This muscle complex serves each digit, and it 

arises from the carpals and metacorpols. The first digit receives two bellies, 

one mesial and one lateral. The former is parallel-fibred and it originates 

from a broad ligament that binds the ulnare, the radiale, and the heads of 

the first and second metacarpo Is and their respective distol carpa Is. 



lnsertion is fleshily onto the proximomesial aspect of the first phalanx of 

digit one. The lateral belly originates tendinously from the vicinity of the 

fourth distal carpal and insertion is fleshily onto the proximolateral aspect of 

the first phalanx of  digit one. 

The second digit receives a single bulky, parollel-fibred belly that arises 

from the ventral face of the fourth distal carpal by way of a short stout 

tendon. At its origin the belly is closely applied to the lateral belly serving 

digit one and the mesial lurnbricales belly of digit three. lnsertion is fleshily 

across the entire proximal margin of the first phalanx of digit two. 

Digit three has two bellies, one mesial, and one lateral. The former 

arises tendinously from the distolateml face of the ventral surface of the 

fourth distal carpal, with fibres also originating from an intermuscular 

septum that it shares with the belly on digit two. lnsertion is  fleshily onto the 

proximomesial aspect of the first phalanx. The lateral belly also originates 

tendonously from the distolateral face of the ventral surface of the fourth 

distal carpal. lnsertion is fleshily onto the proximolateral aspect of the first 

phalanx of digit three. 

Digit four is served by a single belly that originates from a ligament that 

binds the ulna, ulnare and fourth and fifth distal carpals. lnsertion is fleshily 

onto the proximomesial aspect of the first phalanx of digit four. 

The fifth digit receives a superficial, parallel-fibred belly that arises by 

way of a long, slender tendon from a ligament binding the radiale and the 

first distal carpal and metacarpal. It travels distolaterally across the palm, 

to insert fleshily onto the proximomesial border of the first phalanx of digit 

five. The lateral belly originates fleshily from a ligament in the region of the 



fifth distal carpal, and insertion is fleshily onto the proximolateral aspect of 

the first phalanx o f  digit five. 

MM. inferouei  ventralis (Fig. 5-54 -This com p lex constitutes the deepest 

layer of muscles on the ventral surface of the palm. It consists of small 

fragile bellies that serve digits one to four. They originate from ligaments 

that bind the carpals: 

Digit one receives a mesial and a lateral belly. The former originates 

from a ligament joining the radiale and fourth distal carpal, and it inserts 

fleshily onto the distolateral border of the first metacarpal. The latter arises 

from a metacarpophalangeal ligament that passes obliquely between the 

head of metacarpal one and the distomesial aspect of metacarpal two. 

Fibres also originate from the proximomesial border of metacarpal two for 

about one third of the length of the bone. lnsertion is fleshily onto the 

proximolateral border of  the first phalanx of digit one. 

The second digit also has mesial and lateral bellies. The mesialmost 

arises fleshily from the head of  metacarpal three, with insertion onto the 

proximolateral aspect of the first phalanx of digit two, as well as onto a 

ligament binding the iadiale and second metacarpal. The loteral belly 

originates from the mesial border of the shaft of the third metacarpal, for 

most of its length. It tapers into a thin tendon that inserts onto the proximal 

end of the second phalanx of digit two. 

A mesial and lateral belly serve digit three. The mesialmost originates 

from the fourth distal carpal and the proximal end of the fourth metacarpal. 

Insertion is fleshily onto the distolateral aspect of the third metacarpal as 

well as onto the proximolateral border of phalanx one of digit three. The 

lateral belly arises from the shaft of metacarpal four, for its entire length. It 



topers into a thin tendon that posses along the lateral border of digit three 

to insert onto the proximal ends of the second and third phalanges. 

Digit four receives a single belly that originates fleshily from the 

proximomesial aspect of the fifth metacarpal, and also from the lateral 

border of the shaft of metacarpal four. At the level of the 

metacarpophalangeal joint, it tapers into o tendon that travels along the 

loteral border of digit four to insert onto the proximo1 ends of pholanges 

two, three and four. 

5.1.8 Summary of the Ventral Manual Musculature. 

5.1.8.1 Comparison of Prisiiducfylus and Iguana 

O f  the six loyers of the palmar muscles identified by McMurrich (1 903), 

the palmar head of the rn. flexor digi torurn longus (Fig. 5.6), the m. 

abductor dig i t i  quint ;  (Fig. 5.6), the mrn. lumbricales (Fig. 5.6, also see Fig. 

5.5b for a comparable arrangement in Anol is )  and the mm. in terossei  

vent ra l is  (see Fig. 5 . 5 ~  for a comparable arrangement in Anol is )  in lguana 

and Prist idactylus show no variation in terms of origin and insertion. The 

obductor of the fifth metacarpal, while present in iguana,  is absent in 

Prist idacty lus.  However, this absence may represent the primitive condition 

as it has not been found in taxa other than Iguana  (A.P. Russell, pers. 

comm.). 

The insertion pattern of the mm. flexores dig i to res  breves  (not 

illustrated) exhibits variation between lguana and Prist idactylus.  While the 

origin is congruent for the two taxa, variability exists in the number of 

insertion tendons, with the bellies serving digits two and four in 

Prist idactylus hoving an additional tendon. That serving digit two has three 

insertion tendons, two of which unite and insert onto the second phalanx, as 



they do in lguana. In addition, however, a solitary tendon inserts onto the 

first phalanx. The belly serving the fourth digit has four tendons, compared 

to the three present in lguana. Like Iguana, a tendon inserts onto the fourth 

phalanx, while two others unite ond attach onto the third phalanx. In 

Pristidactylus, an additional tendon inserts onto the proximal end of the 

second pholanx. 

5.1.8.2 Comparison of Anolis to lguana and Pn'did~cfy/us 

The origin and insertion patterns of the rn. abductor digit; quint;, the 

mm. lumbricoles and the mm. interossei ventroles in Anolis are consistent 

with the putatively primitive pattern of Iguana and Pristidactylus. Shared 

with Pristidactylus is the absence of the abductor of the fifth metacarpal. 

The third and fourth bellies of the mm. flexores digitores breves in 

Anolis have fewer insertion tendons than are present in Iguana and 

Pristidactylus. The belly serving digit three locks the tendon that inserts 

onto the second phalanx, while the fourth lacks the two deep tendons that 

combine to insert onto phalanx three. It i s  uncertain if these tendons are 

indeed missing, or if fusion of this muscle complex with the palmar head of  

the m. flexor digitorum longus, combined with small tendon size, obscures 

the true arrangement. 

The greatest variation between Anolis, /guano ond Pristidactylus occurs 

in the palmar head of  the m. flexor digitorurn longus. Primitively, digits 

two, three and four are served by small bellies that originate from the 

palmar oponeurosis (deep) and the long flexor tendons (superficial). In 

Iguana and Pristidactylus the bellies are aligned para l lei to their respective 

digit and do not cross the interdigital space . The palmar head of the m. 

flexor digitorum longus is bulkier in Anolis, and the arrangement is 



markedly different from the primitive pattern. The arrangement in Anolis is 

more complex, with bellies obliquely spanning the space between digits two 

and three, and three and four. This pattern is uncommon, and other 

squamotes have been recorded os having a parallel arrangement similar to 

that found in Iguana (Appendix 3). 

5.2 Myology of the Hindlimb 

5.2.1 Myology of the Dorsal Division of the Crus of Anolis 

Compared to the ventral crural muscles, those of the dorsal division are 

simple in terms of structure and bulk, and this is reflective of their more 

passive role in locomotion (A.P. Russell, pers. comm.). Included in this 

division are four muscles: the mm. peroneus longus and brevis mass 

(which may be divided or undivided), extensor digitorurn longus, and 

tibialis anterior. 

MM. peroneus longus and brevis (Fig. 5.70)-The peroneus moss is 

longitudinally divided into two distinct components, the longus and the 

brevis. The former originates from the lateral femoral epicondyle by way 

of a stout tendon that is closely applied to the capsule of the knee ioint. It is 

visible on the superficial surface of the muscle for one third of the proximal 

length of the crus. Distally, the muscle belly becomes fleshy and porallel- 

fibred. The tendon of insertion, onto which fibres attach unipinnately, is 

visible on the distal third of the muscle. It passes ventral to the lateral 

process of the astragalocolcaneum to attach onto the lateral plantar 

tubercle of metatarsal five. 

The m. peroneus brevis arises fleshily from the shaft of the fibula, for 

the distal three quarters of the bone. The proximalmost region of the brevis 

component is closely associated with the connective tissue of the knee joint 



capsule. The muscle belly is fleshy and parallel-fibred, and distally it topers 

to a stout motor tendon that attaches onto the outer process of metatarsal 

five. 

Just prior to their insertion, the motor tendons of the longus and brevis 

ore bound together by a broad tie tendon that originates from the rn. 

femoral gastrocnemius. A lacinate ligament fastens the two tendons to the 

m. flexor digitorum longus and the rn. tibiolis anterior at the distal end of 

the crus. 

M. extensor digitorum longus (Fig. 5.7)-This muscle arises by way of a stout 

tendon from the dorsomesiol aspect of the lateral femoral condyle that 

passes deep to the ligaments of the knee ioint capsule and the insertion 

tendon of the m. quadriceps femoris complex. The tendon of origin persists 

on the ventrolateral border for one third of the proximal length of the crus. 

The muscle belly is parallel-fibred and fusiform, and distally it tapers into a 

single strong tendon that inserts onto the proximolateral aspect of 

metatorsol three. 

M. tibialis anterior (Figs. 5.70, 5-90, b, 5.100, 5.12)-This large, parallel- 

fibred, strap-shaped muscle occupies much of the anterior aspect of the 

tibia. It has two points of origin, the proximalmost being fleshily from the 

anteromesiol region o f  the tibial head. The second is fleshily from the 

dorsolateral and dorsomesiol aspects of the tibiol shaft, for most of the 

length of the bone. Insertion is complex and involves a combined fleshy and 

tendinous attachment. A broad tendon attaches onto the proximal end of 

metatarsal one, and a more fragile tendon traverses the mesial side of digit 

one to insert onto the metatorsopholangeal joint capsule. A fleshy insertion 

also occurs along the proximomesiol border of metatarsal one. 



5.2.2 Summary of the Dorsal Musculature of the Crus 

5.2.2.1 Comparison of Prittidoctylus and lguono 

The m. peroneus longus and brevis (Fig. 5.8), the m. extensor 

digitorum longus (Fig. 5.8), and the rn. tibialis anterior (Figs. 5.8, 5.1 1) in 

Pristidactylus are morphologically very similar to the primitive pattern 

outlined in Chopter 3. The sole deviation from the pattern in Iguana is that 

the longus and brevis components in Pristidacty/us are more closely 

applied distally, and separate motor tendons are not easily recogniza ble. 

5.2.2.2 Comparison of Anolis to Pn'stidacfylus and /guano 

The origin and insertion pattern of the longus and brevis mass in Anolis 

is generally consistent with the putatively primitive pattern. In Iguana and 

Pristidactylus the motor tendons associated with these two muscles are 

bound by a tie tendon that arises from the m. femorotibial gastrocnemius. 

The latter muscle is markedly reduced in Anolis, and it is the m. femoral 

gastrocnemius that contributes a stout tie tendon that binds the dorsal and 

ventral distolateral regions of the crus. While the origin of the m. extensor 

digitorum longus is congruent in the three taro, the insertion patiern for 

Anolis is  different. Primitively, insertion is onto the proximal end of 

metatarsals two and three. In contrast, Anolis has only a single motor 

tendon that attoches onto the third metatarsa I. 

5.2.3 Myology of the Ventral Division of the Crus of Anolis 

Six muscles are located on the ventral surface of the crus: the mm. 

femorotibial gastrocnemius; femoral gastrocnemius; flexor digitorum 

longus; pronotor profundus; popliteus, and interossei cruris. Primitively, 

with the exception of the m. popliteus and the m. interossei cruris, the 



ventral muscles insert by way of aponeuroses that may also provide origin 

for some of the pedal muscles (Russell, 1993). 

M. femorotibial gastrocnemius (Fig. 5.90)-The m. femorotibial 

gastrocnemius crosses the crus in a proximomesial to distolateral direction. 

The small, fusiform, parallel-fibred belly is restricted to the proximal one 

third of the crus. Five tendinous points of origin exist, associated with the 

knee joint capsule, the femur ond the tibial head. Two tendons are closely 

associated with the capsule. The first originates from the mesial femoral 

epicondyle, then passes through the knee ioint where it unites with the mesial 

collateral ligament and the meniscus The second arises from the meniscus 

itself, and is attached to the first tendon by way of a stout u-shaped 

ligamentous band. A third short tendon originates from the tendinous 

insertion point of the m. pubotibialis, while the mesial epicondyle of the 

femur is the origin site of a fourth tendon. The fifth arises from the 

proximolaterol region of the tibial head. 

About one third of the way down the length of the crus the belly tapers 

into a slender motor tendon that is contributed to by muscle fibres 

associated with the five tendons of origin. A branch from the insertion 

tendon of the rn. flexor tibialis externus becomes confluent with the motor 

tendon at the distal end of the belly of the m. femorotibial gastrocnemius. 

The location of the motor tendon is variable; in some specimens it is 

positioned between the m. flexor digitorum longus and the m. femoral 

gastrocnemius, while in others it is closely applied to the latter. Distally, 

the tendon broadens slightly at the level of the mesotarsal ioint, but it does 

not give rise to an aponeurosis or to tie tendons. Insertion is onto the 



proximolateral aspect of metatarsal five, near the insertion of the m. 

per oneus longus. 

M. femoral gastrocnemius (Figs. 5.7, 5.9)-This muscle is very bulky, occupies 

a superficial position on the crus and is not overlain by the m. femorotibial  

gastrocnemius. Origin is by means of two stout tendons, one from the 

lateral epicondyle of the femur, and the other from the proximolateral 

region of the ventral face of the knee joint capsule. The m. femoral 

gastrocnemius has two bellies, one corresponding to each tendon. 

Proximally, the large lateralmost belly takes origin from the lateral tendon, 

ond also from an intermuscular septum that it shores with the mesial belly 

for the distal half of the crus.. Distally, the fibres have a more parallel 

arrangement. 

The mesialmost belly of the m. femorotibial gastrocnemius is small, and 

it originates from the tendon that arises from the deep face of the knee joint. 

The origin of this belly is more distally located that that of the lateral, and 

fibres are evident only on the distal one half of the crus. At its origin it i s  

closely associated with the lateralmost belly of the m. flexor digitorurn 

longus, which also arises from the same tendon. Midway down the crus the 

two muscles diverge, and the tendon remains visible on the deep surface of 

the mesial m. femorotibial  gastrocnemius belly. The mesial and lateral 

bellies share an intermuscular septum for the distal half of the crus. At the 

level of the mesotarsal ioint strands of connective tissue, which are visible on 

the deep face of the bellies, contribute to an aponeurosis and three tie 

tendons. 

The lateralmost tie is superficial ond attaches onto the m. peroneus 

brevis and longus. A second tie arises from the deep face of the 



oponeurosis, attaches onto the distal end of the m. f lexor digitorurn longus, 

then extends transversely to insert onto the most distomesial extent o f  the rn. 

t ibial is anter ior .  The third tie is also deep. and it connects to the fascia that 

ensheaths the astrogalocolconeum. . - The aponeurosis that arises from the 

two bellies of the m. femora l  gastrocnemius attaches proximally onto the 

mesial and lateral plantar tubercles of metatarsal five. Distally. it chiefly 

inserts onto the metatorsophalangeal joint capsule of digit four across its 

entire width, and olso onto the lateral border of the corresponding joint 

capsule on digit three. The oponeurosis olso gives rise to tendons that insert 

onto the proximolaterol ends of the second and third phalanges of digit 

four, and onto the second phalonx of digit three. 

M. flexor digitorurn longus (Fig. 5.9)-This complex muscle has three points of 

origin. The lateralmost is b y  way of a stout tendon that originates from the 

lateral epicondyle of the femur. Parallel fibres arise from this tendon for the 

proximal half of the crus, and take a distomesial course to merge with the 

two other bellies of this complex. At the most distal extent of its origin from 

the tendon, this belly is closely associated with the mesial belly of the m. 

femora l  gmtrocnernius. 

A short. broad tendon originates from the mesial aspect of the ventral 

face of the knee ioint capsule, and it quickly gives rise to a slender parallel- 

fibred belly that occupies the ventromesial border of the crus. The third 

belly originates fleshily from the proximomesial aspect of the ventral face of 

the fibula for the proximal holf of thot bone. Midway down the crus the 

bellies converge onto the insertion tendon that is visible on the deep face of 

the mesial belly. At the distal end of the crus this muscle complex 

contributes to an oponeurosis that divides into four stout tendons thot serve 

the first four 



digits. The long flexor tendon of digit five originates from the lateral border 

of the aponeurosis, at the level of the astragalocalcaneum. Each flexor 

tendon inserts onto the proximoventral tubercle of  the terminal phalanx of its 

respective dig it. 

Within the sole of  the foot the rn. flexor digitorum loogus receives 

further contributions. Three metatarsocalcaneal heads exist, two of which 

originate fleshily from the proximomesial aspect of the head and shaft of 

metatarsal five, to insert onto the long flexor tendons of digits two and three, 

respectively. The third bulky calcaneal head arises tendinously from the 

distolateral border of the asfragalocalcaneum, to insert onto the long flexor 

tendon of digit four. Fibres from this head also attach onto an intermuscular 

septum between itself and an accessory head of  the mm. Iumbricales that 

serves digit four. 

The long flexor tendons are also associated with the mm. lumbricales 

(Fig. 5.1 20) complex, which serve digits three and four. Three bellies serve 

digit three. The first is small and parallel-fibred, and arises from the long 

flexor tendon of digit two, and then extends obliquely between digits two 

and three. Midway down the length of  metatarsal three it tapers into a 

slender tendon. A larger accessory belly originates from the mesial aspect 

of the long flexor tendon of digit three. and the parallel fibres are oriented 

distomesially. It tapers to a fine tendon that quickly unites with the tendon of 

the first belly. The resulting single tendon inserts onto the midline of  the 

proximal end of the second phalanx of digit three. Another parallel-fibred 

accessory belly arises from the lateral aspect of  the flexor tendon of  digit 

three. At its origin it is overlapped by the mesial accessory belly that arises 

from the same location. The lateral belly attaches onto the insertion tendon 

of the head of the m. flexor digitorum brevis that serves digit three. The 



tendon continues down the digit to attach onto the proximal end of phalanx 

three. 

Three lumbrical bellies serve digit four. The first is  the mesialmost and 

originates from the long flexor tendon of digit three, in close association 

with the accessory bellies described above thot serve digit three. The fibres 

have a distolateral course, and unite with a large accessory belly that arises 

from the mesial margin of the flexor tendon of digit four. The combined 

mass produces a slender tendon that inserts onto the midpoint of the 

proximal end of the first phalanx of  digit four. Another large accessory 

belly originates from the lateral margin of the flexor tendon of digit four. 

The fibres have a distolateral course, and attach onto an intermuscular 

septum between itself and the calconeal plontar head of the m. flexor 

digitorum longus. The combined mass produces a tendon thot traverses the 

lateral side of  digit four, to insert onto the proximal end of phalanx three. 

The deepest components of the rn. flexor digitorum complex are the 

aponeurotic heads (Fig. 5.120, b) which arise from the dorsal surface of the 

flexor tendons of digits two, three and four. Those serving digits three and 

four are very bulky. Insertion of the heads is fleshily onto the proximal end 

of the first phalanx of their respective digit. 

M. pronutor pmfundus (Figs. 5.9b, 5.1 00)-This muscle is situated deep to the 

m. flexor digitorum longus. It arises fleshily from the distal three quarters 

of the ventral and mesial aspects of  the fibular shaft. The parallel fibres are 

oriented distomesially, ond fan out distally to produce a triangular mass. 

On the distal third of this muscle a broad tendon, onto which fibres attach, is 

visible on the superficiol surface. At the distal end of  the crus this tendon 

contributes to a brood aponeurosis that adheres closely to the ventral 



surface of the astragalocalconeum. Mesially this aponeurosis is connected 

to the meniscus that intervenes between the first metatarsal and the 

distomesial aspect of the ostrogolocalconeum. Distally, the oponeurosis 

primarily contacts the proximal ends of the heads of metatarsals one to five. 

M. popliteus (Figs. 5.9, 5.1 0) -This parallel-fibred, triangular muscle lies 

deep to the origin of the m. flexor digitorum longus. It originates fleshily 

from the proximal one-quarter of the lateral aspect of the ventral crest of 

the tibia. The single belly extends proximolaterally to insert by a series of 

short tendons onto the mesial aspect o f  the proximal end of the fibula. 

M. interosseus cnrris (Fig. 5.1 0b)-This parallel-fibred muscle originates 

fleshily from the lateral aspect of the tibiol shaft, for its distal one third. The 

fibres are oriented oblique to the long axis o f  the crus, and insertion is 

fleshily onto the distomesio l aspect o f  the fibula. 

5.2.4 Summary of the Ventral Musculature of the Crus 

5.2.4.1 A Comparison of Pristicfacfylus and Iguana 

Of the six muscles of the ventral surface of the crus, the m. femorotibial 

gastrocnemius (Fig. 5.1 la ) ,  rn. femoral gastrocnemius (Figs. 5.8, 5.1 I), m. 

popliteus (Fig. 5.1 lo ,  b) and m. interosseus cruris (see Fig. 5.lOb for a 

comporoble arrangement in Anolis) in Pristidactylus have a morphology 

comparable to that of iguana. The origin and insertion pottern of the m. 

flexor digitorum longus is congruent between the two taxa, but the 

metatarsocolcaneal bellies associated with the long flexor tendons exhibit 

greater fusion in Pristidactylus. The largest deviation from the putatively 

primitive pattern occurs for the m. pronator profundus (Fig. 5.1 1 b, c). In 

Iguana, this mass lies deep the rn. flexor digitorurn longus and is separate 



from it. In Pristidactylus, the m. pronator profundus has two layers that 

exhibit fusion at their origin. The most superficial component, which arises 

from the distal two thirds of the fibular shaft, has parallel fibres thot are 

directed distomesiolly. In contrast to Iguana, these fibres do not pass deep 

to the aponeurosis of the m. flexor digitorum longus, but attach onto it at 

the distal end of  the crus. A second, deeper component arises from the 

same region of the fibular shaft, and passes beneath the aponeurosis of the 

m. flexor digitorum longus. Distally, the second component contributes to 

the oponeurosis of the m. pronator profundus. 

5.2.4.2 Comparison of Anolis to P r i ~ i d u c ~ l u s  and lguana 

The mm. pronotor profundus and interossei cruris in Anolis are the 

only muscles on the ventral surface of the crus thot have origin and insertion 

patterns congruent with the primitive pattern. The m. popliteus is similar, 

but in contrast to lguono, the muscle is  not divisible into two bellies. Relative 

to the pattern observed in Iguana and Pristidoctylus, the morphology of the 

m. femorotibial gastrocnemius, the m. femoral gastrocnemius and the m. 

flexor digitorum longus in Anolis deviates substantially. 

Primitively, the m. femorotibial gastrocnemius is an expansive, 

superficial muscle that laterally overlaps the m. femoral gastrocnemius. In 

addition to the areas of origin described for Anolis, the m. femorotibial 

gastrocnemius in lguono and Pristidactylus also have an additional origin 

from the tibial shaft. In these two taxa the muscle yields an aponeurosis and 

four tie tendons. In Anolis, however, the belly is small, is restricted to the 

proximal third of the crus, and tapers into a slender tendon that does not 

contribute to an aponeurosis or tie tendons. The origin from the tibial shaft 

is lost. 



The m. femoral gastrocnemius in lguana and Pristidactylus has 

superficial and deep components that distally contribute to two distinct 

aponeuroses. As a result of the small size of the m. femorotibial 

gastrocnemius in Anolis, the m. femoral gastrocnemius has a superficial 

position on the crus. Hence, the mass is not divisible into superficial and 

deep components. However, distinct mesial and lateral bellies do exist, and 

both contribute to a single aponeurosis that somewhat resembles the 

superficial oponeurosis seen in lguona and Pristidactylus. Common 

feotures include attachment onto the plantar tubercles of metatarsal five and 

onto digits three ond four, as well as the possession of a tie that binds the 

aponeurosis to the astroga loco lcaneum. Prim itively, the aponeurosis sends 

tendons to the second, third and fourth phalanges of digit four, and onto the 

second and third phalanges of digit three (Rewcastle, 1977). In Anolis, the 

tendons could be traced to the third phalanx on digit four and the second on 

digit three, before they merged imperceptibly with the connective tissue of 

the joint capsules. 

The pedal contributions to the m. flexor digitorum longus in Anolis olso 

differ markedly from the pottern seen in Iguana and Pristidactylus. The 

mm. lumbricales in the latter two taxo consist only of two bellies, whereas 

Anolis has a more complicated arrangement that involves several accessory 

bellies that serve digits three and four. The origin of the rn. flexor 

digitorurn longus from the lateral epicondyle of the femur and from the 

fibular shaft is congruent with the situation in iguana. However, in Anolis 

the muscle also arises from the ventral face of the knee ioint capsule, and 

the calcaneal belly is absent. 

In Iguana the plantar aponeurosis is a complex stratified structure that is 

largely associated with four crural muscles: the mm. femorotibial 



gastrocnemius; femoral gastrocnemius which contributes superficial and 

deep components; flexor digitorurn longus; ond pronator profundus 

(Russell, 1 993). The anoline plantar oponeurosis has fewer layers because 

the rn. femorotibial gastrocnemius provides no contribution, and the m. 

femoral gastrocnemius only produces a single oponeurosis rather than 

superficial and deep levels. 

5.2.5 Myology of the Donal Division of the Per of Anolis 

In Anolis the dorsal division of the pes houses two muscles: the mm. 

extensores digitores breves, and odductor et extensor hallucis et 

indicus. 

MM. extensores digitores breves (Fig. 5.7)-This muscle complex consists of 

several bellies that serve digits one to five. 

The first digit receives a single, parallel-fibred belly that arises fleshily 

from the dorsal aspect of the proximal end of metatarsal one. At the level 

of the metotarsopholangeal joint, it gives rise to two slender tendons, one 

mesial and one lateral. At the distal end of the first phalanx these unite mid- 

dorsally, and insert onto the proximal end of the ungual phalanx. 

Two bellies serve digit two. The mesialmost is parallel-fibred and arises 

fleshily from the proximomesial aspect of metatarsal one. The fibres have a 

distolateral course, and at the level of the metatarsophalangeal joint of digit 

two they give rise to a slender tendon that traverses the mesial side of that 

digit. This tendon is closely applied to the interphalangeal joint capsules, 

and sends o small accessory tendon to the proximal ends of phalanges one 

and two. The lateralmost belly arises fleshily from the lateral aspect of 



metatarsal two, for the distal three quarters of the shaft. At the level of the 

metatarsopha langeal joint the fibres yield a slender tendon that passes 

down the lateral side of digit two, with tendinous contributions being made 

to phalanges one and two. At the distal end of the second phalanx the 

mesial and lateral extensor tendons unite and insert on the proximal end of 

the terminal phalanx. 

The third digit receives three bellies. The first arises by a long, slender 

tendon from the dorsal surface of the astragalocalcaneum. At the level of 

the head of the third metatarsal this tendon gives rise to a fusiform belly, 

that about one quarter of the way along the shaft, tapers into a tendon that 

extends along the mesial border of metatarsal three. A second belly arises 

from the middle one third of the lateral aspect of the second metatarsal. It 

crosses the intermetatarsal space obliquely and attaches to the tendon of the 

first belly. The combined tendon continues along the mesial side of the third 

digit, with insertions onto the proximal ends of phalanges one, two and 

three. A third belly originates from the distal three quarters of the mesial 

and dorsal aspects of the shaft of metatarsal three. The fibres are oriented 

distolatera lly, ond ot the level of the metatarsophalangeal joint they give 

rise to a tendon that passes down the lateral side of the digit. The lateral 

extensor tendon also sends small branches to the proximal ends of 

phalanges one, two and three. The mesial and lateral tendons unite at the 

distal end of the third phalanx, and attach onto the proximal end of the 

ungual phalanx. 

Four bellies serve digit four. The first arises tendinously from the dorsal 

surface of the astragalocalcaneum, just lateral to the origin of the first belly 

that serves digit three. It is fusiform, and it tapers to a tendon one quarter of 

the way down the shaft of metatarsal four. A second belly originates fleshily 



from the lateral border of the shaft of metatarsal three, for its distal three 

quarters. Its fibres course distoloterally, and attach onto the tendon of the 

first belly. The third belly that serves this digit is bulky and arises by way of 

a stout tendon from the tarsal facet of the astragalocalcaneum. It gives rise 

to a strap-shaped, para llel-fibred belly that is situated dorsolotera l ly on 

metatarsal four. Midway down the length o f  the shaft, this belly produces a 

broad tendon that continues down the lateral side of the metatarsal. The 

fourth belly is slender, and its mesial aspect is obscured by the large third 

belly. It arises fleshily from the lateral aspect of metatarsal four and from 

the mesial border of metatarsal five, and at the level of the 

metotorsophalangeal joint the fibres attoch onto the broad tendon of the 

third belly. At the metatarsophalangeal joint the tendons from all the bellies 

serving digit four coalesce into a single tendon, which bifurcates at the distal 

end of the first pholanx. The resulting mesial and lateral tendon continue on 

their separate course to the distol end of pholanx four, where they converge 

mid-dorsally to insert as a single tendon on the ungual phalanx. Both 

extensor tendons send a fine branch to the proximal ends o f  phalanges two 

to four. 

Two bellies serve digit five. The first is  positioned proximally and arises 

tendinously from the distal end of the fibula. At its origin it is closely 

applied to the anterior tibio-fibular ligament. The belly is fusiform and 

parallel-fibred, and it inserts fleshily onto the proximal end of  metatarsal 

five. The second belly arises fleshily from the lateral aspect o f  the head of 

metatarsal four, and also from the proximal end of the shaft of that 

metotarsol. These fibres are oriented distolaterally and are ioined by fibres 

that arise from the dorsal aspect of the shaft of metatarsal five. At the distal 

end of metatarsal five, the fibres converge onto a single broad tendon. At 



the distal end of phalanx one the tendon bifurcates, resulting in a mesial 

and lateral branch that contribute fine branches to the proximal ends of 

phalanges one, two and three. The mesial and lateral tendons unite at the 

distal end of phalanx three, and insert onto the mid-dorsal region of the 

proximal end of the ungual phalanx. 

M. addvetor et extensor et indicus (Fig. 5.7)OThis muscle consists of two 

bellies that serve digits one and two. Both have a common origin from the 

dorsal aspect of the distal end of the fibula, as well as from the 

astrogalocalcaneum. The parollel fibres have a distornesia l course, and at 

the distal end of the astragalocalcaneum two bellies become apparent. 

That serving digit one passes dorsal to the head of the extensor  d ig i torurn 

brevis  of that digit. It inserts fleshily onto the proximomesial aspect of the 

first metatarsal. The second belly inserts fleshily onto the proximolateral 

aspect of the second metatarsal. 

MM. infenossei dorsules -This muscle complex is not present in Anolis. 

5.2.6 Summary of the Dorsal Pedal Musculature 

5.2.6.1 Comparison of Pristidaciylus and iguana 

The morphology of the mm. extensores d ig i tores  b r e v e s  in 

Pristidoctylus (Fig. 5.8) is very similar to that described for i g u a n a  (see 

Appendix 4 ) ,  with the only deviation being that the bellies serving digits 

three and four in Prist idactylus exhibit more fusion. The form of the m. 

adductor  e t  extensor  hallucis e t  indicus (Fig. 5.8) is identical to pattern 

seen in iguana.  The mm. interossei  dorsa les  muscles in Prist idactylus are 

apparently wanting, but they may be small and fused to the mm. interossei  

plantar is muscles. 



5.2.6.2 Comparison of Anolis to Pristidadylus and lguono 

Compared to the putatively primitive pattern (see Appendix 4), the mm. 

extensores d i g i t o r e s  b r e v e s  o f  Anolis are more complicated due to the 

presence of accessory bellies and a bifurcated extensor tendon system that 

has mesial and lateral branches. In a situation that mirrors the arrangement 

of the mm. extensores  d i g i t o r e s  breves  of the manus, two of the bellies o f  

this complex o f  the pes extend obliquely between the interosseous space to 

attach onto the mesial extensor tendon. Digit four in Anolis receives the 

most numerous and the bulkiest contributions, with a total of four bellies 

compared to three in I g u a n a  and Prist idactylus.  The proximalmost belly 

serving digit five in Anolis arises tendinously from the distal end o f  the 

fibula. Neither Prist idactylus nor Iguana  have a comparable belly that 

arises from this location. 

The m. u d d u c t o r  et extensor  hallucis e t  indicus in Anolis generally 

resembles the primitive pattern, with the exception that the belly serving digit 

one does not bifurcate. Lastly, in a situation congruent with that seen in 

Prist idactylus,  the mm. interossei  dorsales muscles in Anolis are lacking as 

discretely identifiable entities. In Iguana  this complex consists of two bellies 

that occupy the spaces between the second and third and third and fourth 

metatarsals (A.P. Russell, pers. comm.). 

5.2.7 Myology of the Ventral Division of the Pes of Anolis 

In addition to the pedal muscles associated with the long flexor tendons 

of the m. f l exor  d ig i torurn  longus of Anolis discussed in section 5.2.3, six 

additional muscles are found on  the plantar surface: the mm. f lexores  

d ig i tores b r e v e s ;  obductor  d i g i t i  quint i ;  f l exor  hal lucis;  oddoctor  d i g i t ;  

quinti;  cont rahentes ,  and in terossei  plantar is. 



MM. flexores digitores breves (Fig. 5.1 20)-This comprises a series of small, 

superficial muscle bellies that originate from the aponeurosis of the m. 

femoral gastrocnemius to serve digits one, two and three. They are very 

fragile and easily damaged when the skin is removed. 

A single small, parallel-fibred belly arises from the mesialmost extent of 

the aponeurosis of the m. femoral gastrocnemius. Its fibres course 

distomesially, and distally the belly tapers to a slender tendon thot inserts 

onto the proximolateral aspect of the first phalanx of digit one. 

Two bellies of the mm. flexores digitores breves complex serve the 

second digit. The mesialmost is fragile and arises from the aponeurosis of 

the m. femoral gastrocnemius near the origin of the belly that serves digit 

one. The belly is short and the fibres quickly give rise to a delicate tendon 

that traverses the mesial side of digit two. Insertion is onto the 

proximomesial aspect of the first phalanx. The second parallel-fibred belly 

is larger than the first and arises from the distolateral region of the 

oponeurosis. The fibres have a distomesiol orientation, and distally the 

belly tapers to two tendons that pass mesial and lateral to the long flexor 

tendon of digit two. At the level of the metatarsophalangeal joint the two 

tendons unite, and the resulting single tendon continues distally to insert onto 

the midline of the proximal end of phalanx two. 

Digit three receives a single flexores digitores breves belly. It arises 

from the distolateral aspect of the aponeurosis of the m. femoral 

gastrocnemius and also from the mesial plantar tubercle of metatarsal five. 

It tapers to a slender tendon that unites with a belly of the mm. lumbricales 

that arises from the lateral margin of the long flexor tendon of digit three. 

The tendon continues along the digit to attach onto the proximal end of 

phalanx three. 



M. adductor digiti quinti (Fig. 5.1 2)-This muscle lies deep to the 

metatarsocalconeal components of the rn. flexor digitorum longus.  It 

arises fleshily from the region of the fifth metatarsal just dorsal to the mesial 

plantar tubercle. At the level of the metatarsophalangeal joint, the fibres 

converge onto a slender tendon thot inserts onto the proximomesiol aspect 

of phalanx two. The more lateral component inserts fleshily onto the 

proxirnolateral region of the first phalanx. 

M. flexor hallucis (Fig. 5.12)DThis muscle originates tendinously from the 

ventromesial border of the fourth distal carpal, and at its origin is  closely 

applied to the aponeurosis of the m. pronator profundus. Its tendon of 

origin is oriented distomesially, and at the distomesial border of the 

astragaloca lconeum it gives rise to a small parollel-fibred belly. lnsertion is 

fleshily onto the proximomesial ospect of the first pholanx of digit one. 

