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ZUSAMMENFASSUNG

Sowohl Altruismus als auch Egoismus kénnen in FHamierbanden auftreten. Die Rivalitat
zwischen Geschwistern eines gleichen Wurfes katensiv sein und zur Ausbildung einer
Dominanzbeziehung fuhren. Dominante Geschwistealin oft einen gro3eren Anteil der
Nahrung, die von den Eltern bereitgestellt wirdgd wlamit enorme Fitness-Vorteile in Bezug
auf Wachstum und Uberleben. Wenn die durch dierfElgelieferte Nahrung nicht ausreicht
um einen ganzen Wurf erfolgreich aufzuziehen, kaspassieren, dass dominante Geschwi-
ster ihre untergeordneten Geschwister toten, emwenekt durch physische Schaden oder
indirekt durch erzwungenen Hunger. Dieses Phanomeh als "fakultative Brutreduktion”
bezeichnet und tritt in einer Vielzahl von Vogedsrtund mindestens einer Saugetierart - der

Tupfelhyane Crocuta crocutq— auf.

Diese Doktorarbeit wurde durchgefuhrt, um ein urséasleres Bild von den Verhaltensme-
chanismen (Kapitel 2) und den endokrinen (StreRegktionen auf die Geschwisterrivalitat
in Zwillingswirfen bei der Tupfelhyane (Kapitel 8di4) zu erstellen. Die vorliegende Arbeit
ist eingebettet in ein Langzeitforschungsprojekt3arengeti National Park, in Tansania. Da-
durch konnten auf umfassende Daten zur Lebensgétehnehrerer hundert individuell be-
kannter Tiere zurtickgegriffen werden. In den untelngen Langzeit-Studiengruppen verstarkt
sich die Aggression von dominanten Geschwistermmvite Menge der Muttermilch, die fur
einen Zwillingswurf bereitgestellt ist, sinkt, uf@kultative Brutreduktion tritt bei etwa 946
der Wirfe auf. IrKapitel 2 habe ich Geschwisterrivalitat in einem dynamiscRahmen von
Wechselwirkungen zwischen Dominanten und untergesieth Geschwistern studiert. In fast
allen Wiurfen versperren dominante Geschwister dgarwirfigen den Zugang zur Mutter-
milch zu ihren Gunsten, jedoch konnten hungrige wadiger unterwiirfige Geschwister die-
sen Nachteil zugunsten der Dominanten verringeas Busmald der ungleichen Nahrungs-
verteilung der Nahrung zugunsten der Dominantey kion der Wechselwirkung zwischen
Wourfalter, Hunger und Geschlecht der beiden Indigideines Zwillingswurfes ab. Ich liefere
Uberzeugende Beweise, dass weibliche Geschwishiekest Konkurrenten als méannliche
sind- und deswegen eventuell ein héheres Potemtiaén, inre Geschwister zu téten. Das
erklart hochstwahrscheinlich warum ,gefahrdeteratenwirfige Geschwister mit einer do-
minanten Schwester mehr durchsetzungsfahig siadi@lhungrigen unterwirfigen Geschwi-
ster, die mit einem dominanten Bruder aufgezogerdeve Eine Umkehr der Dominanz trat
bei 7.06 der Zwillingswiirfe auf. Geschulte ,Gewinner undrNerer Effekte” waren bei der
Entstehung von Dominanzbeziehungen zwischen dor@namd untergeordneten Geschwi-

stern beteiligt. Eine wichtige Erkenntnis aus dmeséapitel ist, dass die Dominanten nicht die
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absolute Kontrolle Giber den Zugang ihrer Geschwiaie Muttermilch ausiiben, so wie es in
Modellen zur Geschwisterrivalitat bei Végeln anganeen wird.

