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Abstract

In many mammals, mothers closely associate with offspring both before and after weaning.
Social bonds during infancy and adulthood have consequences for offspring fitness and
sociality, and this has been the subject of some research, especially in the field of
primatology. However, few studies have assessed whether mothers influence offspring
fitness after the point of weaning. When it comes to sociality, even fewer studies have
assessed the role mothers play in influencing offspring social ties and social stability. In
this thesis, I investigate these questions using long-term data from a population of red deer
(Cervus elaphus). Specifically, I show that in both sexes orphaning reduces prospects of
survival even when it occurs after weaning. I further show that orphaning prior to weaning
reduces male antler growth but does not affect female primiparity at age 3 years. Finally, I

find no evidence that mothers affect offspring sociality in infancy and adolescence.
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Chapter 1: General Introduction

1.1 Overview

The data chapters in this thesis ask whether sborads (between mothers and offspring) have
value or not, | do not specifically explore the im&aisms involved in producing the benefits. In this
general introduction, | give an overview of thegdtal value of social bonds with emphasis on
mechanisms. | also review how social bonds areddrrand which factors can affect their
maintenance. The aim of this introduction is towalthe reader to understand why social bonds
might exist. This serves to introduce the data tdragChapter 2 and 3) that follow, both of which

add new perspectives and conclusions regardingatioe of social bonds.

1.2 Sociality and Social Bonds

Behavioural interactions among individuals arelibsis of animal sociality. The degree and
complexity of social behaviour varies widely acrasgmal taxa (Whitehead 2008). Individuals
may come together and interact to form large aggregs, and individual relationships may be
largely random (Whitehead 2008). In other casewihdals with particular characteristics (based
on sex, size, age, dominance, or relatedness &ngbe) may be more likely to form ties: the
associations are preferential and non-random (\Wa#e 2008). The existence of these associations
can have fithess consequences, ranging from thaleif®.g., reduced predation risk [group size in
ungulates (Hebblewhite and Pletscher 2002)], ahdered energy conservation [(huddling in
flying squirrels Glaucomys volarjgMerritt et al. 2001)]), to the more complex (e .gpalitionary
support (Fairbanks 2000). The benefits of soces hietween two individuals can be affected by

social stability (Berghanel et al. 2011). As a tesfithis, stable associations have presumably



evolved because they enhance fitness to a gredttéhan ephemeral associations would.
Associations of this type have been referred teoagal bondsThough rarely defined explicitly, the
term bond suggests a temporal component (Whiteb@ad). Due to the rarity of operational
definitions (Silk 2002), | adopt the very generafidition offered by Bergh&nel et al. (2011): bonds
consist of “lasting partner preferences in affiiatinteractions.” These mutual partner preferences
are inherently individual-specific, meaning tha ttharacteristics on which attractions are based
are exclusive to a single individual. | use a lesdrictive termsocial tig to describe social
behaviour between two individuals that nmaymay not be individual-specific. These ties can
involve bonded individuals, but social ties caroafs/olve simple aggregation with no attraction or
attraction based on characteristics not exclusiyaatticular individuals. Examples of the latter

include attraction based on sex or age.

1.3 The Value of Social Bonds

1.3.1 Social Benefits Across I ndividuals and Time: Social bonds can take on many forms. Bonds
can form between kin and non-kin as well as betweembers of the same or opposite sex (Silk
2007a). In addition, social bonds may last a lifetj or they may terminate abruptly. Such is the
case for social bonds between mothers and youngaity mammalian species with sex-biased
dispersal. Mothers often continue lifelong assown with their philopatric daughters and social
ties are terminated with sons at the point of disglgvan Noordwijk 2012). In both cases, most
would assert that social bonds exist. Althoughadmbnds are often defined based on a component
of temporal stability, the above examples show ltiwaids can also vary across time. Hence,
temporal stability in and of itself cannot be usedefine the value of a bond. Indeed, for many
species that form social bonds, the value of bdikdky varies across time. For instance, in Barbary

macaquesMacaca sylvanysunrelated males support each other in conflicinduthebreeding



seasonand this coalitionary support is attributed tot® that are forged and maintained during the

non-breeding seasqBerghanel et al. 2011).

1.3.2 Agonistic Support: Agonistic support appears to be a major benefsoafal bonds. In many
primates, rank acquisition is related to coalitigrseupport from kin (see Maestripieri 2009). In
particular, mothers often interfere in conflictsatving their offspring, with the result that
offspring acquire a dominance rank immediately Wetloeir mother’s (Fairbanks 2000,
Maestripieri 2009). The social benefits of this goit can also be time-dependent due to age
effects. In many Old World Monkeys, mothers prefigigly interfere in conflicts of their youngest
offspring. As offspring age and acquire youngelisgs the disparity between their rank and their
mother’s increases (Fairbanks 2000). Other exangdlesnflict support include male-male
alliances found in bottlenose dolphifaifsiopsspp) (Kritzen et al. 2003), benefits of maternal
presence to resource access in ungulates (Holaald2112), defense of females from male attacks
in male-female bonded olive babooR&pio hamadryas anubigLemasson et al. 200&nd

conflict interventions by bonded spotted hyer@¢uta crocuta (Engh et al. 2000).

1.3.3 Predator Avoidance: In addition to protection from conspecifics, sotdahds can also

enhance predator avoidance. For instance, in soméactyls snorting (a loud expulsion of air
through the nostrils) serves to communicate datggeonspecifics (Caro et al. 2004). In species
where females form kin groups, females alarm callenthan males. This suggests that social bonds
may play a role in information sharing (see Carale2004). Similar observations come from other
mammalian taxa as well (e.g. Belding ground sqlgirkdrocitellus beldingi Sherman 1977). In at
least one species social bonding is specificatligdd to cooperative attempts in thwarting predator

attacks (Micheletta et al. 2012): In a study oted macaquediacaca nigrg, Micheletta et al.



(2012) conducted field experiments with audio pkghts to ascertain whether socially bonded
individuals were more likely to respond to eacheoth“python related alarm calls”. The acoustic
profiles of alarm calls differed between individsiagdnd closely bonded pairs were more likely to
attend to each other’s calls. In the future, sinsladies may demonstrate these benefits to be more

widespread.

1.3.4 Information Sharing: Social bonds may enhance information availabilitgt aharing that
extends beyond alerting conspecifics to dangeiicaifrelephantd oxodontaspp) provide an
illustrative example of how social bonds can enkanansfer of accurate information and increase
fitness as well. Elephants live in matrilineallysttured female groups characterized by bonded
sub-clusters and frequent group fissions and figsfoss and Lee 2011). From a distance, groups
identify each other as bond-mates, acquaintanoéssteangers based on the characteristic
vocalizations of other herd members. In this sggaroup-mates respond to the calls of less
familiar individuals (potential hostiles) by orgaimg into defensive formations. Groups led by
older matriarchs are less likely to bunch in reggoto unfamiliar calls, which may indicate that
such groups are more powerful. More interestingiginois that groups led by older matriarchs are
less likely to misidentify other groups as acquances when they are strangers, and vice versa.
Thus, social bonds with old matriarchs may reduzssible risks from inter-group conflict and
accidental avoidance of friendly groups. As evidefar this, McComb et al. (2001) found that
families led by older matriarchs also had greaetily-based reproductive success even after
family size was controlled for. These observatisnggest that, at least in African elephants, social

bonds benefit information transfer and this prosifilness benefits as well.



Information signaling and sharing occurs in mamateanging from domestic chickerGdllus
gallus domesticyqMarler et al. 1986a), to artiodactyls (Char@aet2004), macaquedMécaca
spp) (Micheletta and Waller 2011), chimp3an troglodytel(Slocombe and Zuberbihler 2006)
and humans. In domestic chickens, a species witiparatively low cognitive capacity, cockerels
emit calls that communicate the presence and gu@libod items (Marler et al. 1986a). These
calls are infrequent when cockerels are alone tr ather males (competitors). However, they
become significantly more frequent in the presesfdamiliar and unfamiliar hens (Marler et al.
1986b). It is no surprise then that more cogniyivadle species can convey similar information. In
chimpanzees, for instance, grunts of various taoesey information about food quality as well
(Slocombe and Zuberbihler 2006). In some ungutstepring copy the foraging habits and food
selection of their mothers (Mirza and Provenza 1@9&stindjer et al. 2011). Given the widespread
occurrence of information sharing and use, it ipgsing how little research has sought to
understand whether social bonds influence theiiked of information transfer. Of particular
importance is how the presence and strength odkbonds might influence the qualities of
information signals: are more closely bonded indlinals more likely to share information, and is
this information more reliable (reduced chanceeahd deceitful)? If so, how does this influence
the responses of individuals to information sigriedsn conspecifics? This is certainly an area of

research where major developments can be expected.

1.3.5 Food Sharing and Tolerance: In many primates, carnivores, and at least oneeata
species, food sharing occurs between bond-matgsHeelzel 1991, Mitani and Watts 2001, Jaeggi
et al. 2008, Holekamp and Smale 2010). Often thisvolved with parental care. Frequently food

is provisioned from parent to offspring (e.g. Jaega@l. 2008, Holekamp and Smale 2010), but



sharing can also occur between bonded parentisgass in Corvids (see Goodwin 1986, Bugnyar
et al. 2001). Though food sharing is most commatméncontext of parental care, it also occurs in
other social contexts. For instance, in chimpanz®eese hunters occasionally share their kill with
other males, but this occurs with great variahilBpme pairs share very often while others never
appear to do so. In this population, males fornseloonds, meat sharing is often reciprocal, and
those dyads that share more often are also maly lik support each other in conflict (Mitani and
Watts 2001).

Beyond actual transfer of food items, social borals also facilitate enhanced resource access
through tolerance. In baboorf3gpio cynocephalyghere is increased tolerance between bond
mates, particularly in respect to resting and fiegdhn proximity to one another (Silk et al. 2006).
Similar kin-biased tolerance is observed in red dieethis species females are permitted to remain
in their natal group throughout their mother’'ssipan, and aggression at feeding sites is reduced

between relatives (Clutton-Brock et al. 1982).

1.3.6 Effects on Third Party Relationships. Social bonds can also affect third party relatigpsh
Under some circumstances, the presence of soaialsbwith one individual can facilitate
associations with other individuals. In these cassroval of particular bond-mates is expected to
result in the loss of other social ties as wele(€&hapter 2). This appears to be the case in some
mammals living in matrilineal societies. In rhesagcaguesMacaca mulattamatrilines

sometimes split following the death of an adult &en(Chepko-Sade and Sade 1979). Groups
splintered in such a way that the dead mother’satetants dissociated from her non-descendant

kin. The death of certain matrilineal relativesssociated with similar effects in African eleplsant



as well (Moss and Lee 2011). This topic has rdoelgn investigated, and further developments are

needed (see Chapter 3).

1.4 The Loss of Social Bonds. Responses and Fitness Consequences

Positive social interactions between individualsseaneurochemical changes that instate and serve
to maintain social bonds (Young and Wang 2004).rbehemical mechanisms of bonding appear
conserved across bond types, and the mother-ibtart appears to be the original architect of this
system (Curley and Keverne 2005). The parts obthe that promote mate pair-bonding, and
likely other pair bonds, involve the same circtiitat process rewards. Rewarding tactile
stimulation (e.g. from grooming or sex) causesréiease of certain chemicals within the brain (e.g.
beta-endorphin, oxytocin, vasopressin) (Young arahy2004, Curley and Keverne 2005,
Crockford et al. 2013). The partner offering theaied also provides stimuli that are unique to him
or herself (e.g. scent or visual profile). The fesuthat individuals learn to associate particula
social partners with a reward (Young and Wang 200dividuals then seek the reward through
continued contact with that social partner, and kbads to the formation of a bond. The reward
system that social bonds are based upon overldptinat on which drug addictions operate (see
Kelley and Berridge 2002, Young and Wang 2004), iameuld appear that individuals develop a
dependency on the chemical rewards that followtpestontact with bond-mates. This apparent
dependency results in marked behavioural chandiesviog the loss of social bonds.

In relation to social bonds, the changes that ¥ollloe removal of the social rewards are
likely adaptive. For instance, infants separatechftheir mothers emit distress vocalizations,
increase their movement, reduce foraging actiitgl€y et al. 2005) and show intermittent spells
of inactivity (Newberry and Swanson 2008). As witlost responses to social deprivation, an

adaptive value can be attributed to them. In tlse @bove, the vocalizations and movement likely



serve to reunite mother and offspring, which hdstéethe term, “reinstatement behaviour”
(Newberry and Swanson 2008). Tietentialbenefit of reinstatement behaviours comes at a cost
increased energy expenditure occurs while enetgkéndeclines and vocalizations may attract the
attention of predators. When maternal bonds aevéorlost, as is the case if the mother has died,
then reinstatement behaviours bear only costs.