M. abductor digiti quinti (Fig. 5.1 2b, c)-This bulky, poro llel-fibred muscle 

originates fleshily from the distoloteral corner of the astraga localcaneum. 

Insertion is fleshily onto the mesial and lateral plantar tubercles and the 

outer process of the fifth metatarsal. 

MM. contruhentes (Fig. 5.1 2c)-This muscle complex consists of o fan-shaped 

arrangement of small fusiform, parallel-fibred bellies that serve the first four 

digits. The bellies associated with digits one to three have a common 

tendinous origin from the proximomesial ospect of the shoft of metatorso l 

five. The tendon quickly gives rise to three be!lies that extend distomesially 

across the sole of the foot. Distally, each yields a slender motor tendon that 

inserts onto the proximolateral margin of the first phalanx of its respective 

digit. The fourth belly originates by way of a short tendon from the 



proximolateral region of the fourth metatarsal. Insertion is onto the 

proximolateral aspect of the first phalanx of digit four. 

MM. interossei planforis (Fig. 5.1 PC)-The three fragile, parallel-fibred bellies 

of the mm. in terossei  p lantar is  constitute the deepest layer of muscles on 

the plantar surfoce. They arise fleshily from the proximolateral margins of 

metatarsals two, three and four, and extend distomesiolly in the 

intermetatarsal space. Insertion is fleshily onto the distomesial aspect of the 

next most mesial metatorsol. 

5.2.8 Summary of the Ventral Pedal Musculature 

5.2.8.1 Comparison of Pristiductylus and lguana 

The morphology of the mm. f lexores  d i g i t o r e s  b reves  (Figs. 5.1 lo ,  b, 

5.1 30); o d d u c t o r  d i g i t i  qu in t i  (Figs. 5.1 1 b, 5.1 3); f l exo r  ha l luc is  (Fig. 5.1 3 ) ;  

abduc tor  d i g i t i  qu in t i  (Fig. 5.13);. contrahentes (see Fig. 5 . 1 2 ~  for a 

comparable arrangement in Ano l i s ) ;  and in terossei  p lan to r is  (Fig. 5 . 1 2 ~ )  in 

Pr is t idacty lus closely resembles the primitive pottern as exemplified by 

Iguana (see Appendix 4). The two components o f  the mm. a d d u c t o r  d i g i t i  

quint i  in Pr is t idacty lus exhibit more fusion than they do in iguana.  

5.2.8.2 Comparison of Anolis to Priztidactylus and lguana 

Compared to those in Iguana and Pr is t idacty lus,  the mm. f l exo res  

d ig i t o res  b r e v e s  bellies in Ano l i s  are very small and delicate. In the 

former two taxa this muscle complex is quite bulky and obscures underlying 

muscle layers. The fragile bellies in Anol is are difficult to locate, and are 

easily damaged when the plantar skin is removed. The insertion pattern of 

the belly serving digit three is simpler in Anol is  as it lacks the association 

with the tendinous bronch of the superficial femoral aponeurosis. In 



addition, it has one fewer insertion tendon than that observed in I g u a n a  and 

Prist idoctylus.  

Compared to the primitive pattern, the m. abductor  d i g i t i  quint i  i n  

Anol is  is a bulkier muscle that attaches fleshily onto the entire proximal 

aspect o f  the fifth metatorsol. The origin and insertion pattern o f  the m. 

a d d u c t o r  d ig i t i  quint i ,  the rn. f l exor  hal lucis,  the mm. cont rahentes  and the 

mm. interossei  plantoris is uniform in  all three toxo. 

5.3 Ovewiew of the Myology of the Forelimb ond Hindlimb 

5.3.1 The Forelimb 

The myology o f  the forelimb in Prist idacty lus,  with the exception of 

four muscles, closely resembles the origin and insertion patterns observed in 

I g u a n a .  In controst to P r i s t i d a ~ t ~ l u s ,  Anol is  exhibits more variation from 

the primitive pattern, especially for the ventral antebrachial and dorsal and 

ventral manual muscles. A comparison of the forelimb musculature in 

Prist idoctylus and Anol is  relative to the pattern in Iguana  is outlined in 

Table 5.1, with a written description in Table 5.2. 

Pr istidactylus exhibits more muscle fusion than Iguana ,  particularly for 

the dorsal, and to a lesser extent, the ventral antebrachial muscles. The 

extent o f  muscle fusion is  increased in Anol is ,  involving more muscles (Table 

5.1) and greater union between muscle groups (see the specific descriptions 

under the appropriate division heodings). For both Anolis and  

Prist idacty lus,  the dorsal antebrachial muscles show the least deviation 

from the primitive pattern. 

The m. f lexor c a r p i  rad io l is ,  rn. p r o n o t o r  occessorius,  abductor of the 

fifth metacarpal and the mm. f l exores  d i g i t o r e s  breves  deviate from the 

primitive pattern in both Anol is  ond Prist idoctylus (Tables 5.1, 5.2). For the 



first three muscles both taxa shore an identical pattern. The mm. flexores 

digitores breves has the same origin pattern in Anolis and Pristidactylus, 

but the two differ in the number of  insertion tendons. 

Anolis has three forelimb muscles that display autapomorphic states 

(Table 5.3): the m. flexor digitorum longus, the mm. extensores digitores 

breves, and the palmar head of the m. flexor digitorum longvs. The 

arrangement o f  these muscles deviates markedly from the putatively 

primitive pattern, with the presence of accessory bellies a unifying feature. 

The mm. extensores digitores breves on the dorsal surface of the manus, 

and the palmar head of the m. flexor digitorurn longus on the ventral, have 

accessory bellies that obliquely span the intermetacarpal space. This is a 

marked divergence from the primitive arrangement in which bellies are 

aligned parallel with the digit. The bifurcated extensor tendons on the 

dorsal surface of  the manus also distinguishes Anolis from Iguana. 

5.3.2 The Hindlimb 

A comparison of the hindlim b musculature in Pristidactylus and Anolis 

relative to the pattern in iguana is outlined in Table 5.4. With the exception 

of a minimal amount of muscle fusion, the rnyology of the crus and pes in 

Pr istidactylus closely resembles that seen in iguana. The sole deviation 

from the primitive pattern is the morphology of the m. prondor profundus. 

In Pristidactylus this muscle is extensive. and in a departure from the 

insertion pattern of  lguana, fibres attach onto the aponeurosis of the m. 

flexor digitorum longus. 

Several hindlimb muscles in Anolis deviate from the putatively primitive 

pattern (Table 5.4), and a description of their autapomorphic states is 

presented in Table 5.5. Of the five muscles that distinguish Anolis from 



Iguana, the rn. flexor digitor um long us, the m. femorotibial 

gastrocnemius, the m. femoral gastrocnemius and the mm. extensores 

digitores breves exhibit the greatest divergence in morphology. 

Variation occurs in the number of bellies, with the mm. lumbricoles 

(associated with the m. flexor digitorum longus) and the mm. extensores 

digitores breves having accessory contributions. The latter muscle complex 

has features that ore congruent with the extensor muscles on the manus. 

These include a bifurcated tendon system, and accessory bellies that cross 

the interdigital space obliquely. However, the extensor muscles on the pes 

have a more complicated arrangement that involves a greater number of 

bellies, particularly on digit four. 

Some anoline hindlimb muscles are morphologically very different from 

the primitive condition. The morphology of the m. femorotibial 

gastrocnemius diverges greatly, with a modification of origin and insertion 

pattern as well as o marked reduction in size. The grossly different 

morphology of the m. femorotibial gastrocnemius influences the 

architecture of the plantar aponeurosis and the topographical relationship 

with the adjacent m. femoral gastrocnemius. In Anolis, the fragile motor 

tendon of the m. femorotibial gastrocnemius precludes it from contributing 

to on aponeurosis. Primitively, the m. femorotibial gastrocnemius is  the 

most superficial muscle on the ventral surface of the crus, with the rn. 

femoral gastrocnemius largely hidden underneath. In Anolis the m. 

femoral gastrocnemius occupies a superficial position due to the reduced 

size of the m. femorotibial gastrocnemius. Within the former, superficial 

and deep components are not recognized, and are instead disposed as 

distinct mesial and lateral be1 lies that contribute to a single aponeurosis. 



Muscles on the dorsal suffice of  the crus exhibit the least divergence from 

the primitive pattern. The m. extensor digitorurn longus is morphologically 

similar to the corresponding muscles in iguana, but has one less insertion 

tendon. In Anolis, the greatest deviation in  crural muscle architecture occurs 

in the ventral division. Ventral crural muscles are primarily involved in the 

production o f  locomotor thrust and the control of the mesotarsal joint 

through the limb cycle (A.P. Russell, pers. comm.). Thus it is expected that 

locomotor specializations that are concomitant with a subdigital adhesive 

system would be reflected in an altered morphology of the ventral crural 

muscles. 



Figure 5.1. Extensor musculature o f  the right antebrachiurn and manus of A. 
gar  mani. a, extensor musculature of the antebrochium; b, extensor 
musculoture of the distol antebrochiurn and the manus, with the m. extensor 
digitorurn longus removed. Scale bar  in a is 2 mm, a n d  in b is 1 mm. 
Abbreviations: ace. heads, accessory heads; ext. corp. rod., m. extensor 
carpi  radial is;  ext. carp. uln, m. extensor carpi ulnaris;  ext. dig. brev., mm. 
extensores d ig i tores  b reves ;  ext. dig. brev. prof., mm. extensores 
digitores breves  pr o fundi ;  ext. dig. brev. sup.; mm. extensores d ig i tores  
breves superf  iciales; ext. dig. long., m. extensor d ig i tor  urn long us; ext. 
ret., retinocular bond of the subdermal fascia; sup. long., rn. supinator 
longus; sup. man., m. supinator manus; tri., m. tr iceps.  
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Figure 5.2. Extensor musculature of the right antebrochium and manus of  
Prist idactylus.  o, superficioi musculature of the antebrachiurn and manus; 
b, extensor musculature of the distol antebrochium and the rnanus with the 
m. extensor digitorurn long us and rn. extensor carpi radialis removed. 
Scale bars are equivalent to 2 mm. Abbreviations defined in Figure 5.1 . 
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Figure 5.3. Flexor musculature of the right antebrachium of A. gorrnani. a, 
superficiol musculature; b, dissection showing the arrangement of the heads 
of the rn. flexor digitorum longus. The. m. flexor carpi ulnoris and the 
proximal half of the lateral humeral head of the m. flexor digitorurn longus 
have been removed; c, deep antebrachial flexor musculature after removal 
of the rn. flexor digitorum longus. Scale bars ore equivalent to 2 mm. 
Abbreviations: ann. lig., annular ligament; epi. anc., m. 
epitrochleoanconeus; flex. carp. rod., m. flexor carpi radiolis; flex. carp. 
uln., m. flexor carpi ulnaris; flex. dig. brev., mm. flexores digitores 
breves; flex. dig. long., m. flexor digitorum longus; pron. acc., m. pronator 
accessorius; prom prof. dist., rn. pronator profundus distal; pron. prof. 
prox., m. pronotor profundus proximal; pron. ter., rn. pronotor teres; tri., 
rn. triceps. 
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Figure 5.4. Flexor musculature of the right antebrachium of Pristidoctylus. 
a, superficial musculature; b, dissection showing the arrangement of the 
heads of the m. flexor digitorurn longus. The rn. flexor carpi radialis has 
been cut at its origin and reflected; c, deep flexor musculature of the 
antebrachium. The two humerol and one ulnar head of the rn. flexor 
digitorurn longus have been cut and reflected. The m. pronator teres on 
the mesial aspect of  the antebrachium is obscured by the rn. flexor carpi 
radialis. Scole bars are equivalent to 2.5 mm. Abbreviations defined in 
Figure 5.3. 
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Figure 5.5. Deep musculature of the palmar surface of the right manus of A. 
garmani.  a, dissection showing the arrangement of the palmar head of the 
m. flexor digi torum longus serving digits two, three and four. The bellies 
of the mm. f lexores digitores breves have been removed, and the 
underlying mm. Iumbricales has been omitted for clarity; b, the mm. 
Iurnbricales, which ore revealed by removal of the aponeurosis of the flexor 
digitorum longus and its associated muscles; c, the mm. interossei ventral is,  
the  deepest muscle layer on the palmar surface. The drawings of the muscle 
bellies in b and c have been superimposed upon an illustration of the 
arthrology of the carpus presented in Figure 4.5. Scale bars are equivalent 
to 2 rnm. Abbreviations: abd. dig. 5, abductor of digit 5; flex. dig. long. 
ap., m. flexor digitorum longus aponeurosis; int. oss., mm. interossei 
ventralis; lumb., mm. Iumbricales; ph., phalanx; phfdl., polmar head of the 
m. flexor digi torum longus. 
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Figure 5.6. The arrangement of the bellies of the palmar head of the rn. 
flexor digi torurn longus in Prist idoctylus.  Scale bar is equivalent to 2 mm. 
Abbreviations: palm. ses., palmar sesamoid. All other abbreviotions 
defined in Figure 5.5. 



, flex dig. long. ap. 

phfdl. 3 - 



Figure 5.7. Extensor musculature of the right crus and pes of A. garmoni .  a, 
view of the entire crus, from the lateral aspect; b, extensor musculature of  
the distal end of the crus and pes. Scole b a r  in a is 2.5 mm, and is 2 mrn in 
b. Abbreviations: add. ext. hal. + ind., m. odductor  et extensor e t  indicus; 
ext. dig. brev., mm. extensores digi tores breves;  ext. dig long., m. 
extensor digitorurn longus; fern. gast., m. femora l  gastrocnemius; il. fib., 
m. i l iof ibularis;  per. brev., rn. peroneus b reves ;  per. long., m. peroneus 
longus; tie, tie tendon. 
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Figure 5.8. The extensor musculature of the right crus and pes of 
Pristidoctylus. Scale bar is 2.5 mm. Abbreviations defined in Figure 5.7. 



- femur 

add. ext. hal. + ind. 

ext. dig. brev. 1 -4 



Figure 5.9. Superficial flexor musculature of the right crus of A. garmani. a, 
superficial musculature; b, flexor musculature of the crus revealed by the 
removal of the m. femorotibial gostrocnemius, the m. flexor tibialis 
externus ond the aponeurosis of the m. femorotibial gastrocnemius. Scale 
bars ore equivolent to 2.5 mm. Abbreviations: fern. gast., m. femoral 
gastrocnemius; fern. gast. ap., m. femoral gastrocnemius aponeurosis; 
fern. tib. gost., m. femorotibial gostrocnemius; flex. dig. long, rn. flexor 
digitorum longus; flex. dig. long. ap., m. flexor digitorum longus 
aponeurosis; flex. tib. ea., m. flexor tibialis externus; mes. toll. lig., mesial 
collateral ligoment; pop., m. popliteus; pro. prof., m. pronator profundus; 
tib. ant., m. tibialis anterior. 
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Figure 5.10. Deeper flexor musculature of the right crus of A. garmani. o, 
flexor musculature after removal of the m. flexor digitorum longus and the 
rn. femoral gastrocnemius; b, the deepest layer of flexor musculature 
following removal of the m. tibialis anterior and the m. pronotor 
profundus. Scale bars are equivalent to 2.5 rnm. Abbreviotions: ac, 
astragolocolcaneum; int. crur., m. interossei cruris. Other abbreviations 
are defined in Figure 5.9. 
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Figure 5.1 1. Flexor musculature of the right crus of Pristidactylus. a, 
superficial flexor musculature; b, flexor musculature following removal of 
the rn. femorotibial  gastrocnemius, the m. flexor tibiolis externus and tie 1 
and 2; c, dissection showing the relationship between the m. pronator 
profundus and the rn. flexor digitorum longus. The deep m. femoral 
gastrocnemius and the mm. flexores digitores breves have been removed. 
Scale bars are equivalent to 2.5 mm. Abbreviations defined in Figures 5.9 
and 5.1 0. 
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Figure 5.12. Flexor musculature of the right pes of A. garrnani. a, 
superficial flexor musculature; b, flexor musculature of the pes following 
removal of  the m. femoral gostrocnernius aponeurosis and the mrn. 
flexores digitores breves; c, the deepest muscle layer of the plantar 
surface revealed by removing the aponeurosis of  the m. flexor digitorurn 
longus and its associated muscles. Scale bars are equivalent to 2.5 mm. 
Abbreviations: abd. dig. 5, obductor digit 5; odd. dig. 5, odductor digit 5; 
contra., mm. contrahentes; flex. hal., rn. flexor hollucis; lumb., mm. 
Iurnbricoles; pfdI. op., aponeurotic heads of the palrnar flexor digitorum 
longus; pfdl. calc., colcane,l head of the palmar flexor digitorum longus; 
pfdl. met. 5, head of palmar flexor digitorum longus serving metatarsal 
five; plant. int. oss., mm. interossei plantaris. Other abbreviations defined 
in Figures 5.7 and 5.9. 
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Figure 5.1 3. Flexor musculature of the right pes of Pristidoctylus. a, 
superficial musculature, with the superficial aponeurosis of the m. femoral 
gastrocnemius removed; b, the arrangement of muscles ossocioted with the 
palmar head of the m. flexor digitorum longus. Scale bors ore equivalent 
to 2 mm. Abbreviations defined in Figure 5.1 2. 
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Table 5.1. A comparison of the antebrachiol and manual musculature in Pristidactylus and 
Anolis relative to the pattern in Iguana. Muscles with on origin and insertion pattern similar 
to that observed in lguona ore indicated by the symbol J. Muscles that deviate from the 
putative primitive origin and insertion pattern ore indicated by the symbol X in Anolis and 
the symbol in Pristidactylus. Muscles that have an identical origin and insertion pattern 
in Anolis and Pristidactylus but deviate from lguona are indicated by the symbol *. An 
asterisk (+) beside o symbol indicates that muscle exhibits greater fusion with odjacent 
muscles groups than that observed in Iguona. 

Muscle 

ext. dig. long. 
ext. carp. rod. / sup. long. 

ext. carp. uln. 
sup. man. 

pro. ter. 
flex. carp. uln. 

epitr o. 
pro. prof. 

flex. dig. long. 
flex. carp. rod. 

pro. occ. 

ext. dig. brev. 

abd. dig. quin. 
lumb. 

int. vent. 
palm. heod. flex. dig. long. 

abd. met. 5. 
flex. dig. brev. 

Pri~idoctylus Anolis Division 

J J' 
J' J' I Dorsal 
4 J* Antebrachiurn 
J' J' 

4 d" 
J* J* 
J 4' Ventral 
J J Antebrachiurn 
J* X ' * f * * 
J X I Dorsal Manus 

J J fl 

J J 
J J Ventral Manus 
4 X ' 
It Ir 

X ' 



Table 5.2. Antebrachiai and manual muscles in Pristidactylus and Anolis that deviate 
from the putatively primitive pattern represented by Iguana. 

I 

Anolis Pa ttem 

Identical to 
the 

Prist idact ylus 
pattern 

1 

Identical to 
the 

Pristidactylus 
pattern 

, 
Muscle 

L 

Flexor carpi 
mdiolis 

r 

Pronotor 
accessorius 

-- 

Abductor 
metacarpal 

5 

Pristidadylus 
Pattem 

The origin is 
comparable to 

the primitive 
pattern, but 
insertion is  
tendinously 

onto the radiale 
rather than the 

first metacarpal 

- 

This muscle in 
Pristidactylus 
differs from 

Iguana in terms 
of  the insertion 
pattern and the 

number o f  
heads. 

Insertion is 
tendinous in 

Iguana and a 
large ulnar 

head exists. In 
contrast, 

insertion is 
fleshy in 

Division 

Ventral 
Antebrachiurn 

Ventral 
Antebrachiurn 

Putative Primi five 
PaMm 

Originates 
tendinously from 

the lateral 
entepicondyie o f  
the humerus, and 

from an 
;ntermusculor 

septum between 
itself and the m. 

flexor dig i t  or urn 
longus. lnsertion is 

tendinously onto 
the first 

metacarpal 

This muscle has 
two bellies. The 

first arises 
tendinously from 

the distal hurneral 
entepicondyle, and 

the second from 
the posterior fossa 

o f  the ulna. The 
two heads 

converge at the 
midpoint of the 

antebrachiurn and 
attach tendinousiy 
onto the posterior 

aspect o f  the 

Ventral 
Manus 

radius at its 
midpoint 

This muscle 
originates from the 

pisiform and it 
inserts fleshily onto 
the proximolateral 
aspecf o f  the fifth 

metacarpal 

Prist idactylus, 
and the ulnar 

head is  wanting 

This muscle is 
absent in 

Pristidact ylus 

4 

This muscle is 
absent in 

Anolis 



Table 5.2. C< 
Muscle 

f lexores 
digitores 
breves 

~tinued. 

Division 

Ventral 
Manus 

Putative Primitive 
Pottern 

This complex 
originates from the 
annular ligament, 
and more laterally 
from the fascia of 
the m. flexor carpi 
ulnaris. Each digit 

receives a 
contribution that 
inserts by way of 
slender tendons 

onto the phalanges 
of their respective 

dig i f  

Prirtidoctylus 
Pattern 

The origin of 
this complex is 
congruent with 
that o f  Iguana, 
but variability 
exists in the 
number of 
insertion 

tendons. The 
bellies serving 
digits two and 

four in 
Pristidoctylus 

have an 
additional 

tendon 

Anolis Pat)arn 

The origin o f  
these muscles 
is comparable 
to Iguana, but 

the be1 l ies 
serving digits 
three and four 
in Anolis have 

fewer 
insertion 
tendons 



Table 5.3. A comparison of the autapomorphic states of antebrachial and manual 
muscles in Anolis relotive to the presumed primitive state of Iguana. 

origin, two of which are heads of origin: two 

humeral heads arise which the former are 
tendinously from the comparabfe to that seen in 

entepicondyle of the humerus. Iguana. The ulnar 
The ulnar belly lies deep to the contribution has two 

the three bellies combine to the ulna, and the other 
from the ventrolateral 

long us thot fans out into an 
aponeurosis. At the level of 
the metacarpophalangeal 
joints, each digit receives a 
single, strong tendon that is  

continuous with the 
aponeurosis. These tendons 

ultimately attach onto the 
ungual phalanx of each digit 

border. The former 
merges with the insertion 
tendon of the mesialmost 
humeral belly, while the 
latter combines with the 

lateralmost humerol 
contribution. The palmar 
aponeurosis in Anolis is 

poorly developed and the 
origin of the long flexor 
tendons can be traced 

high up in to the 
antebrachiurn 

Extensores 
digitores 

breves 

Dorsal Monus 

This muscle has two 
components, the superficiales 
and the profundi. The former 

consists of five bellies that 
originate fleshily from the 
ulnare, and then fan out to 
serve each digit. The latter 

consists of five broad bellies 
that arise fleshily from the 

proximal end of the 
metacarpal of their respective 

digit. At the level of the 
metacarpophalangeal joint, 

the superficiales and profundi 
bellies contribute to a single 

extensor tendon which passes 
mid-dorsally down its 

respective digit, to insert onto 
the proximal end of the ungual 

phalanx 

These muscles have a 
complex arrangement that 
involves three accessory 
bellies. Anolis has two 

extensor tendons: a 
lateral tendon arising 

from the profundi bellies 
(superficiales on digit 

five) and a mesial tendon 
originating from the 
superficiales bellies 

(accessory belly on digit 
five). The accessory 
bellies that cross the 

space between 
metacarpals two and 

three, three and four, and 
four and five are not 

present in Iguana 



Table 5.3. Continued. 

first phalanx of digits two, obliquely span the space 

greater in Anolis, with 
dig'it two receiving one 

long us 
long flexor tendons, and serve 

digits three and four . 
Insertion for the third digit i s  
tendinously onto the proximal 
end of the second phalanx, 

and that for the fourth digit is 
onto the proximal end of the 

fourth phalanx 

more bellies 



Table 5.4. A comparison of the hindlirnb musculature in Pristidactylus 
and Anolis relative to the pattern in Iguana. Muscles with on origin and 
insertion pattern similar to that observed in Iguana are indicated by the symbol I / .  
Muscles that deviate from the putative primitive origin and insertion pattern are 
indicated by the symbol X in Anolis and the symbol 0 in Pristidactylus. An 
asterisk (*) beside a symbol indicates that muscle exhibits greater fusion with 
adjacent muscles groups than that observed in Iguana. 

Muscle 

per. long. / brev. 
ext. dig. long. 

t ib.  anf. 

POP. 
int. crur. 

pro. prof. 

flex. dig. long. 
fern. tib. gast 

fern. gas?. 

ext. dig. brev. 

add. et. ext. hall. et. ind. 

flex. dig. brev. 
abd. dig. quin. 
add. dig. quin. 

flex. hall. 
cont. 

int. plant. 

PIirtidactylus Anolis Division 

J* J 
J X 

J J 

Dorsal 
Crus 

J J* 
J J 

J 

d* X 
J X 
J X 

Ventral 
Crus 

J* X 

J J 

Dorsal 
Pes 

J J 
J J 
J * J 

J J 
J J 
4 J 

Ventral 
Per 



Table 5.5. A comparison of crural and pedal rnuscies showing autapomorphic states 
in Anolis relative to the presumed primitive pattern of Iguana. 

metatarsal three 
distally it tapers into two 

strong tendons that insert onto 
the proximal ends of 

F Icxo r 
dig ito mrn 

long us 

Ventral 
Crus 

from the lateral epicondyle of 
the femur, and fleshily from 

the fibular shaft and the 
astragalocalcaneum. 

Distally, the aponeurosis and 
long flexor tendons are 

associated with several pedal 
muscles. These include the 

metatarsolcalcaneal, the mm. 
lumbricales, and the deep 

aponeurotic be1 lies 

muscle differs from 
the primitive pattern. 
It arises tendinously 

from the lateral 
epicondyle of the 

femur, and from the 
ventral face of the 
knee ioint capsule. 
The third origin is 
fleshily from the 
fibular shaft. A 

calcaneal belly is 
absent. Anolis has a 

more complicated 
mm. lumbricales 
arrangement that 
involves several 

accessory bellies that 
serve digits three and 

four 

1 



Table 5.5. Continued. 

Femorotibial 
gastrocnemius 

Division - 

Ventral 
CTus 

Putative Primitive Pattern 1 Anolis Pattern 
This is an expansive, 

superficial muscle that 
laterally overlaps the m. 

femoral gastrocnemius. It 
has six areas of origin that 

mainly involve the knee joint 
capsule and the tibia. Distally 

the muscle yields an 
aponeurosis that gives rise to 
four tie tendons and a motor 
tendon that inserts onto the 

first phalanx of digit five 

Relative to Iguana, 
this muscle is very 

small in Anolis. Five 
of the six origin sites 

are consistent with the 
primitive pattern, but 
that from the tibia1 
shaft is lost. One 

third of the way down 
the crus the belly 

tapers into a slender 
tendon that does not 

contribute to an 
aponeurosis or tie 

tendons. Insertion is  
onto the 

proximolateral aspect 
of metatarsal five 

A large muscle that is This bulky muscle has 

Femoral 
gartrocnemius 

Ventral 
crus 

partialiy overlain by the m. 
femorotibial gastrocnemius, 

and is divisible into 
superficial and deep bellies. 
It originates from the lateral 
epicondyle of the femur, and 
from the knee ioint capsule. 

The superficial belly gives rise 
to an aponeurosis that 

attaches to the deep belly, 
and onto metatarsal five and 

digits three and four. The 
deep belly forms an 

aponeurosis that binds to 
metatarsal five, the 

astragalocalcaneum and the 
m. peroneus brevis 

1 a superficial position 
on the crus, and is  

divisible into mesial 
and lateral bellies. 

The origin is 
comparable to that of 
Iguana. Both bellies 
contribute to a single 

aponeurosis that 
attaches onto the 

asfragalocalcaneum, 
metatarsal five and 

onto digits three and 
four 



Table 5.5. Conti 

Muscle 

Extensores 
digitores 
breves 

~ed.  
Division 

Dorsal 
Pas 

Putotive Primitive Pattern 
This muscle complex serves 
each digit. Digits one and 

two have a single belly, while 
the other digits receive three. 

The bellies serving digits 
three, four and five have a 

complex origin pattern, 
involving the 

astragalocafcaneurn, a s  we1 l 
as odjacent and respective 
metatarsals. On each digit, 

the mm. extensores digitores 
breves contributes to a single 
extensor tendon that inserts 

onto the ungual phalanx 

Anolis Pattern 
This muscle complex 

in Anolis has 
accessory bellies and 
a bifurcated extensor 
tendon system with 
mesial and lateral 

branches. Two of the 
accessory bellies 
extend obliquely 

between metatarsals 
two and three, and 
three and four to 

attach onto the mesial 
extensor tendon. 

Iguana lacks distinct - 
oblique bellies 



Results: Comparative Digital Sensillar Morphology and Topography 

The review of squarnate cutaneous mechanoreceptor structure presented 

in Chapter 3 indicated that past research focus has focused on the 

description of isolated sensilla. With the exception of Lauff et al. (1 993), the 

topographical distribution of digital cutaneous sensilla in reptiles has not 

been addressed. Consequently, the presumed primitive distribution paitern, 

a s  evinced by Iguana, has not been documented. To remedy this I first 

present o description of  the topography of digital cutaneous sensilla in 

Iguana, which thus serves as a basis for comparison with Anolis. I then 

present the morphology and topography of digital sensilla in two Anolis 

species, A. carolinensis and A. sagrei. These species are classified as 

trunk-crown and trunk-ground ecomorphs (see Chapter I ) ,  respectively 

(Glossip and Losos, 1997). Anolis carolinensis is o locomotor generalist, 

primarily occupying arboreal microhabitats, but is also occasionally 

terrestrial, and employs a wide spectrum of gaits (Jenssen et al., 1995). 

Anolis sogrei is more terrestrial than A. carolinensis, and is typically found 

running in brush and open fields (Collette, 1961). In this analysis, the two 

Anolis ecomorphs are compared to each other and ultimately to iguana. 

Attempts to procure fresh Pristidactylus specimens were unsuccessful and 

the poor state of preservation of the Oberhautchen of available preseved 

specimens precluded them from being used in this analysis. Methodological 

problems encountered in the use of the SEM are outlined in Chapter 2. The 

snout vent lengths (SVL) of all specimens used in determining sensillar 

morphology and topography are presented in Table 6.1. 



Lauff et 01. (1 993) found that digital sensillo in the pad region of the 

tokay are positioned to monitor scale distortion that occurs during digital 

hyperextension. Given the necessity of proprioceptive monitoring for 

precise pad placement, I anticipate that anoline sensilla will also show 

differences in topographic distribution. Compared to other regions of the 

digit, I expect that sensilla adjacent to the pad will be oriented for maximal 

contact with other scoles. 

6.1 Sensillor Morphology ond Distribution in lguana 

6.1.1 Morphology-All digital sensillo in Iguana are bristeless (lenticular), 

with slightly convex papillae that are flush with the level of the scale surface 

(Fig. 6-10, b, c). A circumferential groove with a mean width of 6.16 pm 

separates the papilla from the adjacent scale surface. Papillar diameter is 

variable (Table 6.2), with markedly differently-sized sensilla occurring on 

the same digital region, or even on the same scale. Some receptors are 

smooth and free of ornamentation, while others bear the polygon01 ridge 

microarchitecture that is  characteristic of the lguanian Oberhautchen 

(Stewart and Daniel, 1 975; Peterson, 1 984). 

6.1.2 Distribution-Sensillar distribution on the digits of lguana is depicted in 

Figure 6.2. The digital scale pattern is asymmetrical, with the scales on the 

lateral side being morphologically distinct from those on the mesial aspect 

(Fig. 6.1 b, c). In contrast to the large, rounded mesial scales, those on the 

lateral side are corinate and triongular, with a narrow apex directed distally 

and somewhat ventrally. Furthermore, the polygonal ridge 

microarchitecture is  more pronounced on lateral scales. Asymmetry in gross 

scale morphology is most evident on the lateral side of the penultimate 



phalanx (Fig. 6.lc ), which has more scales with greater imbrication than the 

mesial. 

The position of sensilla varies according to region on the lateral side of 

the digit (Table 6.3), with both intersensillor distance (Mann-Whitney X2 

approximation=5.22, df=l, pe0.05) and distance from the scale edge (T= 

-0.245, df=9, p<0.05) being less proximally than distally. In contrast, sensilla 

on the proximomesial and distomesial regions of the digit were equivalent 

for both intersensillor distance (T=-1-01, df=5, p>0.05) and distance from 

scale edge (T=-1.36, df=5, p>0.05). Asymmetry is also expressed in sensillar 

distribution, with the lateral side having a considerably greater number of 

receptors than the mesial (Tables 6.4, 6.5). This difference was found to be 

significant for digit two (Mann-Whitney X2 approximation=8.37, df=l, p<O.O5) 

and digit five of the manus (Mann-Whitney X 2  opprorimation=7.56, df=l . 

p<0.05). Digits three and four of the manus were not available for 

examination, and small sample size for digits two, three, four and five of the 

pes precluded statistical analysis. However, examination of pedal digits 

shows that all have a greater number of sensilla on the latzral aspect 

relative to the mesial (Table 6.5). This suggests that digits two and five of 

the rnanus are not aberrant and can thus be taken as representative of 

digital sensillar distribution pattern. 

Sensilla are scarce on the ventral surface, and are uncommon dorsally 

(To bles 6.4, 6.5, 6.8 and 6.9). While most sensilla are locoted close to the 

free margin of the scales, some distal receptors ore displaced considerably 

from the scale edge (Table 6.3). Many scales of the Iguana digit are devoid 

of receptors, particularly those associated with the ungual phalanx (Tables 

6.4, 6.5. 6.8 and 6.9).  Of the sensilla-bearing scales examined on a 



representative second manual digit (N=l), 73% had one receptor, 24% had 

two, and only 3% bore the apparent maximum number of three. 

6.2 Sensillar Morphology and Distribution in Anolis 

6.2.1 Morphology-Two morphologically distinct types of sensilla are found 

in both A. sugrei and A. carolinensis. Bristleless receptors (Fig. 6.le) have 

a rnorkedly convex papilla encircled by o groove that offsets it from the 

surface of the scale. The average width of the groove is 2.69 him in A. 

carolinensis and 2.35 Itm in A. sagrei. Congruent with the 

m icroornomentation on the digital scales, the papillar surface is covered 

with short spinules. Bristleless sensilla on the penultimate phalanx are more 

deeply recessed than similar receptors on other phalanges, particularly in A. 

car olinens is.  

Bristled sensilla (Fig. 6.ld) have a slightly convex papilla from which a 

single unadorned bristle proiects from the center. Relative to bristleless 

sensilla, the papillar diameter of bristled sensilla is considerably less 

(Table 6.2) for both Anolis carolinensis (T=-10.04, df=l 0, p<0.05) and 

Anolis sogrei (Monn-Whitney X 2  approximation=29.78, df=l, p<0.05). The 

papillae are encircled by a groove thot has an averoge width of 1.67 pm in 

A. carolinensis (N=68, SD=0.50) and 1.48 pm in A. sagrei (N=52, SD=0.31). 

Spiculote microornamentation covers the papilla, with the density of spinules 

being greatest on the periphery (Fig. 6.1 d). However, the delineation 

between the peripheral and central zones of microornamentation is  

obscured on more ventrally located sensillo. The papillae of receptors 

adjacent to the scansors are densely covered with longer spinules. The 

upper popillar surface of dorsal, lateral and mesial sensilla in A. sogrei are 

flush with the surrounding scale, while receptors on the scansors ore deeply 



recessed. The only visible portion in the latter is the long protruding bristle. 

Similarly, dorsal sensilla in A. carolinensis frequently are deeply recessed 

and are hidden beneath the free margin of the scale. 

In A. sagrei a third type of receptor was found (Fig. 6.lf], occurring at a 

very low frequency (only three were identified). These receptors have a 

convex papilla with a mean diameter of 27.8 p m  Two distinct circles of 

ornamentation are apparent on the papillo, with one of them bearing a 

bristle. Sensilla adiacent to these rarer scale organ types hove a bristled 

morphology (Fig. 6.1 f). 