Die Konzentration von Glukokortikoiden wird gewoéinhl als ein Maf3 fir den physiologi-
schen Stress bei Wirbeltieren verwendeKépitel 3 beschreibe ich ausfuhrlich die Entwick-
lung und Validierung einer nicht-invasiven Methodar Messung von Glukokortikoid-
Konzentrationen in Tupfelhyanen-Kotproben. Dafiindtete ich ein Enzym-Immunoassay,
den Cortisol-3-CMO, um fékale Glukokortikoidmetaib®l(fGCM) von Tupfelhydnen nach-
zuweisen. Die Validierung dieser Methode umfassttinere Schritte. Der Immunoassay do-
kumentierte erfolgreich erhdhte Konzentrationen #®GM nach der experimentellen Zufih-
rung von Adrenocorticotropen Hormon (ACTH) bei zweipfelhyanen in und nach der
Anasthesie bei einer weiteren Tupfelhyane in mdider Obhut. Eine Radiometabolismus-
Studie erlaubte es, die fGCM genauer zu charalgegis. Diese Studie zeigte, dass der Im-
munoassay vorwiegend Metaboliten mit einer Polahtéer als Cortisol und Metaboliten,
die zwischen den Positionen von Cortisol und Costieron eluierten, nachweist. Schlief3lich
habe ich diesen Immunoassay benutzt, um paarwesgieiche von fGCM Konzentrationen
an juvenilen Tupfelhyanen in der Serengeti durchilzrtgn. Dabei erwartete ich, dass Jungtie-
re, die eine weniger vorhersagbare Umwelt erlebehr physiologischen Stress zeigen, als
altere Jugendliche. Ich stellte fest, dass weratge6 Monate alte Jungtiere héhere Konzentra-
tionen von fGCM hatten als die gleichen Jungtieriiter zwischen 6 und 24 Monaten. Die-
ses Kapitel zeigt, dass der Cortisol-3-CMO-Assagveadet werden kann, um physiologi-
schen Stress bei Tupfelhyanen zu messen.

Soziale Unterwerfung und Nahrungsentzug fiihrerzoferhéhten physiologischen Stress. In
Kapitel 4 verwende ich die Methode, die ich in Kapitel 3vaokelt habe, um die Verbin-
dung zwischen Geschwisterrivalitat, Geschwistergiestit und fGCM in Zwillingwtrfen
von Tapfelhyanen zu untersuchen. Vor allem habegeprift, welcher soziale Status im
Wurf (dominant oder untergeordnet) den starkstegsiplogischen Stress hervorrief. In
Ubereinstimmung mit meiner Vorhersage fand ichsdasge subdominante Individuen ho-
here fGCM als junge dominante aufwiesen, wahrstibbinweil subdominante weniger Zu-
gang zur Milch und somit mehr Hunger und Frustragdebten und weil sie in der Rolle der
Unterwerfung ,trainiert* waren. Wie erwartet fanchiauch, dass dominante Weibchen mehr
Stress als dominante Mannchen erlebten, wahrsattgimbeil sie mit durchsetzungsfahigeren
subdominanten Geschwistern konfrontiert wurderdatainante Mannchen (Kapitel 2).



Dies ist die erste Langzeitstudie, die sowohl Datem Verhalten als auch zur Endokrinolo-
gie bei einer Sadugerspezies betrachtet, um im Daai Zusammenhang zwischen Verhalten

und physiologischen Reaktionen bei intensiver Gemthrrivalitat zu erforschen.



SUMMARY

Both altruism and selfishness may occur within fesi Rivalry between siblings of a same

litter can be intense and lead to a dominanceioekstip. Dominant siblings often obtain a

greater share of the food provided by the paramd,thereby major fithess benefits in terms
of growth rate and survival. When food resourcewigled by the parents are insufficient to

rear a whole litter successfully, dominants may tkieir subordinate siblings, either directly

by physical damage, or indirectly through enforetarvation. This phenomenon is termed
“facultative siblicide” and occurs in a wide rangfebird species and at least one mammalian
species: the spotted hyer@argcuta crocutd

This thesis was designed to provide a more comps2he picture of the behavioural mecha-
nisms (chapter 2) and the endocrine (stress) reggaio sibling rivalry in twin litters of the
spotted hyena (chapter 3 and 4). It was embeddadang-term research project in the Ser-
engeti National Park, in Tanzania, thanks to wiiata on life history parameters were avail-
able for more than several hundred individually wnoanimals. In the long-term study
groups, aggression by dominant siblings intensi#éen the amount of maternal milk pro-
vided to a twin litter declines and facultative Igiidle occurs in approximately 96of the
litters. Inchapter 2, | studied sibling rivalry in a dynamic framewaskinteractions between
dominant and subordinate siblings. Dominants inosknall litters skewed access to maternal
milk in their favour, but hungry and less submisssubordinates were able to decrease the
skew in favour of dominants. The skew achieved tyitants depended on the interplay of
litter age, hunger and sexes of both members wiralitter. | found compelling evidence that
females are better competitors- and hence potbntrare likely to commit siblicide - than
males. This probably explains why more “at riskhgty subordinates raised with a dominant
sister were more assertive than hungry subordirraiessed with a dominant brother. Domi-
nance reversals occurred in #®f twin litters. Trained “winner and loser effectaére in-
volved in the emergence of the dominance relatipnisatween dominants and subordinates.
A key finding of this chapter is that dominants mimt exert absolute control over their sib-
lings’ access to milk, as it is assumed in aviaret® of sibling rivalry.