The permanent removal of social bonds, as descebede, is one of the more extreme
forms of social disruption, and recent researckhertopic has highlighted the important effects of
bond loss. In humans, where most research hasredgtine loss of family members elicits a stress
response (e.g. Dietz et al. 2012), and this cdolb®ved by reduced immune function and an
increased hazard of death (see Engh et al. 2006e Boal. 2011, Dietz et al. 2012 and references
therein). Research on non-human mammals is scégerecent work has demonstrated similar
stress responses. For instance, Engh et al. (26@6l) a population of chacma babod?s (
hamadryas ursinygdo investigate whether the loss of close kin Itesun behavioural and
hormonal changes. They found that females whoda@sbse relative due to predation experienced a
physiological stress response. The death of a yam@mber also increased the frequency of
grooming interactions among kin, and so it app#aasfemales attempt to compensate for the lost
bond by strengthening bonds with other family mersb8uch compensation attempts are expected
based on the way in which positive social contamtk& on the reward system of the brain (see
above discussion, and Engh et al. 2006). Incregssaming following the death of an associate
may further benefit females because it countetthetstress response: in females, positive social
stimulation is followed by oxytocin release, andg/tmcin is an antagonist of stress hormones like
cortisol (see Engh et al. 2006). In reviewing tim@ortance of social bonds in primates, Silk

(2007b) and Fairbanks (2000) highlight similar apesin social affiliations following the loss of a



social bonds. A recent analysis of social patterned deer suggests that such adjustments are not
limited to primates (Ruckstuhl et al. 2013, subeaijt

As discussed above, social bonds offer certairatbeinefits, and their loss is associated
with costly reinstatement behaviours and stregsoreses. Given this, the loss of social bonds, such
as family bonds, should also result in reduceckfimn(reduced survival and/or reproductive
success). In considering the literature on suryifeal studies have been successful in
demonstrating an effect of bond loss. For instainca,review of maternal benefits in Old World
primates, Fairbanks (2000) notes an absence olvalinonsequences following post-weaning
maternal loss. A recent study of reindeearigifer tarandusshowed that the presence of mothers
enhanced resource access for offspring, yet ovetewsurvival appeared unaffected by maternal
loss (Holand et al. 2012). As the above examplestiate, most research on survival benefits of
strong bonds have focused on the mother-offspramgl bAlthough most studies fail to show a
benefit of mothers to offspring after weaning, & feave (see Fairbanks 2000). In mammals, the
fitness benefit of maternal presence before weaisingvious; therefore benefits at this
developmental stage will not be discussed furtfdre survival benefit of post-weaning maternal
bonds have been demonstrated in two cases, neithdrich involve primates. This was first
shown in North American wood ratséotoma cineréaa species where daughters remain in their
mother’s home range after weaning. In this spatiepresence of mothers improves offspring
survival at high population densities (Moses antlaviii994). In orca whale©fcinus orcg, a
species where both males and females remain inrtatl group throughout life, it was shown that
the presence of mothers enhances the survivaltbfdmms and daughters even later into adulthood
(Foster et al. 2012). Additional studies on thed§igs of mothers after weaning are needed (see

Chapter 2).



More research has been done on the reproductivefiteeaf mothers after weaning, but
most of this work comes from primates. In vervenkays Chlorocebus pygerythrjisadult
females with mothers still alive produce more offisgp and have higher infant survival rates
(Fairbanks and McGuire 1986), and these patterms haen confirmed through experimental
manipulations (Fairbanks 2000). In Japanese masaljleeaca fuscatg daughters reproduced at
an earlier age and had offspring with higher swalvrates when their mother was still alive
(Pavelka et al. 2002). Instances where grandmothegstly support their grand-offspring appear
relatively common among some Old World monkeysr{Faiks 2000). Further reproductive
benefits from kin social bonds are provided in $2R07a). Few studies of non-primates have
looked at the benefit of mothers to offspring refurction. However, such benefits do occur in
wood rats (Moses and Millar 1994) and may occunany other non-primates where females are
socially philopatric.

In the primate literature, a great focus has lpaced on the benefits of mothers to their
daughters (see Fairbanks 2000), and this refleetsex differences in philopatry and dispersal.
Since females are typically the philopatric seriost mammals, mothers have an extended
opportunity to affect the fitness of their daughttdran their sons. However, even when males
disperse, they tend to do so some time after wganimerefore, the value of mothers to their sons

after weaning should also be considered.

1.5 Evaluating the Benefits of Social Bonds
From the discussion in the preceding section, orportant question arises. Why is there such a
lack of studies demonstrating fitness benefitsoafad bonds, especially those occurring with

mothers after weaning? This might be explainechieydifficulty involved in answering this
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guestion. To do so one requires individual lifetdrg data, and longitudinal studies of this kind ar
relatively rare. Further, to demonstrate such benehe performance of individuals with intact
bonds must be compared to individuals not possgs$sese bonds. In studying the mother-
offspring bond, this can be accomplished througheermental removal of mothers, but many long-
term life history studies typically avoid such patially disruptive manipulations. The alternatige i
to rely on mothers dying of natural causes. The aatwvhich such data accumulate is proportional
to the lifespan of the species. Hence, most stuahdeng-lived species are too short to make use of
natural orphaning data. These reasons make it eleamaternal benefits after weaning are so
rarely demonstrated. Few studies have attemptddteymine whether mothers benefit offspring
after weaning, and of those that have, the sangpddimitations likely precluded a powerful test of
the hypothesis (see Fairbanks 2000 and refereheesint). In addition, the correct statistical
methods for such longitudinal data have not beaelyiavailable until recently, and this applies
especially to the analysis of survival.

In this thesis | evaluate the benefits of matepnakence tbothmales and females in a
population of red deer from the Isle of Rum, Saudlandividual life-history data have been
collected from this population since 1974, and tas resulted in the accumulation of sufficient
natural orphaning events to make practical theyaealthat follow. In Chapter 2, | use the latest
statistical methods to investigate whether red deshers affect the fithess of their offspring
before and after weaning. In Chapter 3, | go omvestigate the potential role that mothers play in
shaping their offspring’s social environment. i éntirety this thesis serves to fill a large gap i
our knowledge regarding the value of mother-oftsgpisocial bonds. Importantly, my work focuses
on these benefits in a non-primate mammal, whiéhgsoup that has been neglected in this area of

research.
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2.1 Abstract

In several primates, the presence of mothers aftbetgrowth, survival and reproduction of their
offspring, but similar effects have not yet beemdastrated in ungulates. Here, we investigate the
effects of the mother’s presence in a populatioredfdeer (Cervus elaphus) on the Isle of Rum,
Scotland, which is the subject of a long-term, wdtlial-based study. We compared measures of
performance including antler growth in young maled age at first reproduction in females and
survival of deer with mothers still alive againsv$e that have lost their mothers (orphans). We
show that orphaning both before and after weamuogeases the risk of a natural death for both
sexes. For males, no maternal benefit was detecpasit 24 months of age while, for females, post-
weaning benefits continued throughout life. Orphgmesulted in compromised male physical
condition as measured by a reduced probability@iving antlers by 16 months of age while no
evidence for compromised reproduction was founfémales. These results support assertions that
post-weaning maternal associations affect the dpwednt and survival of offspring.

Keywords. maternal care, sex differences, orphaning, phitgpamigration, red dee€ervus
elaphus
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2.2 Introduction

In many long-lived mammals where females are phtiop and live in groups, mothers have the
opportunity to affect the fitness of their daugbktdroughout the maternal lifespan (Clutton-Brock
1991; Fairbanks 2000). Mothers also typically aggeavith offspring of the dispersing sex for at
least some time after weaning (Green et al. 1980;Noordwijk 2012). Therefore, maternal care
towards dispersing young can continue up to the timremigration (van Noordwijk 2012).
Although benefits of home-range familiarity and tusts of dispersal could favour
philopatry and delayed dispersal after weaningrffaaiks 2000), preferential association between
mothers and weaned offspring suggest a role faakfactors as well (Clutton-Brock 1991;
Fairbanks 2000). Such associations are widely @bddn group-living mammals such as red deer
(Clutton-Brock 1991). In many mammals, mothers déftneir offspring against predators (see
Nowak et al. 2000; Grovenburg et al. 2009) and eggjon from conspecifics (Cervus elaphus, et
al. 1982; Bison bison, Brookshier and Fairbanks30Blaternal social support can allow offspring
to maintain more central group positions (Cervaplels, Clutton-Brock et al. 1982; Bison bison,
Green et al. 1989; Brookshier and Fairbanks 200#refore, in the absence of their mothers,
juvenile offspring may suffer higher predation, wedd foraging efficiency (due to increased need
for vigilance) and lower access to resources (Bsbak and Fairbanks 2003). Juveniles may also
continue to benefit from their mothers due to cohBupport (Silk 2007a, b), and in bonobos (Pan
paniscus) mothers affect their sons’ reproductiwesss by assisting them during male—male mate
competition (Surbeck et al. 2011). Other matereadfits include food sharing (Jaeggi et al. 2008;
Holekamp and Smale 2010), copying of foraging lsafftostindjer et al. 2011) and food selection
(Mirza and Provenza 1992; Sanga et al. 2011). éimresspecies, juveniles also appear to learn

traditional patterns of habitat use and movemanhftheir mothers (Clutton-Brocket al. 1982;
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Nelson 1998; Murray et al. 2008).

Although both males and females can gain from materare after weaning, sex differences
in the extent to which they benefit are expectdte 3exes often differ in body size and their
tendencies toward philopatry. In sexually dimorppecies, in which adult males are larger than
females, male juveniles typically have greater in@lia requirements and growth rates than
females (Clutton-Brock1994). This life- historyitreomes at a cost of higher sensitivity to reseurc
shortage for males (Clutton-Brocket al. 1982; @tBrock1994), and this has been put forth as a
reason why, in species in which males are largethers sometimes appear to invest more heavily
in their sons (Reiter et al. 1978; Clutton-Broc&kt1981). For most polygynous group-living
species, however, males typically disperse whil¢hers continue lifelong associations with their
philopatric daughters (Clutton-Brocket al. 1982naski et al. 2005). Such is the case in red deer
(Clutton-Brocket al. 1982; Clutton-Brock1994). Téfarre, later in the offspring’s life, the mother’s
presence has the potential to benefit her daughténsot her sons.

Despite the great interest in post-weaning matexssdciations, relatively few studies have
guantified its effect on offspring fitness. A fewoeptions are provided by studies of primates
where dominance positions influence reproductiveeess and mothers provide assistance in
conflict (Fairbanks 2000; Silk 2007a, b). In thesses, maternal presence appears to enhance
offspring fitness (Fairbanks and McGuire 1986; Bainks 2000; Pavelka et al. 2002; Surbeck et al.
2011), and it appears that sex differences in phtly affect the duration of these effects (van
Noordwijk 2012). Similar contrasts have not beeriggened in other mammals. Although there is
growing evidence that mothers influence offsprieagroduction after weaning, the idea that mothers
also influence survival has rarely been subjeate@dts (but see Foster et al. 2012). Here, we use

an extensive long-term dataset on red deer to figads to what degree orphaning (both natural and

15



human caused) affects juvenile survival of bothesexhat effect the absence of mothers has on the

fitness of their offspring and which sex is morteefed by the absence of a mother.

In this study, we assess the general hypothediptis#-weaning maternal associations are a form of
maternal care. In doing so, we test the followiggdtheses and predictions:

H1: Maternal presence affects offspring survival.

1. Offspring losing their mothers (orphans) wilpexience an elevated risk of death

compared to non-orphans.

H2: Sex and age at orphaning interact to affecttmsequences of maternal loss.

2. For both sexes, orphaning will reduce survikat, female philopatry means that maternal

loss later in life affects females but not males.

H3: Survival of males and females is affected déifdly by maternal care prior to weaning.

3. Orphaning prior to weaning (13 months of agejeases the risk of death more for males

than females.

H4: Maternal presence affects correlates of reprtaeisuccess.

4. Maternal loss prior to 13 months of age inhibitdevantler growth.

5. Maternal loss prior to 28 months of age reducegtbbability of calving at 3 years of

age for females.
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2.3 Methods

2.3.1 Study Area and Animals
All data used in this study were collected in thartN Block on the Isle of Rum, Scotland {®2’
N, 06> 17° W, NM-402996). A detailed description of thedy site is found in Clutton-Brocket al.
(1982). Study years spanned from 1973 to 2011.eSi8¢ 2, all individuals in the 12-km2 North
Block of the island have been individually recogihie based on identification collars or natural
markings, and since 1974 formal monthly censuses haen routinely conducted (Clutton-Brocket
al. 1982). The behaviour and physical appearanéentdles was used to identify postparturient
mothers, and their calves were located, captuedadsand marked with unique ear tags and/or
collars. Their survival was monitored through mdyttensuses (minimum of five per month) and
intensive mortality searches in the spring. Degtfinig for individual deer was indicated by visible
reductions in body condition and restricted moveinttre discovery of their carcass on the hill,
larder records and/or the disappearance of thearf@utton-Brocket al. 1982).

As typical seasonal breeders, red deer on thedsleplay synchrony in conception, with 70
% of conceptions occurring during a 2-week perimodid-October leading the (singleton) calves to
be born primarily in late May and June (Clutton-&et al. 1982). In the harsh climate of Rum,
females do not conceive as yearlings, and theesadige at first calving is 3 years. For deer liorn
June, this corresponds to a first possible conae@ge of approximately 28 months. Red deer
mothers and daughters frequently maintain life-lasgociations, and associations with sons
continue up to the point of dispersal (Guinnesa.€1979; Clutton-Brocket al. 1982). Male
dispersal is most common between 2 and 5 yeargeof@utton-Brocket al. 2002), but maternal
associations typically decline prior to dispersad #ecome infrequent by age 24 months (<25 %

association) (Guinness et al. 1979). The age attwiniales grow their first set of calcified antlers
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also varies. On the island, most males compleie fihg& antler growth at 16 months of age, but for
some this can be delayed to 28 months of age. Nt#loua is the primary cause of mortality for
deer on the island, and this occurs principallyiruwinter and early spring (Clutton-Brocket al.
1982). Other proximate causes of death includedaots, intraspecific conflict (e.g. rutting
injuries), rare cases of eagle predation on youwhges, and shooting (Clutton-Brocket al. 1982).
Reproduction, survival and development vary greathpss cohorts, and this is related to large
between-year variation in climatic conditions (Ghess et al. 1987). In the North Block,
professional deerstalkers culled deer until 197%hach point culls terminated. Controlled
recreational hunting and culling continues to ratgipopulation levels outside of the study area.
Deer born within the North Block which range ouesitrisk being shot; since males are the

dispersing sex, the probability of males being shvar their lifetimes is higher than for females.

2.3.2 Data and Analysis

Cox survival analysis (predictions 1:3)

Survival time was analysed with Cox regression@iSAS® PROC PHREG and the Efron
approximation to handle tied event times. All madetcounted for non- independence between
death times of siblings by including mother idgnéis a clustering variable. In these models,
regression parameters are estimated by maximisirigapenhances offspring performance) and
incorporating it into the analysis, we considerkdieer to be weaned at 1 year of age. This helps t
partially buffer against some cases where calvasirage suckling beyond 7 months of age. Each
age at orphaning class was included as a separataépendent factor with two levels (orphan,
non-orphan). Our analysis spans across all agepbfining considered. For both males and

females, the earliest orphaning events observedgr@ttat 3 months of age, and the latest events

18



occurred at 187 and 150 months for females andsnadspectively. On Rum, most females die

before 18 and males before 15 years of age (Kruak 2002; Nussey et al. 2006).