Bristle length in Anolis is  variable, depending upon the species and the 

digital region (Table 6.2). For all digital regions, bristle length in A. 

corolinensis exceeds that of A. sagrei (b3.64, df=55, p<O.05). In both 

species sensilla on or adjacent to the scansors have significantly longer 

bristles than sensilla on dorsal scales (A. carolinensis; T=3.11, df=12, 

p<0.05; A. sogrei; T=4.72, dfr8, p<0.05). Sensilla on the penultimate and 

ungual phalanges, regardless of scale row, had considerably shorter bristles 

in A. sclgrci than in A. carolinensis (Mann-Whitney X2 approxirnation=9.67, 

df=l, p<0.05). Within a region, the variability in bristle length can be 

considerable, particularly for A. carolinensis (Table 6.2). For example, in 

A. corolinensis bristle length in the proximomesial and lateral regions of the 

digit ranges from 23.5 pm to 56.6 pm, with longer bristles situated closer to 

the ventral surface. Dorsally-positioned sensil lo in A. car olinensis also 

hove variable bristle length, with longer bristles oriented towards lateral or 

mesial scales, and shorter bristles directed distally. 



6.2.2 Distribution-A diagrammatic representation of sensillor distribution on 

an Anolis digit i s  shown in Figure 6.2. For all digits examined, A. sagrei 

had more sensilla than A. carolinensis, and this is particularly opparent on 

the penultimate ond unguol phalanges (Tables 6.6, 6.7, 6.8 ond 6.9). In A. 

sagrei the scales of the distal phalanges typically bear multiple sensilla on 

dorsal, ventral, lateral and mesial scale rows (Fig. 6.1 9, Tables 6.6, 6.7, 6.8 

and 6.9). In contrast, sensilla on these scales in A. caro/inensis are more 

scarce and are more widely distributed. Ventral penultimate and unguol 

scales in A. carolinensis typically have two or three widely-spaced sensilla 

(Table 6.3) while lateral and mesial scales only have one. Dorsal sensilla in 

this region are positioned ot the distolateral and distomesiol edges of the 

scale. For all A. sagrei digits examined the dorsal unguol scale has o 

uniform receptor pattern, with three sensilla arranged in a row along both 

the lateral and mesial side, these being offset considerably from the free 

margin. In both A. sagrei and A. carolinensis the bristles of both dorsal 

and ventrol penultimate and ungual scale receptors are oriented to contact 

the next most distal scale. Intersensillor distance in A. sagrei is considerably 

less than that of A. carolinensis for both dorsal penultimate (Mann-Whitney 

X 2  approximation=l4.74, df=l, p<0.05) and ventral penultimate scales 

(Mann-Whitney X2  approximation=l6.90, df=l , p<0.05). 

The small lateral and mesial scales of the penultimate phalanx are 

arranged in two distinct rows in A. carolinensis (Fig. 6.2). Those of the 

dorsalmost row typically bear one bristled receptor that is positioned so as 

to contact the next most distal scale in the same row. In contrast, the scales 

of the ventralmost row may bear o single bristleless receptor at the apex, or 

a single bristled receptor with a ventrally directed bristle. The lateral and 



mesial scales on the penultimote phalanx of A. sagrei (Fig. 6.1 g) are 

commonly arranged in a single row, although a small, more ventrally 

located scale may occur sporadically in this region. Numerous, closely- 

spaced sensilla (Table 6.3) are found on these scales, with bristles oriented 

towards ventral scales, towards the next most distal scale in the same row, 

and towards adjacent dorsal scales. Lenticular receptors may also be found 

o n  these scales. 

In contrast to the penultimate and ungual phalanges, sensiila on the 

ventral surface of other phalanges occur infrequently (Tables 6.6, 6.7, 6.8 

and 6.9). In A. sagrei the more distally-positioned scansors each had two 

receptors, with one positioned mesially and one laterally. The bristles of 

these sensilla contact the proximal end of the next scansor (Fig 6.1 i). A 

characteristic feature of all A. sagrei digits examined was the placement of 

three to five sensilla on the small, raised scale just distal to the pad (Fig. 

6.1 h). Similar receptors in A. corolinensis were not apparent. Scansor 

sensilla were more difficult to locate in A. carolinensis, but the three that 

were found had on orientation comparable to those of A. sagrei. In both 

Anolis species sensilla were not located on the proximoventral digital 

surface. 

Proximal to the penultimate phalanx gross scale morphology differs 

between A. sagrei and A. carolinensis, with more extensive imbrication 

occurring in the latter. Considerable overlap occurs between the 

distolateral and mesial corners of the dorsal scoles and the adjacent lateral 

and mesial scales (Fig. 6.1 k). The compact dorsal scales in A. sagrei lack 

the flap-like distomesial and lateral expansions, with the free margin 

adhering more tightly to the next most distal scale. In both A. sagrei and A- 

carolinensis dorsal receptors tend to be clustered on the distolateral and 



distornesial margins of the scale (Fig. 6.1 k), and this pattern is evident for 

the entire length of the digit. Relative to Anolis carolinensis, A. sagrei has 

a greater number of dorsal sensilla (Tables 6.6, 6.7, 6.8 and 6.9) that are 

more closely spaced together (Table 6.3), particularly in the region of the 

pod (Mann-Whitney X 2  opprorimotion=43.35, d b l ,  pt0.05). A similar trend 

is evident for sensilla on lateral and mesial scales adjacent to the pad, with 

intersensillor distance being the least in A. sagrei (Mann-Whitney X 2  

a pproximation=49.35, df= 1 , p<0.05). In both species sensil la on these sca les 

bear receptors with long bristles (Table 6.2) oriented to contact the adjacent 

scansor (Fig. 6.1 i) as well as the next most distol lateral or mesial scale. For 

the A. carolinensis digits examined, the phalanges associoted with the 

subdigital adhesive pad typically hove a greater total number of receptors 

than other phalanges on the digit (Tables 6.6, 6.7). In A. sogrei the number 

of receptors on the penultimate and ungual phalanges may exceed that 

found on the pod region (see digits two and five of the manus in Table 6.6). 

Beam and other damoge (see Chapter 2) prevented a complete 

assessment of receptor number in digits that have a phalanx proximal to the 

pad. These include the first phalanx of digits three and four of the manus 

(Table 6.6) and digits three, four and five of the pes (Table 6.7). The digits 

of the manus suffered less damage than those of the pes, and a distribution 

pattern, albeit incomplete, is more apparent. 

Congruent with other digital regions, the first phalanx of digits three and 

four of the monus in A. sagrei bears more receptors than does that of A. 

carolinensis (Table 6.6), but the latter has greater scale imbrication. In both 

species proximodorsal receptors had a distribution pattern comparable to 

that of other dorsal regions, with sensillo being clustered on the distolateral 

and distomesial edge of the sca le. lntersensil lor distance on proximodorsa l 



scales is less in A. sagrei than in A. corolinensis (Mann-Whitney X 2  

approximation=l 1.47, d k l ,  p<0.05). 

The proximolateral and mesial scales in both species are arranged in 

two rows, with one row adjacent to the dorsal scales and the other abutting 

the proximoventral scales. In A. carolinensis the scales of both rows are 

elongated proximodistolly, with overlap occurring both within a row and 

with either the dorsal or  ventral scale row. Sensilla on the dorsa~most of the 

two rows are oriented such that bristle contact is made with the adjacent 

dorsal scale, and with the neighboring scale in the more ventral row. 

Receptors on the lower row are oriented such that bristle contact is  made 

with the next most distal scale, and with the nearby ventral scale. The 

corresponding scales in A. sagrei are more globular and considerably less 

im bricote, with several receptors positioned on the distal end (Fig. 6.1 1). The 

orientation of the receptors in A. sugrei is  similar to that described for A. 

carolinensis. Compared to other digitol regions in A. carolinensis, the 

intersensil lor distonce is  the least for proximolateral and mesial receptors 

(Table 6.3). In comparison, the intersensillar distance of receptors on these 

scales in A. sogrei is comparable to that found for lateral and mesial scales 

bordering the pad (Table 6.3j. Relative to A. corolinensis, intersensillar 

distonce on proximolateral and proximomesial scales is less in A. sagrei 

(Monn-Whitney X2 approxirnotion=20.26, df=l , ~ ~ 0 . 0 5 ) .  



6.3 A Comparison of Receptor Morphology and Topography in Anolis and 

Iguana 

The number of sensilla per digital region of the manus and pes of 

Iguana, A. carolinensis and A. sagrei is presented in Table 6.8 and Table 

6.9, respectively. For ease of comparison, receptor number as well as other 

features of sensillar morphology and distribution in Iguana and Anolis ore 

summarized and contrasted in Table 6.1 0. Salient differences between A. 

sogrei and A. carolinensis are presented in Table 6.1 1. Iguana sensilla, 

which are exclusively bristleless, characteristico l ly have a greater density on 

the lateral scales, which ore morpologicolly distinct from those on the mesio l 

side. Relative to the lateral ospect, sensilla occur more infrequently on the 

mesial and dorsal scales, and are very rare ventrally. Proximal regions of 

the digit are ossocioted with an increase in the number of receptors and a 

decrease in intersensillar distance. Receptors a re scarce on sca les 

surrounding the unguol phalonx. 

The majority of receptors in Anolis have a bristled morphology. The 

topographical distribution of sensilla in Anolis differs markedly from that of 

Iguana. All dorsal, lateral and mesial scales bear numerous sensilla, with 

ventral receptors occurring distally. In contrast to /guano, scales associated 

with the ungual phalanx bear receptors, and these are particularly abundant 

in A. sagrei. The total number of receptors per digit in Anolis greatly 

exceeds that of iguana, and they are positioned on the scale edge rather 

than being offset. Compared to the lateral and mesial regions on the 

Iguana digit, the anoline digit has three regions that are defined by the 

position of the subdigital adhesive pad. 



Morphological and topographical features differentiate sensilla adjacent 

to the pod from other receptors. In A. carolinensis the phalanges 

associated with the pad typically have a greater total number of receptors 

than phalanges proximal or distal to the pad. Scales in this region also 

exhibit greater imbrication. In A. sogrei the number of receptors on the 

penultimate and ungual phalanges may exceed that found on the pad 

region. However, intersensillar distance on scales dorsad of the pad is 

considerably less than that on other dorsol regions. In both A. sagrei and 

A. carolinensis the greatest bristle length is associated with sensilla on the 

scansors, and with lateral and mesial sensilla adjacent to the pad. Bristles 

in this region are primarily oriented to contact the scansors. 

Differences exist between the two anole ecomorphs examined. 

Compared to A. carolinensis (trunk-crown), sensilla in A. sagrei (trunk- 

ground) ore more numerous, spaced more closely together, and have 

shorter bristles. Scale imbrication in A. sagrei is less, particularly for 

proximornesial and proximolateral regions. Proximal sensilla that border 

the ventral surface have considerably shorter bristles in A. sagrei. 

However, the basic distribution pattern is similar between the two, with 

dorsal and ventral sensilla being clustered at the distolateral and 

distomesial corners of the scale. 



Figure 6.1. Scanning electron photomicrographs o f  the digital receptors of iguana, 
Anolis carolinensis and Anolis sagrei. (a) a bristleless receptor on the distal end 
of a dorsal scale in iguano. The Oberhautchen has a polygonal ridge 
microornamentation; (b) the mesial aspect o f  the penultimate phalanx of digit two 
of  the left manus of iguana. The Oberhautchen of  the mesial scales typically has a 
smooth appearance; (c) the lateral aspect o f  the penultimate phalanx of digit two 
of  the right manus of  iguana. Lateral scales in this region are more numerous than 
those on the mesial aspect, and have a more prominent microornamentation; (d) a 
bristled receptor in A. sagrei. Note the peripheral dense zone of 
microornamentation on the papilla, and the unadorned bristle; (e) a deeply- 
recessed bristleless receptor on a lateral penultimate scale in A. carolinensis. 
Scales in this region are covered with short spinules; (f) an anomalous receptor 
(indicated by the white arrow) on a lateral penultimate scale in A. sagrei; (9) 
receptors on the penultimate phalanx of  A. sagrei. Ventral scales are uppermost. 
The most distal lateral scale bears a bristlelesss receptor; (h) ventral view of the 
distal end o f  the subdigital adhesive pod in A. sagrei. The elevated scale iust 
distal to the pad bears several receptors in A. sagrei. The scansors are covered 
with setae, and the distal end bears a free margin; (i) ventrolateral view of a 
scansor and an adiacent lateral scale in A. sagrei. The distolateral margin of the 
scansor bears o receptor that has a bristle oriented to contact the next most distal 
scansor; (i) dorsal view of a lateral scale adjacent to a scansor in  A. sogrei. The 
two sensilla on the ventralmost aspect of  the lateral scale have long bristles that 
are oriented towards the scansor. A single deeply-recessed receptor i s  apparent 
on the scansor; (k) scales dorsad and laterad to the pad in A. carolinensis. This 
species exhibits greater scale imbrication than A. sogrei. The distolateral corners 
of the dorsal scales are broadly expanded and they overlap the adiacent lateral 
scales. Lateralmost dorsal receptors have bristles oriented to contact the lateral 
scales. Note the clustering o f  sensilla on the distolateral margin of  the dorsal 
scale; (I) globular-shaped proximomesial scales in A. sogrei. These scales lack 
the keel that is  present on more distal lateral and mesial scales, and exhibit less 
imbrication. Bristleless sensilla may occur infrequently on these scales. Similar 
scales in A. carolinensis are elongated proximodistally, have more scale 
imbrication, and fewer receptors with longer bristles. Proximoventral scales in 
both species are considerably more compact than are scansors. Scale bars: a, 25 
pm; b, 500 pm; c, 250 pm; d, 5 pm; e, 5 pm; f, 25 pm; g, 50 pm; h, 50 pm; i, 25 pm; 
i, 25 pm; k, 50 pm; 1, 50 pm. The arrows in the photomicrographs are directed 
distally. 





Figure 6.2. The topographical distribution of receptors on a representative 
sample of the second digit of the left manus of Iguana (upper row) and the 
third digit of the left manus of Anolis carolinensis (lower row). The symbol 

denotes one bristleless receptor, and represents one bristled receptor. 
Anolis sagrei has a greater number of  sensilla, particularly on the 
penultimate phalanx (see Fig. 6.1 g) and on all  mesial and lateral scales. 
However, the general distribution pattern is similar, with sensillo on all 
dorsal scales and the ventral penultimate scales being clustered on the 
distolateral and distornesial edges of  the scole. In both A. sagrei and A. 
car ol inens is  bristleless sensilla are scarce, typically being restricted to the 
penultimote phalanx and to regions proximal to the pad (not shown in this 
illustration). The drawing is simplified in that dorsal receptors ore not 
shown in mesial view. 
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Table 6.1. The SVL of the specimens used in determining sensiliar morphology and 
topography. Table numbers indicate where the sensillar count for each taxon con 
be located. Superscript numbers differentiate the Iguana specimens and are 
referred to in subsequent tables. 

Taxo 
L 

Iguana 

A. carolinensis 

L 

A. sagrei - 

+ - 

SVL (mm) 

104.46 ', 107.58 2, 1 12.52 ' , 
1 15.00 " 1 15.63 , 11 7.33 6 ,  11  8.82 ' 

55.85, 52.44 

58.30 

Table Number 

2, 3, 4, 8 (monus) 
5,  9 (pes) 

2, 3, 6, 8 (manus) 
7, 9 (pes) 

2, 3, 6, 8 (manus) 
7, 9 (pes) 

L 



Table 6.2. Statistics pertaining to the diameter of the two types of sensillor papillae in iguana, Anolis corolinensis 
and Anolis sogrei, and bristle length in the two anoline species. lguano sensilla were measured on the 
second digit of the manus (N=l), and A. corolinensis (N=l) and A. sogrei (N=l) measurements were taken from the third digit of 
the manus. 

Diameter of Papillae (p) 

Bristle Length per Digikl Region (pm) 

Lenticular 
Iguana A, carolinensis A. sogrei 

mean 72.6 22.2 25.1 
range 51.3-97.7 19.4-25.8 19.2-53.7 
SO 12.3 1.99 8.67 
N 42 10 12 

Bristled 
A. corolinensis A. sagrei ,. 

14.7 12.2 
11.7-18.0 10.9- 15.0 

1.33 1.02 
74 51 

Region 
scansors 

ventroloterol (by scansors) 

penult imate/ungual 

proximoloterol/mesial 

dorsal (dorsad and proximad of pad) 

al l  regions combined 

A, carolirrensis 
mean range SO N 
45.6 40.0-51.8 4.83 3 
38.6 20.3-53.2 10.9 9 

33.3 27.0-39.0 3.02 8 

39.1 23.5-55.6 9.36 28 

29.7 16.2-40.0 5.37 20 

35.8 16.2-55.6 9.38 68 

7 

A, sogrei 
range SD N mean 

39.3 35.0-45.0 3.45 7 

35.6 30.4-46.0 5.37 6 

21.5 14.3-28.3 3.99 24 

27.9 22.2-34.0 3.42 11 

25.3 20.9-32.0 3.21 9 

28.6 14.3-46.0 8.13 57 



Table 6.3. Statistics pertaining to the topographical distribution of receptors. Iguana receptors 
were measured on the second digit of Ihe manus (N=l) and A. carolinensis (N=l) and A. sagrei 
(N=l) measurements were taken from the third digit of the monus. Lateral and mesial scales of the 
penultimate pholan~ of A. carolinensis have only one receptor and inlersensillar distance is 
not applicable. In the Anolis sensilla examined (carolinensis 142; sagrei 240), all were positioned at 
the edge of the scale. 

Region 

prow imodorsal 

proximolateral 

proxirnornesial 

dittodorsal 

distolateral 

distomtsial 

lguono 
Distance &twoan Sensilla (pm) 

range mean SO N 
103.4-251.9 1 58.8 66.2 3 

Dirtanca From Seal* Edga (p) 
range mean SO N 

34.4-45.0 40.8 4.63 3 



Table 6.4. Statistics pertaining to the number of sensilla per digital region and phalanx of digit two and digit five of the manus of iguana. 
Sample numbers correspond with those outlined in Table 6.1. 

Digit 

2 
N =6 

sornpfes t 1-6 

5 
N -7 

samples 1 1-7 

I )3 
)3 
V 

Phalanx 

1 

2 

3 

rogion totm~ 

1 

2 

Ventral 

ran= mean -- 
0-0 0 

SD 
0 

we mean 
0-0 0 

SD 
0 

ranqe m-eon 
0-0 0 

SO 
0 

0 

ranqe mean 
0-0 0 

SD 
0 

range m-eon -- 
0-0 0 

So 
0 

Lateral 

ranae mean 
7-12 10.2 

SD 
1.57 

Lan_g_e mean 
2-14 7.83 

SD 
7.83 

~.aa_e mean 
0-0 0 

SD 
0 

18.0 

rancae mean 
8-22 14.6 

so 
4.75 

ronge mean 
9-19 12.0 

a 
3.66 

Reqion 

Dorsolatttal 

ronqe mean 
0-3 0.83 

SQ 
1.07 

ronqe mean 
0-3 0.67 

SD 
0.67 

ranqe mean 
0-0 0 

So 
0 

1 .%I 

Wnge mean 
0-4 1.14 

SD 
1-96 

range mean 
0-5 2.00 

SD 
2.07 

Mesial 

r e  mean 
0-3 1.00 

SD 
1.15 

ranqe meon 
0-5 1.67 

SD 
1.89 

wg_e mean 
0-0 0 

SD 
0 

2.67 

ranqe mean 
0-7 2.57 

32 
2 5 6  

range mean 
0-10 5.29 

S O  
3.61 

Dorsomesial 

ranqe mean 
0-0 0 

SD 
0 

ranae mean 

phbnr total 
I 

12.0 

0-3 0.50 
SD 
1.12 

10.7 

ranqe mean 
0-0 0 

SD 
0 

0 

0.50 

mean 
0-2 0.43 

SD 
0.73 

- - 
22.7 

18.7 

range mean 
0-5 2.00 21.3 

SD 
1.69 







Table 6.6. The number of sensilla per phalangeol region for digits two, three four and 
five of the manus of Anolis carolinensis (unshaded) and Anolis sagrei (shaded). The 
symbol I indicates that a complete count of the sensilla for that region was not possible. 
Phalanges associated with the subdigital pad are indicated by the symbol A. The sample 
size is one for both ~ ~ o l i s  species. 

Digit 

2 

I 

Phalanx 
1 A 
2 
3 

tom1 

3 

I 

Dorsal 

15 32 
12 27 
5 12 

32 71 

1 
zA 
3 
4 

total 

Ventral 

0 9 
8 36 
3 12 
11 S7 

4 

Lateral 
11 18 
7 18 
1 4 

19 a 
16 17 
28 37 
10 28 
5 7 
59 89 

1 
2A 
3A 
4 
5 

total 

4 12 
11 18 
19 44 
12 28 
4 4 

0 0 
0 18 
9 26 
5 7 .  
14 51 

8 14 
18 24 
5 13 
1 3 

32 54 

5 

Mesiol 
15 26 
7 20 
2 4 
24 50 

- 

0 0 
0 4 
0 15 
6 32 
6 4 

phalanx total 
41 115 
34 101 
11 32 

N=86 N=218 

10 20 
15 34 
6 15 
2 1 
33 70 

50 1M 1 12 55 

1 A 

I 

34 51 
61 113 
30 82 
13 18 

N=138 N=264 

6 13 
6 4 
16 n 
7 12 
0 3 

- 

35 55 

3 8 
5 7 
1 8  23 
7 .18 
1 3 

I 

13 33 
22 33 
53 105 
32 90 
11 14 

34 59 

2 
3 

tot01 

N=131 N=275 

1% 25 
9 28 
6 8 
33 61 

15 21 
7 29 
1 5 -  

23 55 

0 8 
12 46 
4 14 
16 68 

18 19 
6 26 
0 6 
24 51 

51 73 
34 1 29 
11 33 

N=96 N=235 



Table 6.7. The number of sensilla per phalangeal region for digits four and five of the 
pes of Anolis carolinensis and three, four and five of Anolis sagrei. The symbol t 
indicates that a complete count of the sensilla for that region was not possible. 
Phalanges associated with the subdigital pad are indicated by the symbol A. 

Range of the two samples for A. carolinensis: digit 4, phalanx 1 (2-4) (0-0) (0-2) (0-3); phalanx 2 (12-13) (0-0) 
(8-12) (5-1 3); phalanx 3 (22-23) (0-0) (1 7-23) (20-20); phalanx 4 (1 4-1 5) (1 2-1 5) (5-7) (5-7); phalanx 5 (3-6) 
(4-6) (2-3) (2-4); digit 5, phalanx 1 (12-13) (0-0) (12-25) (10-11); phalanx 2 (15-30) (0-0) (14-26) (17-22); phalanx 
3 (1 1-18) (8-12) (8-9) (6-9); phalanx 4 (5-6) (4-4) (0-3) (2-3). 

2 

Digit 

4 

5 

1 12 17 8 9 46 
2A 4 1 19 34 20 114 

3 3 35 33 17 19 104 
4 6 10 2 3 21 

1 

285 I 

4 5.5 4 1.5 2.5 13.5 
sum of -ion 

moans 

4 

?halanx 
1 
2A 
3& 
4 
5 

sum of -ion 
nmoM 

1 
2. 
3 

1 
ZA 
SA 
4 
5 

Dorsal 
3 

12.5 
22.5 
14.5 
4 -5 
57 

7 2.5 
22.5 
14.5 

0 
15 
40 
33 
7 

I '  280 
I 

44 
130 
87 
18 

279 

I 

5 

Lateral 
1 

10 
20 
6 

2.5 
39.5 

18.5 
20 
8.5 

Ventral 
0 
0 
0 

13.5 
5 

18.5 

0 
0 
10 

0 
3 
18 
27 
6 

sum of ragion fi 60 73 1 

sum of rogion 

1 
2. 
3 
4 

Mesial 
1.5 
9 

sum of pholonx I 

5.5 
31.5 

0 
10 
30 
20 
2 

95 
15 
50 
27 
8 

20 
6 
3 

0 
12 
34 
20 
3 

54 
0 
20 
2 1 
5 

62.5 
40 
15 

0 
40 
1 22 
100 
18 

1 

62 
15 
27 
16 
2 

4 

39.5 I 154.5 

69 
14 
33 
23 
3 

10.5 
19.5 

41 -5 
62 

7.5 40.5 



Table 6.8. The number of sensilla per digital region and phalanx of digits two and five of the manus of iguana, Anolis carolinensis and 
Anolis sagrei. Only digits two and five of the manus of lguana match those examined in Anolis. All values correspond with those 

presented in Tables 6.4 and 6.6. For Iguana the dorsolateral and dorsomesial numbers are combined and the region i s  presented as 
dorsal. The number of sensilla for lguana are represented as means, 

Diait 2 Diait 5 

Phalonw 

1 

Region 
dorsal 

total 

dorsal 

1 total 1 10.67 1 34 I 101 I 

ventral 
lateral 
mesial 

2 

dorsal 0 
ventral 0 

3 lateral 0 
mesioi 0 

/goam 
-83 

12.03 1 4 1 
1.17 1 12 

0 
10.2 

1 
85 
27 

ventral 
lateral 
mesial 

Phalanx Region Iauano A.caroli~nsis A. sopre 
dorsal 1.57 18 25 
ventral 0 0 8 

1 lateral 14.6 15 21 

A, carolinensis 
15 

0 
7.83 
1.67 

fotal 
I 

digit 2 total 

mesial 2.57 18 19 
I 

total 18.74 51 73 

A. sogrei 
32 

0 
11 
15 

dorsal 
ventral 

2 lateral 
mesial 2.6 6 26 

9 
18 
26 

_I 

0 
, 22.7 

total 18.6 34 
dorsal 0 A 6 8 

3 lateral I I 
11 
66 

mesial 0 0 6 
I 

total 0 11 33 32 
21 8 I I diait 5 total I 37.34 I 96 I 235 



Table 6.9. The number of sensillo per digital region and phalanx of digits four and five of the pes of iguana, Anolis carolinensis and Anolis sagrei. 
Only digits four and five of the pes of Iguana match those examined in Anolis. Al l  values correspond wifh those presented in Tables 6.5 and 6.7. For 

Iguana the dorsolateral and dorsomesial numbers are combined and the region is presented as dorsal. The number of sensillo for iguana and A. 
carolinensis ore represented as means. The symbol 4 indicates that complete count of the sensillo for that region was not possible. 

Diait 4 Diait 5 
Phalanx 

1 

2 

Region 

dorsal 

mesial 
total 

dorsal 

ventral 
lateral 
mesial 

total 

dorsal 
ventral 
lateral 

3 

I 13.5 
4 lateral 

lguona 
2 

2 
25 

ventral I ,o, I 
2o o lateral 

mesial 

jot01 

dorsal 

0 
27 
6 
35 
6 
0 
17 

dorsal 

ventral 
5 lateral 

mesial 0 3 

, A. corolinensis . 

3 

9 
31.5 

0 
18 
5 

mesial 

total 

I total I 0 I I 1s 1 

A. sclgrei 
0 

0 
1 

1.5 
5.5' 
12.5 

0 
10 

12 
4 0 

3 I 22.5 

0 
0 
0 

I 

0' 
I 

15 
3 
10 

40 

20 
62.5 
14.5 

2 
19 

Phalanx 

1 

I 

2 

I 

3 

4 

34 
I 

1 22 
33 

6 
_ 4 0 

Rogion 
dorsal 
ventral 
loteral 
mesial 

tot01 

dorsal 
ventral 
lateral 
mesial 

total 
dorsal 
ventral 
loteral 
mesial 

total 

dorsal 
ventral 
loteral 
mesial 

tot01 

digit 5 totol 

20 
100 

Iguono , 

7.66 
0 

7.67 
5.33 
20.66 
6.67 

0 
7.67 

4 
18.34 
8.67 
0 
12 

4.33 
2 5 
0 

.67 
0 
0 

.67 
64.67 

A. corolinmris 
12.5 
0 

18.5 
15 
46' 

22.5 
0 
20 

19.5 
62 

14.5 
10 
8.5 
7.5 

40.5 
5.5 
4 

1.5 
2.5 
13.5 
162 

A. sogrei 
15 
0 
15 
14 
44' 
50 
20 
27 

33 I 

1 30 
27 
2 1 
16 
23 

I 

87 
8 
5 
2 
3 I 

18 
279 



Table 6.10. A comparison of digital receptor morphology and distribution in Iguana 
and Anolis. 

with iarge, slightly convex Anolis. Lenticular sensilla are 

lenticular sensilla in Iguana. 
Bristled sensilla are numerous and 
smaller than lenticular. They bear 
a single unadorned bristle. Both 
receptor types can occur on the 

ungual phalanx. Dorsal found on ungual and penultimate 
sensilla are also scarce. The phalanges, and on distal 
majority of receptor-bearing scansors. A single scale, 

scales have only one 

apparent maximum. digits examined the total sensillar 
number greatly exceeds that for 

All the Iguana digits 
examined displayed a distinct in receptor distribution was 
lateral bias. Laferal scales, observed for Anolis digits. 
which are morphologically However, an Anoiis digit can 
distinct from mesial, bear arbitrarily be divided into three 

considerably more sensilla. 

pod), and distal to the pod. 

penultimate phalanx. was found to differ between these 



Table 6.1 1.  A comparison of  digital receptor morphology and distribution in A. 
carolinensis and A. sagrei. - 

Feature I A. corolinensis I A. soprei 
I 

nceptor 
morphology 

Lenticular sensilla in A. 
carolinensis, while 

morphologically similar to 
those in A. sagrei, tend to be 

more deeply recessed. 
Bristled sensilla on dorsal 

scales also tend to be 
recessed deeply. Bristle 
length exhibifs regional 

variation. Length is greatest 
on scansors and ventrolateral 
scales, ond the least dorsally. 

A third form o f  receptor, while 
rare in A. sogrei (and possibly 
anomalous), was not identified 

in A. carolinensis. These 
sensilla share features with both 
lenticular and bristled receptors. 

Bristled sensilla in A. sagrei 
bear bristles that are 

consistently shorter than that 
observed in A. carolinensis. 

Similar to the latter, bristles in A. 
sogrei are the longest adiocent 

to sconsors. 
Proximolateral/mesiaI sensilla in 

A. sogrei that border ventral 
scales lack the long bristles seen 

in A. corolinensis. 

receptor number 

The total number of digital 
receptors is considerably less 

than that observed in A. 
sagrei. Sensil tar number is 

typically greatest for scales in 
the region of the subdigital 

adhesive pad. Receptors are 
scarce on the penultimate and 
ungual phalanges, especially 

on the lateral and mesial 
scales which bear a single 

receptor. 

The difference in receptor 
number between A. sagre; and 
A- carolinensis is apparent in a 
comparison of  the penultimate 
and ungual phalanges. While 

sensilla are abundant in the pad 
region of A. sagrei, receptor 

number on the distal phalanges 
may approximate or greatly 

exceed that of the pad. All scale 
rows on the penultimate and 

ungual phalanges bear 
numerous receptors. 

intersensillar 
distance 

Sensilla on the penultimate 
and ungual phalanges are not 

only scarce, but also widely 
distributed on a scale, 

particularly on the ventral 
surface. The smallest 

intersensillar distances are 
associated with sensilla 

located proximomesial and 
proximolateral to the pad 

Relative to A. carolinensis, 
receptors on the dorsal and 

ventral scale rows of  the distal 
phalanges are spaced 

considerably more closely 
together. The small lateral and 
mesial scales on the penultimate 
phalanx characteristically have 

several, closely-spaced 
receptors. Dorsal, lateral and 
mesial sensitla in the region of 

the pad have noticeably smaller 
mean intersensillar distances 

than those observed in A. 
corolinensis. 



Table 6.1 1. Continued. 
Feature I A. carolinensis I A. soprei 

1 7 

receptor pattern 

All dorsal receptors tend to 
be clustered on the 

distoloteral and distomesial 
corners o f  the scale. The 

outermost of  these sensilla 
are oriented such that bristle 

contact i s  made with the 
adiacent lateral or mesial 

scale row. Receptors on the 
latter rows are positioned on 

the distal end of the scale. 
Depending on the row, 

contact is made with dorsal 
and ventral scales, and with 
the next most distal scale in 

the row- Ventral sensillo are 
oriented such that bristle 

contact is made with the nexi 
most distal scansor. 

Receptor pattern i s  genera!ly 
consistent with that observed in 

A. corolinensis. In regions 
proximal to the pad, contact 

between the bristle of a receptor 
and an adiacent scale is not as 
apparent as in A. carolinensis. 
Two distribution patterns were 
apparent in all A. sagrei digits 
that were examined, The small, 
raised ventral scole just distal to 

the pad had 3 to 5 sensilla. 
Intact specimens of A. 

corolinensis apparently tacked 
these receptors. The second 

characteristic A. sagrei pattern 
is associated with the lateral 

and mesial sides of the dorsal 
ungual scale. O n  each side all 

specimens had an identical 
array of three, widely-spaced 
bristled sensilla offset from the 

distal edge. 

gross scale 
morphology 

The scales in A. carolinensis 
have an imbricate 

arrangement, with the largest 
amount of  overlap occurring 
between scales in the region 
of the pad. Dorsal scales in 
this region have expansive 

distolateral and distomesial 
corners, which overlap the 
adjacent lateral or mesial 
scales. Mesial and lateral 

scales, regardless of region, 
are elongated 

proximodistally. Overlap 
occurs with the next most 

distal scale in the row, and 
with more ventraily located 

scales. 

The extent of imbrication 
between A. sagrei scales is less 

than it is in A. carolinensis. 
Dorsal scales lack the expanded 

distolateral and distomesiol 
corners. Moreover, the free 

margin of a dorsal scale 
adheres more closely to the 

proximal end o f  the next most 
distal scale in the row. The 

morphology of proximolateral 
and proximomesiol scales in A. 

sagrei are conspicuously 
different from that of A. 

carolinensis. In the former, 
these scales are globular with 

considerably less contact 
occurring between rows. 



Chapter 7 

Results: The Integument of the Anoline Subdigitol Adhesive Pod 

7.1 Introduction to the Squamate Integument 

The integument of vertebrates is  composed of two distinct layers, the 

inner dermis derived from mesoderm, and the outer epidermis that is a 

specialized epithelium derived from ectoderm (Leeson and Leeson, 1981). 

The dermis confers considerable mechanical strength due to the high 

proportion of collagen and elastin fibres, while the epidermis is primarily a 

barrier to mechanical damage and desiccation (Williams and Warwick, 

1 980). Superficial keratinized epidermal cells are lost from the surface, and 

must be replaced by cells that arise from the mitotic activity of cells of the 

basal layer (Leeson and Leeson, 1981). Squamate reptiles have an 

alternating vertical distribution of a- and P-keratins that are subject to 

periodic synchronous production, differentiation and subsequent shedding 

of the entire outer layer (Irish et al., 1988). 

The outermost layer of the squamate epidermis, the Oberhavtchen, bears 

sculpturing of varying complexity, with anoles and geckos having a 

spinulate pattern (see Appendix 5). Setae are hypertrophied mod if ications 

of the primitively spinulate 0 berhautchen (Maderson, 1970; Peterson and 

Williams, 1981 ; Peterson, 1983a), and are responsible for adhesion. Russell 

(1 979) suggested that a spinulate Oberhoutchen is protoadaptive in the 

context of the evolutionary elaboration of subdigital adhesive pads. A 

protoadaptation is a feature that permits the acquisition of a new biological 

role (Bock and Von Wahlert, 1965). Initially ossociated with the facilitation 

of shedding (Maderson, 1970), the spinulate surface may have been exopted 

(Gould and Vrba, 1982) to a new role of enhancing purchase or grip 



(Peterson and Williams, 1981). Russell (1979) asserted that a spinose 

Oberhiiutchen in gekkonids is a key innovation because it is a precursor to 

the diverse adaptive radiation and exploitotion of habitats seen in the 

group* 

Most research focus has been upon the role o f  the OberhButchen in 

facilitating adhesion, with no consideration of deeper epidermal layers. In 

order to relate the architecture of the integument comprising the subdigital 

pads of Anolis to the other onatomicol systems described in the preceding 

chapters, an account of  this system is provided here. Although it is partially 

a reprise o f  the findings of Ernst and Ruibal (1966) and Liilywhite and 

Maderson ( I  968), its findings are placed into the context of  the functioning 

o f  the entire pad as a composite adhesive device. The following 

descriptions of the epidermis make reference to stages of the shedding 

cycle, based upon the six histological categories proposed by Maderson 

(1 965, 1966) and Lillywhite and Maderson (1 968). A diagrammatic 

representation o f  the stratified squomate epidermis is presented in Figure 

7.1, along with an accompanying summary o f  the key events in the squamate 

shedding cycle. In geckos a compliance mechanism is fundamentally 

important for operation of the adhesive system. The mechanism can involve 

vascular modifications, such as in the tokay, o r  dermal modifications, such 

as that exhibited by Rhocodacty/us leachionus. Given the necessity for 

compliance between the setae and the substratum (see section 1.1 in 

Chopter 1 for a discussion of molecular attraction between the two 

surfaces), I hypothesize that Anolis will demonstrate a modification, be it 

vascular, integumentary, or both. 