Glucocorticoids are commonly used as a measurehgdiplogical stress in vertebrates. In
chapter 3, | detail the development and validation of a morasive method for the meas-
urement of glucocorticoid concentrations in spottgenas. For this purpose | used an en-
zyme-immunoassay, the cortisol-3-CMO, to detectdhglucocorticoid metabolites (fGCM)

of spotted hyenas. The validation of this methochmased several steps. The assay success-



fully measured increased concentrations of fGCMradtirenocorticotropic (ACTH) hormone

challenges in two captive spotted hyenas, and afteesthesia of another captive spotted
hyena. In addition, a radiometabolism study wasl iusecharacterise {GCM, and showed that
the assay mostly detected metabolites with a gplargher than cortisol and metabolites that
eluted between the positions of cortisol and costierone. Finally, | used this assay to con-
duct pairwise comparisons of fGCM concentrationsSerengeti juvenile spotted hyenas
when less than 6 months of age and when betwe&id @4 months of age. | expected juve-
niles to experience a more unpredictable and tberemore stressful environment when

younger than when older, and found that young jiesnndeed had significantly higher

fGCM concentrations than when they were older. Thigpter demonstrates that the cortisol-

3-CMO assay can be used to measure physiologresissin spotted hyenas.

Social subordination and food deprivation ofterdléa increased physiological stress levels.
In chapter 4, | used the method developed in chapter 3 to tiyage the link between sibling
rivalry, sibling sex and fGCM in spotted hyena tvitters. More specifically | tested which
within-litter status (i.e. dominant vs. subordinatarried the most physiological stress. As
expected, | found that young subordinates had hifg€M concentrations than young domi-
nants, probably because subordinates have lesssatenilk, experience more hunger and
frustration, and are trained into submission. bdsund that dominant females were more
stressed than dominant males, probably becausewvir®yconfronted by unpredictable, asser-

tive siblings, whereas dominant males were notdtha?).

This is the first study that combines behaviourad andocrine data from a long-term study
on a mammalian species, to explore in detail thie tietween behavioural and physiological

responses to intense sibling rivalry.



Chapter 1: general introduction

CHAPTER 1: GENERAL INTRODUCTION

Although family members provide each other withiiadt fithess benefits through inclusive
fitness, intra-family conflicts both between paseand offspring and between siblings may
occur (Mock and Parker 1997). Hamilton’s rule omugéém (1964) does not only predict the
conditions under which individuals should behaveugtically on behalf of a genetic relative,
but also the conditions under which selfish behangare expected to emerge among close
kin. Sibling rivalry is broadly defined as “any fages of animals or plants that have the effect
of promoting individual survival and / or reprodict at the expense of siblings” (Mock and
Parker 1997). Theoretically, siblings are expedtedvoid escalated conflicts unless the fit-
ness benefits provided outweigh the fithess cdsds arise from them (Parker et al. 1989,
Godfray and Harper 1990k has been shown in many bird species that siblihgt skew
food resources provided by parents in their fawahtain fithess benefits (Mock and Parker
1997). The majority of empirical and theoreticaseaarch on sibling rivalry has been con-
ducted on birds where dominant siblings seek tecouatpete their broodmates for food pro-
vided by parents, either by the higher intensitypefging or by aggression directed towards
their broodmate(s) (or both).

Rivalry between members of a brood or litter maadléo the emergence of a “teat order” (e.g.
in domestic pigsSus scrofa domestic&raser and Thompson 1991)) or a dominance rela-
tionship (Drummond 2006). In those species in whatfispring can influence the allocation
of food delivered by parents, the dominant sibisig@xpected to seek to skew parental food
provisioning in its favour (Fraser and Thompson IL99rummond and Osorno 1992, Hofer
and East 2008) and the degree of skew in its faigexpected to increase as parental provi-
sioning declines (Fujioka 1985, Ploger and Mock @,9Barker et al. 1989, Godfray and
Harper 1990, Forbes and Ydenberg 1992, Mock ankePdr997). Thus by out-competing
their siblings, dominants obtain the fitness relabenefits of increased growth and survival,
whereas subordinate littermates can suffer redgoaath rates and survival. These effects of
dominance relationships within litters have begported in several bird species, including
the great blue heronAfdea herodiay the great egretAfdea albg and the cattle egret
(Bubulcus ibi¥ (Mock and Parker 1986, 1997), the western dudiris occidentalis Spear
and Nur 1994) and the blue-footed bool8ul@ nebouxi Guerra and Drummond 1995,



Chapter 1: general introduction

Osorno and Drummond 1995), and in one mammalianiepethe spotted hyen&rocuta
crocutg Hofer and East 2008).