The following additional variables were used in thedelling of deer survival

Maternal age category As per the methods of Guinness et al. (1978), deee classified as being
born to young (3-6 years old), middle (7—10 ye#d$, @and old-aged>11 years old) mothers,
where age represents the age of the mother attkeof calving.

Residual capture weightFhe residual of capture weight from a general limeadel incorporating
capture age (hours—extending from 0 to 312 h) &xd Gapture weight was included in the
models at the cost of some data loss (not all iketve study were weighed at birth). This was
justified given the finding that both male and féenarphans tended to be heavier at capture than
non-orphans (see Appendix A).

Birth year (cohort) -Categorically defined as the year of birth (197®tgh to 2011 inclusive).
Birth month —-Categorically defined as the month of birth (Maynd, July, August, September).
Home range area Fhe North Block of the island is divided into fidescrete areas to which we
assigned deer mothers based on the harmonic meheio$patial locations (see Dixon and
Chapman 1980). The harmonic mean was calculatad gsinsus observations from January to
May of each year. Similar methods have already lap@hed to assess and control for spatial
differences in habitat quality on the Isle of Ruseg Nussey et al. 2007). To avoid confounding
between habitat quality and orphaning status, deee assigned to one of these five regions based
on the spatial locations occupied by their motheheir year of birth. Of the deer eligible for
analysis, 6 % (n = 172/2,714) could not be assigaedregion due to insufficient data on their

mother’s region in the year of her offspring’s birin these cases, we still assigned a regionsf th
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information was available in the year precedingpiowing a deer’s birth. The latter was selected
when both were available. Using the above methatistal of 2,602 individuals were assigned
regions, and 96 % of these involved the motherimé&oange in the year of each focal calf's birth.
Cause of death Beaths were categorised as natural [starvationjets, died at birth, died while
giving birth (birthing complications) and unknowmigsing and never observed again)] and shot.
In modelling survival, female and male offspringrev@nalysed separately. Survival plots were
constructed for maternal age category, birth mamith home range area in order to visually assess
the proportional hazards assumption (i.e. thatetadive difference in risk between categories
remains constant over time). Survival plots for ea@nge area showed frequent crossing of
survival curves, which strongly indicated a caseaf-proportional hazards. Therefore, we
stratified all further analyses on home-range amech allowed for different baseline hazards
across the various subdivisions of the study areagllowed for unspecified interactions between
the survival effect of home range area and time).

A list of candidate models were constructed whigtiuded all combinations of maternal
age category, capture weight, birth year, birth thpand the interaction between birth month and
year. For models with the interaction term, bottthbmonth and birth year main effects terms were
included as well. The aforementioned orphaningoigctvere included in all of the candidate
models. Models were ranked according to their A#ligs and the top model was selected for
assessing the orphaning effect hypothesis. Thibadetllowed us to select among potential
confounding factors, account for their influencetba risk of death and finally conduct a formal
hypothesis test of the orphaning effects at varames (e.g. make comparisons among both
significant and non-significant terms). Using tippeoach of dividing orphaning effects into

separate age at orphaning categories, the estiratiead of age at orphaning on the risk of death
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represents an averaged effect over the post-onphpaeirriod (Allison 2010); the possibility that the
risk of death declines as time since orphaninge@ses is not directly assessed. The approach taken
facilitates the direct comparison of hazard estaméietween the various ages at orphaning (as
opposed to comparing slopes, for instance) (Allig0h0).

The saturated model is shown below (as per AllBo10; Foster et al 2012):

hi(t, Z(t)[24,...Z)=
ho(t)exfd fecZisct pwiZwt+ BevZiev+ femZiem* PemevZisvemtforiZori(t) + foraZorAt)+ forZordt)+ fo
raZorAt)]

where:

h is the hazard of death (the rate at which deathrs}
Z(t) indicates the full set of predictors at titne
Z;..indicates the covariate value/factor level for indial i
tor = deer age (in months) when mother died

fec = maternal age category

Pwr= residual capture weight

Bev= birth year

Pem = birth month

Pemey= interaction between birth year and birth month
tor = deer age (in months) when mother died

Aor1= 1 if the mother is dead at tihand iftor<12 mo, otherwise 0.

Aore= 1 if the mother is dead at tih@and if 12 mo$or <24 mo, otherwise 0.
A orz= 1 if the mother is dead at tinh@and if 24 mo$-r<36 Mo, otherwise 0.
A ora= 1 if the mother is dead at timh@and if 37 mo fog, otherwise 0.
Z1,...Zsindicate the 5 strata for home-range area.

The structure of the above model is such that @amhan event occurs (death of a deer) the
orphaning status value is determined for all indlisls that had an opportunity to die at that time.
Therefore, the relative hazard is calculated basetthe distribution of the covariate (orphaned or
not) in relation to event times (Williams 2008).i3 time-dependent modelling avoids issues
encountered prior to the development of this methainely, individuals who experience a

treatment (e.g. orphaning, organ transplant, tetatk etc.) must have survived long enough to
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experience this event. Due to this fact their stalvimay already be longer than the group not
experiencing the event (e.g. non- orphans), antréa¢ment effect would consequently be biased
toward a positive effect on survival.

We assessed the possibility that orphaning infladribe risk of the offspring’s death
differently depending on the cause of the offspamgath (natural versus shot). Hence, they were
modelled as competing risks. In these analysesawseparate models for each risk type of interest
(death by natural causes for instance) and alk @hent types were considered censored (i.e. deer
dying of a factor not of interest contribute to tisk set for the time they are known to be alind a
are considered as missing data thenceforth). Faample, death by shooting obviously removes an
individual from being at risk of a natural deatht i this event had not occurred, then natural
causes would eventually kill the animal. Therefeve,ran separate models for natural (not caused
by humans) and hunting deaths, and in each modebistill alive at the end of the study were
censored. As before, these analyses were stratifidtdbme-range area.

To test if males are more sensitive to orphanirggcampared the hazard of natural death from
orphaning between males and females orphanedtpribyear of age. The Wald chi-square test

statistic with 1 degree of freedom was calculatd a

(by — by)?
[(s.€.1)%+ (s.e.2)?]

where bl and b2 are the sex-specific estimatedicegits for orphaning, and s.e.1 and s.e.2 are

their respective standard errors (Allison 2010).

Antler spike growth (prediction 4The presence or absence of antler spikes at@&gehths was
visually assessed in the field. We used thesetdateestigate the likelihood of deer carrying

antlers (spikes) as yearlings and whether thisle&ged to orphaning prior to age 13 months. This
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effect is conditional on deer surviving throughtheir second summer; therefore, these surviving
orphans likely represent individuals on the uppet ef a physical health spectrum. Thus, the
analysis is assumed to provide a conservative astiof the degree to which orphaning causes
physical condition to deteriorate.

The data used for this analysis include all indraild for which yearling antler measures
were available. We aimed to compare antler growttrghans and non-orphans within cohorts
(birth years). Given that there are many cohottat@), each with few observations, ordinary
maximum likelihood estimates may be invalid; inlseases, a conditional likelihood is preferred
(Stokes 1999). Therefore, we performed a conditilmggstic regression in the SAS® system using
PROC PHREG and stratified the analysis by birthr y€his analysis models the relative risk of not
growing spike antlers given an individual’'s orphanstatus; therefore, results are presented as
hazard ratios. A total of 16 orphans, 198 non-onghend 11 cohorts contributed to this analysis.
Cohorts where both orphans and non-orphans expedahe same outcome (e.g. did not grow
antlers) did not contribute to the analysis, nor@bhorts that included only deer of a single
orphaning status (e.g. all non-orphans). We reféhése as non-informative strata with the
converse being informative.

As a check for a mix-up in our interpretation ofisa and effect from the previous analysis
(herein referred to as confounding), we perfornfexdstame analysis using a different subset of the
data. This subset of data excludes deer orphanadtprl5 months of age and instead classifies
individuals as orphans if their mother died betw&érand 24 months of age. By this time, the first
opportunity to grow hardened antlers has alreadgquh and if an orphaning effect were observed
it would indicate that growing antlers predictswaping (instead of orphaning predicting antler

growth, as we wish to test). A total of 16 orph&®? non-orphans and 12 cohorts contributed to

23



this analysis. In doing so, we found no significdifterence between orphans and non-orphans in
the probability of growing antlers [hazard ratio2d8 (0.321, 4.544 95 % CI), Way@1 df= 0.078,
P=0.78]. Therefore, we accordingly reduce our comoger whether the focal analysis on the effect
of orphaning prior to 13 months is confounded.

Female reproduction at 3 years of age (predictigrvVBe modelled the probability of reproductive
failure at age 3 using conditional logistic regressTo be included in this analysis, females lad t
survive until August of their third year of lifeefales dying after having given birth in their ¢hir
year were also included. As with the antler groautlalysis, this reproductive analysis provides a
conservative test of whether orphaning affects ferphysical condition. Here, we performed two
analyses using different criteria to define orph&mshe first analysis, deer were considered
orphaned if they lost their mothers prior to 28 mhsrof age. For deer born close to peak calving
time (May or June), this corresponds to materrsd khortly before the average date of first
possible conception. In the second analysis, waegorphans as those deer that lost their mothers
prior to age 13 months. To remove cohort effectsraduce possible confounding, individuals that
gave birth at age 3 and those that did not givé biere matched on birth year. A total of 43

orphans, 207 non-orphans and 17 strata were dtilisthis analysis.

2.4 Results

Of the deer included in the study, 28 % of malas 3t % of females lost their mothers at some
point during their lifetime (Table 1). Of those thast their mothers prior to 13 months of age, 71
% of males and 84 % of females were orphaned afteonths of age (the average weaning age).
Orphaning was associated with reductions in sutviua it influenced the risk of death by specific
causes (natural versus shot) differently. The cpmseces of orphaning also differed between the

sexes and across the age at orphaning categories.
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Table 1. Sample sizes for number of orphans included iratiedyses of survival. Age Class
represents the age (months) interval that deer arpteaned in. The Total column includes the total
number of orphans and the percentage of thosedhwetined alive throughout the duration of the
study. Percent of population indicates the propartf deer used in our analyses that were orphaned.
Natural and Shot columns indicate the number ofh@ang dying of natural and shooting related

deaths, respectively.

Sample Sizes
Total, % Per cent of
Sex Age Class Censored Population Natural Shot
Male 0Oto12 74, (3%) 7.5% 65 7
13t0 24 41, (7%) 4.2% 18 20
25 to 36 20, (10%) 2.0% 7 11
37 + 131, (8%) 13.3% 82 39
Female 0to 12 55, (4%) 5.8% 41 12
13to 24 25, (12%) 2.6% 13 9
25 to 36 44 (5%) 4.6% 26 16
37 + 203 (15%) 21.4% 133 40

2.4.1 Orphaning and Survival:

The estimated effects of orphaning presented balewaken from the top-ranking model for each
analysis (Table 2). Effects of orphaning at variage categories are summarised in Table 3.
Males- When modelling death by any cause, orphaningagaeciated with an increased risk of
death for male deer orphaned between 0 and 12 mat3ito 24 months, but not for deer orphaned
from 25 to 36 months or greater than 36 monthgef(&igure 1a, Males). When modelling only
natural death, the same general pattern emerggdréib, Males). Orphaning was not associated

with any change in the risk of being shot withigizen month (Figure 1c, Males).
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Females When death by any cause was modelled, orphaniall age classes was associated with
an increased risk of death (Figure 1a, Females).deparate analysis modelling the effect of
orphaning on natural death, orphaning increasedskef death for deer orphaned at 0-12 months,
25 to 36 months, but not for those orphaned abX3ttmonths or after 36 months of age (Figure
1b, Females). Orphaning was associated with aeased risk of being shot for deer orphaned
between 13 and 24 months, 25 to 36 months, bubndithose orphaned at 0-12 months or older
than 36 months (Figure 1c, Females).

Males vs. femalesThe effect of orphaning between 0 and 12 moaftege on natural death was

significantly greater for males than for femalesa(@21 df=9.27,P=0.002).

Table 2. Top ranked Cox survival models for male and fennatedeer. All models include
hypothesised effects of orphaning (orphaned at@d& months; 13-24 months; 25-36 months; >
36 months). Parameters abbreviatedd&mother’s age at parturitioNyT residual capture weight;

BY birth year;BM birth month.

Death Type Modeled Parameters, Males Parameters, Females
All death types WT + BY + BM MA + WT + BY + BM
Natural death WT + BY + BM MA + WT + BY + BM
Shot - BY
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Table 3. Effects of orphaning on survival of red deer orgtaat various age categories.

Death types abbreviated Manatural deathSshot.

Males Females
Death Type Hazard Hazard
Age Orphaned Modeled Ratio P-value Ratio  P-value
0-12 mo N+S 2.61 <0.0001 1.52 0.03
N 3.41 <0.0001 1.67 0.02
S 0.52 0.56 1.63 0.22
13-24 mo N+S 1.55 0.04 1.63 0.04
N 2.63 <0.001 0.99 0.88
S 0.90 0.67 2.80 0.01
25-36 mo N+S 1.22 0.45 2.52 <0.001
N 1.52 0.41 1.78 0.04
S 1.01 0.96 2.77 <0.01
37 mo + N+S 1.34 0.55 1.56 0.01
N 1.49 0.12 1.21 0.34
S 0.98 0.91 1.38 0.27

2.4.2 Antler Spike Growth and Orphaning:
Compared to non-orphans, deer that were orphanedtprl3 months of age were 3.27 times less
likely to carry antlers in their second autumn Bralzratio = 3.272 (1.111, 9.633 95 % CI), Wald

21 df = 4.63, P=0.032, n=16 orphans/198 non-orphans)fbinnative strata/years].
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Figure 1. Hazard ratios for death and 95% confidence interi@l orphan relative to n-orphan
red deer. Ages at orphaning are divided into a¢egoaies: -12 months; 1324 months; 2-36
months; 36+ months. The effect of orphaning orrigieof death by different causes i

indicated: a) natural and shooting caused deathatral death; c¢) shooting caused d¢
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2.4.3 Orphaning and Female Reproduction:

There was no significant difference in the likelloloof reproduction at age 3 between deer
orphaned prior to 28 months of age and those mdtaored [HR = 1.219 (0.51, 2.91 95 % CI), Wald
x21df =0.20, P=0.65, n=43 orphans, 207 non-orphans, fbrnmative strata]. We still found no
difference when we considered deer to be orphdrtbdy lost their mothers prior to 13 months of

age [HR =5.710 (0.735, 44.386 95 % ClI), Wgld d¢f=2.77,P=0.10, n=22 orphans, 169 non-

orphans, 13 informative strata].