7.2 The Epidermol Components of the Anoline Subdigital Adhesive Pad 

A longitudinal section through the region of the adhesive pad in A. 

lineatopus is shown in Figure 7.20, with an isolated scansor presented in 

Figure 7.2b. The ensuing description is based upon Lillywhite and 

Maderson's (1 968) six stage categorization o f  the histo logical changes o f  

the epidermis of Anolis carolinensis scansors during the shedding cycle. 

Several morphological features indicate that the A. lineatopus specimen 

(Fig. 7.2a, b) is representative of an early stage four condition. O n  the 

outer scansor surface the most superficial stratum is the thin seta-bearing 

Oberhiiutchen, which is closely united with the underlying P-keratin layer. 

The Oberhautchen of the inner spinulate scansor surface, and the outer 

surface covered with setae, merge to form a distal extension o f  the scansor 

(Ernst and Ruibol, 1966), the so-called free margin. The chromophobic P- 
keratin layer has a homogeneous appearance, ond is separated from the 

chromophilic a-keratin layer by an artifactual break. The P-layer is thickest 

on the outer scansor surface, and is  represented only by  the Oberh6utchen 

on the inner surface and in the hinge region (Ernst and Ruibal, 1966). The 

mesos layer, which consists of  a variable number of lipid-rich cell strata, is 

extremely thin in Anolis (Landmann, 1979) and is not visible in Figures 7-20 

and b. 

lrn mediately below the darkly-sta ining a-layer on the outer scansor 

surface is a bond o f  locunor tissue, described by Lillywhite and Maderson 

(1 968) as consisting of flattened living cells with deeply chromophilic 

contents and elongate, ovoid nuclei. Eosinophil granulocytes, which ore 

largely confined to the locunar tissue, are a prominent feature in stage four 

of the shedding cycle. For lizards, the migration of eosinophil granulocytes 

from the dermal blood vessels to the lacunar tissue is known only in Anolis, 



but is characteristic of snakes (Maderson et al., 1970b). The locunar cells 

develop from the same protein synthetic pathway as a-keratin, and in some 

instances are indistinguishable from normal mature a-cells (Maderson et a!., 

1972). In Figures 7.1 a and b the layer of lacunar tissue on the outer scansor 

surface is thin, but becomes thicker at the distal end, then exponds 

considerably on the inner surface. The distribution pattern of lacunar tissue 

in A. lineatopus is consistent with Lillywhite and Maderson's (1 968) 

description of lacunor tissue proliferotion in stage four. These authors 

contend that lacunar tissue is abundant in the pcd region of Anolis, and this 

profusion is seen as early as the resting stage. In stage one a minimum of 

two to three layers of presumptive lacunar tissue is  always present, and by 

the end of the resting stage, five layers may exist (Lillywhite and Maderson, 

1 968). The more typical "one-cell" condition characteristic of the perfect 

resting phase never exists in the pad of Anolis (Lillywhite and Maderson, 

1968; Maderson et al., 19700). Throughout the shedding cycle the cells of 

the lacunar tissue largely remain alive, with only patchy keratinizotion 

occurring at the distal scansor tip near the free margin in stage six 

(Lillywhite and Maderson, 1 968). 

The lacunar tissue on the inner scansor surface is restricted to the distal 

half. The extent of lacunar tissue roughly corresponds to the distribution of 

setae on the OberhButchen of the outer epidermal generation. This is 

congruent with the observation of Ernst and Ruibal (1 966), who noted that in 

A. carolinensis setae are present on the distal third of the sconsor, and 

grade into spinules on the proximal portion. The distribution of setae on the 

scansor surface is clearly seen in Figure 7 . 3 ~ .  Examining a series of 

scaosors (Fig 7-20), it is evident that scansor shape facilitates compliance 

between opposing surfaces. The locunar tissue on the inner scansor surface 



bulges outwards, while the receiving surface on the next most proximal 

scansor is concave. Placement of the pad on the substratum would cause 

juxtaposition of scansors, resulting in a continuous cushion of lacunar tissue 

between the inner and outer reciprocal sconsor surfaces. 

Beneath the lacunar tissue on the outer scansor surface is the clear 

layer/presumptive 0 berhButchen complex. The cuboidal cel Is, with large 

ovoid nuclei, represent the clear layer of the outer epidermal generation. 

Setoe of the presumptive Oberhijutchen interdigitate with the overlying clear 

layer, and this appears as refractive vertical striations with a distinct 

chromophilic line that marks the distal end of the setae (Lillywhite and 

Maderson, 1968). The basal cells of the presumptive OberhButchen are 

cuboidol with ovoid nuclei, and beneoth this row is the presumptive P-layer. 

The latter appears as two to three layers of flattened living cells thot 

characteristically have thickened membranes, ovoid nuclei, copious deposits 

of melanin, and indications of desmosornes (Lillywhite and Maderson, 1968). 

The deepest layer of the epidermis consists of  the cells of the stratum 

germinativum. These m itotically active cells are difficult to distinguish in 

hinge regions, but elsewhere they appear colum nor, tightly packed, and 

have ovoid nuclei (Lillywhite and Maderson, 1 968). The stratum 

germinativum is sharply offset from the dermal core of the scansor, 

particularly where it borders the proximal margin of the lacunar tissue on 

the inner scansor surfoce. On the latter and in the hinge region the 

epidermis oppeors a s  a conspicuous fold (Lillywhite ond Moderson, 1968), 

and this demarcates the proximal region of the dermis. 



7.3 The Dermal Components of the Anoline Subdigital Adhesive Pad 

The dermal core of  a scansor consists of loose connective tissue, 

capillaries, nerves, chrornatophores, and fibroblasts (Ernst and Ruibal, 

1966). The b lood sinus mentioned by  these outhors is not apparent in 

histological sections of Anolis scansors (see also the description o f  the 

blood vascular system in Chapter 8). The dermal core does not penetrate 

the full length o f  each scansor (Fig 7.2a, b), and the distal half is composed 

entirely o f  the epidermis. The distal t ip o f  the dermal core is separated from 

the free margin by an accumulation of lacunar tissue that invades the inner 

scansor margin and hinge region, and bulges proximally into the dermal 

core. Throughout the shedding cycle of Anolis a proximal regression o f  the 

dermal core and adjacent stratum germinativum occurs (Lillywhite and 

Maderson, 1 968). 

Lateral digital tendons traverse the length of  the digit (Fig. 7.2a), both 

mesially and laterally. Each sends slender branches to consecutive sconsors 

and these merge insensibly with the dermis of the latter (Fig. 7.3). In a 

situation similar to that described fo r  Gekko gecto (Russell, 1986), the 

integument o f  the adhesive pad o f  Anolis cannot be easily removed because 

the branches o f  the lateral digital tendons are continuous with the stratum 

compoctum o f  the dermis. A layer of collagen in the Anolis dermis adjacent 

to the basement membrane of  the stratum germinativum was briefly 

described by Ernst and Ruibal (1966), and later identified a s  the stratum 

compoctum by Russell (1986). O n  the dorsal scales of the specimen in  

Figure 7-20, a layer called the stratum laxum intervenes between the 

epidermis ond the stratum compactum. The dermis in the scansor region 

lacks the stratum laxum. 



7.4 Summary of Integumentary Speciolizations of Anolis 

Relative to general body scales, Anolis scansors lack a perfect resting 

stage, and lacunar tissue exhibits precocious development in stage one and 

widespread distribution by stage four of the shedding cycle (Lillywhite and 

Maderson, 1968). The fields of hypertrophied lacunar tissue (Fig. 7-20) form 

an essentially continuous cushion lying directly dorsal to the exposed seto- 

bearing portions o f  the scansors (Fig. 7 . 2 ~ )  when the entire pad is flattened 

against the surface. Dermal modifications o f  the onoline pad include the 

continuity of the stratum cornpacturn with the lateral digital tendons, and the 

absence of the stratum laxum on the subdigital surface. 



Figure 7.1. Diagrammatic representation of a generalized lizard epidermis 
several days before shedding (adapted from Maderson et al., 19700). The 
epidermis of squamates is periodically shed as a single unit (the outer 
epidermal generation) and the previous inner epidermal generation 
becomes the functional surface of the integument. The layers o f  the 
epidermis are generated by the basal stratum germinotivum in a specific 
sequence of proliferative and maturation processes (Maderson, 1 970), that 
have been categorized into six histological stages by Maderson (1 965, 
1 966)- The superficial 0 berhliutchen is one cell thick and bears microscopic 
sculpturing of varying complexity as well as superficial sensory structures 
(Irish et 01.. 1988). The OberhButchen merges with the underlying dead, 
acellular 0-keratin layer, and the combined P-layer may offer rnechanica l 
protection (Londmann, 1979). Beneath the 8-layer is the lipid-rich mesos 
loyer that may prevent water loss (Landmann, 1979). A moderately thick 
bond of loose, dead, anucleate a-keratin occurs beneath the mesos layer. 
The underlying lacunar cells develop from the same protein synthetic 
pathway as a keratin. The clear layer is the final stratum to be deposited in 
the resting phase, and structurally it may be a modification of a-keratin 
(Landmann, 1979). In the renewal phase, which lasts approximately 14 days 
in all squamates examined (Moderson, 1985), layers are deposited in the 
inner epidermal generation that correspond to layers in the outer. Layers 
are added in a specific sequence, with the presumptive Oberhautchen and 
P-keratin layers added early, followed later by the presumptive a-keratin 
layer (Maderson, 1966). Maturation of the lacunar tissue and the clear 
layer of the outer epidermal generation also occurs during the renewal 
phase (Moderson et al., 1970b). A complex forms between the cleor layer 
of the outer epidermal generation and the presumptive Oberhautchen. At 
the time of shedding, the clear layer pulls away from the Oberhautchen, and 
the outer epidermal generation is lost. 
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Figure 7.2. a; longitudinal section through a series of scansors of Anolis 
~ineotopus, lateral to the phalanges; b, enlarged view of a single sconsor; c, 
S E M  photomicrograph of A. sogrei showing the distribution o f  setae on the 
scansor surface. The arrow in a and c is directed distally. The scale bar in 
a is 130 pm, and in c is 50 btm. Because much o f  the descriptive histology in 
this Figure is based upon Lillywhite and Maderson (1 968), the term lamellae 
is used in  the labeling to be congruent with their work. Abbreviations: ao, 
a-layer o f  outer epidermal generation; pi, P-layer of inner epidermal 
generation; Po, p-layer of outer epidermal generation; clo, clear layer of 
outer epidermal generation; D, dermal core of lamella; fm, free margin; i, 
interd ig itating region between clear layer of outer epidermal generation 
and setae of Oberhtiutchen of inner epidermal generation; H, hinge region; 
11, inner lamellar surface; Idt, lateral digital tendon; Ito, locunor tissue of 
outer epidermal generation; Obi, Oberhautchen of inner epidermal 
generation; Obo, Oberhautchen of outer epidermal generation; 01, outer 
lamellar surface; ppi, presumptive p-cells of inner epidermal generation; 
pObi, presumptive Oberhiiutchen cells of inner epidermal generation; sc, 
stratum compacturn o f  dermis; $9, stratum germinativum; $1, stratum laxum 
of dermis; soe, setae o f  outer epidermal generation- 





Figure 7.3. Camera lucida drawing of a dissection of  the lateralmost of 
the two lateral digital tendons of digit three of the right pes of Anolis 
garmani, from the dorsal aspect. The drawing is simplified in that only a 
single branch of the lateral digital tendon is shown serving most sconsors. 
In actuality the sconsors receive multiple fine branches, as is depicted in 
the distalmost and proximalmost pairs of scansors illustrated here. The 
second and third phalanges have been shified mesially to show the 
underlying expanded scansors. Scale bar=l mm. Abbreviations: Ib, lateral 
branch o f  lateral digital tendon; Idt, lateral digital tendon; ph, phalanx; 
tfdl, tendon of the m. flexor digitorurn longus. 





Chapter 8 

Results: The Digital Blood Vascular System of Anolis 

Relative to the digital vascular pattern of  a primitively padless lizard, 

that of the manus and pes of the tokay is highly modified (see Chapter 9 for 

a detailed account). Specializations include a large blood sinus beneoth the 

penultimate phalanx ond o reticular system of vessels situated proximally in 

the scansors (Russell 1981 b). Both vascular modifications serve to control 

pressure within the scansors and ultimately operate as a hydrostatic skeleton 

that allows for precise conformation of the scansors to the locomotor 

substrate. According to Russell (1 981 b) the vascular system of  the tokay 

ploys an integral role in the process of adhesion. 

The purpose of this chapter is  to first describe the arterial pattern of the 

antebrachiurn and manus of Anolis (A. garmani is the primary exemplar 

chosen here) and to compare this to the primitive squamate condition. With 

the exception of Sphenodon (0' Donoghue, 1920) this pattern has not been 

extensively documented in squamates, and comparative published material 

is sparse. At the level of the digits published accounts are supplemented 

with observations and descriptions of the vascular architecture of the 

lacertid Ophisops elegans, o primitively padless form. 

With the exception of a brief account by Ernst and Ruibal (1966), 

claiming that the scansors of Anolis contain a vascular sinus system, the 

vosculature of the anoline pad has not been examined. Given that the 

vascular system of the tokay (Russell, 1981 a) and other geckos (Russell and 

Bauer, 1990) is modified to provide an important compliance mechanism of 

the subdigital pad, it is predicted that Anolis possesses similar 

modifications. 



8.1 The Arteries of the Carpus 

The arrangement of arteries in the corpus is shown to be relatively 

uniform in the squamates for which it has been described (Sphenodon, 

OIDonoghue, 1920; Chamaeleo, MocKoy, 1886; Lacerta, Zuckerkandl, 

1895a, 1895b; Gekko gecko, Russell, 1981 a). For Anolis data has been 

added by examination of ~ icrof ip- in jected specimens of the manus of 

Anolis gormani (Fig. -8.1 a, b). Three arteries serve the antebrachiurn in 

Sphenodon, Chamaeleo, Lacerta, Gekko and Anolis: the radial, ulnar and 

interosseal, each of which gives rise to numerous dorsal and ventral 

branches to surrounding muscles (Fig. 8-10, b). 

The intersosseal artery is the main vessel of the antebrochiurn, and it 

contributes to several branches. In Sphenodon (OIDonoghue, 1920) and 

Gekko (Russell, 1981 a) the interosseal artery yields the short volar artery, 

which in combination with a branch from the ulnar artery, gives rise to the 

deep volar circle of the polm. This same pattern is evident in Anolis 

gar moni but the volar circle and its numerous branches ore incompletely 

injected in the pictured specimens (Figure 8.1 b). The volar artery produces 

a radial and ulnar ramus, which ultimately branch throughout the palmar 

area to supply muscles in this region. In Sphenodon the ramus radialis 

sends a twig to the mesial side of digit one, and to the spoce between the 

first and second digits. The ulnar ramus serves the lateral aspect of digit 

five and the interdigital spaces between digits five and four, four and three, 

and three and two (OIDonoghue, 1920). The contributions of the ulnar and 

radial rami to the interdigital spaces are referred to as interdigital arteries, 

which are also evident in the ventral view of Anolis (Figure 8.1 b). Ventrally, 

the interosseal artery also combines with a ventral branch of the ulnar artery 



to yield the orcus volaris profundo (O'Donoghue, 1920), which coalesces 

with other vessels in the interdigital region (Fig. 8.1 b). 

Dorsally, the interosseal artery divides into two large vessels, the ramus 

radiolis and ramus ulnaris o f  the arcus dorsalis (Fig. 8-10). The radial 

ramus interconnects with branches from the radial and ulnar orteries in the 

region between digits one and two, while the ulnar ramus and its branches 

serves the junction between digits three and four (Russell, 1981 0). Branching 

of the radial artery results in a vessel serving the medial border of digit one, 

as well as an interdigital artery that unites with the radiol ramus between 

digits one and two. Similar branching of the ulnar artery sends a supply to 

the lateral border of digit five, and to the ulnar rarnus between digits three 

and four (Fig. 8.1 b). This brief comparative account indicates that the 

arterial pattern of the antebrachiurn, and the manus to the base of the digits 

is essentially identical in all taxa examined to date, including Anolis. 

8.2 The Digital Arterial Supply of Primitively Podless Ophisops elegans 

Arterial supply and venous drainage in a basic, "unmodified" lizard digit 

i s  achieved by an ulnar digital artery and vein, and by the equivalent on the 

radial aspect (Russell, 1981 b). Dorsal and ventral aspects of the digit each 

receive a contribution. Digital arterial supply arises from the radiol and 

ulnar rami of the volar artery and the arcus dorsalis, as well as from 

contributions from the radial and ulnar artery. Distally, each digital ortery 

forms an expansive capillary network (Edwards, 1970). The simple digital 

circulatory pattern o f  Ophisops elegons is apparent in histological sections, 

with the vessels having a relatively uniform arrangement for the length of the 

digit (Fig. 8.2). 



8.3 The Arteries of the Anolis Digit 

Proximal to the subdigitol pad two prominent vessels exist in the digits of 

Anolis, the radial and ulnar digital arteries (Fig. 8.1 c), each with dorsal and 

ventral components. The orteriol arrangement in this region of  the digit is 

essentially identical to that of Ophisops elegons. However, in the region of 

the subdigital pod the vascular system becomes more complex (Fig. 8.1 c). 

Just proximal to the pad the ulnar and radial digital arteries branch, with 

one component continuing in close proximity to the phalanges as the ulnor 

and radial ungual arteries, respectively. These ungual arteries traverse the 

length of the digit to the claw. Dorsally, at the midpoint of the 

antepenultimate phalanx, the ungual arteries anostomose by way of a 

slender commissure. At the midpoint of  the pad each ungual artery 

contributes to a stout collateral ungual artery thot bisects the pad (Fig. 8.1 c). 

The collateral unguol artery bifurcates at the edge of the pad, producing an 

anterior and posterior division that follows the periphery of the pad. The 

posterior division loops back on itself to connect with the ulnar/radial digital 

artery at the base of the pad. The anterior division connects with the 

ulnar/radial unguol artery at the distal end of the pod (Fig. 8.1 c). Each 

subdigitol pod has an identical circulatory pattern. Numerous smaller 

vessels take origin from the anterior and posterior divisions of the collateral 

ungval arteries, and these extend ventrolaterally and ventromesially into the 

dermal core of  the scansors. 

Examination of histological sections (Fig. 8.3a, b) and ~icrofil'-iniected 

specimens (Fig. 8.1~)  shows that Anolis does not have a blood sinus in the 

region of the pod. The statements of Ernst and Ruibol (1 966) thot the 

lamellar dermal core contains a blood sinus that becomes smoller towords 



the distal tip is  thus not corroborated. A longitudinal section through a 

series of scansors (Fig. 8-30) shows that the dermis contains abundant loose 

connective tissue, with only small blood vessels that emanate from the 

collateral ungual arteries. It was these that Ernst and Ruibal (1 966) mistook 

for sinuses. Examination of transverse sections through the pad (Fig. 8.3b) 

also reveals a similar lack of enlarged blood vessels. The ungual arteries 

and veins are readily seen, but other large vessels are not apparent in the 

expanded region of the pad. 

Distal to the pad the blood vascular system has a pattern that is  

comparable to that of Ophisops (compare Fig. 8 .2~  and 8.3d). The radial 

and ulnar ungual arteries (equivalent in position to the digital arteries of 

Ophisops) extend to the claw, and distally they contribute to a network of 

capillaries. 

8.4 Summary 

The pattern of vessels of the anoline carpus accord well with thot 

described for Sphenodon (O'Donoghue, 1920). Proximally the vessels of the 

tokay rnanus follow a similar pattern, but distally in the interdigital regions 

the arterial pattern is more elaborate. In Gekko gecko, the interdigital 

regions are associated with a predigital collateral network that results from 

the union of numerous branches of the volar complex (Russell, 19810). 

Digital regions proximal and distal to the subdigital pad in Anolis have 

a blood vascular system that is not markedly different from that of the 

primitively padless Ophisops elegans. Moreover, the arterial supply to the 

subdigital pad in Anolis is an elaboration of the basic pattern. The arterial 

system exhibits modifications to serve the laterally expanded pad region, 

including a rodiol and unguol collateral ortery that originate from their 



respective ungua l artery. Anterior and  posterior branches of the collateral 

arteries fol low the periphery o f  the pod, and a series o f  fine mesial and 

lateral vessels radiate from these branches to supply the dermal core of the 

scansors. These vessels, however, a re  nutritive and show no modifications 

suggestive of a hydrodynamic skeletal role. Exomination of ~ i c r o f i l "  

injections, and h i~to log ica l  sections o f  the digits of the pes reveals an 

identical pattern. 



Figure 8.1. Camera lucida drawings of the arteriol supply of the left 
manus of a ~icrofil'-injected A. gormoni specimen. The osseous elements 
of the manus ore indicated by dotted outlines. a, the left manus shown 
from the dorsal aspect; b, the left monus from the ventral aspect; c, 
ventroloteral view of the major orteries serving the fourth digit. 
Abbreviations: ant.rcuo, anterior division of the radio1 collateral ungual 
o rtery, ant.ucuo, anterior division of the ulnar collateral ungua l artery; 
dor.comm., dorsal cornmissure; lat.br., lateral branch of the radial/ulnar 
collateral ungual artery; mes.br., mesial branch of the radial/ulnar 
collateral ungual artery; ph., phalanx; post.rcua, posterior division of the 
radial collateral ungual artery; post.ucua, posterior division of the ulnar 
collateral ungual artery; rcua, radial collateral ungual artery; rda, radial 
digital artery; rua, radial ungual artery; ucua, ulnar collateral ungual 
artery; uda, ungual digital artery; uuo, ulnar ungual artery. 





Figure 8.2. Representative transverse sections through the third digit of the 
pes of Ophisops elegons. o, section through the expanded distol end of 
the first phalanx; b, section through the second phalanx; c, section through 
the third phalanx, just proximal to the distal articulatory surface. 
Abbreviations: da, digital artery; dv, digito l vein; ph, phalanx; tedb, 
tendon of the mm. extensores digitores breves; tfdl, tendon of the m. 
flexor digitorurn longus. Scale bar is equivalent to 150 pm. 





Figure 8.3. Representative sections through the fourth digit of the pes of 
Anolis lineotopus. a. longitudinal section through a series of sconsors, in 
the lateral region of the subdigital pad; b, transverse section through the 
pad; at the level of the third phalanx; c, transverse section just proximal to 
the pad; at the level of the distal end of the first phalonx; d, transverse 
section just distal to the pad. through the fourth phalanx. Abbreviations: 
bcua, branch of the collateral ungual artery; do, digital artery; dc, dermal 
core of the lamellae; Ict, loose connective tissue; Idt, lateral digital tendon; 
ph, phalonx; tedb, tendon of the mm. extensores digitores breves; tfdl, 
tendon of the rn. flexor digitorurn longus; ua, ungual artery; uv, ungual 
vein. The scale bar is equivalent to 130 pm in a, and 170 pm in b, c and d. 





Chapter 9 

The Functional Morphology of the Foot of the Tokay: Establishing a 

Foundation for the Discussion of Homoplasy 

In the preceding chapters it has been established that for several aspects 

of foot morphology, Anolis deviates markedly from the primitive pattern 

represented by lguana and Pr is t idacty lus .  The morphological differences 

displayed by Anolis are related to adaptations associated with the 

subdigital adhesive system. As mentioned in Chapter 1, anoles and geckos 

have independently attained adhesive pads. This convergence in 

morphological form is an example of homoplasy. In preparation for the 

discussion of homoplasy in the following chapter, it is necessary to present 

the salient anatomical features of the gekkonid foot. Inclusion of these data 

will provide a solid foundation for the discussion of the extent of 

morphological convergence between the two taxa. 

The descriptive anatomy of the foot of the tokay, GeLko gecko, is 

presented for the following components of the subdig ital adhesive system: 

the osteology of the manus and pes; the myology of the antebrachiurn, 

manus, crus and pes; the blood vascular system, specializations of the 

dermis ond connective tissue, and lastly, the topographic distribution of 

sensilla. For the osteology and myology seetions where a primitive pattern 

hos been firmly established, only deviations from the pattern of Iguana are 

discussed. The following account is largely a summary of previous 

documented resea rch on the tokay. However, the osteology sections, 

particularly that for the manus, are augmented with personal observations 

based upon scanning electron microscopy preparations. 



9.1 Osteology of the Manus 

In the Gekko gecko carpus (Fig. 9.1). the centrale is a robust wedge that 

separates the radiale and ulnare, but also projects into the distal carpal 

row. Distal carpals one, two, four and five radiate outwards from the 

median axis that is occupied by the centrale and the third distal carpal. 

Compared to iguana, triangular-shaped elements predominate. The 

arrangement of the distal carpals in the tokay facilitates divergence of the 

digits. The first distal carpal is quite large, and dorsally and ventrally it 

intervenes between the radiale and first metacarpal. The centrale has a 

brood base, and while it primarily articulates with the second distal carpal, 

it also contacts the first, third and fourth. The third distal carpal is robust, 

and is  broad both dorsally and ventrally. Dorsally, the distomesial corner 

projects between the heads of metacarpals two and three, pushing the 

heads of these bones apart. Similarly, the distalmost region of the mesial 

aspect of distal carpal four projects between the heads of the third and 

fourth metacarpals. A network of ligaments on the dorsal and ventral 

surface of the manus bind the carpal bones together (see Section 4.1.7 in 

Chapter 4 for a comparable description in Anolis). 

The widely spaced metocarpols of Gekko gecko radiate in an arc (Fig. 

9.1), and the proximal ends of these bones are expanded and smooth (Fig. 

9.2). Transverse intermetacarpal ligaments bind the metacorpal heads, and 

oblique ligaments extend laterally ocross the intermetacarpal space to 

attach onto the metacarpophalangeal joint of the adjacent digit. Gekko 

phalonges (Fig. 9.2), exhibit regional specialization associated with the 

subdigital adhesive pad. Considering digit four, scansors are found 

beneath the second, third and fourth phalanges. All the non-terminal 



phalanges except for the penultimate are depressed, concave ventrally, and 

broadly expanded and unicondylar distally. A furrow runs midventrally 

along the digit, housing the flexor tendons and prevents them from 

protruding beyond the ventralmost borders of the phalanges (Russell. 1972, 

1975). This allows the digit to be held in very close ond uniform contact with 

the locomotor substratum (Russell, 1975). The second phalonx is greatly 

truncated in length, and the proximoventral edge projects back slightly 

beneath the first phalanx. The shape of the proximal end of phalanx two 

prevents the phalanges from rising away from the locomotor substratum 

when they come under longitudinal compression forces as the claw is 

engaged (Russell. 1972). The proximal articulatory surface of the arcuate 

penultimate phalanx is slightly angled, and this ensures thot the element rises 

away from the horizontal plane in which the preceding phalanges lie 

(Russell, 1975). 

The gekkonid ungual phalanx is laterally compressed and dorsoventrally 

deepened, resulting in a bone that is  tall and narrow (Russell 1972). The 

distal half of the phalanx is triangular, and it topers into a sharp, recurved 

point. Relative to the primitive pattern, the proxirnoventral tubercle that 

serves as the attachment point for the long flexor tendon is placed further 

dorsally in Gekko gecko. Functionally this increases the mechanical 

advantage of the long flexor tendon (Russel.l, 1975). 

The distal articulatory surfaces of the metacarpals ond phalanges of 

Gekko are smooth, broadly expanded, and unicondylor, allowing for 

movement in both vertical and horizontal planes (Russell. 1975). Moreover, 

the joints of the digit are not synovial, but are bound by ligamentous bands 

thot prevent dislocation (Russell, 1975). The only bicondylar articulation is 

between the penultimate and ungual phalanges. 



9.2 Osteology of the Pes 

While the pes of most lacertilians is highly asymmetrical, that of pad- 

bearing geckos is secondarily symmetrical, with the digits radiating around 

a broad arc os they do on the manus. This digital pattern has been 

associated with the need for obtaining grip in a variety of body orientations 

(Russell et al., 1997). The pes of Gekko gecko displays a suite of  

osteological modifications that are related to the operation of the subdigital 

adhesive system. Phalangeal and ioint morphology is consistent between 

the manus and pes, and will not be further considered here. 

The most conspicuous divergence of the Gekko tarsus from the primitive 

pattern is the morphology of the ostragaiocalcaneum (Figs. 9.3, 9.4). The 

latera I process is a prominent, rectangular-shaped flange that extends well 

beyond the fibular facet. Ventrally the astragalocalcaneum in Gekko bears 

a deep median hollow (Fig. 9.4). Functionally, both the ventral concavity 

and the lateral process operate to maintain the positional relationships of 

the ventral cruro-pedal muscles that pass over this region to insert onto the 

sole of the foot (Rewcastle, 1977). Lastly, in Gekko the mesial aspect of the 

tibia1 facet bears a deep hollow that receives a proiection on the distal end 

of tibia, which gives the articulation greater rigidity. The meniscus, 

intracapsular and extracapsular ligaments associated with the mesotarsal 

joint are congruent with those observed in /guano and Anolis (see Section 

4.2.7 in Chapter 4). The arthrology of  this region in Gekko gecko is most 

visible in the ventral preparation (Fig. 9.4). 

The gekkonid fourth distal tarsol (Figs. 9.3, 9.4) bears a ventral peg, and 

a dorsal oblique ridge and groove that compliments contours on the 

astrogalocalcaneum. In Gekko, the fourth distal tarsal is a robust wedge- 



shaped bone thot is elongated proximodistally and tapered distally. The 

articulatory facets ore deep and clearly-defined, and contact with the third 

distal torsal and the fourth and fifth metatarsals is more extensive than that 

seen in Iguana. The head of the fourth metatarsal is held securely, which is 

an important feature in its role in pushing the third and fifth metatarsols 

apart. The third distal torsal also has a role in digital spreading, as it 

intrudes between metatarsals two and three (Russell et al, 1997). 

The secondarily symmetrical pes of Gekko gecko is largely the result of 

the morphology of the metatarsus (Figs. 9.3, 9.4, 9.5). The divergence 

between the first four digital rays of the pes is fifteen times greater than that 

for iguana, and the angle between the fourth and fifth metatarsols is also 

considerably greater (Russell et at., 1997). The widely divergent metotarsals 

of Gekko clearly lack the morphological correlates of imbrication, such as 

the flattened proximal ends that are markedly narrowed in ventral view. 

The morphology of the proximal ends of the metatarsals enhance digital 

divergence, as the shape of the first three result in the shafts of their 

respective digits being angled away from each other. 

Metatarsal four has a crucial role in the spreading of the digits, ond its 

morphology is radically different from the primitive pattern (Figs. 9.3, 9.4, 

9.5). This element has been extensively documented by Russell (1 972, 1975) 

and Russell et al. (1 997), o s  follows. The head of metatarsal four is broadly 

expanded and depressed, particularly in the proxirnolaterol region. In this 

area, the head is thin and plate-like, and it overlies a depression on the 

dorsal surface of  metatorsol five. A similarly-shaped plate occurs on the 

proximomesial aspect of the bone, but it is much smaller. This region makes 

angled contact with the head of metatarsal three, such that the shafts of the 



two bones diverge. The greatly expanded head of  metatarsal four is 

clasped dorsolly between the fourth distal tarsal and the shaft of the fifth 

metatarsal, forming o broad intrusion between these elements and 

increasing greatly the angle befween the shafts of the third and fifth 

metatarsals (Russell et al., 1997). The shaft of metatarsal four is robust, and 

it is thicker than that of the first three metatarsals. 

The symmetry of the Gekko pes is the result of the spreading of the 

digital rays as well os on equivalence in the length of the digits. Russell 

et al. (1997) found that the fourth metatarsal in pad-bearing gekkonids is 

markedly reduced in length so that it is approximately equal to the second. 

Moreover, in all gekkotans the fifth metatarsal is also considerably shorter 

than its equivalent in non-gekkotans. Digits three and four are subequal in 

length, as are two and five, yielding a symmetrical and widely-radiating 

digital array. 

9.3 Myology of the Antebrachiurn and Monus 

The myology of the antebrachium and manus has been described by 

Russell (1 972, 1975) and his work is summarized here. Four antebrochial 

muscles in Gekko gecko have a morphology that differs from iguana: the 

rn. supinator manus (Fig. 9.60) on the dorsal surface, and the m. flexor 

carpi radialis, m. flexor digitorurn longus, and m. f!sxor carpi ulnaris on 

the ventral (Fig. 9.6b). The m. supinator manus hos o subsidiary head of 

origin from the radiale that joins the main head to insert onto the first 

metacarpal, and also contributes fibres to the mm. interossei dorsales that 

serves digit one. Morphologically the rn. flexor carpi radialis in Gekko is 

very similar to that in iguana, with the exception that insertion in the former 



is onto the radiole rather than metacarpal one. In Iguana the m. flexor 

digitorum longus yields a polmar aponeurosis that is  continuous with the 

five insertion tendons. In Gekto, the tendon serving digit five separates 

from the others high up in the ontebrachium, and is not involved in the 

palmar aponeurosis (not illustrated). The m. flexor carpi ulnaris in Gekko 

has an accessory origin from the ulna, in addition to an origin from the 

entepicondyle of the humerus. 

Four muscles on the manus deviate from the primitive pattern: the mm. 

extensores digitores breves and the mm. interossei dorsales on the 

dorsal surface (Fig. 9-60), and the palmor head of the m. flexor digitorum 

longus and the mm. lumbricoles on the ventral (not illustrated). The latter 

two muscles differ in terms of the number of heads. The palmar head of the 

m. flexor digitorurn longus in Gekko serves digits three and four, with the 

exclusion of two, and the mm. lumbricoles which serves all digits in iguana, 

is  associated with digits two, three and four in Gekko. The musculoture on 

the dorsal surface of the manus exhibits the most substantial departure from 

the pattern of iguana. The mm. interossei dorsales complex, which is small 

and difficult to locate in iguana, is hypertrophied in Gekko. Fibres arise 

from the mesial and lateral borders of each metacarpal, and meet mid- 

dorsally at the metacarpopholangeal joint. They insert onto a common 

tendinous raphe that attaches onto the unguol phalanx of each digit. The 

insertion pattern of the mm. extensores digitores breves is altered as a 

consequence of the extreme development of the mm. interossei dorsales. 

Rather than attaching onto the unguol phalanx as in iguana, the insertion 

tendons of this muscle complex terminate at the level of the penultimate 



phalanx. The hypertrophy of the mm. interossei dorsales complex reflects 

their crucial role in digital hyperextension (Russell, 1975). 

9.4 Myology of the Crus and Pes 

The dorsal crural muscles in Gekko have a morphology that is 

comparable to lguana, but the ventral musculature shows more variability. 

Similar to the situation described for the antebrachiurn, the m. flexor 

digitorum longus yields a tendon for digit five that segregates high in the 

crus (see Fig. 9.6h for the separation of  the fifth long flexor tendon from the 

others on the plantar surface). The metatarsocalcaneal contributions to this 

muscle olso serve digit one in Gekko, in addition to two, three and four. 

Further, Gekko has three mm. lurnbricoles bellies, compared to two in 

Iguana (not illustrated). The m. popliteus (Fig. 9.6f) and the m. pronator 

profundus (Fig. 9.69) in Gekko have a greater extent of attachment to the 

tibia and fibula, respectively. 