When sibling rivalry is intense it can eventualdadl to the death of the subordinate mem-
ber(s) of a brood or litter through enforced stéiorg physical damage or eviction from the
nest (Mock and Parker 1997). This fatal sibling pefition is termed siblicide (or brood re-
duction) and is well documented in birds, whers gpienomenon is common, particularly in
raptors such as the ospré&3afdion haliaetusMachmer and Ydenberg 1998), or in colonially
nesting birds such as blue-footed boobies (Drummamdl Garcia Chavelas 198%rown
boobiegSula leucogasteDrummond et al. 2003), great blue herons or kitkegRissa tri-
dactylg reviewed by Drummond 2006). In contrast, sibkclths been reported in only a few
mammalian species, including the spotted hyenadHafid East 1997, 2008), the Galapagos
fur seal Arctocephalus galapagoensigrillmich and Wolf 2008), possibly the Arctic fox
(Alopex lagopusMacpherson 1969) the red foXulpes vulpesHenry 1985) and the Indian
false vampire batMegaderma lyraLeippert et al. 2000). Siblicide may either bacftilta-
tive” when it is adjusted to shortages in the emwnent that lead to a decrease in the level of
food provided by parents, or it is “obligate” whigre lowest ranking sibling is routinely killed
by its dominant broodmate or littermate. Withirdit dominance status may therefore sub-
stantially affect an offspring’s current and futditeess (Honer et al 2010), and investigation
of the factors influencing the emergence of domiearelationships among siblings has re-

ceived considerable attention in birds.
1.1 Initial competitive asymmetries in birds
1.1.1 Hatching asynchrony

In most siblicidal bird species, eggs hatch asymbusly. Hatching intervals between suc-
cessive eggs can be large, e.g. up to five or&ys thetween the first and second chick in the
two-chick broods of the brown booby and the Nazeoably Sula grantj Mock and Parker
1997). Asynchronous hatching has been previoughjamed as an adaptive mechanism by
parents to facilitate siblicide in habitats withpuadictable food resources (Lack 1954). The
first-hatched chick has several days in which e and thus has an initial competitive ad-
vantage over its sibling, perhaps because it tragheer body size or body mass (as suggested
by Werschkul and Jackson 19B3rtolli 1986, Machmer and Ydenberg 1998, and Gromst

et al. 2005), or because it has a better fightwilityin terms of age, speed and motor coordi-
nation (Mock and Parker 1997) when the junior atpliinally hatches. Thus, first-born chicks

emerge as dominants in facultative or obligateigddl bird species with hatching asyn-
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Chapter 1: general introduction

chrony (Mock and Parker 1997, Drummond et al. 2@006). During feeding events, domi-
nant chicks may monopolise a position close topeent and use aggression when a subor-
dinate sibling persists in approaching the paréefys loudly or contests access to food
(Machmer and Ydenberg 1998). Aggression by domiohiaks often causes the subordinate
chick to hesitate at the critical moment of a fotmn delivery (Mock 1985, Fujioka 1986,
Ploger and Mock 1986). Subordinate chicks are tisuslly fed only once (if ever) the senior
chick is satiated, and may not be fed at all if tienber of food items delivered by the par-
ents is insufficient for the entire brood (Inoue%9Mock 1985, Ploger and Mock 1986).

1.1.2 Maternal androgens

Differential maternal investment in egg “quality®.¢. size, mass, carotenoids or antibody
levels) or androgens deposited in egg yolks maye lmgtrong impact on the phenotype of
offspring (Groothuis et al. 2005), and hence ondéeelopment of within-brood competitive
asymmetries. Egg quality may affect early growtl aarvival of chicks in some species, for
example larger eggs give rise to heavier chicksasithing (reviewed by Williams 1994, also
see e.g. Blount et al. 2002). Elevated levels afregen in egg yolks generally improve
growth, begging behaviour or early survival of d&sibefore fledging in several species (re-
viewed by Groothuis et al. 2005). For example,dptive canariesSerinus canarig mothers
deposit higher titres of testosterone in the yalks$ast-laid eggs, thereby enhancing the ag-
gressiveness of these chicks towards their broaesng@chwabl 1993). The pattern of in-
creased testosterone with laying order is thougldoimpensate the disadvantage of being a
later-hatched chick in non-siblicidal species (Ghoiis et al. 2005) and has also been detected
in other species such as the black-headed batué ridibundus Eising et al. 2001) and the

lesser black-backed gulldrus fuscusVerboven et al. 2003).