2.5 Discussion

The extent of maternal care is a major determinéfitness for both mothers and their offspring,
yet few studies have assessed the duration ofdinesand its contribution to components of
offspring fitness. A number of studies have evaldats contribution to survival and/or growth at
certain stages of development in various cervidg @®licoeur and Crete 1988; Holzenbein and
Marchinton 1992; Giuliano et al. 1999; Holand et2fl12), and other studies of Old World
primates and one cetacean species have contréstdtects between the sexes (Fairbanks 2000;
Foster et al. 2012).Yet surprisingly little workshsought to assess sex differences in later life
maternal care, especially in non-primates.

As expected, there was an observed benefit of matpresence prior to 13 months. A
consequence of early orphaning is that accesslkonnay be prematurely cut off. The negative
effects of premature weaning have previously besnahstrated in farmed red deer, and these
effects appeared to be exacerbated when parasittsncommon (Pollard et al. 2002). The effect of

early weaning should be more pronounced in the;widhpetition, exposure to the elements and
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predation serve to challenge deer in the wild beirtinfluence is kept to a minimum in farm
settings. It is unlikely that the loss of a milkpply was the sole cause of depressed survivalen de
orphaned before 13 months of age. Most of thesewde® probably transitioning to a post-
weaning phase, as the majority of these orphamshes mothers after age 7 months. Though both
sexes suffered from maternal loss prior to 13 m®rahphaning influenced the risk of natural
mortality more for males than females. This falldine with theory that suggests males are more
sensitive to resource limitation (Clutton-Brock1994

Our results further demonstrate that the conseaseoicmaternal loss extended beyond the
simple removal of a milk supply. In this studyafpears that both male and female red deer benefit
from their mothers before and after weaning. Folesjave found an increased risk of death when
mothers died prior to their sons reaching 24 mooflegye, and this trend remained when we
accounted for deaths by human hunting. The poattrttaternal benefits cease coincides roughly
with the age that sons dissociate from their matla@d eventually disperse (Clutton-Brocket al.
1982). In contrast, female survival was impairesbas all ages of orphaning investigated, though
the death of mothers influenced their daughterssesspecific risk of mortality differently. Overall
the data support the idea that the extent of makeare differs between the sexes. Increased rteceip
of intraspecific aggression when mothers are abhsagtexplain the reduced survival performance
of orphans. Such increases in aggression towandslés in the absence of their mothers have been
documented previously in red deer (Clutton-Bro@el982) and bisorBison bisoi (Green et al.
1989), and such an effect was implied through anestudy of reindeeR@angifer tarandus
(Holand et al. 2012). It is unknown why femalesd8 to 24 months appear unaffected by
maternal loss, while those aged 24 to 36 monthsTéie could be related to the reduced sample

sizes that were available for this analysis (sd@€ela for sample sizes). Future work on the age-
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specific social repercussions of maternal loss traggo shed light on the cause(s) of this pattern.

Although we failed to find evidence that femalelwaps paid a reproductive cost, we cannot
discount an effect on female physical conditione Téproductive analysis required females to
survive at least to reproductive age, and thisddad conservative test. Because orphaning reduced
survival, those females able to survive to reprtista@ge were likely at the upper end of a physical
health spectrum. Despite the conservative natubetf the female reproduction and male antler
growth analyses, we did find evidence that pre-weamaternal loss negatively affected male
antler development. Yearling antler growth is pesly related to male body weight and size as a
yearling, and the latter two correlate with adultier size and reproductive success (Clutton-
Brocket al. 1982). Therefore, even if male orphaasage to survive to maturity, they are unlikely
to breed successfully or grow trophy class antlerpopulations managed for trophy hunting
opportunities, the orphaning of young stags shbeldtrongly avoided.

A surprise finding was the elevated risk of shag&@mong female but not male orphans.
This could arise if orphaning has sex-specific@fen deer behaviour and/or makes females more
conspicuous to deerstalkers. Deer- stalkers ofteget individuals in poor condition and selectively
cull females to reduce population densities. Thuashaning could reduce both male and female
physical condition, but increases in the risk ahgeshot would only occur for females. This can
also explain why females orphaned between 13 andd@tihs of age were the only age-at-
orphaning groups at greater risk of being shot.-Ngmoductive adult females, such as those 13 to
36 months old, often display a ‘yeld wander’, whérey move around the study area more than at
other times (Clutton-Brocket al. 1982). Deerstadkéeely encounter such females with greater
frequency as they wander outside the North Blool, @phans in poor condition would be

selectively culled.
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Orphaning may also alter deer behaviour and leaveles more vulnerable to deerstalkers.
Differential behavioural responses to orphaningveen the sexes are unknown for red deer, but the
peripheral group positions and increased movemaedrfor female orphans in this population
(Clutton-Brocket al. 1982) could have also increseir risk of being shot. Studies on other deer
species have documented sex-based differencesgmgabehaviour following orphaning. In an
enclosed herd of white-tailed de€@docoileus virginianus home-range shifts of female orphans
exceeded those of male orphans (Woodson et al)1880ilarly, Holzenbein and Marchinton
(1992) showed that the emigration rate for maleevtailed deer was lower among those orphaned
prior to 11 months of age, while Etter et al. (1p86cumented higher emigration rates and
wandering behaviour among orphan as compared trmran females. These results imply that
mothers play some role in affecting their daughtaldity to remain on their natal range. If such
sex differences apply to red deer as well, they tdoeild produce sex-specific differences in thk ris
of being shot. Further work on red deer will needi¢termine if orphaning is followed by age and
sex-specific changes in social and ranging behaviou

This study took place on an island free of natarammalian predators and large-scale
seasonal migrations; however, it would be expetitatiunder conditions of migration and natural
predation, the benefits of maternal presence wbelthore pronounced. This study provides
evidence that maternal associations before andwafianing affect the development and survival of

offspring in a non-primate mammal.
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Addendum to Chapter 2:

The content below serves to answer select quedtimmsmy supervisory committee. These answers
and clarifications are presented here, as the althapter is a direct replicate of copyrighted
material.

The code for implementing the Cox survival modebmS® can be found in Appendix B.

| was asked why | tested for a maternal effecteandle reproduction. This was done because age at
first reproduction in ungulates is inversely rethte fitness components (longevity, reproductive
capacity, and offspring survival) (Moyes et al. 2P0

| was asked why | tested for a maternal effect aterantler growth. This is indicated later in the
thesis: “Yearling antler growth is positively reddtto male body weight and size as a yearling, and
the latter two correlate with adult antler size asproductive success (Clutton-Brocket al. 1982).”

Clarification on age-at-orphaning classes:
| split age-at-orphaning into 4 groups — Age ormthd12 months of age; 1324 months; 24 86
months; > 36 months

Clarification on Cause of Death as a covariate:
Cause of Deatlnefers to the cause of the focal deer’s deathth@imother’s.

Clarification on the term, ‘Coefficient’ — this \afk to any number of Beta coefficients within a
statistical model. In the paper, | refer to thefioent for orphaning at 42 months of age. This is
shown in the model expression &sr1

A reviewer wondered why 28% of males and 36% ofdieswere orphaned, and they commented
that this seems to be low (i.e., more individu&iewdd outlive their mothers). This pattern is calise
by the high mortality rate observed in young ansnkew individuals actually make it to
reproductive age, and once they do, their survivaitality risk declines. Another interesting

pattern is the fact that males were more likelpggoome orphans compared to females. This was
beyond the scope of this thesis, but this likefleats the increased maternal investment that comes
with raising sons.

There was a question regarding how well the sutvivadels explained mortality patterns. Cox
models do not produce a measure of fit that is @alige to those produced by certain other
statistical methods (e.g.?f linear regression). The quality of the modslidicated more by
their relative AIC values. The final models all &iped a significant amount of variation in
survival. The models were penalized for each amiulti parameter included (via AlC-based model
selection), so this was not a case of over-fitting.

In this chapter, | make frequent comparisons betwed deer and primates. These comparisons are

meant to apply mostly to cercopithecine primateg@st-weaning associations tend to be extended
and sex-specific in this group of primates.
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This paper does not discuss at length the natagiégredation that occurs on the island. This is
because eagle predation is focused on only verggoalves that are still dependent on their
mother’s milk. Therefore, eagle predation doesimitience our results relating to maternal
presence and survival. Also, | make suggestionsthieaimpact of natural predation is very minor in
this population. In all ungulates, the probabibfydeath by non-predator causes declines with age.
Therefore, the population-level impact of removingoung animal via predation will be less than
the impact of removing an older animal. Since niatsict predator-prey systems include predation
on adults, the numerical impact of predation inhsnatural systems will be much higher than it is
on Rum (where eagles only take the young, whiclual&ely to survive to reproduce anyways).

In the paper, | suggest that the impact of orpl@mrpopulations with migration and predation will
be greater than it is on Rum. This is because sorgalates may learn migratory routes from their
mothers, and migration is a strategy that enhafiress. Also, orphans are more likely to be found
on the peripheries of groups, and peripheral postimake deer more vulnerable to predators. In
intact predator-prey systems, orphans would beat®gddo experience a greater risk of predator-
caused mortality.

| was asked: How do you know when an animal diestdumalnutrition?

First, in suggesting malnutrition as the causeaaitd, | refer to cases where the body is starved of
nutrients. Therefore, malnutrition can be a restifocial factors, range quality, disease, or al tot
absence of food, for instance. Malnutrition wagirdd when individuals became visibly gaunt and
were shortly thereafter discovered dead. Malnotritnvolves eventual fat and protein catabolism,
with the result being that the animal’s skeletahie becomes more distinct (e.g., protruding tuber
coxae of the pelvis).

Clarification on terminology:

Maternal Care— any maternal behaviour likely to increase thees of offspring (Clutton-Brock
1991).

Conflict Support- occurs when one individual assists another duamagonistic interaction.

Maternal associations any instance where social affiliation/interantmccurs between mother and
offspring.
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Chapter 3: Does the loss of mothers affect the social ties of their juvenile daughters? An
assessment in a female philopatric species, the red deer (Cervus elaphus)

3.1 Abstract

In some mammals, mothers appear to shape the getialiour of their offspring, however their
role in affecting the number and stability of theffspring’s social ties has rarely been explored.
We used a population of red deer to investigameafternal loss affects the number, strength, and
stability of female social ties. We found no eviderthat mothers affect offspring sociality. The
change in number of social ties after orphaningnditddiffer from changes experienced by same-
aged non-orphans. Further, mothers did not agpesfect the average strength of social ties held
by their daughters, nor did they influence the iitglof strong social affiliations early in life.
Unlike some other social mammals, the social behawf red deer daughters appears to be
relatively independent of the mother. We discussréisults in the context of what is known about
maternal effects on sociality, and we present scomeeptual models of how mothers may

structure social groups in similar species.

Key words: social development, orphaning, red d€rvus elaphysnaternal effects
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3.2 Introduction
In many group-living mammals, group membership asgbciation patterns are organized and non-
random, and individuals often maintain stable dodecassociative ties with conspecifics (see
Archie 2011, Moss and Lee 2011). Sociality and lgdre thought to have evolved due to the
survival and/or reproductive benefits that theyeoffFairbanks and McGuire 1986, Fairbanks 2000,
Archie 2011), and these benefits are facilitatedugh a wide variety of social behaviours. For
instance, long-term social relationships can prentio¢ formation of alliances, in which
individuals may cooperate to sequester and defeod fesources or territories (Clutton-Brock
2009). In mammals, the survival of offspring depend the transfer of milk from mother to
offspring, and this has promoted the evolutiontadrey social bonds between mothers and their
infants.

Though much interest surrounds the value of sdmatls, their importance has primarily
been demonstrated in some primates and a few wthermals (e.g. Carter and Wilkinson 2013;
Foster et al. 2012; Stanton 2012). For examplsairannah baboonBgpio cynocephalyghe
strength of social ties between females and ottheitsaare positively related to offspring survival
(Silk et al. 2003). The presence of long-term @five relationships can also affect alliance
formation (Clutton-Brock 2009). In chimpanzeespades where males are the philopatric sex,
males that maintain strong bonds are more likegngage in mutual grooming (Mitani 2009), and
in vervet monkeys mutual grooming between dyadseases their responsiveness to cries for
social support (Seyfarth and Cheney 1984).

Despite the suggested importance of social boritds,work has sought to understand the
factors affecting the development and stabilitgodial bonds. If social stability and number of

social ties affect fitness, then which factor(s) edfect these social parameters? One possible
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factor involves the social ties themselves: itkelly that bonds with certain individuals can
influence social opportunities with other individaigSurprisingly, this topic rarely has been
explored in much detail. When it has been studeskarchers have focused on an obvious and
potentially influential bond: the bond between nesthand their young (see Maestripieri 2009).
There appear to be three primary ways in which ergtihan exert influence over offspring
sociality. Mothers can affect their offspring’s cpetitive abilities, serve as models of social
behaviour and increase or restrict their offspisngpcial opportunities (Maestripieri 2009).