In contrast to the minor deviations from the iguonion pattern seen on the 

crus, some of the muscles on the gekkonid pes differ markedly. On  the 

dorsal surface the mm. interossei dorsales (Fig. 9.6c, d, e) are extensively 

developed, and this mirrors the description given for the Gekko manus. 

While digits one and two in Iguana each receive a single slip of the m. 

adductor et extensor hallucis et indicus, Gekko has a bifurcated branch 

that serves digit one only. On the ventral surface (Fig. 9.6e, f), the m. 

abductor digit;  quint; has an odditional belly in Gekko. The mm. 

controhentes on the deep surface of the pes is more complexly subdivided 

in Gekko than it is in iguana. Russell (1 975) described two layers to this 

complex: the rnm. adductores digitorum that arises from metatarsal five 



and serves digits one to four, and the deeper mm. abductores digitorurn 

that originates from the fourth distal tarsal and serves the same digits. 

Different components of this mass may be responsible for adduction or 

abduction of the digits in Gekko (Russell, pers. comm.). 

9.5 The Digital Vascular System of the Tokay 

Russell (1981 b) showed that the digital vascular system of the tokay 

diverges considerably from the primitive plan (such as that represented by 

Ophisops elegans in Chapter 8). In Getko, a large venous sinus is 

restricted to the area beneath the penultimate phalanx, while in more 

proximal regions a reticular network of expanded vessels is prominent (Fig. 

9.70). The sinuses do not reside within the freely overlapping portions of the 

sconsors, but form a reservoir. The active component of the vascular system 

directly associated with the scansors (and hence the adhesive mechanism) is 

the reticular network. Russell (1 981 b) fovnd that the reticular system of any 

given scansor has no direct relationship to the setoe of that scansor. Rather, 

the reticula of two successively distal scansors overlie the exposed portion of 

each scansor. Changes in pressure within the system likely permit the 

overlapping scansors to comply precisely with each other and with the 

substratum. 

The pad initially receives blood from the lateral artery, which connects 

with large medial and lateral branches, as well as to smaller, mediolly 

oriented blood vessels (Fig. 9.7b). Blood that travels through the medial 

branch enters the reticular network and then feeds into the blood sinus. The 

sinuses may be viewed as hydraulic sacs, and their walls lined with smooth 

muscle suggests that they are under pressure. Contraction of this smooth 

muscle restricts blood flow through the reticular networks, causing them to 



become engorged and place pressure on surrounding tissues (Russell, 

1981 b). Hence, conformity with the substratum would occur. Conversely, 

relaxation of the smooth circular muscles would decrease the pressure in the 

reticular system, and the contact with the substratum would be decreased. 

Control of the pod is thus the result of a complex association between the 

tendon and muscular systems (Russell, 1975), and the scansorial vascular 

system. The presence of a system based on fluid pressure means that 

scansors are deformable along multiple axes at any one time, thus 

permitting a high degree of compliance between the scansor and the 

substratum (Russell, 1981 b). 

Compliance with the substratum is facilitated by the morphology of the 

sconsor as a whole. Russell (1 981 b) stated that the shape and position of 

the reticular network and the differential thicknesses of the epidermis and 

dermis in different parts of the scansor influence setal placement. The 

flexibility of the distal end, the compliance of the proximal regions with each 

other, and the pressure created by the blood system operate in concert to 

ensure maximum surface contact. 

Drainage from the sinus is distal rather than proximal, and this pattern is 

intimately associated with digital hyperextension (Russell, 1 981 b). When a 

digit hyperextends it rolls back on itself, and the claw is the first region to 

lose contact with the substratum. Conversely, when the digit unfurls, the 

distal extremity is the last region to achieve contact. Russell (1 981 b) 

suggested that if the pressurized sinus relaxes as the digit begins its release 

sequence, then distal drainage will assist in the sequential breaking of 

contact. Subsequent release would occur by digital hyperextension- The 

pattern of distal drainage permits sequential pressurizing and 

depressurizing of the scansors and allows the bond to be created or broken 



in a grodual fashion. According to Russell (1981 b), the crucial point is that 

this sequence decreases the risk of transverse instability during locomotion. 

9.6 Specializotions of the Dermis and Connective tissue in the Foot of the 

Tokay 

A scansor can be divided into a proximal expanded and a distal slender 

portion (see Fig. 9-74.  The former contains blood vessels ond connective 

tissue, and is not exposed to the environment (Russell 1981 b, 1986). The 

distal region in Gekko can itself be divided into a proximal region with a 

dermal core and a distal segment composed entirely of epidermis. 

Examination of the epidermis and dermis of tokay scansors reveal that 

they are morphologically distinct from those oreas o f  typical body scales. 

The epidermis is bound to the stratum compactum of the dermis; an 

intervening layer, the stratum laxum, which is found in non-scansorial scales, 

i s  absent (Russell, 1986). Rather, the epidermis and the strotum compactum 

of the dermis are tightly bound. At a gross level, the extent of this 

association is revealed by the difficulty in removing the epidermis of the 

scansor without damaging underlying dermal structures. Microscopically, 

Russell (1 986) found that basal cells of the epidermis hove microvilli-like 

structures that interdigitate with the collagen of the stratum compactum. The 

epidermis of the scansors has a modified pattern of cell differentiation 

during the shedding cycle. The perfect resting phase is abbreviated 

(Moderson, 1985), resulting in precocious formation of immature p-keratin 

cells between the stratum germinotivum and the a-keratin layer (Maderson 

et al., 19700). Proliferation of lacunar tissue is not characteristic of the 

tokay epidermis. Examination of histological sections of Gekko gecko 

shows that lacunar tissue is not abundant in the sconsors, and is restricted to 



the distal tips. Frequent skin-shedding is o characteristic of most geckos, 

with shedding occurring every 20-30 days for Gekko gecto (Maderson et 

al., 19700). 

The stratum compactum contains both collagen and elostin, with the 

latter concentrated in the distal slender portions of the scansors (Russell, 

1986). A gradation exists for the abundance of elastin in the scansor; it is 

most abundant in exposed scansor surfaces, and becomes increasingly less 

so towards the lateral digitol tendons until none is found at all. Elastin 

fibrils of  the dermis and collagen fibrils of the stratum compactum and 

laterol digital tendons are aligned in parallel with the long axis of each 

digit, and hence are arranged to permit controlled distortion of the skin of 

the scansor (Russell, 1986). The laterol digital tendons (Fig. 9.8) traverse 

both sides of the digit, ond subdivide to send branches to the distal border 

of each scansor, thus ensuring that each scansor is controlled individually 

(Russell, 1972). 

The initial contact of the scansor with the substratum is an important 

initial event in the storage of  energy. According to Russell (1 986), elastic 

strain energy is stored in the elastin fibres as the setae establish a bond with 

the substratum; this energy becomes useful in the recovery stroke when it 

helps to relax the collagen network and ultimately release the setae. 

Russell (1986) postulated that a chain exists between the setae and the 

metacarpo/metatarsophalangeal joint capsules; each link in the chain must 

transfer tensile stress to the next unit, and each has morphoiogical 

adaptations that enhance this transfer (Fig. 9.9). Setae are the first link in 

the chain and they are morphologically capable of withstanding stress. 

They are composed of O-keratin, which has o high tensile and shear 



strength. The lood-bearing tolerance of the setae is independent of sefal 

length; rather, scoling is achieved by increasing the number of  setal stalks 

and by increasing pad size (Russell, 1986; Peterson and Wilfiams, 1981 ; 

Peterson et ol., 1982; Peterson, 1983). 

The tensile loading is then passed from the setae to the epidermal- 

dermal interface (Russell, 1986). The direct linkage of the basement 

membrane with the stratum compacturn protects the skin of the scansors 

when force is placed upon them. Intuitively, one can imagine that the tight 

linkage would prevent the skin from being damaged when the sconsor 

contacts the substratum. Russell (1 986) proposed that the interdigitation 

between the epidermis and the stratum compactum reflects the unusual 

stresses placed upon the palmar ond plantar surfaces. Tensile stress then 

passes from the dermis to the lateral digital tendon, and ultimately to the 

metccarpo/metatarsopha1angea l joint capsules and the skeleton. The 

lateral digital tendons and the stratum compactum associated with them lock 

elastin, and therefore are relatively inextensible (Russell, 1986). Once the 

setae are in contact with the substratum, the flexor muscles contract and 

place the lateral digital tendons under tension, which in turn, passes the 

tension to the skeleton. 

9.7 Topography of Digital Cutaneous Sensilla in the Tokay 

Louff et ol. (1 993) related the topographic distribution of sensilla to 

digital placement in the tokay gecko. The distribution of sensilla was 

mapped for four digital regions: paralamellar (subtending scales), 

pholangeal scales (those overlying the phalanges), poraphalongeal scales 

(lateral to the phalanges and on the dorsal surface of the expanded pad), 



and basal scales (proximal to the scansor-bearing regions). The tokoy has 

three rnorpholog ica l ly distinct sensil la: bristleless, bristled bronc hed, and 

bristled unbranched. [Refer to Lauff et al. (1 993) for illustrations of these 

morphological types, or see Chapter 6 for Anolis sensilla, which have a 

similar topographical arrangement to that of the tokoy]. In Gekko gecko, 

each scale has only one type of sensillurn, with the bristled unbranched and 

bristleless being considerably more obundant than the bristled branched. 

The placement of bristled sensilla accords well with scale-to-scale and 

scale-to-substrate contact that occurs during digital hyperextension and 

plantorflexion (Lauff et al., 1993). Hyperextension causes the central axis of 

the digit to bend dorsally, and in conjunction with this bending, the edges of 

the pad undergo medial curling due to the action of the mm. interossei 

dorsoles. Lauff et al. (1993) found that the paraphalangeal bristled 

unbronched sensilla are oriented to maximize the possibility of being 

impinged upon by adjacent scales during digital hyperextension. The 

phalangeat scales ore subject to less interference by neighboring rows, but 

do undergo proximal curling. Consequently, sensilla ore positioned on the 

distal scale margin which is the appropriate position to enable detection of 

distortion in this region. The bristled unbronched sensilla of the 

paralamellar scales are positioned on the anteroventral and ventral edges 

of the scales. Because these sensilla are deeply recessed, probably only the 

bristle can detect mechanical stimulation. Their position suggests that they 

are positioned to detect scale-to-scale contact within the paralamellar 

region during digital plantarflexion and substrote contact (Lauff et al., 1997). 

The morphology and position of bristleless sensilla precludes them from 

a locomotor role (Louff et al., 1993). Without a bristle to monitor the contact 



of the sensilla either with other scales or the substratum, it is necessary that 

direct pressure on the papilla must be applied if the mechanoreceptor is to 

function. Because they ore concentrated on the base of the toe, direct 

stimulation during the locomotor cycle is not likely. Lauff et al. (1993) 

suggested that bristleless sensilla may ploy o role in detecting ectoparasites, 

particularly along vulnerable hinge regions where a parasite could easily 

gain access to the space between scales. 

The topographic distribution of the sensilla provides the tokay with 

continual information regarding both limb and scansor placement, and 

consequently adjustments can be made quickly (Lauff et al., 1997). This 

constant and quick feedback is necessary if one considers the celerity of  the 

locomotor cycle in Gekko. The limb cycle of o rapidly moving gecko con be 

completed in less than 0.2 seconds (Russell. 1975), thus rapidly responding 

and effectively positioned receptors are crucial. 

9.8 A Preamble to the Discussion of Convergence 

Gekto gecko has extensive osteological, myologicol, integumentary and 

vascular modifications that accompany the possession of setoe (Lauff et al., 

1993; Russell 1972, 1975, 1981 a, 1981 b, 1986, Russell et al., 1997). The 

subdigital pad of  the tokay represents an integrated group of components 

that work together to effectively position the setae on the substratum. 

The morphology of the tokoy foot is not representative of all gekkonids, 

and is used herein only o s  a model for first level comparison, because it has 

been extensively documented. Geckos exhibit great plasticity in foot 

structure, and within the Gekkonidae subdigital pods hove developed in 

various patterns in numerous phyletic lines (Russel I, 1 979). Anolis lizards, as 

shown in Chapters 4-8 of this thesis, also display specializations in foot 



structure that a re  associated with o subdigital adhesive system. A 

comparison o f  the anoline and gekkonid patterns, which hove been arrived 

at independently, will aid in determining which anatomical components ore 

necessary to maintain the functional integrity o f  the adhesive system, and 

which ones are more labile. An examination of  these systems follows in 

Chapter 10. 



Figure 9.1. S E M  photomicrographs of osteologicol preparations of the 
right manus of Gekko gecko. Scole bar is equivalent to 0.5 mm. 
Abbreviations: C, centrole; Dc, distal carpal; Mc ,  metacarpal: Pi, pisiform; 
R, radius; Rad, radiale; U, ulna; Uln, ulnare. 



- DORSAL 



Figure 9.2. SEM photomicrographs of the metacarpals and phalanges of 
the right manus of Gekko gecto.  Metacarpals ore presented on the left 
side of the figure, and the phalanges of digit four on the right. The dorsal 
aspect is shown in the top row. and ventral in the bottom. A lateral view of 
the ungual phalanx is presented. The second metacarpal in the ventral 
array is from a different specimen than the other four, thus accounting for 
the size discreponcy. The distal end of the fourth metacarpal in the dorsal 
row was broken off during preparation. Scale bar is equivalent to 0.5 mm. 



METACARPALS 



Figure 9.3. SEM photomicrograph of a dorsal osteological preparation of 
the left pes of Getto gecko. Scale bor is equivalent to 0.5 mm. 
Abbreviotions: AC, ostragalocolcaneurn; Dt, distal tarsal; F ,  fibula; Mt, 
metatarsal; T, tibia; TibFibL, tibiol-fibular ligament. 





Figure 9.4. SEM photomicrograph of o ventral osteologicol preparation of 
the left pes of Gekko gecko. Scale bar is equivalent to 0.5 mm. 
Abbreviations: InMtL, intermetatarsal ligament; M, meniscus; MenMtL, 
rnenisco-metatarsal ligament. Other abbreviations defined in Figure 9.3. 





Figure 9.5. SEM photornicrogrophs of the metatarsals of the right pes of 
Gekko gecko. Scale bor is equivalent to 0.5 mm. 



Figure 9.6. Musculature of the left ontebrochium, manus, crus and pes of 
Gekko gecko. a, extensor musculature of the manus with the extensor 
digitorum comrnunis ond the dorsal interossei of digit three removed; b, 
superficial flexor musculature of the left manus and lower antebrochium; c, 
superficial extensor musculature of the crus and pes; d, extensor 
musculature with the extensor digitorum communis reflexed; e, deep 
extensor musculoture of the pes with the slips of the extensor digitorum 
breves reflexed; 1, superficial flexor musculature of the crus and pes, with 
the flexor torsi reflexed; g, flexor surface with the gastrocnemius reflexed, 
and the short flexor of digit one removed; h, flexor musculature of the pes, 
with the flexor digitorum breves of digits two to five reflexed and that of 
digit one removed. Abbreviations (nomes in brackets correspond with 
those used in this thesis): AD, adductores digitor urn (contrahentes); 
AHEDB, accessory heads of extensor digitorurn breves; AHFDB, 
accessory heads of flexor digitorurn breves; AP, abductor pollicis 
(flexor digitorum breves 1); AQD, abductor digiti quinti; C, claw; Of, 
distal tarsal; ECR, extens or carpi radialis; €06,  extensor digitorum 
breves; EDC, extensor digitorurn communis (extensor digitorurn longus); 
EDM, extensor digiti minimi (extensor digitorurn breves 5); EHL, 
extensor hallucis longus (adductor et extensor hallucis et indicus); 
EOMP, extensor ossis metacarpi pollicis (supinator manus); FOB, flexor 
digitorum breves; FJC, fibrous joint capsule; NCK, fibrous ioint capsule of 
knee; FMT, flexor of fifth metatarsal (abductor digiti quinti); FPC, peroneal 
condyle of femur; FQD, flexor digiti quinti; Fl ,  flexor torsi (fernorotibial 
gastrocnemius); G, gastrocnemius; ID, interossei dorsales; IDTW, 
interdigitol tendinous web; LDT, lateral digital tendon; PAPN, plantar 
aponeurosis; PB, per oneus breves; PL, peroneus longus; PMAPN, palmar 
oponeurosis; POP, popliteus; PP, pronutor profundus; 5, supinator 
(supinator longus); TA, tibicrlis anterior; TF, tibiofibulare 
(astragalocalcaneurn); TIB, tibia. Adapted' from Russell (1 975). 





Figure 9.7. The digital blood vascular system of Gekko gecto. o, 
longitudinal section through the lateral portion of the pad of the tokay 
showing basic architecture of the scansors; b, summary diagram of the 
blood system of the pad of the tokay. This diagrom represents two 
scansors lying beneath the penultimate phalanx. Blood enters the pad by 
the lateral artery, and may follow several routes. It may proceed to the 
subtending scoles via the lateral branch of  the lateral ortery, to the distal 
region of the scansor via small, medially oriented blood vessels, or to the 
proximal part of the scansor via the medial branch of  the lateral artery. In 
the latter case the blood enters the reticular network and feeds centrally 
into the blood sinus. Drainage from scansors lying proximal to the 
penultimate digital joint is  via branches from of the proximal drainage 
ducts. The reticular network has been represented with its spaces much 
enlarged. Regions A, B, and C of the scansor refer to the epidermal free 
margin, the slender distal region with a dermal core and the expanded 
proximal region, respectively. Abbreviations: bv, large blood vessels of 
the reticular network in the proximal expanded region of the scansor; ctc, 
connective tissue core of scansor; dc, dermal core of scansor; Idt, loterol 
digital tendon; sc, stratum compoctum; sie, setae of inner epidermal 
generation; sl, stratum laxurn. The arrow in a is directed distally. 
(Adopted from Russell 1981 b, 1986) 





Figure 9.8. The lateral digital tendons in the region of the subdigital 
adhesive pad of GeLko gecko. Abbreviations: Ib, lateral branch of lateral 
digital tendon; Idt, lateral digital tendon; scan, scansor. 





Figure 9.9. Summary flow chart of the passage of tensile loading from the 
setae to the skeleton in the tokoy (adapted from Russell, 1986). 



TENSILE LOAD 

SETAE 
Setae contact the substratum and are subiected to tensile stress as they bear the weight of 

the animal. They are composed of 0-keratin, o rigid material that hos a relatively high 
tensile and shear strength. Tensile loading is  passed from the setae, which are extensions 

of the epidermis, to the stratum compactum of the dermis. 

STRATUM COMPACTUM 
Tensile loading is possed directly from the epidermis to the stratum compactum because the 

intervening stratum loxum layer of the dermis is absent in both palmor and plantar 
surfaces. The stratum compactum is in close association with the epidermis and with lateral 

digital tendons. Elastin and collagen fibrils in the dermis endow the areo with rubber- 
elastic qualities. They operate in concert with the lateral digital tendons to permit a 

controlled distortion of the sconsor surface. 

LATERAL DIGITAL TENDONS 
Tensile loading then passes from the stratum compactum of the dermis to the lateral digital 

tendons, which branch and serve each scansor, and ultimately link with the 
metacarpo/metatorsophalangeaI joint capsules. The lateral digital tendons are fairly 

inextensible, thus they serve as an area of resistance to the tensile loading being applied to 
the setoe. 

METACARPO/METATARSOPHALANGEAL JOINT CAPSULES 
The lateral digital tendons pass the tensile looding io these capsules. When fhe setal tips 

contact the substratum, the digital flexor musculature contracts and places the lateral 
digital tendons under tension. Loading is then passed from the lateral digital tendons to the 

skeleton. 



Chapter 10 

Summa y, Discussion and Conclusions 

As demonstrated throughout this thesis, Anolis deviates markedly from 

the paitern of iguana for many aspects of the morphology of the lower limbs 

and feet. In most respects the osteology and myology of the polychrotid 

Pristidactylus conforms closely to thot of the outgroup Iguana, the 

representotive of the primitive pattern. The similarity of these two taxa is 

indicative that the many morphological specializations exhibited by Anolis 

are unique to this toxon and ore correlated with the acquisition of adhesive 

pads. They are not features of polychrotids in general. As the primary 

focus of this thesis centers upon a comparison of pad design in anoles and 

gekkonids, no further discussion of Pristidactylus will be provided. 

The goal o f  this Chapter is to first compare Anolis with the tokay to 

establish the extent of convergence, as well as to elucidate mechanical units 

of pod design that are common to both. This leads to on evaluation of 

predictions b-f postulated in Chapter 1: b) skeletal modifications that permit 

digital hyperextension; c) muscular characteristics that promote digital 

hyperextension; d) sensory modifications that permit the monitoring of 

substrate contact and the degree of digital hyperextension throughout the 

locomotor cycle; e) collagenous tissue networks that transfer loading from 

the integument ultimately to locations at which it can be absorbed and 

controlled by the musculoskeletal systems; f) a compliance mechanism 

within, or associated with, the sconsors that facilitates maximal surface 

contact. 

I next compare Anolis pad design to that of other gekkonids, with an 

ensuing discussion concerning morphological plasticity in the pad complex. 



The need to relate pad  design to microhabitat features is then addressed. 

The Chapter concludes with a consideration of the significance of this thesis 

work and future research suggestions. 

10.1 A comparison of the Functional Anatomy of the Foot of Anolis ond 

Gekko gecko 

The resemblance between the subdigital pads of anoles and geckos has 

been cited as an example of convergence (Moderson, 1970; Russell, 1979; 

Peterson and Williams, 1982). However, comparison between gekkonids 

and anoles has been superficial, focusing on setol morphology (Ruibal and 

Ernst, 1965; Williams and Peterson, 1982) o r  gross scansor structure (Ernst 

and Ruibal, 1966), with no consideration o f  other anatomical components 

inherent to the pad. The work of Russell (1 975, 1981 a, 1981 b, 1986) has 

shown that the scansor-based adhesive system of Gekko gecko consists of a 

complex suite o f  morphological specializations involving the integument, 

collagenous tissue, the blood vascular system, the musculoskeletal system, 

and a highly modified locomotory cycle. The onatorny of the tokay is  well 

understood, thus this taxon is used here as the initial gekkonid comparative 

model for appraisal o f  the construction and control of  the subdigital 

adhesive system: digital hyperextension. osteology o f  the manus and pes, 

myology of the lower limbs and feet, surficial characteristics. and 

compliance mechanisms. This section concl;des with an assessment of the 

extent of convergence o f  these features between Anolis and Gekko gecko. 



1 0.1.1 Summa y of Digital Hyperextension 

In padless lizards, when climbing, claw grip is maintained until the 

moment of release of the digits from the substratum. The digits are 

considerably contorted during the power stroke of  the limb (Russell, 1981 c; 

Arnold, 1998). In contrast, the distal regions o f  the digits of the tokoy are 

released from the substrate prior to ankle/wrist extension and carried 

through the recovery stroke rolled back on themselves, and are placed onto 

the substrotum by unrolling of the toe from base to tip. Most notably, the 

power stroke does not result in notoble digital distortion in the tokoy 

(Russell, 1981 b). Digital hyperextension is a complex mechanism that allows 

for the precise control of pad position, thus enabling the setae to be 

protected and held in the correct configuration at each stage of the cycle 

(Russell, 1975). Digital hyperextension oppeors to be of fundamental 

importance in the positioning of  setae; it is universal in pad-bearing geckos, 

with no evidence of such a mechanism in primitively padless geckos (Russell, 

1979). Such a phenomenon has recently been documented in Anolis (Russell 

and Bels, submitted). Protection of the delicate setae is critically important, 

as damage would impede the formation of molecular bonds with the 

substratum, a problem that would not be remedied until the next slough. 

Digital hyperextension in the tokoy occurs prior to the plantar surface of 

the metatarsals losing contact with the substrate (Russell, 1975). In contrast, 

pedal movement in Anolis is generally similar to that of other tax0 with an 

asymmetrical pes. During plantar flexion in /guano (Brinkman, 1981), 

Sceloporus (Reilly and Delancey, 1997) and Lacerta (Arnold, 1998), the foot 

rolls off the substratum in an anteromedial direction. Russell and Bels 

(submitted) observed that the pes of Anolis also rolls onto its mesiol border, 



ond the digits are hyperextended as result of this. As the anole rises onto its 

digits a flexure occurs at the base of digits two to four; digit one lacks o 

definitive pad and does not exhibit this movement. 

Hyperextension in digit five was not confirmed by Russell ond Bels, but if 

it does occur it would be the result of a different mechanism. Digit five 

projects laterally from the others, ond it is  not involved in the anteromedial 

roll off because it has already detached from the substratum (Arnold, 1998). 

Hyperextension would be initiated either prior to or after digit five has been 

released from contact with the ground. the former being much less likely (os 

suggested by video records). It is unclear if the modifications of the mm. 

extensores digitores breves (see Chapter 5) in Anolis could facilitate such 

a movement. This muscle complex primarily functions in stabilizing the 

digits, and assisting in lifting the pes from the substratum (Snyder, 1954). 

More likely, the osteologicol modifications of digit five (section 10.1 -31, 

associated with the combined effect of muscles inserting onto digit five 

operate in promoting its hyperextension. 

10.1.2 Summa y of the Osteology of the Manus 

The osteology of the manus exhibits more congruence between Gekko 

gecko and Anolis than does the pes. The centrole in both taxa is elongated 

proximodistally and completely separotes the radiale and ulnare, 

functioning as a wedge to spread the carpals apart and causing the digits to 

radiate in an arc. In the primitive condition the centrale is truncated 

proximodistally and the radiale and ulnare abut, the carpals are disposed in 

straight rows, and the digits have a sub-parallel arrangement. 



Relative to Anolis, the tokay exhibits further refinement in the 

arrangement of the carpals. Distally, the centrole in Gekko gecko intrudes 

into the distal carpal row, and abuts distal carpals one, three and four. 

Moreover, the first distal carpal is robust, and it intervenes both dorsally 

and ventrally between the radiale and metacarpal one. In the tokay, distal 

carpal three intrudes between metacarpals two and three, and the fourth 

intervenes between metacarpals three and four. Thus in Gekko gecko the 

centrale and the distal tarsals work in concert to enhance spreading of the 

digital rays. In Anolis and in taxa with a more primitive manual osteology 

(such as Iguana and Pristidactylus), the first distal corpal is small, 

particularly ventrally where it is obscured by other elements. In Anolis, the 

slender distal carpals articulate exclusively with their respective 

metacarpols, and do not participate in enhancing divergence of the digitol 

rays. 

The orthrology of the carpus is uniform in Anolis and Gekko gecko, and 

is  consistant with the prim itive pattern (see section 4.1.7 in Chapter 4). Both 

dorsally and ventrally a network of superficial and deep ligaments link all 

the elements, with the coupling of the radius, mdiale, ulna and ulnare being 

particularly prominent. 

A correlate of digital spreading in Anolis and Gekko gecko is the lack 

of imbrication between the metacarpal heads. Primitively, metacarpals two, 

three and four are partially overlain by the head of the adjacent mesial 

metacarpal. Marked surface relief on the proximal ends of these bones is  

indicative of imbrication. In contrast, the metacarpal heads in Gekko gecko 

and Anolis are smooth and expanded. Transverse ligaments connect the 

metacarpals, with intermetacarpal oblique ligaments extending between the 

dig ita I rays. 



A necessity for digital hyperex?ension is enhanced ioint mobility, which is 

not possible with the primitive ginglymoid joint structure. Ginglymous joints, 

as observed in Pristidactylus, Iguana ond primitively among 

lepidosauromorphs (Appendix 1 ), characteristically involve a dista I, 

bicondylor articulatory surface being received by two depressions on the 

next most distal element. Primitively, the intermetocorpophalangeal joints 

are moderately ginglymous, while the interphalangeal joints are strongly so. 

In contrast, the distal ends of metacarpals and phalanges in Getko  gecko 

and Anolis are unicondylar, and they articulate with a cup-shaped 

depression on the receiving element. Compared to taxa with a primitive 

morphology, phalanges in the latter two tax0  lack a pronounced 

proximoventral tongue that overlaps the preceding bone. These 

modifications in Anolis and the tokay permit greater joint flexibility. Further 

refinement in seen in the tokoy, which has more broadly expanded distal 

metacarpal and pholangeol ends than does Anolis. 

The most pronounced pholongeol modification shared by both Anolis 

and Gekko gecko is the morphology of phalanges that overlie the 

subdigital pad. These ore markedly depressed, ond ventrally bear o furrow 

that accommodates the tendon of the rn. flexor digitorurn longus. 

Cylindrical phalanges inhibit digital hyperextension by virtue of their bulk 

and bulbous articulations. Depressed pholonges permit hyperextension 

and also support the central portion of the pad more adequately (Russell, 

1975, 1979). 

Anolis and Gekko gecko also show convergence in the form of the 

ungual phalanx. The proximoventral tubercle that serves as the attachment 

point for the long flexor tendon is placed further distolly thon it is in the 



primitive pattern. Relative to the attachment site of the flexor tendon, thot of 

the extensor tendon is situated more proximally. Functionally this increases 

the mechanical advantage of the long flexor tendon, resulting in a stronger 

clow grip on the substratum (Russell, 1975). The ungual phalanx of anoles 

and geckos is more sharply pointed than thot of Pristidactylus and iguana, 

and facilitates interlocking with vertical supports (Cartmill, 1985). 

The penultimate phalanx of Gekko gecko differs from thot of onolines, 

in that it is  more markedly arcuate (Russell, 1975), and associated with the 

subdigital pad, which extends further distally than it does in Anolis. Digit 

one in the tokay lacks a claw, and the terminal phalanx is long ond slender 

and tapered distally (Russell, 1 975). 

10.1.3 Summary of the Osteology of the Per 

The osteology of the anoline pes exhibits less convergence with the 

pattern exemplified by the tokay. The most obvious difference between the 

two is that the pes of Anolis, like that of other non-gekkotan taxa, is 

markedly asymmetrical (see Appendix 2 ). The distal tips of the first three 

metatarsals lie on a straight, oblique line, with the fourth being slightly 

longer than the third (Rewcastle, 1977). 

The essentially primitive arrangement of the anoline metatarsus has 

implications for the placement of the subdigital adhesive pads as it limits 

spatial disposition. O n  the widely spaced digits of the manus, digits three 

and four are subequal in length, and the pads are aligned adjacent to one 

another. The placement of the adhesive pads on the per differs from that of 

the manus, as a consequence of the configuration of the metatarsus. The 

greatly discrepant length of the digits prevents the pods from encroaching 

on one another (Russell et ol., 1997). In contrast to the monus, the first 



phalanx on digit four of the pes is  markedly elongated, and the second 

phalanx of the pedal digit is also longer than the corresponding phalanx of 

the manus. As a result, the pad on digit four of the pes is positioned further 

distally than the pad on the adjacent third digit. 

The widely radiating digits of the tokay pes contrasts morkedly with the 

anoline pattern. This secondary symmetry is a ubiquitous feature of 

gekkotans, being found even in basal padless forms (Russell et al., 1997). 

Secondary pedal symmetry appears to have preceded all instances of pad 

origin in the Gekkonidae, with slight foreshortening of metatarsal four and 

divergence of metatarsals three and four present in a primitive Jurassic 

gekkonomorph (Russell et al., 1997). This basic pattern is exaggerated in 

pod-bearing gekkonids, culminating in digits three and four, and two and 

five being subequal in length, and the metatarsal rays being widely 

divergent. The broadly expanded head of metatarsal four (see section 9.4 

and Fig. 9.5 in Chapter 9 )  increases greatly the angle between the shahs of 

the third and fifth metatarsals (Russell et al., 1997). Functionally, the widely 

radiating digits of  gekkonids ollows a secure grip in a variety of  body 

orientations (Russell, 1986; Russell et al., 1997). The overall secondarily 

symmetrical morphology of the pes in pad-bearing geckos has converged 

upon the architectural arrangement of the manus. 

The metatarsus of  the to kay exhibits extensive modifications related to 

extreme digita l spreading. The modifications of the anoline metatarsus ore 

not as obvious, but close comparison with the primitive pattern reveals some 

important differences. Primitively, metatarsals one to four are im bricotely 

arranged, and are similar straight, sub-parallel bones that are tightly 

constrained by intermetatarsal ligaments and connective tissue (Robinson, 



1975). The metatarsus has the shape of o ventrally concave transverse arch, 

with the proximal head of the second metotarsol having a keystone shape 

(Brinkman, 1980; Rewcostle, 1977). Ventrally, the head of metatarsal two is 

overlapped laterally by the third distal ta~sal, and metotarsals one, two and 

three overlap the next most lateral metatarsal. The extent of imbrication is 

less in Anolis; the third distal tarsal does not overlie the second metatarsal 

and does not participate in the maintenance of the transverse arch, and the 

metatarsal heads have less overlap. 

The morphology of the onoline fifth metatarsal (Fig. 4.9 in Chapter 4) 

diverges markedly from the primitive pattern represented by iguana and 

Pristidactylus, and also from that of Gekko gecko. In all gekkotans the 

fifth metatarsal is markedly shorter than its equivalent in non-geckos (see 

Fig. 9.5 in Chapter 9), this being a reflection of the overall shortening of the 

metatarsus (Russell et al., 1997). In squamates the hooked fifth metatarsal is  

a morphologically complex bone that ventrally bears tubercles and an 

expanded outer process for the attachment of many muscles, including the 

m. femoral gastrocnemius and the rn. peroneus complex (Robinson, 1975). 

Metatarsal five has been implicated in increasing the leverage of the pedal 

flexors (Robinson, 1 975; Brinkman, 1980) and this role appears to be 

independent of the phalanges on digit five. Russell and Rewcastle (1979) 

examined the morphology of metatarsal five in Sitana, an agamid that is 

bipedal at high speeds and exhibits loss of the phalanges on the fifth digit. 

While the shaft of the metatarsal is absent, the proximal portion is not 

modified, with tubercles and a loteral process for the attachment of muscles 

that have largely retoined the primitive insertion pattern. 

The fifth digit in lizards is copable of marked divergence from the long 

axis of the pes, and upon flexion, can oppose the first digit in a tong-like 



grasp (Robinson, 1975). The fourth digit is also capable of morked 

abduction/adduction, and can compliment the fifth by producing flexion 

opposition to the first three digits, this being most marked in arboreal forms 

such as anolines (Rewcastle, 1981, 1983). When climbing, the fifth digit of 

Anolis is commonly directed posteriorly, with the angle between the fifth and 

fourth digits approaching 1 8OC, compared to the 120" observed in lguono 

(Brinkman, 1980). Further, Brinkman (1980) found that in Anolis o simple 

flexion of the fifth digit will bring its plantar surface into opposition with the 

other digits, and no rotation of the fifth digit is required, as it is in iguana.  

Brinkman (1980) postulated that abduction of digit five is due to movement 

at distal joints, as proximal movement between metatarsal five ond the 

fourth distal tarsal is  limited by ligaments. Differences in the movement of 

digit five between taxa can be related to osteological variation, as well as 

the manner in which muscles that bring about grasping act (Brinkman, 1980). 

Specializations of metatarsals four and five in Anolis contribute to 

enhanced digital mobility. The greater flexibility in the anoline fourth digit 

can be related to the arrangement of the metatarsus and the structure of the 

metatarsopholangeal joint. Proximal overlap between metatarsals is not as 

extensive in Anolis, and this is most evident in the minimal overlap of the 

fourth by the third. Decreased imbrication of the metatarsus is associated 

with increased flexibility (Robinson, 1975). The joint between metatarsal 

four and the first phalanx is modified from the typical ginglymoid pattern, 

with bulbous, sub-hemispherical condyles on the former being received by a 

single depression on the latter (Rewcastle, 1 977). The articulation between 

these two elements in Anolis permits on even greater range of movement. 

The distal end of metatarsal four is  broadly expanded and unicondylar, and 

is larger in area than the shallow cup-shaped proximal facet on phalanx 



one. Similarly, the unicondylar distal end of metatarsal five is more broadly 

expanded than it is primitively. The relatively elongated shaft of the onoline 

fifth metatarsal increases the length of the digit, facilitating its role in 

grasping. 

Limited observations exist on the advantage of enhanced grasping ability 

of anoles in their structural habitat. Robinson (1 975) illustrates two postures 

odopted by Anolis equestris on tree branches in an artificial setting. In the 

first, the crus is  flexed and the fifth digit opposes the other four in a clasp- 

grip oround a branch. In a second posture the crus is extended, and the 

fifth digit is hooked over the top of the branch, with the other four digits not 

participating in the clasp. In a behavioural study of Anolis lineatopus in 

Jamaica, Rand (1967) found that these anoles will rest on narrow branches, 

with the hind legs either flexed or extended as depicted by Robinson (1975). 