Alternatively, the level of maternal androgens alkycan decrease with the laying sequence,
as in the cattle egret (Schwabl et al. 1997) arssipty the white storkGiconia ciconia Sas-
vari et al. 1999). In both facultative siblicidgdexies, higher androgen levels in the first egg
seem to work in concert with hatching asynchronfieédp the senior chick to discard its sub-
ordinate sibling when food shortages occur (Schwahl. 1997). Nevertheless, a recent study
revealed that in blue-footed and brown boobies, téer facultative siblicidal species, con-
trary to expectation, the first, second and thiggseshowed no difference in levels af-5
dihydrotestosterone, testosterone and androstem@di@rummond et al. 2008). In the blue-
footed booby, but not the brown booby, the absojotk masses declined with laying order.

In these species, initial competitive asymmetriesvieen broodmates are thus mainly created
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through a marked hatching asynchrony, and in the-fdoted booby through asymmetry in
yolk mass (Drummond et al. 2008), but probably thobugh variability of maternal andro-
gens deposited in yolk. Finally, an example in casttto all these species is the American
kestrel Falco sparveriuswhere higher concentrations of these hormoneredse chick sur-
vival (Sockman and Schwabl 2000). In conclusiom, lthk between siblicide, hatching asyn-
chrony, egg quality and the pattern of yolk androd¢evel deposition over the laying se-

qguence is still under debate (see Groothuis &04I5 for a discussion).
1.1.2 Sexual dimorphism

Sex differences in competitive abilities may al$te@ the dynamics of sibling rivalry. In
particular, sexually dimorphic growth could confecompetitive advantage on siblings of the
larger sex (Lack 1954). Patterns of sexual dimamphvary among bird species, with males
being much larger than females in some species asicboks Corvus frugilegusand new
world blackbirds (Mock and Parker 1997) or gretd @Parus major Oddie 2000), and fe-
males being much larger than males in others, asaimy raptors (Bortolotti 1986) and owls
(Mock and Parker 1997). In the highly dimorphicwrosonglark Cinclorhamphus cruralis
females hatch from larger eggs and are initiallgveer than males (Magrath et al. 2003). Al-
though the effect of such dimorphism on siblingahiy has not yet been demonstrated in this
species, it may provide females with a competitidyantage against brothers. In the red-
winged blackbird Agelaius phoenicelismales are larger than females and male siblilags
efficiently use their height advantage to intercégpad delivered by the parents (Teather
1992). In American kestrel chicks, the larger bethe of females, from shortly after hatching
through fledging, provides female siblings with ampetitive advantage because they man-
aged to monopolise more food items during scrarobiapetition than their smaller brothers
(Anderson et al. 1993). In bird species in whidlisg rivalry for food is influenced by chick
size, sexual size dimorphism could result in als@esed mortality, as suggested by results
found in broods of the bald eaglddliaeetus leucocephalysa siblicidal species (Bortolotti
1986).

However, the hypothesis that in sexually dimorgbird species the smaller sex must neces-
sarily show a higher mortality rate as a resulitefsize disadvantage during conflicts, has
been contradicted by the experimental results ohidnond et al. (1991) in blue-footed boo-
bies. Although dominant males were systematicalifgmwn by their subordinate sisters by
their 40nh day of life (subordinate females becomesd¥eavier than their dominant males at

this age), they were never out-competed by thegelasisters. This result has later been in-
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terpreted (Drummond and Osorno 1992, Drummond aamkl@s 1998) as being the conse-
guence of early social experience which may haweee robust effect in itself than relative

size (mass) or age differences between broodmaitesiésed in the next section).
1.2 Trained winner and loser effects

Trained winner and loser effects are the resuliearining processes in that the experience of
winning or losing a contest alters an individughi®bability of winning or losing contests
with future competitors (Chase et al. 1994, Drumchand Canales 1998, Chase et al. 2002),
possibly because these experiences shape theraesésd an individual’'s own fighting abil-
ity (Hsu et al. 2006). The properties of winner doskr effects have been investigated using
theoretical models (e.g., van Doorn et al. 2003ydedt and Johnstone 2010). Evidence for
their existence was experimentally demonstrateadts in several vertebrate (mice, birds,
fishes, Chase et al. 1994) and invertebrate spéeigsinsects, see Hsu et al. 2006 for a re-

view).