Mothers have the potential to influence offspringiality when the ability to integrate into
groups is affected by dominance rank. Behaviauaaisfer of dominance from mother to young is
observed in some primates, such as macadui@sacaspp) (Chapais 2004), and in several
ungulate species (e.g. Clutton-Brock et al. 19838ahkd et al. 2012). In cecopithecine primates,
offspring are born into a rank immediately belowithmothers, and rank is primarily transferred
through behavioural, rather than genetic mechan(&ngh et al. 2000, Chauvin and Berman
2004). In olive baboons, young females that losé thothers also lose their former rank (Johnson
1987). Similar patterns of rank transfer have deend in non-primates, such as the spotted hyena
(Crocuta crocuta (Engh et al. 2000). In savannah baboons, théveleank ofmatrilinesappears
to influence group cohesion and grooming relatigrs(Silk et al. 1999), but the effect of
individual ranks on sociality remains to be invgated. In ungulates, the absence of mothers has
been linked to more peripheral positions in gro{fisitton-Brock et al. 1982, Green et al. 1989,
Holand et al. 2012), increased transfers betweeuaps; and higher movement rates (Clutton-Brock
et al. 1982). In reindeer and bison adolescentvedigher rates of aggression and are excluded
from defensible feeding sites when their motheesadasent (Green et al. 1989, Holand et al. 2012).

The above observations demonstrate the effect meoktae on offspring dominance, and they
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further suggest that mothers may influence offgpsaciality through affecting their offsprings’
ability to integrate into groups.

Mothers are the starting point for social contat Bearning for most mammals, and
consequently they may also have great control theesocial environment available to their
offspring (Fairbanks 2000). As young develop, ttend to have affiliative relationships that
resemble those of their mothers (Chauvin and Ber20&4). Nutritional and behavioural
dependence dictate that young offspring maintasseckhssociation with their mothers (Chauvin
and Berman 2004). Because of this, offspring \eitid to be exposed to their mother’s social ties,
and even in the absence of attraction betweenraifspnd kin, offspring networks can come to
resemble those of their mothers (Berman 2004)sBore mammals, this tendency can be further
enhanced when mothers are more apt to tolerate aksociates near their offspring (Berman 2004,
Chauvin and Berman 2004). Mothers may thereforéhgeihitial social possibilities for their
offspring, and this could promote bond formatioesaeen offspring and their mother’s close
associates. In some juvenile primates, mothersreehtheir offspring’s capacity for social
exploration. Because mothers defend their offspitiogn conspecifics, juveniles learn to use their
mothers as a safe point of retreat such as wheal ®loration elicits aggression (Suomi 2005).
In the absence of their mothers, the increasedfiskcial exploration is expected to reduce
explorative behaviours among offspring (van Nooikh\012).

Mothers may also affect their offspring’s assooiasi with kin through acting as connecting
links in the offspring social network (Silk et @D06). A striking feature of many mammalian
social groups, particularly those of females, & they are often structured around kin. Among
females, maternal lineage often predicts group negship, so that most, if not all, group members

share a common female ancestor (Clutton-Brock arks 2011). These matrilineal structures
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appear in a diversity of social mammals such amuarOld World primates (see Fairbanks 2000),
hyenas (Engh et al. 2000), cervids (Clutton-Bracal €1982), elephants (Archie 2011), and
cetaceans (Foster et al. 2012). In some casesldemaintain ties between their offspring and
other relatives (aunts, cousins, nieces etc.)$dkeet al. 2006). Many mammals associate
preferentially with their mothers after weaningddhis is observed in many ungulate orders [e.qg.
perissodactyls, (Penzhorn 1984); artiodactyls (GhuBrock et al. 1982, Lheureux et al. 1995)] and
proboscids, (Wittemyer et al. 2009). Therefore, passible model of how matrilines form is based
on a simple rule of association: namely, a onevordirectional preference of association exists
between mothers and daughters (Figure 2a). Inegtheneration matriline, a matriarch’s
granddaughters would be connected to her baselg sol¢heir shared association with the
matriarch’s daughter. The removal of a mother wahid splinter the matriline so all the
descendants of the removed mother would becomestisited but other non-descendants would
be unaffected (Figure3a). This mode of “lineagetoa” has been captured in recent models of
group structure based on parameter estimates fiammaBy macaques (Lefebvre et al. 2003) and
this splintering pattern was observed in rhesuskaps after the death of matriarchs (Chepko-Sade
and Sade 1979). Another possible model of matrflaneation could include attractions between
mothers and daughters as well as attractions batsisters. In this case, the death of a mother
would cause her daughters to dissociate with kirdeecending from their mother. Few studies
have investigated this topic, but some work on ptems and African elephants provide evidence for

the maternal role in structuring matrilines. In babs, a mother’s death increases association rates
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Figure 2. Three possible modelsf how matrilines are structured. Circles repredemtales, an

lines between circles represent mutual or unidoeel social preference. Models are organi

from most compleXleft) to simplest (right) of the three. Matriarclosm the apex of the tingle

(top), their daughters the middle, and granddaughte base. In model (a) each member o

matriline has a social attachment to all othergb)rsocial attachments are limited to sisters

mothers, and in (c) social attachments only ocetween mothers and daughi

between her daughters but reduces associationge®etwer sisters and daught(Silk et al. 200¢€.

In savannah African elephants that live in mateiéihgroups with frequent fission ¢

fusion, the effect of a matriarch’s ¢h depends on the family unit size (M@sxl Lee2011). For

instance, Moss and L€2011) found no effect of a matriarch’s death whematriline originally

consisted of the matriarch, a single descendarit ddughter, and the daughter’s offspring

contrast, larger matrilines became divided intolmet-offspring groups when the matriarch |

behind more than one adult daughter. Further, Nand Lee (2011) also notéaat orphaned adu

females can become wanderéithey have no living sisters. ‘e latter suggests that mothers

affect the structure of kin groups, and in botlpknts and baboons there also appears to be

attraction among sisters.
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At present, most literature on maternally-mediaeciality has focused on hypothetical
mechanisms, and little work has sought to tesbédcomes (i.e. an actual effect of the loss of
mothers on their daughter’s sociality). To test thiee mothers affect offspring social ties, the
change in social ties that occur after materna tosst be determined. However, social changes
following maternal loss (orphaning) cannot be cdesed as good evidence of a maternal effect. To
gain such evidence, the social changes experidncedpohans must be compared to those
experienced by non-orphans of similar age. Inghisly, we use the second approach to test for
signatures of maternally-mediated social tieswild population of red deer. We do not
distinguish between various mechanisms such ag thattined above. Rather, we test the
hypothesis that mothers affect offspring socia,tend we use these results as a starting point to

discuss possible mechanisms. The specific hypathteseed include:

Hi: Mothers affect the number of social ties heldhmsir daughters.

H,: Mothers influence the strength of social tiedH®} their daughters.

Hs: Mothers affect the loss and gain of social ties.
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3.3 Methods

3.3.1 Study Area and Animals

The study occurred between 1978 and 2011 in théhMBlock of the Isle of Rum, Scotland
(57°01'N, 06°17'W, NM-402996). A detailed description of thedysite is found in Clutton-
Brock et al. (1982). During the study years, afliuduals residing within the North Block of the
island were individually recognizable based orfiarél markings and idiosyncrasies. Information
was collected on the associative relationships éetwdeer available through monthly censuses
(minimum of 5 per month). During censuses, reseaectvalked set routes in the study area and
took note of the identities of deer that were isoggation with one another (Coulson et al. 1997).
Association was inferred using a 50-meter chaia:reach individual is visually linked to its
closest neighbour when the distance between thsgsis less than 50 meters. The successive
links form a chain, and each complete chain repitssiegroup. Further details regarding methods

and the study can be found in Clutton-Brock e{X882).
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Figure 3. Schematic of the 50 meter chain rule. Each indddsivisually linked to its closes

neighborwhen the distance between their noses is undered@rs The successive links forr

chain, and each complete chain represents a (

3.3.2 General Study Design
The census data and associations among deer veei@ctreof this study: specifically, we asses:

the effect mothers have on their daughters’ egawvardss (individua-specific sociaties) during
adolescence (5 to 28onths of age). Here, we use ego networks to tefeocial characteristics
individuals. Ths includes the total number of associates and eumiclose associates held by
individual (see definitions below). To do so, wergzared the ego network change experience
deer whose mothers died (orphans) to that expextebg same cohort n-orphans. This involve
the division of an orphan’s ego network into a- and posBrphaning period and the matching

orphans to nomrphans (see below). Because -orphans can continue to associate with t
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mothers but orphans cannot, the social environnfentke two are not directly comparable. Based
on the fact that non-orphans have an additiondlabla associate, maternal loss automatically
produces a difference between the two groups. Hewyéhis does not reflect the mother’'s
influence over her offspring’s non-maternal tiebefiefore we omitted mothers from ego networks
to remove this effect. In doing so, both orphams @mon-orphans had no registered ties with their
mothers, yet the social network for the latter grdid have the potential to be influenced by their

mother’s presence.

3.3.3 Data Structure and Matching
We considered females as orphans if they lost thethers prior to 13 months. For all orphans we

divided the census dataset into pre- (T1) and pggtaning (T2) periods. The pre-orphaning

period included all census observations that oecubetween a focal orphan’s birth date and the
date of orphaning. This period was always betweandb10 months, as no orphaning events
occurred at earlier ages. When orphans survivedriater than 12 months after they lost their
mothers, we set the post-orphaning period at 12tinscafter orphaning. When orphans died prior
to 13 months after orphaning, the post-orphaninggeavas set as the time between orphaning and
death.

We used a matched design in our analyses, sodbhtaphan was compared to one matched
non-orphan. Deer were eligible for matching to ecsic orphan if they: (1) were born in the same
year as the orphan; (2) had a known death dateea still alive; (3) had a mother whose death
date was known, or their mother was still alivg;d#l not lose their mother prior to the end of the
orphan’s T2 period; and (5) were observed a mininofimtimes in the T1 period and a minimum

of 5in the T2 period. Criteria 2, 3, and 5 appliedrphans as well, so that all orphans not
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matching the criteria were excluded from analydie.randomly selected a single match from the

pool of potential matches. We did not permit indiwals to be matched with more than one orphan.

3.3.4 Statistical Analysis
We calculated various ego-network measures aneldtedtether the change (slope) between the T1

and T2 periods differed between orphans and nohaor All measures used the half-weighted
association index as calculated in SOCPROG (Whatel2008). The half-weighted association
index provides an estimate of the proportion oftitwo individuals spend together, and it controls
for biases that can exist in the probability ohs$igg particular individuals. We performed two
major groups of analyses. The first group (seeyarsal[a-c] below) focused on the general change
in association patterns, and we did not adjustié&@nographic changes (e.g. the death and birth of
individuals in the population). The second typaoélysis (see analysis [d] below) did control for
demographic changes; thus we focused on changekatronships with individuals that were
potential social partners in both the T1 and T2quks: A total of 32 orphans and 32 non-orphans
were used in the analyses that follow.

Further definitions of the measures analyzed hedt associated analytical methods are as
follows:

a) Association index change — Average association was calculated by averagingalfeveighted
association index values for the orphans and nphaors in the separate T1 and T2 periods. We
analyzed the change in average association betthieeil and T2 periods with a general linear
mixed model. We implemented the model with PROC EIXin the SAS® system. Average
association served as the response variable, @hdming status (yes/no), time period (T1, T2) and
their interaction appeared as fixed effects. A sgiaot transformation of the response variable
improved normality, and therefore the analysis pealed with this transformed variable. Since the

interaction between time period and orphaning statas part of the design of the study, we did not
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use any model selection techniques (Bolker etG)92 Because we had paired individuals and
repeated measures on individuals, we modeled khaViidentity nested within matched pair as a
random effect. We used an unstructured variances@wce matrix to model the random
component. All parameter estimates were back-toams#d to the original scale for interpretation.
b) Probability of association change — This is the change in probability of associatinghva given
individual in the population. In other words, ittiree number of different individuals that a deeswa
observed with over a given time period (T1 or Téative to the number of individuals available
for association (observed in the population indpecified time period). Hence, it can be thought of
as a set of Bernoulli trials, where success istameved association with a given individual, and
the number of trials is the number of individuatserved in the population within a given time
period. We modeled this with a generalized lineateth model (GLMM) with a binomial error
structure and logit link function. Proc glimmixtine SAS ® system was used. As before, predictor
variables included orphaning status and time pepag their interaction. We included individual
identity nested within matched pair as a randoreatffand we adjusted for overdispersion through
modeling R-side random effects using an unstrudtaoxariance matrix with the Cholesky-root
reparameterization (see Kiernan et al. 2012 faoaitdgt Plots of residuals were used to assess
normality. In testing the fixed effects, the Kemdidroger method was used to calculate the
denominator degrees of freedom.

c) Probability of strong association — The analysis here is similar to that in (b), exc#ping
associations are used to represent the numbenafésses’. We defined strong associates in two
ways. In the first, hereidegree lassociate, a strong associate is considereddadwith a shared
association index value greater than two timestlegage association for a focal deer. Similar

methods have been used previously to identify ingpdrsocial affiliates (Durrell et al. 2004). This

48



average includes zero values. In the second definihereindegree Zassociate, we exclude zero
values from the average. This definition has a éigiutoff for being classed as a strong associate.

For degree 1 associates, the analysis methoddercal to those used in (b). In contrast, for
degree 2 associates we altered the specified €ruarture. Instead of a binomial process, we
modeled the number of strong associates using aimedinomial error structure, and we included
only matched pair as a random effect. This elin@datverdispersion and improved the assumption
of normality. To test the fixed effects we used Kenward-Roger method for calculating the
denominator degrees of freedom.
d) Strong tieslost and gained — This analysis focused on changes in strong tiesanttols for
demographic changes. Hence, we only used dataifrdiniduals that we observed in both the T1
and T2 periods. As before, we defined strong tseedemgree 1 and 2. We enumerated the number of
individuals that were strong ties in the T1 petad were no longer strong ties in the T2 period,;
the difference was the number of strong ties Bshilarly, we determined the number of deer that
werenot strong ties in T1 but became strong ties in T2.ii¢eleled the data using the same
methods as in (b) except the response variabldlveasumber of strong ties lost (success) relative
to the total number of strong tie changes (losained, i.e. the number of trials). Therefore, this
analysis answers the question: if a strong tie gaatcurs, is there a difference between orphans
and non-orphans in the probability that this chaingelves the loss of a strong tie? Strong tie
change values greater than 0.5 indicate that aldstemore strong ties than it gained, while values
below 0.5 indicate that more strong ties were ghthan lost.