According to Rand (1967), the grasp on the branch is so strong that grip is 

maintained even during violent shaking of the perch. In Anolis, interspecific 

differences exist in the posture adopted when resting on a perch (Rond, 

1967), and in the selection of perch diameter when sprinting and jumping 

(Schoener and Schoener, 1971 ; Moermond, 1979). The selection of perch 

diameter has been related to crude morphological measures such cs hind 

limb length (Pounds, 1988; Losos and Sinervo, 1989; Losos and lrschick, 

1996), but no attempts have been mode to investigate the relation between 

digital morphology, grasping ability and perch preference in the different 

ecomorphs. Buettell and Losos (1999) examined the lengths of distal limb 

elements in different anole ecomorphs, but they did not consider the 

locomotor implications of these measurements in terms of digital movement. 

Concom itont with metatarsol modifications in the tokay are modifications 

of the tarsal elements that also assist in facilitating digital divergence. As 



described in Chapter 9, the fourth distal tarsal diverges markedly from the 

primitive form. Primitively, the fourth distal tarsal is an ovoid element that 

articulates loosely with the adjacent third distal tarsal and metatarsals four 

and five by shallow facets (Rewcastle, 1977). This morphology is clearly 

seen in Anolis, which closely resembles Iguana and Prist ida~t~lus.  In the 

tokay, the fourth distal tarsal is wedge-shaped, and articulates with adiacent 

elements by way of deep facets. The stoutness of the fourth distal tarsal, 

combined with the secure articulation it makes with metatarsal four, is 

functionally important in assisting the latter element in its pivotal role of 

facilitating digital divergence (Russell et al., 1997). Relative to the primitive 

pottern, the lateral articulatory facet on the gekkonid third distal tarsal that 

receives distal tarsal four is better defined. Geckos, like the maiority of 

other lizards, have only the third ond fourth distal tarsals. Anolis retains the 

primitive pattern exemplified by  Sphenodon (see Appendix 2), with a small 

second distal tarsal also present. 

The anoline astragalocalcaneum shares one important feature with the 

tokay: the morphology of the ventral surface. Generally, this surface is 

slightly concave, but in Anolis and Gekko gecko, it is deeply concave. The 

ventral concavity, combined with the lateral process on the 

astragalocalcaneum, operate to prevent displacement of the ventral muscles 

upon rotation of  the crus on the pes during the limb powerstroke (Rewcastle. 

1977). Unlike anoles, geckos have a lateral process of the 

ostragolocalcaneum that forms a prominent flange, a feature convergently 

shared with Varanus and Heloderma (Rewcastle, 1977). 

As shown by Brinkman (1980). the morphological features of the 

mesotarsal joint are similar in a variety of taxa, including Anolis and Gekko 

gecko. Both taxa share with Iguana a complex arthrology of the mesotarsal 



joint, that internally involves a fibrous capsule attached to o system o f  

ligaments and a meniscus, as well as extracapsular ligaments (see Chapter 

3). Transverse ond oblique intermetatarsal ligaments in the tokay (Russell, 

1975) accord with those described for Anolis. 

10.1.4 Summary of the Myology of the Antebrachium and Manus 

O n e  antebrochiol and two manual muscles in Anolis diverge markedly 

from the primitive condition, but exhibit little convergence with those of the 

tokay. Primitively, the m. flexor digitorum longus hos three points of 

origin, two humeral and one ulnar (see Appendix 3). The complex 

arrangement of the two humeral and two ulnar heads in Anolis is 

comparable to that o f  Chamaeleo (Gasc, 1963), the only other genus so far 

reported to hove two ulnar contributions. The morphology of the m. flexor 

digitorum longus in Chamoeleo is apparently related to peculiarities of gai t  

and limb posture (A.P. Russell, pers. comm.), and this assertion can include 

Anolis as well. Further, in anolines, the origin o f  the long flexor tendons 

can be traced high up  in to the antebrachium, and in the palm these are 

held together by small bands o f  connective tissue that constitute the poorly- 

developed palmar aponeurosis. The separation of the long flexor tendons 

high in the antebrachium can be related to the extreme spreading o f  the 

digits in Anolis. In Gekko gecko, the tendon serving digit five separates 

from the others high up in the antebrachium, and is not involved in the 

palmar aponeurosis. 

The palmar head of the m. flexor digitorum longus has a complex 

arrangement in Anolis that involves accessory bellies. Primitively, digits two, 

three and four are served by small bellies that originate from the palmor 



aponeurosis and the long flexor tendons. In the documented toxa (Appendix 

3), the bellies are aligned parallel to their respective digit and do not cross 

the interdigital space. In contrast. this muscle in Anolis has an elaborate 

arrangement, particularly on digit four which has four contributions, 

including a belly that passes obliquely between digits three and four. 

Deviations from the primitive parallel fibre arrangement also occur on digit 

three, which has a pennately arranged belly. Muscles that are oriented 

oblique to the line of pull are typically found where considerable power is 

required (Williams and Warwick, 1980). The palmar head of the m. flexor 

digitorum longus is thought to work in conjunction with the mm. flexores 

digitores breves. These muscles assist in keeping the phalanges of  each 

digit from bowing when the ventral surface of the manus is  pressed ogainst 

the substratum (A.P. Russell, pers. comm .), therefore enhancing overall 

frictional contact between the digit and the surface (Badoux, 1964). This 

would certainly be advantageous in climbing. 

The most notable myological specialization in Gekko gecko is  

hypertrophy of the mm. interossei dorsales on the dorsal digital surfoce of 

the manus. Each digit receives a bulky pair that insert pinnately onto a mid- 

dorsal tendinous raphe that extends all the way to the claw, and contraction 

of these muscles results in digital hyperextension (Russell, 1975). The m. 

supinator manus also contributes to this complex. In other documented taxo 

(Appendix 3) the mm. interossei dorsales are not well developed, and in 

Iguana, Pristidactylus and Anolis bellies of this complex have not been 

located. That digital hyperextension occurs in Anolis has recently been 

verified (Russell and Bels. submitted); thus monual musculature other than 

the interossei dorsales must be primarily responsible for holding the digits 

in the hyperextended configuration. 



In Anolis the mm. extensores digitores breves are complexly developed 

and deviate markedly from the primitive pattern. In addition to bellies that 

are positioned parallel to the digits, Anolis has occessory bellies in the 

monus that cross the intermetacarpal space between digits two and three, 

three and four, and four and five. The obliquely arranged fibres would 

generate a considerable amount of force upon contraction, a feature shared 

with the tokay that has a pinnately arranged mm. interossei dorsales. 

Primitively, the bellies of the mm. extensores digitores breves yield a 

single digital extensor tendon. In contrast, Anolis has two, one that 

traverses the mesial side of the digit, and the other the lateral. Both unite at 

the distal end of the penultimate phalanx to insert onto the ungual phalanx. 

It is postuloted that contraction of the mm. extensores digitores breves 

facilitates digital hyperextension in anolines by holding the digits in this 

configuration during the recovery stroke of the limb, subsequent to digital 

roll off. This modification is an alternative myological solution to the 

process of hyperextension. 

10.1.5 Summary of the Myology of the Crus and Per 

Similar to the situation described for forearm and manual muscles, 

modifications in Anolis are generally not mirrored in the tokay. In controst 

to Gekko gecko, the m. extensor digitorurn longus on the dorsol surface of 

the crus inserts onto the lateral aspect of metatarsal three only. Chamaeleo 

(Mivart, 1867) exhibits a similar pattern, the significance of  which remains 

uninvestigated. It is thought that this modified insertion causes the fifth digit 

to be rototed away from the substratum, thus assisting in pedal roll-off 

initiated by ventral crural muscles inserting on metatarsal five (A.P. Russell, 

pers. comm.). 



Relative to the primitive pattern ond to that o f  the tokay, the m. 

fernorotibial gastrocnemius in Anolis differs in both origin and insertion. 

The origin from the tibia1 shah is lost. and the small belly terminates in a 

slender tendon without contributing to an aponeurosis. O f  the documented 

muscles of the crus, the greatest variation between tax0 occurs in the m. 

femorotibial gostrocnemius (Rewcastle, 1 977). The functional or  

phyiogenetic significance of these modifications is not clear. 

Sirnilor to the dorsol surface of the manus, the mm. interossei dorsales 

and the mm. extensores digitores breves on the pes show modifications in 

Gekko gecko and Anolis, respectively. 0 bliquely-oriented accessory 

bellies of the mm. extensores digitores breves in Anolis pass between 

metatarsals two and three, ond three and four on the pes. In anolines, digit 

four on the pes receives four bulky bellies of the mm. extensores digitores 

breves, compared to three in iguana. In addition to facilitating digital 

hyperextension. this muscle complex on digit four has also been implicated 

in grasping. Brinkman (1 980) suggests that more laterally-positioned bellies 

would be important in abducting this dig;t. In Anolis, the two bulkiest bellies 

on digit four ore situated on the lateral side. O n  the pes, Gekko gecko has 

accessory heads of the mm. extensores digitores breves (Russell, 1975), 

these ossisting the mm. interossei dorsoles i n  digital hyperextension. 

Relative to the primitive pattern, the mm. lumbricales on the ventral 

surface of the pes hove one addition01 belly in the tokoy (Russell, 1975) and 

four accessory bellies in Anolis. Functionally, this muscle is important in 

preventing excessive dorsiflexion ot metotarsophalongeal joints (A.P. 

Russell, pers. comm.). The tokoy has further control in the positioning of the 



digits during locomotor contact by virtue of a complexly developed mm. 

controhentes complex (Russell, 1972). 

10.1.6 Summary of Modifications of the Oberhautchen 

The anoline integument bears several complex epidermal modifications, 

including sensilla (Chapter 6) and setae that ore responsible for adhesion 

during climbing. While the setae of anoles and geckos have been taken as 

an example of morphological convergence (Williams and Peterson, 1982), 

with both likely being an elaboration of  the spinulate Oberhtiutchen 

(Maderson, 19701, significant differences between the two groups exist. 

Anoline setae have a simple morphology, consisting of an unbranched stalk 

of less than 30 pm, and a single spatulate tip (Ruibal and Ernst, 1965). Setal 

length is longest at the distal extremities of the scansors, near the free 

margin, and grades into spinules proximally (the morphotypic series 

between spinules and setoe in Anolis has been extensively discussed by 

Peterson, 19830, 1983 b and Peterson ond Williams, 1981). Setal 

morphology was consistent in all the anoline species examined by Ruibal 

and Ernst (1 965). 

The setae of Gekko gecko are more complex; the stolks can reach 100 

pm in length, and they have numerous branches that terminote in many small 

spatulae (Ruibal and Emst, 1965). Clearly, the dendritic morphology of 

gekkonid setae would increase the number of spatulae able to contact the 

substratum. Ruibal and Ernst (1 965) estimate that a tokay may have 

between lo8 and l o9  spatulae on one pad. Comparable to the setal 

distribution pattern in Anolis, the longest setae are located on the distal 

parts of the scansors, but in contrast, a sharp demarcation exists between 

spines and setae. The setoe of geckos and anoles are slightly recurved so 



that the tips ore directed proximally. Spatulae flatten onto the surface when 

the limb and digital musculature exert a proximally directed pull on the 

digits (Ruibol and Emst, 1965). 

Sensillor morphology and distribution patterns in Anolis ore described in 

Chapter 6. Relative to the morphology o f  tokay sensilla, that of anotes is not 

as diverse. Two types of receptors ore observed in Anolis: bristleless and 

bristled, the latter form bearing a single, centrally-located bristle of variable 

length. In addition to these two forms, Gekko gecko also has sensilla that 

bear multiple branches (Lauff et ol., 1993). 

The number of digital receptors per digit in Anoris and the tokoy ore 

similar, and is considerably greater than that seen in Iguana (see Chapter 

6), which possesses only a small number of bristleless receptors. Moreover, 

relative to iguana, anoline and gekkonid sensilla are closer to the edges of 

the scales on which they are carried. 

The distribution pattern in the region of the pad is generally comparable 

between Anolis and Gekko gecko. Sensilla on scales bordering the pad 

are deeply recessed, with long bristles that are oriented in such a way as to 

contact the substratum or the sconsors. More dorsally located sensilla are 

oriented to register scale-to-scale contact that occurs when scales impinge 

upon one another during digital hyperextension. Receptors are clustered on 

the distal margins of scales, with bristles oriented to make maximal contact 

with bordering scales. 

A fundamental difference between Anolis and Gekko gecko is that the 

pod in the former does not extend beneath the penultimate phalanx, which, 

along with the ungual phalanx, are clearly distinct from the pod- This more 

distal region of the digit has a characteristic distribution pattern of 

receptors. Bristleless sensillo, which are considerably rarer in Anolis than in 



Getko gecko, are often located on penultimate phalangeal scales. At least 

in Anolis sugrei, the scales on the ungual and penultimate phalanges bear 

a large concentration of sensilla that may exceed that seen in the region of 

the pad. This distribution pattern is opposite to that observed in lguona, in 

which the sensilla tend to be clustered on the more proximal part of the 

digit, particularly on the lateral side. Exam ination of digital sensillar 

topography in a diverse array of squamate taxa is needed to assess whether 

or not the lguona pattern is truly primitive. 

10.1.7 Summa y of Modifications associated with Compliance 

Chapter 7 showed that the epidermis of anoline scansors exhibits lacunar 

tissue hyperplasia. Lacunor cells develop from the same protein synthetic 

pathway as a keratin (Landmann, 1979). This cellular proliferation and 

differentiation into structurally distinct keratinous strata is not homogeneous 

across the integumentary surface. Rather, localized centers of specialized 

epidermal cell proliferation and differentiation, known as appendages, exist 

(Maderson, 1972). The epidermal components of subdigital adhesive pods 

in Anolis are considered integumentary appendages, as they exhibit a 

pattern of cell differentiation that differs from other epidermal regions 

(Maderson, 1 985). 

The first stage of the shedding cycle is abbreviated in the epidermis of 

anoline scansors. Normally, immediately following shedding, the a-keratin 

layer matures by the incorporation of presumptive a-cells. The outer 

epidermis then enters the perfecf resting phose, with the stratum 

germinativum exhibiting little or no proliferative activity (Maderson et al., 

1972). In the perfect resting stage only a single layer of immature cells is 

detectable between the stratum germinotivum and the base of the a-layer 



(Maderson and Licht, 1967). When late phase one proliferative activity o f  

the stratum germinativum recommences, the lacunar and clear layers ore 

deposited (Flaxman and Maderson, 1973). Relative to general body scales, 

Anolis scansors lack a perfect resting stage, and lacunar tissue exhibits 

precocious development in stage one and widespread distribution by stage 

four of the shedding cycle (Lillywhite and Maderson, 1968). Frequent skin- 

shedding is charocteristic of Anolis, with shedding occurring every 20-30 

days (Maderson et al., 19700). 

In the tokay, the perfect resting phase is also abbrevioted (Maderson, 

1985), resulting in precocious formation of immature P-keratin cells between 

the stratum germinativum and the a-keratin layer (Maderson s t  al., 1970a). 

However, widespread proliferation of lacunar tissue is not charocteristic of 

the tokoy epidermis, with these cells being restricted to the distal tip of the 

sconsor. However, similar to Anolis, frequent skin-shedding is a 

characteristic o f  most geckos, with shedding occurring every 20-30 days for 

the tokay (Moderson et ol., 19700). This similarity in the frequency of 

shedding in anoles and geckos can be related to the possession of setae; 

longer inter-slough periods would increase the probability of damaged 

setae interfering with the establishment of molecular forces between the 

spatulate tip and substroturn outlined in Chapter 1. 

Derrnol modifications of the anoline pad include the continuity o f  the 

stratum compacturn with the lateral digital tendons. The intervening layer, 

the stratum laxum, which is present in lamellae, is absent from the scansors 

proper (defining the true pad). The tight bond between the dermis and 

lateral digital tendons is manifested in the inability to easily remove the skin 

of the pod, and this is evident in both Anolis and Gekko gecko (Russell, 

1986). This feature distinguishes sconsors from lamellae, in which the skin is 



easily removed. In both onoles and geckos, two lateral digital tendons arise 

deep in the pes, and at the level of the pad they subdivide. The nature of 

the branching differs between the two taxa. In the tokay, each scansor 

typically receives two stout branches, with one inserting medially and one 

laterally (Russell, 1975). In Anolis, each scansor receives several branches, 

some of them so fine that they merge imperceptibly with the dermis. A 

series of tendinous insertions ensures that each sconsor is controlled 

individually and evenly throughout its width (Russell, 1975). The dermal 

modifications seen in Anolis are concordant with those o f  Gekko gecko, 

and provide a similar means of load transference from the setae to the 

skeleton by way o f  a series of collagenous linkages (Russell, 1986) (see the 

explanation of these linkages in Chapter 9). 

In Anolis, precocious germinal proliferation and a modified pattern of 

epidermal cell differentiation (Maderson, 1 985) have important function0 l 

implications that have heretofore remained unadressed. They are best 

considered in the context of the subdigital adhesive pad as a continuous 

functional complex. The individual scansors hove specific relationships to 

each other and to the fields of setae that they collectively bear and that form 

a continuous carpet when the pad is adpressed to the locomotor substratum. 

The abundance o f  lacunar tissue throughout the shedding cycle and its 

distribution pattern suggests that it operates in a manner similar to a 

hydrostatic skeleton and may be important in facilitating compliance 

between the pad and the substratum. The fields of hypertrophied locunar 

tissue form an essentially continuous cushion lying directly dorsal to the 

exposed seta-bearing portions of the scansors when the entire pad is 

flattened ogainst the surface. A hydrostatic-like skeleton founded upon 



epidermal modifications contrasts with the vascular modifications employed 

by Gekko gecko, but appears to fulfill a similar functional role. 

As discussed in Chapter 9, the blood vascular system of the tokay 

exhibits extensive modifications that can be related to its role in facilitating 

compliance between the pad and substratum (Russell, 1981 b). The 

possession of a blood sinus beneath the distal end of the penultimate 

phalanx, and a more proximally located reticular system of vessels differs 

radically from the simple pair of digitol arteries and veins present in the 

primitive vascular plan (Chapter 8). Russell (1 981 b) conceptualized the 

sinuses in the tokay as hydraulic sacs; contraction of the smooth muscle 

lining them increases the pressure in the reticular network, causing these 

vessels to become engorged. Ultimately, the reticular network places 

pressure on surrounding tissues, resulting in conformity of the pad with the 

substratum. The digital blood vascular system of Anolis does not exhibit 

complex modifications, and retains the primitive pattern. 

10.1.8 The Extent of Homoplasy Between Anolis and Gekko gecko 

The preceding sections of this Chapter hove indicated, system by system, 

the similarities and differences that pertain to the anatomical configuration 

of a scansor-based adhesive system in Anolis and Gekko gecko. The two 

patterns are, overall, highly similar when the totality of function is 

considered, but the system-based homoplasy is a result of a combination of 

alternate anatomical configurations, often seemingly dictated by the 

constraints imposed by ancestral patferns. 

The osteology of  the manus of the tokay and Anolis is similar, but the 

former taxon has further refinements that facilitate digitol divergence. The 



morphology of the pes of Gekko gecko is markedly different from that of 

Anolis. This discrepancy can largely be related to the secondarily 

symmetrical pes in gekkonids, the basic pattern of which was present even 

in primitive Jurassic gekkonomorphs (Russell et al., 1997). This basic pattern 

provided the starting point for extensive osteological, muscular, circulatory 

and collagenous tissue modifications evident in the gekkonid pes (Russell et 

al., 1997). In regards to the myology of the lower limbs and feet, both 

Gekko gecko and Anolis deviate markedly from the primitive pattern for 

several muscles, but show little convergence with each other in details, 

although functional convergence is evident. 

At the digital level, similarities and differences in basic integumentary 

and blood vascular architecture are evident in longitudinal sections through 

the region of the pad (Fig. 10.1). Considering the tokay, each sconsor has a 

proximal expanded portion containing loose connective tissue ond the large 

blood vessels characteristic of the elaborate vascular system. Each scansor 

tapers into o thin distal segment that has its ventral surfoce, and the 

accompanying setae, exposed to the environment (Russell, 1981 b). Setoe, 

that have a dendritic morphology, ore positioned on the distal end of each 

scansor. The distal seta-bearing surface is sharply demarcated from more 

proximal regions of the sconsor (Ruibal and Ernst, 1965). Branches of the 

lateral digital tendons serve each scansor, and unite with the stratum 

compacturn of the dermis (Russell, 1986). 

Anoline scansors have a different architecture (Fig. 10.1 ). The distal part 

of each scansor is not as morkedly elongated, and it terminates in a free 

margin that characteristically consists of only the 0 berheutchen (the free 

margin is visible in Fig. 7.2bI c in Chapter 7). The free margin has long 

setoe on its outer surface, and short spinules on the inner (Ruibal and Ernst. 



1965). The free morgin in the tokay consists of  both epidermal ond dermal 

layers (Russell, 1981 b). Further, in contrast to Gekko gecko, the setol area 

is not sharply demarcated, but grades into smaller spines proximally. 

Anoline setae are considerably shorter, ond as indicated by Ruibal and Ernst 

(1965), o f  simpler morphology. The proximal portion o f  the anoline scansor 

contains loose connective tissue thot clearly lacks the large b lood vessels 

seen in the tokay. However, both toxa share a grossly similar loteral digitol 

tendon system thot unites with the strotum compacturn o f  the dermis. The 

inner scansor surface o f  Anolis beors an abundance of epidermal locunar 

tissue that overlies the setae. 

In contrast to Anolis, the subdigital pad of GeCko gecko extends 

beneath the penultimote phalanx. Superficially, sensillor form exhibits more 

variability than that seen in Anolis (see section 10.1.6 for  o discussion of  

ihese features). Digital hyperextension in the tokoy is controlled by the mm. 

interossei dorsales, with each digit receiving a bulky pair that extends the 

length of  the digit. Development o f  this muscle complex is  not evident in 

Anolis, but the mm. extensores digitores breves assume this role. 

Hyperextensible phalanges occur in both taxa, but the tokay has 

modifications o f  the articulatory surfaces that further enhance digital 

flexibility. 

10.2 Are the Anatomical Predictions Fulfilled? 

Based upon the morphological specializations documented in geckos 

(Russell, 1972, 1975, 1 976, 1 979, 1981, 1986), five anatomical predictions (b- 

f) were put forward in Chapter 1 concerning morphological components that 

were postulated to be necessary and sufficient for  a sconsor- based adhesive 

system, and that would thus likely appeor in Anolis. Prediction "a", that a 



setal based adhesive system exists, had already been established (Ruibol 

and Ernst, 1965). As the previous section indicates, variability in pad design 

exists, but certain repeating patterns ore evident. The predictions posited in 

Chapter 1 are listed below, with accompanying statements about their 

verification: 

b) Skeletal rnodificotions that permit digital hyperextension 

As discussed in the osteology of the manus section of this Chapter, 

Anofis exhibits marked convergence with the tokoy in terms of joint 

structure. Metacarpo- and metotarsopha langeal joints, and interpholangea l 

joints, luck the primitive ginglymoid architecture that limits movement to 

flexion/extension. In contrast to the primitive bicondylar structure, the distal 

articulatory surfaces of  the metacarpals, metatarsals and phalonges are 

broadly expanded (more s o  in the tokay), and unicondylar. Like those of 

the tokay, hyperextensible phalanges are characteristically depressed, and 

ventrally bear a furrow that receives the long flexor tendon. The high 

degree of convergence in terms of these elements indicates this morphology 

is fundamentally important for digital hyperextension. 

c) Musculor characteristics that promote digital hyperextension. 

Relative to the primitive pattern, the mm. extensores digitores breves in 

Anolis are complexly developed. O n  the basis of this elaboration and the 

known action of this muscle complex (digital stabilization and assisting in lift 

off of the foot from the substratum), I suggest that this muscle is responsible 

for promoting digital hyperextension. The mm. interossei dorsales 

complex, which is responsible for hyperextension in the tokoy, is not well 

developed in Anolis or other documented toxa. The elaborate arrangement 



of the accessory bellies of the mm. extensores digitores breves in Anolis 

is an alternative solution to the functional demands imposed by digital 

hyperextension. 

d) Sensory modifications that permit the monitoring of substrate contact 

and the degree of digital hyperextension throughout the locomotor cycle. 

In Iguana, digital sensil la are exclusively bristleless, occur infrequently, 

and are offset from the scale edge. Sensilla, which display a lateral bias in 

terms of number, hove the greatest concentration on the proximo1 phalanges 

at the base of the digit. Anolis deviates markedly from this pattern. Bristled 

receptors are positioned on the scale margin and appear positioned to 

maximally detect contact with adiacent scales in the region of the pod. 

Relative to iguana, sensilla are considerably more numerous in Anolis, with 

each scale typically having several. In terms of sensilla number and 

placement, Anolis exhibits a high degree of similarity with Gekko gecko. 

e) Collagenous tissue networks thot transfer looding from the integument 

ultimately to locations at which it con be absorbed and controlled by 

the musculoskeletal systems. 

In Gekko gecko, the dermis of the scansors lacks the stratum laxum, 

which normally intervenes between the epidermis and inner stratum 

compactum (Russell, 1986). Rather, the epidermis and stratum compoctum 

are tightly bound, and the latter layer merges with branches of the lateral 

digital tendon that serves each scansor. A chain of tension-resisting 

structures exists, with tensile loading passing from the setae, to the lateral 

digital tendons, to the metacarpo-metatarsophalangeal joint capsule, which 

is ultimately controlled by the flexor musculature. This sequence prevents 

the setae from being damoged when bearing the weight of the animal 



(Russell, 1986). Anolis exhibits a high level of convergence with this system; 

the stratum laxum is also absent on the ventral scansor surface, the 

branched longitudinal digital tendons arise at the 

metacarpo/metatarsophalangeal joint capsules, and these send multiple 

branches to each scansor, where they merge insensibly with the stratum 

compactum. 

f) A compliance mechanism within, or associated with, the scansors that 

facilitates maximal surfoce contact. 

In the tokay, changes in pressure in the highly modified digital blood 

vascular system permit the overlapping scansors to comply precisely with 

each other and with the substratum (Russell, 1986). Close compliance 

between the spotulate tips of the setae and the substratum is particularly 

important because the attractive forces between molecules that ore 

responsible for adhesion are effective only at extremely small distances. 

The compliance mechanism evident in Anolis is here identified as the result 

of hyperplasia of the lacunar tissue layer of the epidermis. Russell (1986) 

asserts that when the large, proximal blood vessels in the tokay are 

combined in a series, a continuum is formed such that the seta-bearing 

portion of ony given scansor is roofed by portions of two consecutive 

proximal segments. Anoline scansors also have a sim ilar reciprocal 

architecture, and the lacunar tissue forms a similar continuum when the pad 

is adpressed against the substratum. That the tokay and Anolis exhibit two 

greatly different compliance mechanisms indicates thot this feature is 

rnorpholog~cally labile. 



10.3 Morphological Variability in the Pad Complex 

10.3.1 A Comparison of Anolis to other Gekkonids 

As indicated in the previous discussion, the pad of the tokay is more 

complex than that of Anolis. The anoline pad is of monophyletic origin 

(Jackman et al., 1997, 1999). While anoles have adapted to specific 

structural habitats (Pounds, 1988), this being reflected in the different 

ecomorph classifications, little variability exists in external pad morphology. 

Comparison o f  the pads of different ecomorphs have revealed differences in 

width (Collette, 1961) and lamellar number (Glossip and Losos, 19971, but 

marked deviations in pad design have not been documented. Primitively 

padless anoles are not known, and only one reported instance of secondary 

pod loss has occurred in the anoline radiation (Anolis onca)  (Peterson and 

Williams, 1981). In this species o striking morphological difference exists 

between iuveniles that have setae and no keels, and the padless adult 

(Maderson and Williams, 1978). The developmental mechanism responsible 

for this metamorphic event is not understood. 

In contrast to anoles, geckos hove a circumglobal distribution (Kluge, 

1983) and display great diversity in pad  design, with the independent 

atfainment o f  several different patterns o f  foot morphology (Russell, 1976, 

1979). Primitively padless geckos as well as instances o f  secondary pad 

loss have been documented (Russell, 1976, 1979). Gekkonids exhibit 

considerable plasticity in terms of  p o d  position and shape. The pad may be 

basal o r  terminal in position (Russell, 1979) and the scansors may even be 

divided (Russell, 1979; Bauer and Russell, 1990). A broodening o f  the 

comparative survey may reveal some gekkonid taxa that exhibit 

morphological modifications more collectively akin to those of Anolis. 



Relative to that of many pad-bearing gekkonids, the anoline system is  

simple. A survey of alternative gekkonid pad configurations reveals that 

Aristelliger (Fig. 10.2) is much more similar to Anolis in overall 

configuration than is Gekko gecko. On digits two to five this taxon has o 

multiscansorial pad that extends beneath the penultimate phalanx, like that 

of the tokay. Digit one deviates from the other four in that distally it beors a 

terminal leaf-like pad, and proximally a multiscclnsorial pad (Russell, 1976). 

Internally the digital structure is  quite simple and contains far less intrinsic 

musculature than is evident in Gekko (Russell, 1972). in contrast to the 

tokay, the mm. interossei dorsales complex only extends as far as the 

metacarpo- or metatarsophalangeal joint (Russell, 1972, 1976). The 

corphodactyline gekkonid Rhacodactylus (Fig. 10.3) also has o simply 

developed mm. interossei dorsales complex. The minimally developed mm. 

interossei dorsales resemble those of morphologically generalized tax0 

such as lacertids (Russell, 1972), and in this respect approaches those 

observed in Anolis. The lateral digital tendons in the three taxa are grossly 

similar, deviating only in terms of the greater number of branches serving 

each scansor in Anolis. Phalangeal morphology in Aristelliger and 

Rhacodoctylus is consistent with the onoline configuration. However, as 

mentioned in section 10.1 -3, pad-bearing gekkonids exhibit phalangeal 

shortening, a feature that is associated with the secondarily symmetrical pes. 

Some gekkonine geckos have phalangeal proportions that are equivalent to 

that of anolines. For example, Crossobamon, a primitively padless 

terrestrial gecko, has a phalangeal proportion value of 0.34, which is  

identical to that of Anolis (Chapter 3). 

Anolis and Aristelliger also share similar integumentary features of the 

scansor. In both taxa the setoe grade gradually into spinules, and this is in 



contrast to the sharp demarcation between the distal setae and more 

proximal regions of the scansor in the tokay (Ruibal and Ernst, 1965). 

Moreover, these authors contend that both Anolis and Aristelliger have a 

similar free margin structure. The setae of Aristelliger are dendritic, like 

those of the tokoy, but this toxon converges on the anoline pattern by hoving 

shorter stalk height and broader spatulae (Ruibal and Ernst, 1965). 

Aristelliger, Rhacodactylus and Anolis are discrepant for the 

morphology of the mm. extensores digitores breves. The origin and 

insertion pattern of this muscle in Aristelliger generally conforms to the 

primitive pattern, (Russell, 1972) and clearly lacks the numerous complex 

accessory bellies identified in Anolis. The second digit of the pes in 

Rhacodoctylus receives accessory bellies of the mm. extensores digitores 

breves, but the arrongement of this muscle complex is not as elaborate as 

that of Anolis. The compliance mechanism exhibits variability in the three 

taxa. Aristelliger has modifications of the blood vascular system, 

Rhacodoctylus augments blood vascular specializations with subphalangeal 

fat deposits (Russell, 1 972) ,  and Anolis has epidermal modifications. Such 

lacunar tissue speciolizotions are, however, evident in some geckos, such as 

Thecadoctylus, where they are very extensive. 

From the preceding comparison it i s  clear that numerous patterns of pad 

design have occurred, and a perfect morphological motch to the anoline 

constellation of adaptations is not evident in any, due to the evolutionary 

plasticity inherent in many of the characters of the pad. The scansor-based 

adhesive system of anolines and gekkonids is complex and highly 

integrated. Each component of the system, be it skeletal, muscular, vascular 

or integumentary, is specificolly adapted to fulfill one or more roles, but no 

component can function alone, and each is dependent upon the 



configuration of the others. The foot types appear to have evolved under 

the influence of on integrated set of functional demands, but the resultont 

combination of components is dependent upon ancestral constraints 

pertinent to each particular group (Russell, 1976). Liem and Osse (1 975) 

demonstrate that the components of the feeding apparatus of cichlid fishes 

present a similar morphological mosaic to that seen in the adhesive system 

of anoles and geckos. The pharyngeal jaw apparatus is a key innovotion, 

that like the spinulate OberhButchen, so basic and with such a great 

potential for adaptive versatility thot it is maintained throughout the adoptive 

radiation (Liem and Osse, 1975). The basic plan serves as the focus for 

numerous voriations in the patterns of muscular, skeletal, vascular and 

integumentary features, with each morphological mosaic representing a 

viable functional "solution" to the same mechanical problem - odhesion 

based upon integument - surface interactions at the molecular level. 

The comparison of the anoline pad complex to that of various geckos 

serves to show that while a multiplicity of patterns exist, they are all united 

by the presence of several common factors that conform to predictions b-f 

outlined in section 10.1.8. The similarity between Anolis ond gekkonids in 

these factors supports the argument of Russell (1979) thot certain parts of the 

system are fundamental to the successful operation of a scansor-based 

adhesive mechanism, while other parts are reflective of independent 

solutions to the same basic problems (Russell, 1979). Components crucial to 

operation of the system, such as the hyperextensible phalanges, show strong 

convergence in form, while others, such as the myology and compliance 

mechanisms, are more labile. 



10.3.2 Morphological Voriobility in Pad-Beoring Skinks 

Within the small radiation of arboreol skinks, two strikingly different 

epidermal specializations for adhesive grip exist (Williams ond Peterson, 

1 982). Adhesive pads bearing setae are restricted to the taxon 

Prasinohaerna virens, a skink found on islands in the South Pocific (Williams 

and Peterson, 1982). Morphologically the setae of P. virens share features 

with both geckos and anoles. Similar to the latter, the setae hove a 

triangular spatulate tip on an unbranched stalk (Williams ond Peterson, 

1982). However, seta stalk diameter and stalk density are more like those 

of some geckos (Williams and Peterson. 1982). The derivation of setae from 

the lamellate Oberhautchen characteristic of skinks (see Appendix 5) 

involved a different developmental mechanism than the onoline ond 

gekkonid transition from spinules to setae. Williams and Peterson (1 982) 

proffered that setol stalks in skinks arose from reticular elevations of 

epidermal cell boundaries. 

Asiatic skinks of the genus Lipinia, as well as two species of 

Prasinohaema, have a subdigital pad that bears microscopic adhesive 

structures morphologically different from setae (Williams and Peterson, 

1982). The form of these pads have recently been shown to exhibit 

variability. The skink Lipinia leptosoma possesses a ridged toepad 

structure, characterized by raised three-quarter circle concentric ridges, 

similar to human fingerprints (C.C. Austin, pers. comm.). In contrast, P. 

flavipes and P. prehensicauda display a fold design, consisting of raised 

parallel folds with an elevation and width o f  approximately 10-12 prn (C.C. 

Austin, pers. comm.). Parolipinia, a monotypic genus close to the genus 

Lipinio, has a double row of thick, rough, subdigital pads that might 

represent a more primitive condition than the single row of expanded 



lomellae characteristic of Lipinio (Darevsky and Orlov, 1997). Beyond the 

level of the epidermis, anatomical details of the scincid subdigital pad are 

not well known. These taxa, however, offer another ovenue for assessing 

the constructional "rules" that appear to govern the form and function of 

lepidosaurornorph scansor-based adhesive systems. 

10.4 A Consideration of the Relationship between Microhabitats and the 

Pad Complex 

Much of the research conducted on pad-bearing lizards to elucidate pad 

function has been done in laboratory situations. Hiller (1969) examined the 

role of intermolecular forces between setal spatuloe and the substratum in 

geckos by manipulating the free surface energy of the latter. Substrata 

consisted of ~eflon"-coated surfaces (low surface energy) or gloss (high 

surface energy). Surfaces with a high free surface energy were associated 

with enhanced clinging obility in geckos. 