The dominance of blue-footed booby brothers oveir theavier subordinate sisters (Drum-
mond et al. 1991) led to the first suggestion tieddtive sibling size (mass) may not be the
ultimate and only determinant of rivalry and donmica in species with facultative siblicide.
Instead, in this species the basis of the dominagle¢ionship is also a function of social ex-
perience, i.e., the tendency to behave aggressoretpbmissively (Drummond and Osorno
1992), later identified as trained winner and losiéects (Drummond and Canales 1998). In
the blue-footed booby, the four days older, firatdmed chick trains its subordinate sibling to
become a “loser” during the first days or weekdifef(Drummond 2006). As a consequence,
trained subordinate chicks learn to reply with sigsmon to threats by dominants throughout
the entire nestling period (Drummond 2006). Thatreé contributions of the differences in
size (mass, age) versus training effects on theganee of the dominance relationship were
assessed by experimental manipulations in blueetbdioobies (Drummond and Osorno
1992). In chicks lacking social prior experienceghna sibling (i.e. singletons), the relative
size (mass) or age of broodmates determined tleetdin of dominance, since in almost
every pair, the larger, heavier and older chickabee the dominant. But do asymmetries in
such attributes prevail over the effect of traimedner and loser effects? To answer this ques-
tion, the authors formed experimental pairs witdoainant and a subordinate that was on
average 3% heavier and 4 days older. As a control, they usei pvhere chicks were simi-
larly fostered between nests but the natural sizkage asymmetry of dominant and subordi-

nate broodmates were maintained. Although heavieorslinate siblings paired with smaller

13



Chapter 1: general introduction

dominants were more aggressive than controls infiteefew days after the experimental
pairing, their aggression then strongly decreaaed,only one (out of 12) of these larger sub-
ordinates achieved dominance, suggesting thatftbet @f experience (i.e., previous training
as a loser or winner) eventually prevailed overdtiect of asymmetries in size (mass) or age.
This also provided an explanation for the fact theavier subordinate females did not out-
compete their older brothers (see above, Drummarad. €991). Trained winner and loser
effects may be involved in the emergence of a damia relationship between broodmates or

littermates in other species than the blue-footmubly, as suggested by Drummond (2006).
1.3 Behavioural responses of subordinate siblings

While many studies have explored the factors imftugg variation in the intensity of aggres-
sion by dominants towards subordinate siblings. (glock et al. 1987, Machmer and Yden-
berg 1998, Golla et al. 1999, Cook and al. 2000¢ch& et al. 2002, Wahaj and Holekamp
2006), considerably less attention has been giwehe behavioural responses of subordinate
siblings to this aggression (but see Drummond 2@dGnecdotal evidence in several spe-
cies). This may be because aggressive behavioarsmare obvious and easier to measure
than submissive responses to aggression. Howesteayvibural responses of subordinate sib-
lings to aggression by dominants could have an tapbinfluence on the dynamics and ex-

pression of sibling rivalry (Drummond 2006).

For instance, hunger may constitute a strong mibdivan itself to win conflicts and achieve
dominance, as it has been demonstrated in an ¢legprrimental manipulation by Rodri-
gues-Girones et al. (1996) in the blue-footed bodbyelated subordinate chicks with differ-
ent levels of hunger but of similar age (to mamtsimilar fighting abilities between contest-
ants) were paired. Hungrier subordinates alwayarbecdominant, despite having to compete
against broodmates of similar age which happendoket85% heavier (in one brood). This
result is consistent with game-theoretical modétéctv assume that a contestant that would
benefit from a resource more than the other, shbaldhore eager to fight and more likely to
obtain it, unless the asymmetry in fighting aleiiis too large (Hammerstein 1981, Einquist
and Leimar 1987). In natural broods, an asymmetriraining effects (i.e. a trained winner
sibling against a trained loser sibling) may simiylgorevent or at least decrease the ability of
hungry subordinates to win a contest and obtaialaable resource (i.e. food or dominance
status). According to Rodrigues-Girones et al. G)9@ssertiveness of hungrier subordinate
siblings should not lead to dominance reversaksnimajority of natural broods because before

reversals happen, the dominant chick would becaud-tleprived itself, and the value it as-
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signs to dominance would increase (Rodrigues-Ggagteal. 1996). In addition, dominant

siblings are expected to remain better competitioas subordinates throughout at least the
entire infancy, because they have an initial agsize advantage compared to their siblings
and / or because they are trained winners. Howesaeg, cases of dominance reversals have

been reported in some species (Drummond 2006).