If orphans and non-orphans experience an equal auailstrong tie changes, then the

above measure reflects the change in social ermeohlinked to orphaning. Even if there is no

difference in the probability that a strong tie mha involves the loss of a strong associate, a
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difference in the number of strong tie changes @atill indicate a social change linked to
orphaning. Therefore, we compared the number ohgttie changes between orphans and non-
orphans as well. A GLMM with Poisson error struetand log link function was used for this
analysis. The identity of the matched pair appeaszd random effect in the model, and the R-side
random effects were modeled using an unstructuaedmnce-covariance matrix with Cholesky-root
reparameterization. The denominator degrees etltnm were calculated with the Kenward-Roger

method.

3.4.1 Results

Orphaning did not significantly influence the chang average association strength (average with
null associations included) between the T1 and &ribds (F 41, 62 44=1.09, P=0.30) (Table 1). The
change in number of associates between the T1 2meéfiods was not affected by orphaningF
62.01 aaf= 1.44, P=0.23) (Table 1). Similarly, the chang@iimber of strong ties YHegree) shown
by orphans did not differ significantly from th&trmon-orphans (Fu, 62.03 aa= 0.34, P=0.56) (Table
1). Orphaning did not affect the probability thatteong tie change {ldegree) between T1 and T2
would involve a loss of a strong tie {& 3252 44~ 0.77, P=0.39) (Table 2). The number of strong
tie changes was unrelated to orphaning(k: 57 4a= 0.00, P=0.98) (Table 2).

Conclusions did not change when we repeated sbtine above analyses with zero
values excluded in the calculation of average agg8ons. The change in average association
strength (excluding null associations) did notelif§ignificantly between orphans and non-orphans
(F 1 gf, 621.6d070.03, P=0.86) (Table 1). The change in numbetrohg ties (2d degree) between T1
and T2 was also not affected by orphaningi(fs.19 ga= 1.05, P=0.31) (Table 1). Orphaning did

not significantly affect the probability that acig tie (2 degree) change would involve the loss
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of a strong tie (Fyr, 305 44— 1.26, P=0.27), nor was there an influence omtimber of ¥ degree

strong tie changes {& 60 qar= 0.08, P=0.77) (Table 2).

Table 4. Various social metrics and 95% confidence intisri@ deer orphaned in the period T2
and those that were not orphaned in this periogs ©f the 1st degree include those with
association index values greater than two timesleeage association for a focal deer; the
average includes zero values. Ties of tHad2gree are determined as above, except zero values

are excluded from determining the average.

Parameter Estimate (95% CI)

Time
Response Variable Period Orphan Non-Orphan
Average Association 1st 0.042(0.034,0.051) 0.042(0.034,0.052)
degree T1
T2 0.033(0.026,0.041) 0.039(0.031,0.048)
Average Association
2nd degree T1 0.382(0.354,0.409) 0.390(0.363,0.417)
T2 0.406(0.368,0.444) 0.410(0.372,0.448)
No. ties/No. possible ties T1 0.29%0.252,0.333) 0.296(0.256,0.338)
T2 0.232(0.189, 0.281) 0.276(0.230,0.327)
No. 1 degree ties/No.
possible ties T1 0.175(0.161,0.190) 0.177(0.162,0.192)
T2 0.142(0.115,0.173) 0.155(0.127,0.187)
No. 2 degree ties T1 10.87(7.94,14.89) 10.63(7.78,14.53)
T2 10.70(7.81 ,14.66) 13.66(9.97,18.70)
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Table 5. Comparison of strong tie changes between orphash®@n-orphans using two
definitions of strong ties. Ties of the 1st degrexude those with association index values
greater than two times the average associatioa focal deer; the average includes zero values.
Ties of the 2! degree are determined as above, except zero \aleexcluded from

determining the average.

Parameter Estimate (95% CI)

Analysis Type Response Variable Orphan Non-Orphan
1st degree strong ties  No. Tie Changes 51.49(43.3,61.2) 51.6(43.1, 61.8)
No. ties lost/total changes 0.62(0.52,0.72) 0.57(0.49,0.64)

2nd degree strong ties No. Tie Changes 15.8(12.4,20.0) 15.5(12.2,19.7)
No. ties lost/total changes 0.36(0.25,0.49) 0.29(0.20,0.42)

3.5.1 Discussion

Research on cercopithecine primates has showmtbidters can influence their offspring’s social
status within groups, and this is because matelorainance is behaviourally transferred to
offspring (see Kapsalis 2004). Similar conclusioas be drawn from studies on ungulates as well
(see Clutton-Brock et al. 1982, Green et al. 1988and et al. 2012). Further, in ungulates changes
in positionswithin groups and frequency of group transfers have heleed to maternal loss
(Clutton-Brock et al. 1982, Green et al. 1989), andlephants as well as some primates, the loss
of mothers appears to result in severance of stegivith some kin (Chepko-Sade and Sade 1979,
Moss and Lee 2011). This work shows that mothemsrudeed affect offspring sociality, though
distinctions between various models of matrilinexfation have not been explored. In ungulates,
the maternal role in mediating associations witteoindividuals has only recently been considered

(Ruckstuhl et al. 2013, submitted). Ruckstuhl e{2013, submitted) studied the social changes
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following maternal loss in red deer, but this as&ywas strictly focused on kin-based associations.
In the current study, we do not distinguish betwii@rand non-kin, though for females the

majority of close associations typically occur beén close relatives (Clutton-Brock et al. 1982).
We broadly assessed whether mothers influencesittial ties of their juvenile daughters but

failed to find any evidence of this. Mothers did appear to affect the number of associates their
daughters had, nor did they influence the probgtitiat their daughters held strong ties. The
number of changes (gain or loss) in strong tieeegpced by offspring was also unrelated to
maternal presence. When strong tie changes oc¢umglaaning did not influence the chance that it
involved a lost tie. Therefore, we found no supporthe hypothesis that mothers influence the
social environment of their offspring.

In earlier studies on the same population of rest,délutton-Brock et al. (1982) noted that
orphans received increased rates of aggressiorfpande two-year-old orphan, more group
transfers and peripheral group positions were oeserAssuming similar effects occurred for the
orphans used in the present study, why were wel@naloletect social changes? It is possible that
orphaned females increased the rate of group gemblt still maintained stable association
patterns. As long as orphans associated with tine seumber of groups, and so long as group
transfers do not take much time, the average tmarphan spends with its associates will only be
modestly reduced. The data available does not pesrip test these assumptions.

The lack of maternal effects on sociality can dsaxplained if deer form relationships
equivalent to those they had with their motherdekd, this type of behaviour has been observed in
several cercopithecine primates (see (FairbankB)2@®a supplementally fed population of
Japanese macaques orphans were adopted by graedsrentld close adult kin (Nozaki 2009).

Similarly, Fairbanks (2000) found no effect of nratd removal on grooming and aggressive
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behaviour in 2 year old vervet monkeys, nor wasdtlag effect on the probability that the animals
would be alone versus in a group. Work on othenates reveals that the substitutive relationships
formed after maternal loss can be virtually indigtiishable from true maternal associations (see
Fairbanks 2000). Moreover, in nearly all cercomthe monkeys studied, daughters remain in their
natal group in the absence of their mother (Fakb&®00). In baboons, sisters increase the
strength of association between one another difggr inother’'s death, and this could buffer the
costs of maternal loss (Silk 2006). The same olagienv comes from red deer sisters that lose their
mothers (Ruckstuhl et al. 2013, submitted), whiafpgests that females may attempt to compensate
for lost bonds in this species as well.

In the present study we found a lack of socialat$féollowing orphaning. This would also
suggest that maternal loss did not compromise ktesawith kin. This is based on the observation
that female red deer typically form close assooratiwith kin, and associations of similar strength
are rare between non-kin (Clutton-Brock et al. J982nder a model where mothers bind layers of
matrilines together, an increased chance of sttierlgss would be expected following orphaning.
Yet in this study, such changes were not obserieerefore, unlike African elephants, mothers do
not seem to be brokers in their matrilines: it vebappear that preferential associations exist
between kin that are both descendant and non-demceaf the dead mothers. Unfortunately, we
could not test this specifically. We did not matsphans to non-orphans based on the structure of
their matrlines. In elephants, the death of a ntatinéy produced social changes when she left
behind more than one adult daughter (Moss and D&&)2In rhesus monkeys the death of
matriarchs was associated with dissolution of riaés, but not consistently so (Chepko-Sade and
Sade 1979), and in baboons daughters increased#seiciation with sisters but not aunts (Silk et

al. 2006). Therefore, in order to distinguish bedwe&arious models of how matrilines are
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structured, analyses must be restricted to thogelimas composed of a matriarch and at least two
adult daughters, and attempts should be made tootéor matriline size as well. These studies
must also focus on cases where one of the matisadelighters dies rather than the matriarch
herself. This is because the various models ofilm&tistructure can only be distinguished
following the death of a matriarch’s daughter (Fe&8). Future studies should seek to identify the
social bonds that structure matrilines in variooscses, because different structures will respond
differently to demographic changes. For instarfoaitrilines are formed due to social attractions
among all members of the matriline, then they tdImuch more robust to deaths of matriline
members. Indeed, groups would not be expecteditdesp As the structure of matrilines becomes
simpler (see Figure 2), the death of matriline merslvould be expected to produce greater
structural changes in groups (Figure 3).

In this study, we used an observational approatestathe general hypothesis that mothers
affect their offspring’s social environment. We hatimited ability to control for environment and
social effects in our analyses. Researchers te&ttseunderstand animal social networks and the
benefits of social bonds should test specific hgpses based on various models of social bonding.
Experimental manipulations of group structure witbve to be an effective method for enhancing
our understanding of animal sociality. In the fefuwildlife management decisions and wildlife
translocations may benefit from an increased unaeding of how social bonds and grouping
patterns, specifically matrilines, are structuf@dtermining what social consequences follow from

demographic changes will be especially important.
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Chapter 4: Conclusion

Social bonds are increasingly being viewed as itapoicontributors to fitness, but for most
mammals the fitness benefits and factors involveahaintaining social bonds are still poorly
understood (Silk 2007a). In many mammals, offsprvagntain preferential associations with their
mothers well after weaning (Clutton-Brock 1991;rbanks 2000). This suggests that mothers
continue to care for their offspring beyond milkpdadence, and this has been established in a few
cases involving primates, elephants, dolphins,@redrodent species (Fairbanks 2000; McComb et
al. 2001; Moses and Miller 1994). This thesis s fihst to provide evidence that ungulate mothers
benefit their offspring after weaning, and it ig first study to evaluate whether ungulate mothers
affect the social environment of their juvenile dhters.

The evidence that ungulate mothers benefit theggrof their offspring comes from both
survival analyses and data on correlates of remtogusuccess. First, | observed that the risk of
mortality was elevated for sons and daughters whbtheir mothers before weaning. Second,
males that lost their mother prior to weaning &gperienced reduced antler growth. As antler
growth is positively correlated with body growthdeadult reproductive success (Clutton-Brock et
al. 1982), orphaning is also likely to affect mhteeding success. In contrast to males, reproductio
in females was not influenced by maternal carerpaaveaning or in the first 2.5 years of life.
These results demonstrate that mothers affecitties$ of their juvenile (under 13 month old)
offspring, but the components of fitness (survivaproduction) that are influenced by the mother
may differ between the sexes. Studies that evatudiereproductive and body growth parameters
may fail to detect benefits of social bonds evernmvtiney exist. My results highlight the
importance of using measures of both reproducteréopmance and survival in testing the fitness

value of social bonds.
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In addition to demonstrating maternal care prot3 months, | also provide evidence that
mothers care for their sons and daughters aftenwgal observed that deer orphaned after
weaning were at an increased risk of death. In snthiis effect disappeared after 24 months of age,
but in females it persisted throughout life. TlEsttributed to the fact that females are socially
philopatric while males disperse within approxintat years of weaning. The pattern of female
philopatry and male dispersal is common among sow@anmals. Therefore, such lifelong benefits
of mothers to daughters may be widespread, andefstudies on a variety of mammals are needed
to test the generality of this pattern.

Although red deer mothers appear to affect offgpfitmess, | did not find evidence that
they affected the social environment of their juleefunder 13 month old) daughters. It may be that
mothers have little or no effect on the social emument during the ages | investigated.
Alternatively, mothers may affect the social enmireent of their daughters, but these effects
remained undetected. One possibility is that thasuees used might not capture this effect. Higher
resolution social data, such as those on groonmtggactions and aggressive interactions, might
reveal a maternal effect. Such social data haveated maternal social effects in primates,
dolphins, and elephants (McComb et al. 2001; SIB72A, b; Stanton et al. 2011). A maternal social
effect might also be undetected because otherlgmitners, possibly kin, serve as adequate
surrogates for the mother. In such cases, an effegld only be detectable if all possible surrogate
were also removed as potential social partners.clear that these questions are so far
underexplored, and much remains to be discovered.

An understanding of how individuals respond toltss of social bonds will be important
for future wildlife management and conservatiorogff. The human impact on animal societies has

been given less attention than the direct humdnante on demographics (Sutherland 1998). Yet,
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through its potential effects on individual fithessd grouping dynamics, individual level social
disruption can scale up to population level effebtany current methods of wildlife management
likely promote social disruptions, and this appesssecially true of ungulate management
programs. My research on red deer has demonstteedrphaning both before and after weaning
is likely to reduce offspring survival. Therefofeequent orphaning will have demographic side
effects that extend beyond the loss of mothers.ti@esvid populations in North America and
Europe are managed through hunting, and this atedoina large proportion of annual mortality
(Milner et al. 2006) and probably orphaning as wEfle selective removal of females is used as a
tool for managing population sizes (Milner et &08), and although hunting seasons are typically
timed to occur after weaning, hunts invariably fesuthe orphaning of weaned offspring. In some
European countries, managers encourage professieaedtalker to kill red deer hinds without
calves or to remove both hinds and their calvess&lpractices aim to reduce the chances of
orphaning, but genetic analyses show that deeestatite unable to consistently match mothers
with their young (Milner et al. 2002). Thereforech attempts to eliminate orphaning are unlikely
to be successful. Alternative hunting methods aansed to limit population growth in ungulates
while at the same time minimizing orphaning. Fenmalaoval could be limited to young of the
year and females below reproductive age. Thisegyais used successfully to manage moose
(Alces alceppopulations in Scandinavia (Lavsund et al. 2068)ther research will be needed to
determine how populations can be managed effegtivklle simultaneously reducing the risk of
orphaning.