More recently, lrschick et al. (1 996) examined the effect of pod area on 

adhesion in pad-bearing lizards in an equally contrived setting. They 

quantified clinging ability in geckos, anoles and four skinks (including those 

with setae and folds), using a nearly vertical surface covered with an 

acetate sheet. As expected, pad area was found to be a strong determinant 

of adhesive ability, with greater area associated with better clinging 

performance. When the effects of body size were removed, however, 

lrschick et al. (1996) found that approximately 50% of the variation in 

clinging ability between taxa remained unexplained. The authors suggest 

that morphological factors other than pad area may also be inherently 

important in adhesive ability. However, they did not elaborate further on 

the integrated systems necessary for compliance between the pad and 



substratum. Russell and Bels (submitted) argue that the mechanisms of limb 

movements that bring obout adhesion in anoles and geckos are different, 

thus the tests conducted by lrschick et al. (1 996) may not hove been equally 

favorable to all taxa. 

As shown by the work of Hiller (1969) and lrschick et al. (1996), the 

integument has been treated in isolation from other onatomicol components 

of the adhesive pad. Moreover, most research focus has been upon the role 

of the Oberhautchen in facilitating odhesion, with no consideration of 

deeper epidermal layers. A valid criticism of experimental measures of 

adhesion is the applicability of the performance measures to function in the 

natural habitat of the animal (Maderson, 1970; Peterson, 1981). Bock and 

Von Wohlert (1 965) and Bock (1 980) argued that the biological role of a 

morphological feature cannot be determined by observotions made in the 

laboratory or under artificial conditions. Reference to the environment of 

the organism is essential to elucidate function in the utilized habitat. 

Examination of the microscopic features of vegetation suggests that the 

adhesive theory advocated by Hiller (1 969) may not be the only one 

possible. Vegetotion has a lower surface energy than required by the 

geckos in Hiller's experiment, and secondly, waxes in the plant cuticle create 

structural irregularities that inhibit o close juxtaposition between setae and 

the substratum (Peterson, 1981). Thus, both free surfoce energy and the 

catching of setae on minute surface irregularities (friction01 forces) may play 

a port at different times, or in combination (Russell, 1981 b). 

An intimate relationship exists between the microstructure of the scale 

surface and the substrota encountered in an organism's habitot, and this 

reciprocity has been shown to impact locomotion. Co/eodocty/us, a tiny 

sphaerodactyline gecko (snout-vent length of 20-24 mm) that lives in leaf 



litter, has a scale microstructure that closely corresponds to the microscopic 

surface texture of vegetation on the forest floor (Gasc and Renous, 1980; 

Gasc et al., 1983). Polmar scales bear on irregulor pattern of spines and 

barbed bristles, and subdigital scales have spinules grouped into two 

concentric rows, which grade into setae on the distalmost scale. Gasc et ol. 

(1983) found structural correspondence between the epidermis and the leaf 

surface, with spinules and bristles on the former adapted to depressions in 

the knobbed network of the loner. The outhors suggest that the proximal- 

distal gradient in relief size permits the functioning of static friction at many 

levels, corresponding to the form of organization of the leaves. This 

maximizes the probability of support for a variety substrates. From these 

studies it is cleor that locomotion is finely adapted to specific, often 

complex, micro ha bitats that cannot be adequately addressed in artificial 

situations. Little work has been carried out to test such ideas. 

Field observations on Anolis hove not clarified the relotions hip between 

locomotion and microha bitat selection. The microha bitats considered in 

these studies are crude, with a partitioning of the habitat into large scale 

regions such as forest understory or ccnopy (Rand, 1967; Schoener and 

Schoener, 1971 ; Pounds, 1988). Within these designated microhabitats, 

research attention has primarily focused upon the selection of perch height 

and diameter (Pounds, 1988; Losos and lrschick, 1996), usually in the context 

of the effect of diameter on sprinting and iumping ability. Field 

observations have been supplemented with laboratory tests, with 

performance on different diameter rods covered with fiberglass and mesh 

being evaluated (Losos and Sinervo, 1989; Losos ond lrschick, 1996). These 

experiments provide little information about the finer scale interoctions that 

are occurring between the subdigital pod and the substratum. Results from 



this thesis suggest that microscopic adaptations to fine scale microhabitats 

may exist in Anolis, such as thot described by Gasc and Renous (1980) and 

Gasc et al. (1 983). Anolis sagrei, a grass-bush ecomorph, has considerably 

more receptors on the penultimate and ungual phalanges than does Anolis 

carolinensis, a trunk-crown ecomorph (Chapter 6) .  While the sample size 

was small, and therefore not statistically robust, the distribution pattern does 

appear to consistently distinguish between the two species. 

10.5 Significance of the Results 

The morphological data documenting the locomotor system of Anolis 

collected in this thesis serves to fill a void in anoline anatomical work. As 

stated in Chapter 1, morphological work on the onoline adhesive pad has 

been conducted with a narrow focus. Other than a myriad of details 

concerning integumentary characteristics, little else was known about the 

pad complex until now. This thesis has established that the anoline pad 

represents on integrated suite of morphological adaptotions that in many 

instances correlate strongly with the key components of the independently 

derived gekkonid pad complex. With a greater basis of  knowledge 

regarding the anole pattern, one can determine with greater confidence 

boih the evolutionary and mechanical constraints that have guided pad 

development in lirards. 

10.6 Recommendations for Future Study 

To complete the knowledge bose regarding the operation of the pad, it 

is necessary that the locomotor system of pad-bearing skinks be examined. 

In porticulor, the taxon Praesinohoemcr virens, which is superficially 

convergent with that of anolines and gekkonids. Documentation of these 



lizards is poor, their ecology has not been described, and other than 

superficial integumentary characteristics, their digital anatomy has not been 

addressed. Given that they possess an adhesive system based on setae, it 

also must be determined if  they hyperextend their digits in order to protect 

and deploy these delicate structures. 

More thorough ecological work must be done to relate the anoline 

adhesive pad to the preferred microhobitat of each ecomorph. Future work 

on Anolis must include observations of surface properties of the preferred 

vegetation and more careful observation of the movement of  distal limb 

elements in relation to different substrata. Moreover, Beuttell and Losos 

(1999) assert that future work should focus on how differences in habitat use 

are related to other aspects o f  anole biology, such as territoriality, food 

acquisition, and predator-avoidance, and how these factors, in turn, may 

select for suites o f  different characters. More precise morpholog ical 

measurements, such as phalangeal proportions, are needed to distinguish 

between the ecomorphs, rather than the use of crude measurements such as 

limb length. The morphological components o f  the anoline pad complex 

described in this thesis provide a valuable resource for research on 

ecomorphs. Future investigations should focus upon whether or not the 

superficial differences seen between ecomorphs (lamellar size and number, 

for example) are expressed in any of the anatomical systems. 



Figure 1 0.1 . Longitudinal sections through o series of sconsors of Anolis 
lineatopus and Gekko gecko, lateral to the phalanges. Refer to Figure 7.2 
in Chapter 7 for identificotion of scansor components in Anolis, ond Figure 
9.7 in Chapter 9 for a description in the tokay. Arrows in the 
photomicrographs are directed distally. The scale bar is equivalent to 130 
Clm. 





Figure 10.2. Diagrammatic representation of the arrangement of maior 
mechanical units of the fourth digit of the pes in Anolis and Aristel l iger.  
Both diagrams start at the left with the metatarsal. Scansors are indicated 
by stippling. I ) ,  extent of the bellies of the mm. interossei dorsales; 2). 
extent of the belly of the mm. extensor digi torum brev is ;  3 ) ,  tendinous 
insertion of the extensor digitorum brevis;  4 )  tendinous insertion of the m. 
flexor digi torum longus; S), lateral digital tendon. Joints represented thus 
(>) are capable of undergoing hyperextension. The Ariste l l iger  diagram 
is adapted from Russell (1 976). 



An olis 



Figure 10.3. The musculature of the crus and pes in the diplodactyline 
gecko Rhacodoctylus. The mm. interossei dorsales ore not extensively 
developed in this taxon. Abbreviotions: €00,  extensor digi torum breves;  
EDC, extensor digitorurn communis (extensor d ig i torum longvs); G, 
gastrocnemius; ID, interossei dorsales; PL, peroneus longus. Adapted 
f rom Russell (1 979). 
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Appendix 1. Literature survey of  the osteology o f  the manus of lepidosauromorphs. The primitive pattern of  the carpus, metacarpus 
and phalanges was determined by examination of  documenled descriplions and illustrations. The primitiveness of a pattern depends 
on the presence or absence of an element, and the shape of  the elements. For many taxa phalangeal descriptions are scarce, and the 
exclusion of  a phalangeal reference in the osteological pattern column is indicative of no available information. Only extreme 
variations in phalangeal formula are considered here. Clades included in the table are consistent with those shown in Figure 3.1. 

Sourosternon Carrol l  (1 977, 1988) 
radiate, ulnare and pisiform. Relative to that 
of  eosuchians, the intermedium is reduced in 
size. Two centralia occupy the middle row, 

with five distal carpals distally. The expanded 
heads of  the metacarpals overlap. The fourth 

metacarpal is the longest, followed by the 
subequal second and third, and the subequal 

Baur (1 886); Carroll 
(1 977); Dollo (1 884); 

Guibe' (1970); Giinther 
(1 868); Howes and 
Swinnerton (1 901); 

Osawa (1 898); Renous- 
Ldcuru (1 973); Romer 

(1 956) 

I 

first and fifth. Distally, the articular surface is 
convex and hemicylindrical. The phalanges 
are short, broad, somewhat depressed, with 
expanded ends for articulation. The distal 

articulatory surfaces of  non-terminal 
phalanges are strongly bicondylor, This 

pholangeal morphology is representative of 
the primitive pattern 

Sphenodontidae 

imbrication between the metacarpals is less 
than in lizards. ' ~ e t a c a r ~ a l s  increase in 

length from first to third, with the second and 
fourth being roughly subequol and the fifth 
being !he shortest. The metacarpus is  thus 

symmetrically arranged. Primitive phalangeal 
morphology 

The carpal pattern has the same number of  
elements in the same positions as described 

above, but the intermedium is large. Extent of 

Sphenodon 



Appendix 1. Continued. . . 
I Clade I Osteological Patterm Taxo Documented Literature Citation 

II 

tguanidae 

Opluridae 

Nine carpal elements in Iguana, with the loss 
of the mesial centrale and the intermedium. 
The absence of the intermedium in lguono 

makes this carpal pattern derived in terms of 
the number of elements. Presch (1969) 

reported a small intermedium in Ctenosouro, 
Souromolus and Dipsosour us. Renous-, 

Lecuru (1973) did not indicate the presence of 
an intermedium in these talta. The imbricate 

and symmetrically arranged metacarpus 
represents the primitive pattern. Primitive 
pholongeal morphology documented for 

Iguana 

lntermedium absent, primitive metacarpus 

Smoll interrnedium reported by Avery and 
Tanner (1964), but not by Renous-Lecuru 

(1 973) or Stokely (1 950). Primitive metacarpus 

1, Carroll (1977); 
2, Holmgren (1933); 

3, Presch (1969); 
4, Renous-lecuru (1 973) 

I Renous-Lecuru (1973) 
- - 

1, Avery and Tanner 
(1 964); 2, Renous-Lecuru 
(1 973); 3, Stokely (1 950) 

- -  ~ -- -- - - 

No information available 

lntermedium absent, primitive metacarpus 

Phrynosoma, Holbrookia, Sceloporus and 
Ca!lisaurus have a small intermedium (Avery 
and Tanner 1964, cited in Presch 1969). In the 

latter two taxa the element may not be fully 
ossified. An intermedium in Sceloporus was 

suggested by Stokely (1 950) but no1 confirmed. 
The existence of an intermedium in Uma and 1 Uto i s  not firmly er+oblished The 

Cholor odon, Oplurus 

fhr ynosomo'~2; 
~ c e ~ o ~ o r u s '  '* '; ~ r n a ' .  '. : 

 alli is our us'^ '; 
~ o l b r o o k i o ' ~  ';  to', '; 

~etrosaur us'; 
~rosaurus'  

1, Presch (1969); 
2, Renous-Lecuru (1 973); 

3, Stokely (1 950) 



Aeeendix 1. Continued. 

C Glade Osteological Pattern 

Phrynosomatidae 
continued 

presence of an iniermediurn in Phrynosoma i s  
sporadic and may be species-specific (Presch, 
1969). Renous-Lecuru (1 973) did not report an 

I intermedium in the above taxa. Primitive 
metacarpus 

Polychrotidae I lntermedium absent. Metacarpus and 
phalanges not described in these taxa 

Infermedium absent, primitive metacarpus 

Small intermedium in some taxa (e.9. 
Urornostyx). Others (e.9. Agarna) have loss 

of the intermedium. Basal metacarpus. 
Primitive phalangeal morphology documented 

for Agomo and Urornast yx 

Highly modified corpol pattern, making 
interpretation d i f f icu l~ Potjern most 

successfully elucidated by examination of 
skeleton ossification (Rieppel, 1993). Proximal 

carpal row consists of rodiale, ulnare, and 
pisiform. A large fourth distal carpal 

occupies most of distal row. A smaller mesial 
element may be the first distal carpal. The 

highly modified metacarpals ore 

Taxa Documented 

Tr opidur us 

Uromost x 1 ,  3. 4. 7, a, 1 1 ,  

~ ~ o r n d *  ' lo; ~olot  ei5# B; 

~ r n ~ h i b o l u r u s ~ ,  
~ i ~ o r i ~ h o r c ? ;  ~roco'; 

~ o n ~ o c e ~ h o l u s ~ ;  
L,eiolepis8; physignat hura 

Literature Citation I 

1, Renous-Lecuru (1 973); 
2, Stokely (1 950) 

Abdalu el ul. (1 997); 
Renous-Lecuru (1 973) 

1, Carroll (1 977); 2, El -  
Toubi (1 947); 3, El-Toubi 
(1 949); 4, George (1 956); 

5, Goel and Mathur 
(1 977); 6, Harris (1963); 

7, Islam (1956); 
8, Renous-L6curu ( I  973); 

9, Siebenrock (1 895); 
10, Stokely (1 950); 

11, Tilak (1964) 

Born (1 876, 1880); 
Gasc (1963); Guibe' 

(1 970); Raynaud (1 985); 
Renous-Lecuru (1 973); 

Rieppel (1 9930); 
Sjdgren (1 940-41) 
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A~oendix 1. Continued. 
I. 

Clade 1 Osteological Pattern 0 Taxa Documented I literature Citation 
n I 

Amphisbaenia 

-Bipedidae. Other 
families within the 
Amphisbaenia are 

limbless 

lntermedium absent and primitive metcarpus. 
Phalangeat formula i s  3-3-3-3-3. Non- 

terminal phalanges are short and robust, with 
a large proximoventral projection  hat 
overlaps the condyles of the preceding 
phalanx. This kind of interphalangeal 

articulation limits flexion and extension. 
Ungual phalanges large and sharply pointed 

Bipes Gans (1978); 
Greer and Gans (1 983); 
Renous-LBcuru (1 973); 

Zangerl (1945) 

Limbless 

I Gvmnoohthalmidoe I N o  information available I 

L 

Xantusiidae 

Lacertidae 

feiidae 

k i 

Small intermedium present, primitve 
metacarpus 

~ e ~ i d o ~ h  ma1* '; 
~ o n t  usiaz 

I ,  Carroll (1 977); 
2, Renous-Lecuru (1 973); 

3, Stokely (1 950) 

1, Arnold (1998); 
2, Born (1 876); 

3, Renous-~~curu (1 973); 
4, Rieppel (1 9920); 

5, Stokely (1950) 

1, Krause (1 978); 
2, Reese (1 923) ; 

3, Renous- Lecuru (1 973); 
4, Stokely (1 950) 

Small inter medium present, primitive 
metacarpus. Primitive phalangeal 

morphology documented for iacerta 

Small intermedium sproradically present and 
may be species-specific (Stokely 1950). 

Primitive metacarpus and phalanges 

- 

L ~ ~ ~ ~ ~ ~ ' .  2.3 '4 '  5 .  

 cant hodact ylvr3; 
~19yro ides~;   rem mi as^; 

~ ~ h i s o ~ s ~ ;  
~sarnrnodr ornus3 

~ r n e i v a ~ ,  '; 
~nernidophor us4; 

~upinarnbis'~ '; ~ochia'; 
~ ~ h i o ~ n o r n o n ' ;  

~ r o c t o ~ o r  us3 



Appendix 1. Continued. 

r Clade 1 Osteological Pattern 1 Taro Documented 
I I1 

Literature Citation 
d 

1, Carroll (1977); 
2, El-Toubi (1938); 

3, Renous-Lecuru (1 973); 
4, Romer (1956); 
5, Stokely (1 950) 

Small intermedium present, primitive 
metacarpus. Primitive phalangeal 

morphology documented for Scincus. Limb 
reduction ond loss in some species 

Scincidae 

Small intermedium present, primitive 
metacarpus 

- 

Cordylus Long (1 991); Renous- 
Lecuru (1 973) I 

Small intermedium present, primitive 
metacarpus 

Zonosaur us Carroll (1 977); 
Renous- Lecur u (1 973) 

( Anguidae I Small intermedium present, primitive 1 Diploglossus; Gerrhonotus 

I metacarpus I 
1, Borrows and Smith 

(1 947); 
2, Costelli and Hecht 

(1 971); 
3, Renous- Lecuru (1 973) 

Small intermedium present, primitive 
metacarpus. Primitive phalangeal 

morphology documented for Xenosourus 

Heloder ma Carroll (1977); 
Renous-Lecuru (1 973); 

I Shufeldt (1 890) 

Small intermedium present. Primitive 
melacarpus and phalanges 

Small intermediurn present. Primitive 
metacarpus 

Lant hanot us Rieppel (1 980) 

Varanidae lntermedium absent, primitive metacarpus Varonus Landsmeer (1 984); 
Renous- Lecuru ( I  973) 



Appendix 2. Literature survey of the osteology of the tarsus and metatarsus of lepidosauromorphs. The basal pattern of ihe tarsus 
and metaforsus was determined by examination of documented descriptions and illustrations. The primitiveness of a pattern depends 
on ihe presence or absence of an element, and the shape of the elements. Phalangeal morphology is generally consistant between 
manus and pes and is  not described here. Clades are consistent with those shown in Figure 3.1. 

The proximal tarsal row consists of a separate 
astragalus and calcaneum. A large lateral 

cenfrale occupies the middle row, followed by 
five distal tarsois. The proximal end of 

metatarsal five intrudes into the row of distal 
tarsals, precluding simple hinge movement 
between !he distal tarsals ond metoiarsals 

(Carroll, 1977). Thus, an incipient mesotarsal 
joint exists between the astragalus and 

calcaneum and the fourth distal tarsal. The 
colcaneum lacks a dorsally-directed flange, 

and the articular surface does not extend onto 
the dorsal aspect of the fourth distal tarsat 

(Brinkman 1980). Relative to that of 
eosuchians, metatarsal five i s  much shorter 

than the fourth and has a proximal outer 
process for muscle attachment (Carroll, 1988). 

The metatarsophalangeal joint permitted 
flexibility of digit five. Unlike that of extant 
lizards, metatorsal five is not hooked and 

lacks plantor tubercles (Brinkman, 1980). The 
metatarsals are arranged imbricately and the 

pes is markedly asymmetrical 







A ~ ~ e n d i x  2. Continued. 

Polychrotidae 
continued 

Tropiduridae 

Agamidae 

Chamaeleonidae 

Osteological Pattern 

us~ragalocalcaneum, tarsus and metatarsus 
no1 documented 

Structure of mesotarsal joint not documented. 
Astragalocalconeum and metatarsus have 

primitive pattern 

Primitive structure of the mesotarsol ioint, ond. 
of the astragalocalcaneum, tarsus and 

metatarsus. Sitano has a complete loss of the 
fifth digit (Russell and Rewcastle 1979). The 
phalanges of digit five and the shaft of the 
fifth metatorsal are absent. However, the 

proximal end of metatorsal five is 
morphologically similar to that of other 

lizords 

Highly modified osteology of the pes, making 
interpretation difficult. Pattern most 

successfully elucidated by examination of 
skeletal ossification sequence (Rieppel, 

1993a). The most proximal etement arises 
from a single ossification center, not from 

originally separate centers corresponding to 
the astragalus and calcaneurn. Rieppel 

(19930) suggests the term tarsale proximale 
I for this bone, as it does not represent the 

I astragalus, the calcaneum or 

- 

Taxa Documented 

'Tropidur us 

3. 4. 7. 8. 9. 1 I .  Uromast x I 

~ ~ o n , d -  '* '; ~ o l o t  es '* '; 
~ c o n t  hosouro'; ~ i t o n a "  

- - 

C hamaeleo 

- - - -- 

Literature Citation 

Abdala et al. (1 997) 

1, Brinkman (1 980); 
2, El-Toubi (1947); 
3, El-Toubi (1 949); 
4, George (1 956); 

5, Goel and Mothur 
(1 977); 6, Harris (1963); 

7, Islam (1956); 
8, Rewcastle (1 977); 

9, Romer (1 956); 
10, Russell and 

Rewcastle (1 979); 
11, Siebenrock ( I  895); 

12, Tilak (1964) 

Born (1 876, 1880); 
Br inkman (1 980) ; 
R ieppel (1 993a); 
Romer (1 956); 

Sjijgren (1 940-41) 



L 

Appendix 2. Continued. 

-Il Literature Citation Clade I Osteological Pattern 1 Taxa Documented 

Chamaeleonidae a fusion of the two. A fourth distal tarsal 
continued 

Pygopodidae 

Eublepharidae 

exists, with a loss of the third I 
Limbless 

Structure of the mesotarsal joint llof ~ o l e o n ~ x ' ;  ~ u b l e ~ h o r i s ' ~  '; 1, Haacke (1 976); 
2, Khalil and Sabri 

(1 977); 3, Kluge (1 962); 
4, Russell et 01. (1 997) 

1, Brinkrnon (1980); 
2, El-Toubi and Kholil 

(1 955); 3, t-taacke (1 976); 
4, Khalil and Sabri 

(1 977); 
5, Mahendra (1950); 
6, Rieppel (19924; 

7, Russell (1 972, 1975); 
8, Russell et al. (1 997); 
9, Stephenson (1960); 
10, Stephenson and 
Stephenson (1 956); 
11, Wellborn (1 933) 

documented. Lateral flange on ~ o l o d o c t  ylus' 
astragalocalcaneum moderately developed. 

Relative to the primitive pattern, the 
metatarsals show more divergence , creating 

a more symmetrical pes. However, asymmetry 
still exists in terms of digital length. 

Metatarsal five i s  truncated in length, and 

7' 8' ' 1 ,  
I 

~ern idac t~ l vs ' *  '. '. I; 
fochydoct y ~ u s ' ~  '; 

~tenopus'. 3; 

~tenodoct ylus' '; 
~ l s o ~ h ~ l o r ~ ;  Arisfelli er'; 5' Chondrodact ylus ; 
c0'0pus3; Cyrtod0cty1us6; 

~ i ~ l o d a c t  ylus9; 
~ymnodoct  /us4; 
~ o ~ l o d o c t  )I lus 'O; 

K00k09ecL03; 'ephrurus9; 
~o lmo t  ogeck 0'; 
~ h ~ l l o d o c t  ylus4; 

Ptyodoc'y'us'; 
I?hopt ropus3; ~orent  olo2 

resembles that described for taxo in the 
Gekkonidoe. Phalanges have a primitive 

morphology 

G8 kkonidae Primitive structure of the mesotarsal joint, with 
the same tongue and groove structure as 

lguano (Brinkman 1980). The morphology of 
the astragalocalconeum is modified, with the 

lateral process expanded into a prominent 
flange, and the ventral surface deeply 

hollowed (Russell 1972, 1975). The 
metatarsals in all geckos rodiate in an arc, 

creating a secondarily symmetrical pes. 
Symmetry exists in regards to digital length. 

The morphology of the tarsals and 
metatarsals are modified to facilitate digital 
spreading (Russell et al., 1 997). Phalanges 

associated with the adhesive pad exhibit 

A 

extensive modifications (see Russell 1972, 
1975) 



-- 

Dibamidae I N o  information available 

Appendix 2. Continued. 

Xantusiidae I Primitive structure of the mesotarsal ioint, 
astragalocalcaneum, distal tarsals and 

metatarsus 

Klauberino; Xantusio 

Osttological Pattern Il Taxa Documented I Literature Citation Clade 

Brinkman ( 1  980) 

Amphisbaenio 
-0i~edidae i N o  hind limbs 

r 

Teiidae 

I 

- - 

Primitive structure of the mesotarsal joint 
documented for lacerta (Brinkman, 1980). 
The astragalocalcaneum, dislal tarsals and 
mefatorsus have primitive morphology for 

both taxa. Primitive phalongeal morphology 
described for Lacerta (Arnold, 1998) 

Primitive structure of the mesotorsal joint for 
taxa examined by Brinkman (1980) ond 

Rewcastle ( 1  977). 

Locertidae 1, Arnold (1998); 
2, Born (1876); 

3, Brinkman (1980); 
4, Rewcastle ( 1  977,) 983); 
5,  Rieppel (1 9920, 1 994) 

1, Brinkmon (1980); 
2,Krouse (1 978); 
3, Reese ( 1  923); 

4, Rewcastle ( 1  977) 

I Gymnophlolrnidae I N o  information availoble 

Scincidoe 

Cord ylidae 

Primitive structure of the mesotarsal ioint 
described for the toxa examined by Brinkman 

( 1  980). Riopa (Brinkman, 1980) and Scincus 
(El-Toubi, 1938) documented to have primitive 

structure of the astragalocalcaneum, distal 
torsals and metatarsus. Limb reduction and 

loss in some skink species 

Structure of mesotarsal joint not documented. 
Astragalocalcaneum and metatarsus has 

orimitive oattern 

Chornoesouro; Cordy lus; 
I 

I Platysourus; 

I Pseudocordylus 

1, Brinkman (1 980); 
2, El-Toubi (1938) 

Long ( 1  991) 



A ~ ~ e n d i x  2. Continued. r r 

I Clade Il Osteological Pattern I Taxa Documented 1 Literature Citation I 
Gerrhosauridae Structure of  mesotarsal joint not documented. 

Primitive structure of astragalocalconeum. 
Tarsal pattern primitive for a l l  tax0 except 

Trocheloptychus, which has a second distal 
tarsal in addition to the third and fourth. 

Primitve structure of  the mefatarsus 

Anglosaurus; 
I Cordylosourus; 

Gerrhosourus; 
Tetradactylus; 

Trochelopt ychus; 
Zonosaur us 

N o  information avaitable 

Xenosauridoe 

.- - - - . - - - 

Helodema tidae 

Primitive structure of  mesotasal ioint described 
for Xer~osourus (Brinkman, 1980). The 
astragalocalcaneum, distal tarsals and 
metatarsals have a primitive structure 

- - --- - 

Primitive structure of the mesotarsal ioint 
(Rewcastle, 1977). The astragalocalcaneum, 
distal tarsals and metatarsus have a primitive 

Heloder rno 

1, Borrows and Smith 
(I 947); 2, Brinkman 

(1980); 3, Costelli and 
Hecht (1 971 ) 

Rewcastle (1 977); Romer 
(1 956); Shufeldt (1 890) 

Varanidae 

Lanthanotidae 

The structure of the mesotarsal ioint in 
Voranus is derived (Brinkman 1980, 

Rewcastle, 1977). The saddle-shaped joint 
exhibits considerably restricted movement. 

The tarsal facet and the lateral process on the 
ostragalocolcaneurn are also modified. 

Primitive metatarsal structure 

structure I I 
N o  information available 

Voronus Brinkman (1 980); 
Carroll (1 977); 

Rewcastle (1 977, 1 980, 
1981); Rorner (1 956); 

Schaeffer (1 94 1 ) 



Appendix 3, Literature survey of the origin and insertion patterns of muscles of  the antebrachium and manus of le~idosaurs. 

For each muscle the pattern i s  presented for iguano, then the documented taxa that share or deviate from this are presented. 
Exact determination of  insertic 

attachment. As such, insertio~ 

Division I Musclo 

I Entensor 
Dorsal digitor urn 

Antebrachiurn long us 

Ribbing 
(1 907); LCcuru, 

(1 968); 
A.P. Russell 

(pers. comm.) 

I S upinator 
longus/ 
Ex tens or 

carpi radialis 
these muscles 
are treated 

together. Due 
to fusion the 
individual 

1 components 

I may not be 
apparent 

Ribbing 
(1 907); Haints 
(1 939); Russell 

n may be impeded by factors such as small specimen size and connective !issue that obscures the area of 

palterns are comparable i f  the same region is  involved. 

Origin I Insortion 1 Taro Showing Pottorn ~ornporabl.k 

Humeral radiole 
condyle, 

intermuscular 
septum with m. 
exensor carpi 

radialis 

Tendinous1 y onto 
metacarpals two, 
three, and four. 

Gokkonidae-Tarent olo (Dellit, 1 934); 
Gek k o (Russell, 1 975; Sanders, 1 870); 
Varanidae-Varanus (Haines, 1939); 
Toiidae-Ameivo, Tejus, Tupinambis 

(Ribbing, 1907) 

The extensor 
carpi radialis 

arises tendinously 
from the humeral 

ectepicondyle, 
and from a 
fascia1 sheet 

shared with the 
m. extensor 
digit or um 

longus. The 
supinator longus 
arises in common 

wifh the 
tendinous origin 
of the extensor 
corpi radialis 

The m, extensor 
corpi radiolis 

attaches fleshily 
onto the shaft of 

the radius. The m. 
s upinat or longus 

inserts fleshily onto 
the shaft of the 

radius, and 
tendinously onto 

the radiale 

Opluridae- Chalar adon (LCcur u, 
1968); Agomidao-Ur ornostyx 

(Ribbing, 1907); Gelrkonidao-Gekko 
(Russell, 1975), Uroplatus (LCcuru, 
1968); Scincidoo-Mobuya (Ribbing, 
1907); Lacettidao-Lacerto (Ribbing, 

1907); Teiidoo-Ameivo (Haines, 
1939); Xantutiidaa- Zonurus 

(Ribbing, 1 907); Helodermotidao- 
Heloderrna (LCcuru, 1968) 

Tara Showing Doviation 
from lgwno Pattern 

Sphenodontidcn- S p hen d o n  
(Miner, 1925; Haines, 1939; 

Holmes, 1977). Insertion 
onto rnetacarpa\s one, two, 

three and four 
Chamaoloonidoo- C hornaeleo 
(Mivart, 1875; Gasc, 1963). 
Insertion onto metocarpals 

three, four and five 

Sphenodontidw-S phenodon 
(Haines, 1 939; Holmes, 
1977). Muscle has three 

origins, all from the 
ectepicondyle 

Varanidao-Varonus (Haines, 
1939). Similar to Sphenodon 

Chamadoonidam- 
Chomaeleo (Mivart, 1870; 
Gasc, 1963). Relationship 

between rn. supinotor longus 
and m. extensor corpi 

radialis not fully resolved 



Origin 

Tendinously from 
ectepicondyle of 

humerus. 

F leshily from 
distal one third oi 

ulna 

Tendinously onto 
metacarpal five 

By single tendon 
onto metacarpal 

one 

Tam Showing Pattern Comparable to 
lguana 

Sphonodontidao-Sphenodon (Miner, 
1925; Holmes, 1977); Opluridae- 

Oplurus (Ldcuru, 1968); 
f ropiduridao- U r acent r on (LCcuru, 
1 968); Agamidae-Agamo (Ldcuru, 
1968); Urosmostyx (Ribbing, 1907; 
ldcuru, 1 968); Gokkonidcn- Gekko 

(Ldcuru, 1 968; Russell, 1 975; Sanders, 
1 870); Xanturiidae- lepidoph y ma, 

Xantusio (LCcuru, 1 968); Lacertidao- 
Locerta (Ldcuru, 1968); Teiidae- 

Ameiva, Tupinarnbis (Ribbing, 1907; 
LCcuru, 1 968); Proctopor us (LCcuru, 

1968); Tejus (Ribbing, 1907); 
Scincidoe-Mobuya, Scincus (LCcuru, 
1968); Cordylidae- CordyJur (LCcuru, 

1968); Xenorouridcn-Xenosaurus 
(LCcuru, 1968) Holodermatidtw- 

Heloder mu (LCcuru, 1968); 
Lanthanotidw- Conthonot us (LCcuru, 
1 968); Varanidao-Vor onus (Ribbing, 

1907; LCcuru, 1968) 

Sphonodontidao-Sphenodon 
(Gunther, 1868; Byerly, 1925; Miner, 
1 925; Haines, 1 939; Holmes, 1 977); 
Opluridae-Oplurus (Ldcuru, 1968); 
Tropiduridao- Uracentron (LOcuru, 

1 968); Agomidae- Agoma, 1 Urarrnarty~ (Ldcuru, 1968); 

Taro Showing Deviation 

Chomaeloonidoe- 
Chornoeleo (Mivart, 1870; 

Gosc, 19631, The m. 
extensor carpi ulnoris has o 

spiral course. Forms cr 
common insertion tendon 
with the m. flexor carpi 

ulnoris. Inserts on 
metacarapcll five 

Chamaelwnidae- 
Charnoelso (Gosc, 1963) 
and GeCkonidoe-Gek ko 
(Russell, 1975). 80th tawa 

hove a subsidiary belly from 
 he radiale, In Gekko this 

I muscle contributes to the mm. ! intcrossci dorsolcs complex 







ntinued. 

Musdo 
- - -  

Flexor 
digitor urn 

long us 

Holmes 
(1 977); 

A.P. Russell 
(pers. comm.) 

Epitrochleo- 
anconeus 

Ribbing 
(1 907); LCcuru 

(1 968); 
A.P. Russell 

(1 988) 

Origin 

Two humeral 
heads arise 

tendinously from 
the 

entepicondyle. 
The ulnor head 

originates fleshily 
from the ulnar 

sho h 

Tendinously from 
the humeral 

entopicondyle 

--  

Insertion 

911 bellies combine 
to yield a palmar 
aponeurosis, and 
five long flexor 

tendons that insert 
onto the ungual 
pholanx of each 

digit 

Muscles is small, 
and insertion 
restricted to 

proximal one third 
of ulna 

rara Showing Pattern Comparable to 
lauana 

Sphendontidaa-Sphenodon (Miner, 
1925; Byerly, 1925; Holrnes, 1977); 
Opluridae-Oplurus (LCcuru, 1968); 
Tropidoridae- Urocentron (Ldcuru, 
1968); Gekkonidae-Gekko (Russell, 
1975; Sanders, 1870); Locertidoo- 

Lacerto (Ldcuru, 1968) 

Tara showina ~ror imal  disdactrnent 
Iguanidae- Ctenosouro (Straus, 1942); 
Polychrotidaa-Anolis (Russell, 1 988); 
Phrynoromotidae-Scelopor us (Straus, 

1942; Russell, 1988); Agomidae- 
Colotes, Lophognothus (Russell, 

1988); Gakkonidaa-Cyrtodactylus 
(Russell, 1988); Scincidar-Mobuya 
(Ribbing, 1 907); Teiidae- Ameiva, 
Tejus (Ribbing, 1907), Tupinarnbis 

(Ribbing, 1907; Russell, 1988) 

Tare Showing Doviation 

h o n , o  Pattorn 

Some taxa have aroater than 
throe heads. Four heoded 
pattern iihree humeral. one 
ut narl : tguanidae-lguona 

(LCcuru, 1968); Agomidoe- 
Uromastyx (Ldcuru, 1968); 

kincidoo=A;lobvya, Scincus 
(LCcuru, 1968); Varanidae- 
Voronus (Ha ines, 1 950). 
Four heoded wttern: two 
humeral and two ulnar: 

CLamoel.onidao- Charnaeleo 
(Mivart, 1 870; Gasc, 1963). 
The hurneral heads serve 

digits one to four, while the 
ulnar head serves digit five. 

Toxo in which the m. 
epitrochleoanconius extends 

onto tho distal 2/3 of ulna: 

Sphenodontidae-S phenodon 
(Miner, 1925; Holrnes, 1977; 
Russell, 1988). This rnucle i s  
voluminous and inserts onto 

the distal half of ulna. 
Insertion encompassing the 
distal half of tho ulna is the 

primitive condition 
(Russell, 1988) 







nf inued. 