In species showing obligate siblicide such as enlifown booby, subordinate chiclksually
lack submission and instead show intense “despebatiaviours”, i.e., aggression towards
dominant chicks. The “desperado sibling hypothe@i@@ummond et al. 2003) derives from
the game theoretical model of the “desperado éff{&@iafen 1987) and describes the extreme
aggressiveness of subordinate chicks that haveurvival prospects in obligatory siblicidal

species.

Among broods or litters of facultatively siblicidgpecies, subordinates are expected to facul-
tatively adjust their level of submission accordtngheir survival prospects, i.e., to decrease
their level of submission towards dominants asdb&t of subordination in terms of likeli-
hood of starvation increases (Drummond 2006). Hemgearents bring enough food for the
entire brood to survive to independence, then gsilibates are supposed to accept their infe-
rior status and show submission in response toeaggm by dominants (Drummond 2006).
In contrast, when the amount of food provided by garents is insufficient for the entire
brood to survive, then subordinates are expectel@toease their level of submission. Indeed
as complete acceptance of subordination by hungicke would result in their death, selec-
tion should act against such behaviour (Rodriguiesr®@s et al. 1996)Empirical evidence
suggests that hungrier subordinates are more ltkebhow assertive or aggressive behaviour
towards their dominant siblings in some specie$ ascthe great egrdEgretta alba Mock
and Parker 1997), the brown pelic&elecanus occidentali¥inson and Drummond 1993)
or the black guillemotGepphus grylleCook et al. 2000). It is unknown whether theskeave

ioural responses by subordinates increase theie stidood resources.

Finally, sibling competitive asymmetries establghtrough (1) hatching asynchrony, (2)
differential maternal investment in egg quality amtlrogens, or (3) winner and loser effects
theoretically provide the senior chick with a relaty higher competitiveness than that of the
younger chick(s) (Parker 1974, Hammerstein 198fjuish and Leimar 1987). This results in
an asymmetric rivalry which enables the senior lchi@ commit siblicide when food re-

sources provided by the parents are below the bl@sequired to raise the entire brood

(Parker et al. 1989). Theoretical models of sidkcassume that the within-brood dominance
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order is rigid and that senior chicks exert absotugntrol over their subordinate siblings and
thereby can monopolise parental resources untyl #ne satiated (Parker et al. 1989, Mock
and Parker 1997). Field studies are broadly anditgtizely consistent with these models in
many bird species in which senior chicks use fatiwk aggression to efficiently increase
their share of food (e.g. Forbes 1989, and Mocko188achmer and Ydenberg 1998), and in
which dominance relationships appear stable ovee &nd reversals rare (Drummond et al.
1991).

1.4 Sibling rivalry in mammalian species

Bird studies still dominate the sibling rivalrydiature and have stimulated most theoretical
models (e.g., Parker et al. 1989, Mock et al. 11890see Stockley and Parker 2002), perhaps
because the experimental manipulation of eggs andgbirds is easier to achieve in practice
than is the manipulation of foetuses or young imynmammalian species. In mammalian
species, most studies focused on mother-offspramglicts, and studies dedicated to the in-
fluence of sibling interactions on offspring devmitent are rare (Hudson and Trillmich
2008). Currently, there is no evidence of obligsitdicide in any mammalian species, and in
contrast to many bird species, mammalian motheses Igirth to littermates almost simultane-
ously, often within minutes or hours. Through léicia sucking mammalian offspring proba-
bly experience a very different feeding situatitvart bird chicks. Indeed, mothers possess
several teats or nipples and nurse their offspsimgultaneously (Hudson and Trillmich
2008). During suckling bouts, a mother usually ad@m immobile posture, typically stand-
ing over a litter as in rodents or ungulates, ardyon the side as in pigs or carnivores (Hud-
son and Trillmich 2008), and hence might have feggions than a parent bird to favour (or
disadvantage) a specific sibling (but see the stwdyrillmich and Wolf 2008 in the Galapa-
gos fur seal). In addition, as milk ejection occsimultaneously at all teats, offspring theo-
retically are expected to end agonistic interactiomer obtaining milk as soon as it becomes
available (Hudson and Trillmich 2008). It is worthnsidering whether the predictions that
derive from the models developed for sibling riyalm birds apply to rivalry in the biologi-
cally rather different mammalian system. In patacuthe behavioural processes involved in
the emergence of dominance relationships and ttegaof competing siblings remain un-

clear in mammalian litters.
1.5 Effect of sibling rivalry on physiological stress