This thesis has highlighted the many possible biesneff social bonds. My primary research
has demonstrated that ungulate mothers can bémeifitoffspring after weaning, and this helps to

explain certain aspects of ungulate social behavithese findings should be used to inform future
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deer management, and the results should also asiineentive for additional research on other
ungulate species. Future work will need to deteentire fithess benefits of social bonds in general,
not just those between mothers and offspring. iBhisirrently a developing field of research, and it

holds promise for explaining many commonly obserpaterns of social behaviour.

60



Literature Cited

Archie, E. A., C.J. Moss, S.C. Alberts. 2011. Fdeand relations: kinship and the nature of
female elephant social relationshipsC. J. Moss, H. Croze, P.C. Lee, editor. The
Amboseli elephants: a long-term perspective omg-loved mammal. University of
Chicago Press, Chicago, IL, USA.

Berghanel, A., J. Ostner, U. Schréder, and O. &eh@011. Social bonds predict future
cooperation in male Barbary macaques,< i> Macalasys</i>. Animal Behaviour
81:1109-1116.

Berman, C. M. 2004. Developmental aspects of kas m behavior. Kinship and behavior in
primates. Oxford University Press, New York:317-346

Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Gga, J. R. Poulsen, M. H. H. Stevens, and J.-
S. S. White. 2009. Generalized linear mixed modefsractical guide for ecology and
evolution. Trends in ecology & evoluti@4:127-135.

Boyle, P. J., Z. Feng, and G. M. Raab. 2011. Dadswhood increase mortality risk?: testing
for selection effects by comparing causes of sdalessth. Epidemiolog2:1.

Bugnyar, T., M. Kijne, and K. Kotrschal. 2001. Fozalling in ravens: are yells referential
signals? Animal Behaviol§1:949-958.

Caro, T., C. Graham, C. Stoner, and J. Vargas..28@4ptive significance of antipredator
behaviour in artiodactyls. Animal Behaviddif:205-228.

Chapais, B. 2004. How kinship generates dominatnaetares: a comparative perspective.
CAMBRIDGE STUDIES IN BIOLOGICAL AND EVOLUTIONARY
ANTHROPOLOGY:186-203.

Chauvin, C. and C. Berman. 2004. Intergeneratibtaasmission of behavior. CAMBRIDGE
STUDIES IN BIOLOGICAL AND EVOLUTIONARY ANTHROPOLOGY209-230.

Chepko-Sade, B. D. and D. S. Sade. 1979. Pattégrewap splitting within matrilineal kinship
groups. Behavioral Ecology and Sociobioldg§7-86.

Clutton-Brock, T. 2009. Cooperation between nontkianimal societies. Naturdb2:51-57.

Clutton-Brock, T. H., F. E. Guinness, and S. D.&1b1982. Red deer: behavior and ecology of
two sexes. University of Chicago Press.

Clutton-Brock, T. H. and D. Lukas. 2011. The evantof social philopatry and dispersal in
female mammals. Molecular ecolog{,472-492.

Coulson, T., S. Albon, F. Guinness, J. Pembertod,Ta Clutton-Brock. 1997. Population
substructure, local density, and calf winter sua/im red deer (Cervus elaphus). Ecology
78:852-863.

Crockford, C., R. Wittig, K. Langergraber, T. Ziegl K. Zuberbuhler, and T. Deschner. 2013.
Urinary oxytocin and social bonding in related amdelated wild chimpanzees.
Proceedings of the Royal Society B: Biological &ces280.

Curley, J. P. and E. B. Keverne. 2005. Genes, v mammalian social bonds. Trends in
ecology & evolutior20:561-567.

Dietz, L. J., S. Stoyak, N. Melhem, G. Porta, K Matthews, M. Walker Payne, and D. A.
Brent. 2012. Cortisol Response to Social Stre$%anentally Bereaved Youth. Biological
Psychiatry.

Durrell, J., I. Sneddon, N. O’connell, and H. Whiad. 2004. Do pigs form preferential
associations? Applied Animal Behaviour ScieB8gl1-52.

61



Engh, A. L., J. C. Beehner, T. J. Bergman, P. Littwh, R. R. Hoffmeier, R. M. Seyfarth, and
D. L. Cheney. 2006. Behavioural and hormonal respsiio predation in female chacma
baboons (Papio hamadryas ursinus). Proceedinge &tdyal Society B: Biological
Science73:707-712.

Engh, A. L., K. Esch, L. Smale, and K. E. Holekard@00. Mechanisms of maternal rank
‘inheritance’in the spotted hyaena,< i> Crocutecata</i>. Animal BehaviouB0:323-
332.

Fairbanks, L. and M. McGuire. 1986. Age, reproduetralue, and dominance-related behaviour
in vervet monkey females: cross-generational imft@s on social relationships and
reproduction. Animal Behaviold4:1710-1721.

Fairbanks, L. A. 2000. Maternal investment througttbe life span in Old World monkeys.

Foster, E. A., D. W. Franks, S. Mazzi, S. K. DardénC. Balcomb, J. K. B. Ford, and D. P.
Croft. 2012. Adaptive Prolonged Postreproductivie Span in Killer Whales. Science
337:1313-1313.

Goodwin, D. 1986. Crows of the World. 2nd editi@nitish Museum (Natural History), London.

Green, W. C. H., J. G. Griswold, and A. Rothst&é®89. Post-weaning associations among
bison mothers and daughters. Animal Behavi8:847-858.

Haley, D., D. Bailey, and J. Stookey. 2005. The&§ of weaning beef calves in two stages on
their behavior and growth rate. Journal of anincédrsce83:2205-2214.

Hebblewhite, M. and D. H. Pletscher. 2002. Effextelk group size on predation by wolves.
Canadian journal of zoolog80:800-809.

Hoelzel, A. R. 1991. Killer whale predation on nm&imammals at Punta Norte, Argentina; food
sharing, provisioning and foraging strategy. BebealiEcology and Sociobiology
29:197-204.

Holand, @., R. B. Weladji, A. Mysterud, K. Rged,Heimers, and M. Nieminen. 2012. Induced
orphaning reveals post-weaning maternal care mdear. European Journal of Wildlife
Research:1-8.

Holekamp, K. E. and L. Smale. 2010. Provisionind ood sharing by lactating spotted hyenas,
Crocuta crocuta (Mammalia: Hyaenidae). Ethol8§y191-202.

Jaeggi, A. V., M. A. van Noordwijk, and C. P. vach&ik. 2008. Begging for information:
mother—offspring food sharing among wild Borneaangutans. American journal of
primatology70:533-541.

Johnson, J. A. 1987. Dominance rank in juvenileeobaboons,< i> Papio anubis</i>: the
influence of gender, size, maternal rank and orpliarAnimal BehaviouB5:1694-1708.

Kapsalis, E. 2004. Matrilineal kinship and primba&havior. Kinship and behavior in
primates:153-176.

Kelley, A. E. and K. C. Berridge. 2002. The neuresce of natural rewards: relevance to
addictive drugs. The Journal of NeuroscieR28306-3311.

Kiernan, K., J. Tao, and P. Gibbs. 2012. Tips amdt&gies for Mixed Modeling with
SAS/STAT® Procedures (Vol. 332—-201R)SAS Global Forum.

Kritzen, M., W. B. Sherwin, R. C. Connor, L. M. BarT. Van de Casteele, J. Mann, and R.
Brooks. 2003. Contrasting relatedness patternstitenose dolphins (Tursiops sp.) with
different alliance strategies. Proceedings of thgaRSociety of London. Series B:
Biological Scienceg70:497-502.

Lavsund, S., T. Nygrén, and E. J. Solberg. 2008tuStof moose populations and challenges to
moose management in Fennoscandia. AB®e509-130.

62



Lemasson, A., R. Palombit, and R. Jubin. 2008 ndskips between males and lactating females
in a free-ranging group of olive baboons (Papio &diyas anubis): evidence from
playback experiments. Behavioral Ecology and Saclofy 62:1027-1035.

Lheureux, N., M. Lucherini, M. Festabianchet, and.JJorgenson. 1995. Density-dependent
mother yearling association in bighorn sheep AniBetiaviour49:901-910.

Maestripieri, D. 2009. "Maternal influences on gfisg growth, reproduction, and behavior in
primates”. Pages 256-291D. Maestripieri and J. M. Mateo, editors. Matera#kects in
Mammals. The University of Chicago Press, Chicdigjnois.

Marler, P., A. Dufty, and R. Pickert. 1986a. Vocammunication in the domestic chicken: I.
Does a sender communicate information about thétgoé a food referent to a
receiver? Animal Behaviold4:188-193.

Marler, P., A. Dufty, and R. Pickert. 1986b. Vocammunication in the domestic chicken: Il. Is
a sender sensitive to the presence and natureeckaver? Animal Behaviold4:194-

198.

McComb, K., C. Moss, S. M. Durant, L. Baker, and8yialel. 2001. Matriarchs as repositories
of social knowledge in African elephants. ScieB82:491-494.

Merritt, J. F., D. A. Zegers, and L. R. Rose. 20B4asonal thermogenesis of southern flying
squirrels (Glaucomys volans). Journal of Mammal8grp1-64.

Micheletta, J. and B. M. Waller. 2011. FriendsHifeets gaze following in a tolerant species of
macaque,< i> Macaca nigra</i>. Animal Behaviour.

Micheletta, J., B. M. Waller, M. R. Panggur, C. N&ann, J. Duboscq, M. Agil, and A.
Engelhardt. 2012. Social bonds affect anti-predagdraviour in a tolerant species of
macaque, Macaca nigra. Proceedings of the Royaé{gdg: Biological Sciences
279:4042-4050.

Milner, J. M., J. S. Alexander, and A. Griffin. 200A highland deer herd and its habitat. Red
Lion House.

Milner, J. M., C. Bonenfant, A. Mysterud, J. M. GAIARD, S. Csanyi, and N. C. Stenseth.
2006. Temporal and spatial development of red daeresting in Europe: biological and
cultural factors. Journal of Applied Ecolod$:721-734.

Mirza, S. N. and F. D. Provenza. 1992. Effectsgd and conditions of exposure on maternally
mediated food selection by lambs. Applied AnimahB@our Scienc&3:35-42.

Mitani, J. C. 2009. Male chimpanzees form endudnd equitable social bonds. Animal
Behaviour77:633-640.

Mitani, J. C. and D. P. Watts. 2001. Why do chingesas hunt and share meat? Animal
Behaviour61:915-924.

Moses, R. A. and J. S. Millar. 1994. Philopatry amother-daughter associations in bushy-tailed
woodrats: space use and reproductive success. Bedlazcology and Sociobiology
35:131-140.

Moss, C. J., P.C. Lee. 2011. Female social dynarieedity and flexibility.in H. C. C.J. Moss,
P.C. Lee, editor. Tge Amboseli elephans: a lonmeerspective on a long-lived
mammal. University of Chicago Press, Chicago, IBAJ

Moyes, K., B. J. T. Morgan, A. Morris, S. J. Morris H. Clutton-Brock, and T. Coulson. 2009.
Exploring individual quality in a wild populatiorf ced deer. Journal of Animal Ecology
78:406-413.

Newberry, R. C. and J. C. Swanson. 2008. Implicatiof breaking mother—young social bonds.
Applied Animal Behaviour SciencE0:3-23.

63



Nozaki, M. 2009. Grandmothers care for orphanspno&isioned troop of Japanese macaques
(Macaca fuscata). PrimatB6:85-88.

Oostindjer, M., J. E. Bolhuis, M. MendI, S. Held, ¥&n den Brand, and B. Kemp. 2011.
Learning how to eat like a pig: effectiveness othamisms for vertical social learning in
piglets. Animal Behaviou82:503-511.

Pavelka, M. S., L. M. Fedigan, and S. Zohar. 2@0&ilability and adaptive value of
reproductive and postreproductive Japanese maceagthers and grandmothers. Animal
Behaviour64:407-414.

Penzhorn, B. 1984. A Lonagrm Study of Social Organisation and BehaviouCape Mountain

Zebras Equus zebra zebra. Zeitschrift fur Tierpeiadie 64:97-146.

Seyfarth, R. M. and D. L. Cheney. 1984. Groomiriigaraces and reciprocal altruism in vervet
monkeys.

Silk, J. B. 2002. Using the'F'-word in primatolog@ehaviour:421-446.

Silk, J. B. 2007a. The adaptive value of sociahtynammalian groups. Philosophical
Transactions of the Royal Society B: Biologicale3wes362:539-559.

Silk, J. B. 2007b. Social components of fitnesprimate groups. Scien@7:1347-1351.

Silk, J. B., S. C. Alberts, and J. Altmann. 2008ci8l bonds of female baboons enhance infant
survival. Scienc&02:1231-1234.

Silk, J. B., J. Altmann, and S. C. Alberts. 2006cial relationships among adult female baboons
(Papio cynocephalus) I. Variation in the strendtbarial bonds. Behavioral Ecology and
Sociobiology61:183-195.

Silk, J. B., R. M. Seyfarth, and D. L. Cheney. 1998e structure of social relationships among
female savanna baboons in Moremi Reserve, Botsvigetaviour:679-703.

Slocombe, K. E. and K. Zuberbuhler. 2006. Food-@ased calls in chimpanzees: responses to
food types or food preferences? Animal Behaviti1989-999.

Suomi, S. J. 2005. Mother-infant attachment, pekationships, and the development of social
networks in rhesus monkeys. Human Developm8r&7-79.

Sutherland, W. J. 1998. The importance of behawiatudies in conservation biology. Animal
Behaviour56:801-809.

van Noordwijk, M. A. 2012. From Maternal Investm¢nt ifetime Maternal Care. Pages 321-
342in J. Mitani, J. Call, P. Kappeler, R. Palombit, dnéilk, editors. The Evolution of
Primate Societies. University of Chicago Pressc@aio, ILL.

Whitehead, H. 2008. Analyzing animal societies:jitative methods for vertebrate social
analysis. University of Chicago Press.