Muscle 
I 

Pr onot or 
accessorivs 
continued 

Appendix 3. 

Division 

Venlral 
Antebrachium 

Dorsal Monus 

Pr onot or 
prof undus 

A,?. Russell 
(pers. comm.) 

Extensores 
digitores 
breves 

(super f iciales 
and prof undi 

heads) 

Ribbing 
(1 907); 

A.P. Russell 
(pers. comm.) 

Origin 

Hurneral head 
from 

ectepicondyle. 
Second head 

from posterior 
fossa of ulna 

Two ulnar bellies. 
One arises from 
posterior fossa, 
while the second 
arises from the 

jis!al one third of 
the ulnor shaft 

1).  The five 
superf icioles 

heads arise from 
the utnare 

2). The profundi 
heads arise from 
their respective 

metacarpal 

Insertion 

By tendinous band 
onto proximal end 

of radius 

The insertion of the 
'irst belly is fleshily 
onto the middle 

part of the rodial 
shaft. The second 

belly inserts 
fleshily onto the 
distal end of the 

radius 
- -- 

At the level of the 
metocorpo- 

phalange01 joints, 
each superficiales 
and profundi head 

gives rise to a 
tendon. The 
superficiales 

tendons serving 
digits two, three, 
and four ioin the 

tendon of the 
prof undi complex, 
while that on digits 

one and five 
remain separate. 

rara Showing Pattern Comparable to 
lguono 

Gasc, 1963). The m. pronator 
accessorius is  very small and no 
overlap occurs with m. pronotor 

prof undus : 
Scincidae-Scincus, Mabuya (Ldcuru, 
1 968); Teiidoo- Tupinambis (LCcuru, 

1 968) 

Sphrnodontidae-S phenodon 
(Gunther, 1868; Byerly, 1925; Miner, 

1925; Holmes, 1977); 

Agamidoo-Uromas tyx (Ribbing, 
1 907); Varanidae-Voranus (Haines, 

1 950) 

-- 

Sphenodontidoe-Sphenodon (Miner, 
1925; Hoines, 1939; Holmes, 1977); 

Agamidao-Uromostyx (Ribbing, 
1907); Gerrhorouridoo- Zonurus 

{Ribbing, 1907); Varanidae-Voranus 
(Ribbing, 1907) 

Taxa Showing Deviation 
from lgumo Pattern - 

tropiduridao- Uracentr on 

Chamaolranidae- Chomaeleo 
(Gasc, 1963). The m. 

pr onator prof undus is 
extensive in Chomaeleo, and 
the origin is  united with the 

distal head of the m 
pr onator access orius 

Gokkonidae-Ge k ko (Russell, 
1975), Tarentolo (Dellit, 

1934). lnsertion is  onto the 
penultimate phalanx. 

Change in insertion pattern 
associated with extreme 
development of the mm. 
intersossei dorsoles. 
Chaonn<rloonidao- 

Chomaeleo (Gasc, 1963). 
The superficiales yields 

more subdivisions, while no 
prof undi heads serve digits 

two and three 



~ntinued. 

Muscle 
r 

Extensores 
digitores 
breves 

conlinued 
Inter oss ei 
dor sales 

Appendix 3. ( 

Division 

Dorsal Manus 

I 

Ventral Manus 

A.P. Russell 
(pers. comm .) 

F lexores 
digitores 
breves 

Humphrey 
( I  872); 

McMurrich 
(1 903); Rabl 

(1 91 5); Haines 
(1 950); 

A.P. Russell 
(pers. comm.) 

Abuctor digit; 
quint; 

I ' A.P. Russell 

/ (pers. comm.) 

Origin 

Fleshily from the 
proximolateral 

aspect of 
metacarpal four 

Each digit is 
served by a 
branch that 

arises from the 
annular ligament 

.~- -- - -- - 

A superficial 
portion arises 
from annular 
ligament and 

insertion tendon 
of m. flewor 

carpi ulnaris. 

Insertion 

Insertion of all 
tendons i s  onto the 

unguol phalanx 

Fleshily onto 
distomesial aspect 
of metcrcarpal five 

Insertion is 
tendinously onto 

the porximal ends 
of intermediate 

and basal 
phalanges of the 
respective digit of 

each branch. 
(Details of the 

insertion pattern 
for Iguana is 
presented in 
Chapter four) 

The superficial 
component inserts 

onto the first 
phalanx of digit 

five. 
The dorsal 

component has a 
combined fleshy 

Toro Showing 6 l h r "  ~ornparab6 to 
lauona 

Descriptions of this muscle complex 
are scarce (A.P. Russell, pers. comm.) 
Chamaolmnidm-Chamaeleo (Gasc, 
1963). Single belly, but runs between 

metacarpals three and four 

Sphmnodontidao- Sphenodon (ti ol mes, 
1977); Phrvnosonnrtidao- Callisour us 

(McMurrich, 1 903) Agomidoe- 
Uromastyx (Humphrey, 1872; Haines, 
1950); Gekkonidae- Gekko (Russell, 

1 975); Varanidoo-Vorananus 
(Haines, 1 950; Landsmeer, 1 984) 

Russell (pers. comm.) has observed a 
considerable degree of uniformity in 

the descriptions of this muscle 
complex for various toxa 

-- -- 

Very little descriptive information i s  
available for this muscle (A.P. Russell, 

pers. comm.). 
However, available descriptions are 

in agreement: 
Sphmnodontidae- Sphenodon (Osawa, 

1 898); Chanraoleonidao- C hamaeleo 
(Mivatt, 1870); 

Gmkkonidao- Gekko 
(Sanders, 1870; Dellit, 1934; 

Russell, 1975); Torentola 
(Dellit, 1934). These muscles 
ate hypertrophied, and each 

digit has a pair. 

Chomaml.onidoo-C hornaeIeo 
(Mivart, 1870; Gasc, 1963). 1 
Descriptions of this muscle 
complex in Chamaeleo are I 
contradictory, and further 

investigation i s  needed 



Division 

Ventral Manus 

Appendix 3. ( 

= 

\ 

i. 

ntinued, 

Muscle 

Abuctor digiti 
quinti 

continued 

Abductor of 
metacarpal 

five 

A.P. Russell 
(pers. comm.) 

Palmar head 
of the m. 

f /ex or 
digit or urn 

long us 

Haines (1 950); 
Russel (pers. 

comm.) 

Origin 

arises from the 
pisiform 

Fleshily from the 
pisiform, in 

conjunction with 
the m. abductor 

digiti quinti 

A tripartite deep 
layer arises from 
the mid-dorsal 

region of polmar 
sesamoid, and 

serve digits two, 
three and four. 
Two superficial 

heads serve 
digits three ond 
four, and they 
originate from 
the long flexor 
tendons of their 
respective digit 

Insertion 

and tendinous 
attachment onto 
phalanx one of 

digit five 

Fleshily onto 
ventral aspect of 
metacarpal five 

Thedeep heads 
insert onto first 
phalanx of their 
respective digit, 
The fourth belly 
also inserts onto 

the second 
phalanx. The 

superficial head 
serving digit three 
inserts tendinously 
onto the second 
phalonx. T hat 

serving digit four 
inserts tendinsouslr 

onto the 
penultimate 

phalanx 

Toxa Showing Pattern Comparable to 
fguono 

Gekkonidae-Gek k o (Sanders, 1 870; 
Russell, 1975); Varanidae-Varanus 

(Haines, 1950) 

A.P. Russell (pers. comm.) has located 
no other account of this muscle, but 

has found it to be consistantly present 
in Iguana 

Sphmnodontidae-S phenodon (eyer1 y, 
1 925; Miner, 1 925); Varanidae- 

Varanus (Haines, 1950); 

the descriptions that exist show a 
good degree of congruence (A.P. 

Russell, pers. comm.) 

Taxa Showing Deviation 
from Iguana Pattern 

Not documented in other 
taxa 

Cham~Ioonidae- Charnoelso 
(Mivart, 1878) and 

Gekkonidae-Gek k o 
(Sanders, 1870) do not have 
a contribution to the second 

digit 



Muscle 

Lumbricoles 

A.P. Russell 
(pers. comm.) 

Appendix 3. Continued. 
I 

lnterossei 
ventralis 

Howell (1 936); 
A.P. Russell 

(pers. comm,) 

Origin 

Each digit is 
served by a 

muscular unit that 
arises from 

ligaments binding 
the carpal bones. 
Digits two, three, 

four and five 
receive two 

branches, with 
digit two 

receiving only 
one. 

A complex series 
of small muscles 
that orginate on 

ligaments binding 
the carpal bones. 
Digits one, two 

and three receive 
a pair, while digit 

four receives a 
single slip 

Insertion 

Insertion of each 
branch is  onto the 
proximal end of 

the first phalanx of 
its respective digit 

The lateral branch 
of digit two, the 
lateral branch of 

digit three, and the 
branch serving 

digit four inserts 
via slender tendons 
onto the proximal 

ends of 
intermediate 

phalanges. The 
other branches of 
this complex insert 

fleshily onto !he 
region of the 
metacarpo- 

phalange01 jont of 
their respective 

digit 

Tarra Showing Pattern Compurable to 

Sphenodontidaa- Sphenodon (Miner, 
1925). Five paired unifs serve each 
digit, but confusion about insertion 

pattern; Varanidae-Varonus (Haines, 
1950). Similar to Iguana, but digit 

two also receives a pair. 

Descriptions of the mrn. inter ossei 
ventralis are scarce (A.P. Russell, 
pers. comm.). Varanidae-Varanus 

(Ribbing, 1907; Haines, 1950; 
landsmeer, 1984) 

Tuxa Showing Deviation 

Gekkonidam-Gckko (Russell, 
1975). The mm. lurnbricales 

which serves all digits in 
Iguana, is  associated with 

digits two, three and four in 
Gekko. 



Appendix 4. Literature survey of the origin and insertion patterns of muscles of the crus and pes of lepidosours. 
For each muscle the pattern is presented for iguana, then the documented taxo ?hot share or deviate from this pattern ore presented. 
Exact determination of insertiorl may be impeded by factors such as small specimen size and connective tissue that obscures the area 
of attachment. As such, insertion patterns are comparable if the same region is involved. 

Sphonodontidao- Sphenodon 
These muscles 
are paired in 

/guano, so 
they are 

treated as o 
unit 

Extensor 
digit or unr 

longus 

Mivart 
(1 867); 

Gunher, 
(1 868) 

brevis originates 
fleshily from the 
entire length of 
Ihe fibular 

The bfev,r inserts 
+endinourly 
,he 
of rnetotarsaI five 

(Byerly, 1925); 
HolexIormatidoe- Heloder rno 

(Shufeldt, 1890); 
Chamleonidoo~ Chamoeleo 

(Perrin, 1892). Partially 
undivided with fibular origin. 
Lacmrtidam-Locerto (Perrin, 

1892). An intermediate 
pattern, with the muscles 

divided, but on origin and 
insertion similar to that seen 

in lguono 

ckmcnlwi~-Chomoe,eo 
(Mivart, 1867); 

polvcbrotidcl.~Andis (A.P, 
prr, comm.). oath 

~ ~ x a h o v e i n s c r ~ i o n o n ~ y o n ~ ~  
melotarsal two 

Sphonodartidcn-Sphenodon (Bylerly, 
1 925); Phrynosomcrtidao- Phr ynos orno 
(Sonders, 1874); Agamidae-Leiolepis 
(Sanders, 1872), Chlorn~dosoufus Id' 

V i ~ ~ 1 8 8 4 ) ; G * ~ ~ o n i d ~ - G @ ~ ~ o  
(Russell, 1975; Sonders, 1870); 
Holodormotidao- Heloder ma 

(Shufeldt, 1890) 

Tendinousl y from I Insertion is  via two 
the lateral 
femoral 

epicondyle 

- 

tendons, one onto 
metotarsal two, the 

other onto 
metotorsol three 





Origin 

m. pubotibiolis, 
femoral 

epicondyle, and 
from the tibia 

The superficial 
belly arises 

tendinously from 
the lateral 
femoral 

epicondyte, from 
the posterior face 
of the knee joint 

capsule, and 
from the insertion 
tendon of the rn. 
iliofibularis. The 
deep belly arises 

in conjunction 
with the 

superficial head 
from the femoral 

site 

Insertion 

The superficial 
belly contributes to 

an aponeurosis. 
Distally the 

aponeurosis yields 
tendons that insert 
onto the phalanges 
of digits three and 

four. The deep 
belly gives rise to a 
motor tendon that 

inserts onto the 
mesial plantar 

tubercle of 
I metatarsol five 

Toxa Showing Pattern Comparable to 
Iguma 

that of Iguona, the origin is  chiefly 
involved with the region of the 

collateral ligament 

Phrynoromotidoo- Phr ynos omo 
(Sanders, 1874); Agomidoe- Leiolepis 
(Sanders, 1872); Gekkonidao.Gek ko 

(Sanders, 1870; Russeli, 1975); 
Teiidoo- 'lupinombus (Rewcastle, 

1977) 

Tala Showing Deviation 

accessory slip arises from the 
distomesial morgin of the 

main belly. This slip 
bifurcotes, with one branch 
inserting onto metatarsal 

one, and the other onto a tie 
anchoring the aponeurosis to 

the rn. peroneus longus. 
Toiiho- Tupinombus 

(Rewcastle, 1977). Origin 
similar to Iguono, but an 

accessory slip like that seen 
in Varanus and locerta 

Sphnodontidae-Sphenodon 
(Gunther, 1868; Ptrrin, 

1 895); Agomidoe- Ur ornost yr 
(Rewcastle, 1977); 

Voronidae-Var onus 
(Rewcastle, 1977); 
Lacertidoe- Lacerto 

(Rewcastle, 1977). The 
superficial aponeurosis olso 
inserts onto the second digit. 
The actual insertion pottern 
onto this digit differs slightly 
between these toxa. While 

distally some variation exists 
in the details of insertion 
onto the phalanges, the 

general morphology of this 
muscle i s  not markedly 

different from that described 



Appendix 4. 

Division 
I 

Ventral Crus 

ontinued. 

Musclo 

Flexor 
digitorurn 

longus: 

Mivart (1 867); 
Rewcastle 

(1 977); 
A.P. Russell 

(pers. comm.) 

Origin 

This complex 
muscle is 

associated with 
several origin 

sites: 1) fleshily 
from the lateral 

femoral 
epicondyle; 2) 

fleshily from the 
fibular shaft; 3) 
fleshily from the 

astragalo- 
calcaneum; 4) 

within the sole of 
the foot the 
metatarso- 
cat caneal 

contribution 
originates from 
metatarsal five 

and the 
astragalo- 

calcaneum; 5) 
two lumbricales 

muscles orise 
from the long 

flexor tendons of 
digits two and 
Ihree; 6) two 
aponeurolic 

heads arise from 
the aponeurosis 

Insertion 

Distally, in the sole 
of the foot, the 

main mass of the 
muscle yields an 
aponeurosis and 

five flexor tendons. 
Each lendon inserts 

onto the ungual 
phalanx of its 

respective digit. 
The metatarso- 
calcaneal heads 
serve the second, 
third and fouth 
digits. The mm. 

lumbricoles insert 
onto phalanx four 
of digit four, and 
phalanx three of 
digit three. The 

aponeurotic heads 
insert onto the first 
phalanx of digits 
three and four 

Taro Showing Pattern Cornparoblo to 
lguono 

Similar crural component 
Corytophanidae-Basiliscus (Snyder, 
1 954); Crotoph~tidoe- Crotaphytus 
(Snyder, 1 954); Phrynoromatidcn- 

Sceloporus (Snyder, 1954); 
Agomidao- Agarno, 

Amphibolurus (Snyder, 1954, 
Urornostyx(Perrinl 1892; Rewcostle, 
1977); Gokkonidae-Gek ko (Russell, 

1 975); Toiidae- Tupinambis 
(Rewcastle, 1977). The long flexor 

tendon serving digit five segregates 
high in the crus of Gekko and 

Urornastyx. 
Similar plantar components: 

Descriptions of this region are not 
provided by Snyder (1 954). 

Agamidae- Chlamydosaurus, 
Leiolepis (de Vis, 1803)) Ur omastyx 

(Rewcastle, 1 977); Lacertidao-lacerta 
(Rewcastle, 1977) 

T axa Showing Doviation 
-rn 

Different crural component: 
Sphonodon tidae- Sphenodon 
(Perrin, 1 895); Lacortidao- 

locerta (Gadow, 1882; 
Perrin, 1892; Rswccastle, 

1 977); Varonidoo- Voronus 
(Gadow, 1882; Perr in, 1892; 
Rewcastle, 1977). These toxa 
have an accessory head that 
arises from the tendon of the 
m, flexor tibialis externus. 
The other crural origins ore 

similar to those seen in 
Iguana. Chamaoloonidcn- 
Chamaelco (Mivort, 1 870). 

Femoral and fibular origins, 
but partially separate bellies 

serve digits one and two, 
three and four, and five 

Differen1 ~ lan ta r  
components: 

Voronus (Rewcastle, 1977) 

1 has bvo additional 
aponeurotic slips, and an 

1 additional lumbrical muscle. 
The loner also occurs in 

I Gokko (Sanders, 1870) and 

1 Sphendon (Byerly, 1925). . .  . 
I 

Difference between literature 
sources for Sphcnodon 

precludes comment on other 

I components 





I 

I 

Appendix 4. Continued. 

Division Taxa Showing Pattern Comparable to Taro Showing Dmviation 

Dorsal Manus Extensores disit three-three ligament inserts Varanidae- Var anus (Rewcastle, interossei dorsales 
digitores bellies. One onto the head of 1977). The most detailed descriptions 
breves arises from the metatarsal four. are provided by Rewcastle (1 977), 

The other bellies with others providing somewhat 
vague descriptions regarding the 

metatarsals, and 
from the inferior 

lnterossei 
dorsales 

A.P. Russell 
(pers. comm.) 

W 
OD 
-4 

Fleshily from the 
shaft of 

metatarsals three 
and four 

L 

Fleshily onto the 
shaff of the next 

most mesial 
metatarsal 

No information about this muscle in 
taxa other than gekkonids 
(A.P. Russell, pers. comm.) 

GakConidaa-Gekko (Russell, 
1975; Sanders, 1870). 

Muscle extensively 
developed, and each digit 

receives a pair 



Appendix 4. ( 

Division 
K 

Dorsal Manus 

L 

Ventral Monus 

ntinued. 

Muscle 

Adductor et 
extensor 

hallucis et 
indicus 

Rewcastle 
(1 977); 

A.P. Russell 
(pers. comm.) 

Flexores 
digit ores 
breves 

Rewcastle 
(1 977); 

A.P. Russell 
(pers. comm.) 

Origin 

Fleshily from the 
distal end of the 
fibula. Near the 
wigin the muscle 
divides into two 
slips that serve 
digits one and 

two 

Three muscle 
bellies serve 

digits one, two 
and three. All 
originate from 

the deep femoral 
3poneurosis. The 
~ e l l y  serving digit 

three also 
originates from 

the mesial 
plantar tubercle 

of metatarsal five 

Insertion 

Diclit one-the slip 
>ifurcates, with the 

rnesial branch 
inserting 

proximally onto 
metatarsal one, 
and the lateral 
distally onto the 

some bone. pisit  
two-the single slip 
nserts fleshily onto 

metatarsal two 

Digit one-fleshily 
onto phalanx one 
of digit one; &t 

two-the belly 
divides into two. 
The mesialmost 

inserts onto 
phalanx one, while 

the lateralmost 
inserts tendinously 
onto phalanx two; 

Dinit - three- the 
belly yields two 
mesial and one 

lateral tendon. The 
former combine 

raxa Showing Pattern Comparable to 
lguono 

Agurnidao- Ur omas t y r (Perr in, 1 892; 
Rewcastle, 1 977); Lacortidoe- Lacer to 

(Rewcastle, 1977) 

Sphonodontidao-Sphenodon (Perrin, 
1895; Byerly, 1925); 

Phrynoromatidae- Phr ynosoma 
(Sanders, 1874); Agamidoew 

Chlomydosaurus (de Vis, 1884); 
Leiolepis (Sanders, 1872), Urornastyr 

(Rewcastle, 1977); Gokkonidon- 
Gekko (Russell, 1975) Lacertidae- 

locerto (Rewcastle, 1977); Teiidao- 
Tupinambis (Rewcastle, 1977). In the 

the above taxa the mm. flexor 
digitores breves arise primarily from 
the region of the femorol oponeurosis 
and insert onto the first three digits. 
Rewcastle (1977) has provided the 

Taxa Showing Deviation 
from fguamo Pattern 

Sphmnodontidaa-S phenodon 
(Byerly, 1925; Jouffroy et al., 

1975). Only digit one i s  
served by this muscle; 

Chamoleonidam- C hamoeleo 
(Mivart, 1870). Digit one not 
s ~ r v t d  by this muscle, while 
the second digit receives two 

slips. Gokkonih-Gekka 
(Russell, 1975; Sanders, 

1870). Digit two not served 
by this muscle; Varanidae- 
Varanus (Rawcostlo, 1977), 

Muscle pattern similar to that 
seen in Sphenodon 

Chamoeleanidao- C harnoeleo 
(Mivart, 1870), Arises from 
metatarsal one and radiates 
to digits three, four and five. 

Snyder (1954) has reported 
involvement of digit four for 

the following kxo: 

Coqtophanidoo-Basiliscus 
Crokphytidoe- Cr otaphytus 

Q)rryno~matidoe-Scel opor us 
Agamidoe-Agomo, 

Amphi bolur us 
The origin of this series of 



A ~ ~ e n d i w  4. Continued. 

Division 

Ventral Manus 

Muscle 

Flexores 
digit ores 
breves 

continued 

Adduct or 
digi t i  quinti 

Rewcastle 

(1 9771, 
A.P. Russell 

(pers. comm.) 

Flexor 
hallucis 

A.P. Russell 
(pers. comm.) 

Origin 

Small, bipartite 
muscle that arises 
fleshily from the 
dorsal region of 

the mesial 
plantar tubercle 
of metatarsal 

five. It i s  
divisible into a 

mesial and 
lateral portion 

Tendinously from 
the ventromesial 

surface of the 
fourth distal 

I tarsal 

Insertion 

with either the 
superficial 

aponeurosis or the 
third lumbiricoles 
muscle. Insertion 

of the the former is 
onto phalanx two. 

Tho latter 
ultimately connects 

with the lateral 
flexor digitorurn 
breves tendon, 
lnsertion is onto 
phalanx three 
- - 

The mesial portion 
inserts tendinously 

onto the 
penultimate 

phalanx of digit 
five. The lateral 
portion inserts 

tendinously onto 
the first phalanx of 

digit five 

I 

Fleshily onto the 
metotarso- 

phalongeal joint 
capsule of digit 

one 

Taxa Showing Pattern Comparable to 
Iguana 

a 

most comprehensive description of 
the insertion pattern. Lacerta and 

Tupinambus deviate slightly from the 
Iguana description in terms of extent 
of origin from the plantar tubercle 

and insertion tendon pattern. 
However, the general morphology of 
these muscles is similar to the Iguana 

pattern 

1 axa Showing Deviation 
from lguona Pattorn 

muscles in these taxa is 
comparable to that seen in 

Iguana 

GeCConidae-Gek k o (Russell, \ 975); 
Agamidae- Uromos t yx (Rewcostle, 

1977); lacortidao- Lacerta (Rewcostle, 
1977). The odductor digit quinti in 

these taxo hos two slips. In 
Urornastyx the insertion pattern is 

identical to \hat described for Iguana. 
In Gekko and Lacerta the insertion of 

the mesial slip differs slightly 

T e i i h -  Topi nambus 
(Rewcastle, 1977); 

Voranidcn-Varanus 
(Rewcastle, 1977). Three 
slips of this muscle occur, 

with each producing a 
tendinous insertion onto the 

phalanges of digit five 

Little is known of the form or variability of this muscle 
(A.P. Russell, pers. comm.) 

I 



r 

Origin 

Appendix 4. Continued. 

Division Muscle 
F 

i 

Ventral Manus 

I nsortion Taxa Showing Pattorn Comporablo to Tara Showing Deviation 

Abductor 
digit; quint; 

Fleshily from the 
ventroloteral 
margin of the 

Mivart (1 867); 
A.P. Russell 

(pers, comm.) 

Controhentes 

Rewcastle 

(1 977); 
ASP. 

(pers. comm.) 

Inter ossei 
plantares : 

Rewcasf'e 

(1 977); 
A.P. Russell 

(pers. cornme) 

Sphendontidoe-Sphenodon (Perrin, G*kkonidoe*GekkO 
Fleshily onto the 1895); Agarnidao- Ur omas tyx 1975). This muscle has two 
the and (Rewcartlc, 1977); Lacertidao-Lacerta components 
lateral plantar (Perrin, 1892; Rewcastle, 1 977); 

astragalo- 
calcaneum 

tubercles of foiidao-Tupinambus (Rewcastle, 
metatarsal five 1977); Scintidoe-Gongylus (Perrin, 

1892); Varanidae-Varonus (Per r in, 
1892; Rewcastle, 1977) 

The slips serving 
the first three 
digits arise 

tendinous1 y from 
the proximal end 

of the shofi of 

Each slip inserts by Sph.nodontidao-S~henodon (Perrin, G~khonid~*-Gekko (Russell, 
way of o small 1895); firynoronrotidao- Phrynosomo 19751, Gekko has 0 more 

motor tendon onto (Sanders, 1872); Agomidoe- complexly subdivided 
the first phalanx of Chlamydosaurus (de Vis, 1884), contrahentes than other 

its digij Leiolepis (Sanders, 1872); lizards so far described 
Helodormatidoo- Heloder ma (A,?. Russell, pers. comm.) 

metatarsal five. 
The slip serving 
digit four arises 
from the lateral 

border of 
metatorsol five 

(Shufeldt, 1 890); Varonidao-Varonus 
(Rewcastle, 1977) 

The three 
interosseal 

bellies originate 
flcshily from the 

Fleshily onto the 
next most mesial Gehkonidae-Gekk o (Russell, 1975; Sphedontidae-Sphenodon 

metatarsal Sanders, 1870); Agomidam- Perrin (1 892) provides a 
Chlamydosour us (de Vis, 1884); description of o complex 

ventrolateral 
margins of 

metatarsals two, 
three and four 

Leiolepis (Sanders, 1867); network of muscle slips, but 
Holodermoltidoe- Heloder ma moy have confused this 

(Shufeldt, 1890) muscle layer with others 
(A,?. Russell, pers. comm.) 



Appendix 5. Literalure survey of  Obeihiiutchen pattern and sensillor morphology in lepidosaurs. The morphology was determined by 
examinat ion of documented descriptions and illustrations. For some taxa sensil lor morphology has not been documented, and this is 
indicoted by o question mark in the appropriate cell. Clades included in the table are consistent with those shown in Figure 3.1. 

Oborhiiutchon Pattern 

Lamellate 

Polygonal ridges. 
Dipsosaurus has pit 
and groove micro- 

ornamentation 
(Peterson, 19040) 

Polygonal ridges with 
pit and groove micro- 

ornamentation 
(Peterson, 1984a) 

Polygonal ridges with 
spinules (Peterson, 

1984a) 

In Enyalioides the scale 
ornamentation results 

from folds of the 
Oberhiiutchen, beta, 

mesos and alpha layers 
(Harvey, 1 993) 

Spinulate 

Senrillat Morphology I Taao Documontd I 

Bristleless Sphenodon 

Br istleless in Iguana, 
Ctenosaura 

Bristleless in all taxa 
examined (Lang, 1989) 

Bristleless reported for Crotophytur'* '; 
Crotophytus ~ornbelia?. 

{Landmann, 1975) 1 
? I Enyalioides 

Single unadorned, 
slender bristle in 

Oplurus and 
' Choloradon (Ananjeva 

et al. 1 991 ; Matveyeva 
et al, 1995; Williams, 
1988), lenticular in one 

species of Oplurus 

Oplur us, Chatarodon 

1, Dujsebayeva (1994); 
2, Matveyeva (1 995); 
3, Peterson (1 9840); 

4, Von Diking and Miller (1979) 

1, Ananjeva el 01. (1991); 
2, Dujsebayeva (1 994); 

3, Lang ( 1  989); 
4, Peterson (1 9040) 

1, Landmann (1975); 
2, Peterson (1 98Sa); 

Harvey (1 993); Peterson ( 1  9840) I 

Ananjeva et al. (199)); Matveyeva 
(1995); Williams (1988) 

t . C*) 
c0 
d 



Appendix 5. Continued. 
I Clade Oberh6utchen Pattern 

-- 

Sceloporus has 
polygonal ridges, with 

pits, grooves ond 
spinules. Significant 

interspecific variation as 
well as regional and 
local variation in a 

single specimen 
(Peterson, 1 984a). 

Callisaurus and Umo 
lack spinules 

spinules on subidigital 
scales, wijh other scales 

bearing polygonal 
ridges (Maderson, 1970) 

Sensillor ~ o r ~ h t & y  

Lenticular sensil la 
reported for Sceloporus 

~ ~ i ~ ~ l ~ d j .  7 ' 4 . 5 . 6 .  9, 10 

Bristle is  slender with no 
ornamentation 

Bristleless as well as 
sensilla with single 

bristle reported for a11 
three genera by 
Williams (1 988). 

Sensilla with single 
bristle evident in 

photomicrograph of 
Phenacosaurus digit in 

Peterson ( 1  9830) 

Taro Documented 

Anolis 

Chamaeleolis, 
Chomaelinor ops, 
Phenacos our us 

Literature Citation i 
1, Ananjeva at al. (1991); 

2, Cole and Vandevcnder (1 976); 
3, Dujsebayeva (1  994); 
4, Motveytvo (1 995); 
5, Peterson ( 1  984a); 

6, Stewart and Daniel (1973); 
7, Stewart and Doniel (1 975) 

1, Ananjeva at al. (1 991); 2, 
Oujscboyevo (1994); 3, Ernst and 

Ruibal (1966); 4, Flausin and 
Acuna-Mesen (1996); 5, Irish et 01. 

(1988); 6, Peterson (1981); 7, 
Peterson ( I  983a); 8, Peterson 

(1983b); 9, Peterson (1984a); 10, 
Peterson and Williams (1 981); 11, 

Ruibal and Ernst (1965); 12, 
Williams and Peterson (1982 

1, Frost and Etheridge (1989); 
2, Peterson (1 983a); 
3, Peterson (1 984a) 



Appendix 5. Contir 
Clad. 

pro-ranolines ' 

para-onolines' 

Basal polvchrotid ' 

Oberhiiutchen Pattern 

Spinulate 

Spinulate. Anis olepis 
reported to hove 

spinules on subidigital 
scales, with other scales 

bearing polygonal 
ridges (Moderson, 1970) 

- 

Spinulate 

Polygonal ridges 
covered with irregular 

pits 

Leiocepholus, 
Tropidurus, Platynotus 
and Stenocercus have 
polygonal ridges with 
pit and groove micro- 
ornamentation. The 
latter three taxa also 

have spinules, Regional 
variation in distribution 
of microornamentation 

tY  Pes 

Sensillar Morphology 

Bristleless reported for 
Pr istidactylus 

(Williams, 1988) 

Bristleless sensilla 
documented for 

leiocephalus (Irish et 
al., 1988) 

Anisolepis; Aptycholaemus, 
Urostrophus 

Literature Citation -sl~1 

1, Etheridge and Williams (1985); 
2, Frost and Etheridge (1989); 

3, Peterson (1 984~) ;  
4, Willioms (1 988) 

Frost and Etheridge (1 989);, 
Moderson (1 970); 
Peterson (1 984a) 

Frost and Etheridge (1 989);, 
Maderson (1 970); 
Peterson (1 9040) 

1, Frost and Etheridge (1 989); 
2, Peterson (1 9840) 

1, Ananjeva et al. (1991); 
2, Irish et 01. (1 988); 
3, Peterson (1 9840) 



Appendix 5. Continued. 
Clado I Oberhbutchon Pattern 

I 
Polygonal ridges in the 

taxa documented by 
Peterson ( 1  984) 

Polygonal ridges in the 
taxa documented by 
Peferson (1 984) and 

observed in 
photomicrograph of 

Calotes in Hiller (1978) 

Spinulate 

Pygopodidae Spinulate 

Eublepharidae Spinulate 

Sensillar Morphology 

Single unadorned 
bristle. The bristle has 

the form of a spike 

Bristleless. Papilla 
naked in Brookesia and 
spinulate in Chomaeleo 

(Williams, 1988) 

Sensilla bearing single 
bristle 

Sensilla with single 
bristle for taxa reported 

by Hiller (1971) 

A ~ ~ ~ ~ ~ .  '. ' 8  6; ~ ~ ( ~ f ~ ~ ~ .  '* ' 1 5 .  

~hr~noce~ha lus  le4, '; 
~eratophoro'* '; 

Gon ocephalus'~ '; 
Trapelus' 4. ~canthorauro'; 
~ ~ h a l i o t i s  i; Dendragarnol; 

~ r o c o ' . ~ ;  ~apalura'; 
~oudokia'; Sitana1; ~ t c l l i o '  

Delma 

Li tarature Citation 
1 - 

1, Ananjeva and Dujsebayeva 
(1997); 2, Ananjeva et 01. (1991); 

3, Dujsebayeva (1 994); 
4, Matveyeva (1 995); 
5, Peterson (1 984a) 

1, Ananjeva et al. (1991); 
2, Hiller (1978); 

3, Landmann (1 975); 
4, Matveyeva (1 995); 
5, Peterson (1 984a); 

6, Von Dirring and Miller (1979) 

1, Irish et al. (1 988); 
2, Peterson (1 984a); 
3, Williams (1988) 

Landmann (1 975) 

1, Hiller (1971); 
2, Stewart and Daniel (1 975) 



reported for the taxa 

Motveyeva ( 1  995) and 
Landmann ( 1  975). Lauff 
et al. ( 1  993) report three 

types of sensilla in 

scales, and scales on 
the knob-tail of 
Nephr urus have ~ h ~ l l o d o c t ~ l u s ~ ;  

bristleless sensilla. Pseudothecodact /us'; 
Nephrurus, along with Ptyodactylus r ; 

Phylurus and Rachodoctylus ', 
Under woodisour us, ~tenodacf~lur' ;  

bear sensilla with 1 to 8 ~ n d e r w  oodisaurus ' 
bristles. The bristles of 
these Australian padless 

geckos bear setules. 
Phelsuma, tygodoctylus, 
and Tarentola also have 

subepidermal 
lametfated corpuscles 

that are vibration- 
sensitive (Hiller, 1977) 

Amphirboenia I Pitted ? loveridgea 
Dibarnidam no information available 

Xanturiidae Lamellate with small Bristleless sensilla 
Xantusia 

pits reported by landmann 
( 1  975) 

1 

Literature Citation 
b - 

1, Bauer and Russell (1988); 
2, Oujseboyovo ( 1  994); 

3, Hiller (1968); 4, Hiller ( 1  971); 
5, Hiller (1976); 6, Hiller (1977); 

7, Landmann (1975); 
8, Louff ot 01. (1 993); 
9, Motveyeva ( 1  995); 

10, Peterson ond Bezy (1985); 
11, Ruibal and Ernst (1965); 

12, Russell and Bauer (1987); 
13, Von Difring and Miller (1979) 

t 
Irish et al. (1 988) 

Landmonn ( 1  975); 
Peterson ( 1  9840); 

Stewart and Doniel (1975) 





Appendix 5. Continued. 

* The abundance of documented descriptions of Oberhiiutchen pattern and sensillar morphology in the Polychrotidae permitted the 
subdivision of the clade into the groups defined by Fejerson (1983b). 

I 

Clade 1 OberhGutchen a Sensilk 

Helodmrmatidae I Pitted ? 
Lanthonotidam 

Voronidoe 

Tawa Documanted I Literature Citation 
--i 

Heloder ma Stewart and Daniel (1975) , A 

no information available 

Polygonal ridges 

L 

Bristleless sensilla 
reported by Von Dirring 

ond Miller ( 1  979) 

Voronus Harvey ( 1  993); 
Von Dirring and Miller (1979) 