Wittemyer, G., J. B. A. Okello, H. B. RasmussenARtander, S. Nyakaana, I. Douglas-
Hamilton, and H. R. Siegismund. 2009. Where sdgialnd relatedness diverge: the
genetic basis for hierarchical social organizatioAfrican elephants. Proceedings of the
Royal Society B: Biological Scienc2%6:3513-3521.

Young, L. J. and Z. Wang. 2004. The neurobiologpaif bonding. Nature neuroscience
7:1048-1054.

64



Appendix A: Comparison of capture weight of orphans and non-or phans
Confounding factors are an obvious concern in amadythe effect of orphaning on survival. For
example, orphaning may tend to occur because nateosndition is poor, and since maternal
condition likely affects birth weight and surviv&lutton-Brock et al. 1982), orphans would be at
an increased risk of death irrespective of changesaternal care. One option to control for this is
to include capture weight as a covariate in theeting of survival; in our study, this would result
in a loss of data, since not all individuals weaptared and weighed. The other alternative isgb te
for a difference in birth weight between orphand aon-orphans: if no systematic bias is found,
one could ignore the effects of birth weight andegat a level of unexplained variation in survival
time. The analysis presented below indicates tihiré to include capture weight in our survival
models would potentially bias results. Therefosepatlined in the methods section of the paper, we
included capture weight in our survival models. Tésults here are presented as a justification for
the survival methods outlined in the main bodyhaf paper.

In this analysis, we used a matched design to campeights of orphans and non-
orphans. Observations were matched by year of, lseth age weighed and ‘event age’ (see below).
The matched set each observation belonged to ted &s a random effect. All animals were
weighed within 13 days of birth. Non-orphan deerewaatched to individual orphans if their age at
weighing was within plus or minus 12 hours of tphan’s age at weighing. Mortality risk
declines with age and birth-weight (Clutton-Brotkak 1982), and as a consequence animals that
survive long enough to lose their mothers will téadurvive longer and be heavier than the starting
crop of deer. Therefore, we randomly matched ngans to orphans if non-orphan survival time
(months) was equal or greater than the age (moathians lost their mother; we refer to this as

‘event age’ matching. Orphans with mothers dyimgrfrshooting were excluded from this analysis.
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Birth-weight was analyzed using general linear ™ir@dels with orphan status (orphaned
or not) as a fixed effect and event age match Ilhasandom effect. In this analysis, an orphan is
defined as any individual losing its mother prioan age of 36 months. Males and females were
analyzed separately in these comparisons. The deatondegrees of freedom was adjusted
according to the Kenward-Roger technique assunmagaorrelation among responses follows
compound symmetry; AIC was used to select amongooimd symmetry, heterogeneous
compound symmetry and unstructured covariancegjelJoompound symmetry, the covariance
between treatments is assumed to be the sameth&svariance within treatments.

With the above models the data displayed slighkitadi®ns from normality and this was
confirmed by Kolmogorov-Smirnov tests (P<0.15); idéens were associated with heavy tails
and/or outliers, and this could not be remediedh wansformations. The departures from normality
have the effect of reducing statistical power.pitesof this, we found that orphan males were
significantly heavier at birth compared to theinmarphan counterparts (0.37 kg heavier +/- 0.14
SE, F 4t 33340i=2.62, P=0.009). Female orphans were also signilicdeavier than non-orphans
(0.48 kg heavier +/-0.15 SE; & 317 g0~ 3.18, P=0.002). Therefore, failure to includetoap
weight as a covariate in our survival models wdea&tl to an under-estimate of the orphaning

effect.
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Appendix B: Survival Analysis Code
Survival analyses that include time-dependent covariates (e.g. orphaning status) require
special coding in statistical programs. I used the SAS statistical system for my analyses of
survival time, and here I present the code used. Definitions of variables used and the
function of specific programming statements are outlined in the code below. The code
covers data formatting, preliminary model diagnostics, and analysis of survival data using
Cox regression with time-dependent and time-independent covariates. Separate analyses

are conducted for males and females.

/* VARIABLE DEFINITIONS:

Sex --> 1=female; 2=male; 3=unknown

BirthDay --> 1-31, with O=unknown

BirthMonth --> 1-12, with O=unknown

BirthYear --> 0=unknown

DeathDay, DeathMonth, DeathYear --> as above

Live_or_Dead --> D=dead; L=alive; NA=not available; U=unknown; M=missing

DeathType --> A=accident; B=hirthing (females only) ; C=?; D=?; E=?; W="
N=natural winter mortality; S=shot

DataQuality --> 1-9, 1 being most reliable, 9 being least reliable - 0O=missing

As above, but applying to mother:

Mum_DeathMonth, Mum_DeathDay, Mum_DeathYear, Mum_L ive_or_Dead, Mum_DataQuality
Mum_DataQuality: if missing (i.e., NA) replaced wit h 100 (NA not recognized by SAS when numbers
also present)

*

/* IMPORT DATAFILE: "deer_life_for_dataset_construc tion_August_2012_ NumericCodes.csv"
Numeric Codes necessary since SAS is not handling n ominal IDs properly.
Numeric Codes and their corresponding nominal codes are found in "Numeric_IDCodes_August2012.xIs"

*

dat a survival_2;
set survival_1;
/* CLEANING DATA AND FLAGGING ERRORS */
if MumCode=" then delete ;
if DataQuality> 2 then delete
if DataQuality= 0 then delete
if Live_or_Dead= 'M' orLive_or_Dead= 'U" orLive_or_Dead= 'NA" then delete ;
if Mum_Live_or_Dead= 'M' or Mum_Live_or_Dead= ‘U or Mum_Live_or_Dead= 'NA' then delete ;
if Live_or_Dead= 'L' andDeathYear> 0 then flag= ‘'yes!'
if BirthYear= 0 then delete
/* CALCULATING EVENT TIME */
if Live_or_Dead= 'D' then do;
if DeathYear= 0 or DeathMonth= 0 then delete
if BirthMonth= 0 then delete ;
if BirthYear=DeathYear then Event_Time=DeathMonth-BirthMonth+ 1;
if DeathYear-BirthYear= 1 then Event_Time=( 12-BirthMonth+ 1)+DeathMonth;
if DeathYear-BirthYear> 1 then Event_Time=( 12-BirthMonth+ 1)+DeathMonth+((DeathYear-
BirthYear-  1)* 12);
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end,;
if Live_or_ Dead= 'L' then do;
if BirthYear= 2011 then Event_Time=(
if 2011-BirthYear= 1 then Event_Time=(
if 2011-BirthYear> 1 then Event_Time=(
end;
/* CALCULATING ORPHANING TIME */
if Live_or_Dead= 'D' and Mum_Live_or_Dead=
if Live_or_Dead= ‘L' and Mum_Live_or_Dead=
if Live_or_Dead= ‘L' and Mum_Live_or_Dead=
if Live_or_Dead= 'D' and Mum_Live_or_Dead=
if DeathYear=Mum_DeathYear then do;
if DeathMonth<Mum_DeathMonth
if DeathMonth>Mum_DeathMonth

grgr:

12-BirthMonth)+  1;
12-BirthMonth+
12-BirthMonth+

then
then
then
then

1)+ 12;

1)+ 12+(( 2011-BirthYear- 1)* 12);

orph_status=  'not orph’
orph_status=  ‘orph' ;
orph_status=  'not orph’
do;

then orph_status=
then orph_status=

'not orph'
‘orph'

if DeathMonth=Mum_DeathMonth and DeathDay<MumDeathDay then
orph_status=  'not orph’ ;
if DeathMonth=Mum_DeathMonth and DeathDay>MumDeathDay then
orph_status=  ‘orph' ;
end;
end;
if Live_or_Dead= 'D' and Mum_Live_or_Dead= 'D' then do;
if DeathYear>Mum_DeathYear  then do;
if Mum_DeathYear= 0 then delete
if Mum_DeathMonth= 0 then delete
orph_status= ‘orph’
end;
if DeathYear<Mum_DeathYear then do;
if DeathYear= 0 then delete
orph_status= 'not orph'
end,;
if DeathYear=Mum_DeathYear  then do;
if Mum_DeathMonth= 0 then delete
if DeathMonth=Mum_DeathMonth  then do;
if Deathday= 0 then delete ;
if MumDeathDay=0 then delete ;
if MumDeathDay=DeathDay then delete
end;
end;
end,;
if orph_status=  ‘orph’ then do;
if Mum_DeathYear-BirthYear= 0 then age_orphaned=(Mum_DeathMonth-BirthMonth)+ 1;

if Mum_DeathYear-BirthYear= 1 then age_orphaned=(

if Mum_DeathYear-BirthYear> 1 then age_orphaned=( 12-
BirthMonth+  1)+Mum_DeathMonth+((Mum_DeathYear-BirthYear-

end;
run;

/* Checked data for inconsistent (negative) event_t
/* Clean out data where variable values are missing

dat a survival_3;
set survival_2;
if capture_weight= 0 or capture_weight=
if Home_Range=0 then delete ;
proc sort data =survival_3;
by age_orphaned event_time;
proc print data =survival_3;
run;

[* Create additional variables (Mother's age at Bir

datasets */

dat a survival_4;
set survival_3;
if Mum_BirthYear= . or Mum_BirthYear= 0 then
if BirthYear-Mum_BirthYear< 11 then

12-BirthMonth+

1)* 12);

ime and orphaning_time */
. Done as follows: */

then delete

1)+Mum_DeathMonth;

thing) and divide into male and female

delete

if BirthYear-Mum_BirthYear< 7 then BirthingClass= Y

else BirthingClass= 'M' [* M=Middle */
else BirthingClass= ‘0" [*0O=0Id */
if Live_or_Dead= 'D' then censored_1= 2;
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else censored_1= 1;

run;
[* Getting residual capture weight for deer using G LM */
proc gl m data =survival_MnF plots=all;
class Sex;
model Capture_weight=capture_age sex capture_age*sex;
/* Capture_weight*Sex interaction is not significan t, and excluding this interaction
both factors are significant. Therefore, | use thi s model as the source for residuals */
proc gl m data =survival_MnF plots=all;
class Sex;
model Capture_weight=capture_age sex;
output  out =survival_MnF_Residuals residual=residual;
run;

dat a survival_M,;

set survival_MnF_Residuals;

if Sex= 1orSex= 3 then delete ;
run;
dat a survival_F;

set survival_MnF_Residuals;

if Sex= 2 orSex= 3 then delete ;
run;

dat a survival_MnF_Residuals;

set survival_4;

if Sex= 3 then delete ;
run;

proc print data =survival_M;
proc print data =survival_F;

run;

/* Unadjusted (Typel) survival Plots for BirthingCl ass and BirthMonth for Females and Males

seperately */

proc |ifetest data =survival_F plots =survival(cl atrisk= Oto 250by 10);
time event_time*censored_1( 1);
strata  BirthMonth;

run;

proc |ifetest data =survival_F plots =survival(cl atrisk= Oto 250by 10);
time event_time*censored_1( 1);
strata  BirthingClass;

run;

proc |ifetest data =survival_F plots =survival(cl atrisk= Oto 250by 10);
time event_time*censored_1( 1);
strata Home_range;

run;

proc lifetest data =survival_M plots =survival(cl atrisk= Oto 250by 10);
time event_time*censored_1( 1);
strata  BirthMonth;

run;

proc lifetest data =survival_M plots =survival(cl atrisk= Oto 250by 10);
time event_time*censored_1( 1);
strata  BirthingClass;

run;

proc |ifetest data =survival_M plots =survival(cl atrisk= Oto 250by 10);
time event_time*censored_1( 1);
strata Home_Range;

run;

dat a survival_M_trash;
set survival_M;
event_time=event_time- 1;
run;
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/* FINALLY: Analysis of survival using time-depende
/* Event_Time = the age (months) that a deer died o
Censored_1=1 if the animal was lost to follow-up, a

Ties=Efron
the same time). The Efron procedure is necessary fo
times. */

proc phreg data =survival_M covs (aggregate);

class BirthingClass BirthMonth BirthYear MumCode Home_Ra

/* Class variables are categorical */ ;
model Event_Time*Censored_1(
BirthMonth BirthYear BirthMonth*BirthYear residual
/* Now we tell SAS how to define the orphl1YR to orp
programming statements and tell SAS to treat them a
allowed to change through time)*/
if (age_orphaned=

orphlYR= 0;
orph2YR=  0;
orph3YR= 0;

orph4plus= 0;
/* The above code defines when individuals should b
Specifically, whenever the event_time (in the case
ANY individual dies) is less/comes before the age d
marches through these times sequentially, and in do
animal dying was an orphan. All deer alive at that
at risk of dying). */

end;
else do;
if (age_orphaned LE 12) then do;
orphlYR= 1,
orph2YR= 0;
orph3YR= 0;
orph4plus= 0;
end;
if (age_orphaned> 12 and age_orphaned LE
orphlYR= O;
orph2YR= 1;
orph3YR= 0;
orph4plus= 0;
end;
if (age_orphaned> 24 and age_orphaned LE
orphlYR= 0;
orph2YR=  0;
orph3YR= 1;
orph4plus= 0;
end;
if (age_orphaned> 36) then do;
orphlYR= O;
orph2YR=  0O;
orph3YR= 0;
orph4plus= 1;
end;

if (age_orphaned=
orph_by_time= 0;

end;
else do;
orph_by_time= 1;
end;
end;
id MumCode;
strata Home_Range;

run;

-> is the method that the model uses to handle tied e

1):orph1YR’orph2YR orph3YR orph4plus

. or Event_Time<age_orphaned)

. or Event_Time<age_orphaned or (Event_Time-age_orph
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nt and time-independent predictors */
r was lost to follow-up (censored).
nd O if the deer died.
vent times (deaths happening at
r valid estimates when we have many tied event

nge

[*BirthingClass*/
/  RL TIES=EFRON;

h4plus factors. We define them using

s time-dependent factors (value

then do;

e considered non-orphans.

of the running model, this is the time when

eer (in the dataset) were orphaned. Proc PHREG
ing so evaluates the probability that the

point in time are part of the risk set (those

24) then do;

36) then do;

aned>6)) thendo