While most studies have focused on the behavi@asaécts of sibling rivalry, few investiga-

tions were directed to the physiological procedsdg®d to sibling rivalry, in particular the
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physiological stress responses to intense sibivadry (but see Niiez-de-la-Mora et al. 1996,
Fey and Trillmich 2008). Frequent aggression comtbiwith food deprivation is likely to be
stressful and stimulate the adrenocortical actieityyoung animals showing intense sibling
rivalry. Vertebrates respond to perceived stressomigh increased plasma concentrations of
glucocorticoids (e.g. cortisol, corticosterone)es$a steroid hormones are released by the ad-
renal cortex in the bloodstream after activatiorthef hypothalamic-pituitary-adrenal (HPA)

axis (Goymann and Wingfield 2004).

Glucocorticoids may have opposing effects upontheahd individual fitness: their short-
term release helps vertebrates to overcome pofgrdengerous situations through the rapid
mobilisation of energy (see Romero et al. 2009),dwonically elevated levels of glucocorti-
coids (“chronic stress”) may have important deletes effects on growth (Wada 2008), on
cognition (Mateo 2008), on the immune system (Muatlal. 1984), on reproductive per-
formance (Liprap 1993, Ferin 1999), and possiblysarvival (Pride 2005). Over the last 15
years, the measurement of glucocorticoids has bmeeasingly used to assess the health of
free-ranging populations (Wasser et al. 1997, Ror@@04), or to investigate the relationship
between hormone concentrations and behaviour,nkiamce the link between social domi-
nance and stress hormones (Abbot et al. 2003, Goynaad Wingfield 2004, Sapolsky
2005).

Glucocorticoids have traditionally been measuretllaod plasma, but capture or anaesthesia
of animals to obtain samples are stressful anchdéiad to significant increases in glucocorti-
coid concentrations (Sapolsky 1982, Wingfield etl&894). Furthermore, plasma glucocorti-
coids are only representative for a narrow timenfrdbecause their secretion may fluctuate on
a circadian basis (Monfort et al. 1993). Circulgtsteroid hormones are usually metabolised
by the liver and excreted as conjugates via thadyid into the urine or via the bile into the
gut (Palme et al. 1996). Steroid metabolites caddiected in the faeces of mammalian spe-
cies or in bird droppings, and alternative non-siva methods to assess faecal glucocorticoid
metabolite (fGCM) concentrations, as they do nduge stress, are preferable to investigate
the factors influencing adrenocortical activity,pesially in free-ranging animals. These
methods are based on hormone assays such as emgraaoassays (EIAS) (reviewed most
recently by Hofer and East 2012) and are increasimged in the field of behavioural endo-
crinology to investigate the effect of environménseasonal (e.g. Wingfield et al. 1994) or

social (Goymann et al. 2001a) stressors on wildlife
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However, determination of fGCMs may not be strmfward. Indeed, significant differ-
ences regarding the metabolism and excretion afoglorticoid metabolites can occur be-
tween even closely related species or within a sspeeies or between the sexes (Touma and
Palme 2005). In addition, there is considerableatian in the time lag between an increase
in glucocorticoid concentration in plasma and tippesmrance of metabolites in the faeces.
This time lag mainly depends on the intestinalgitaiime from the dueodenum to the rectum
and can vary between, and possibly within, spedesgreat extent (Palme et al. 1996). After
defecation, temperature, humidity and bacterialyeres can influence the concentrations of
fGCM (e.g. Khan et al. 2002). For all these reasassays used to measure steroid metabo-
lites in faeces should be carefully validated facle vertebrate species to which any given
assay is applied, before being used to measureggeban adrenocortical activity in a specific

species (Touma and Palme 2005).

Validation typically requires pharmacological stiation of the HPA axis to evaluate
whether stimulation of glucocorticoid productioradis to an increase in measured concentra-
tions of f{GCMs. The most widely used experimenstimulate adrenocortical activity is the
injection of adrenocorticotropic hormone (ACTH) whiactivates the secretion of glucocorti-
coids from the adrenal cortex (Goymann et al. 199%yma et Palme 2005). In addition to
this physiological validation, providing a biologicvalidation of the assay is a crucial step.
To this purpose, fGCM are generally compared bedme: after a known stressful event such
as capture, anaesthesia or translocation (Goymaain ¥99, reviewed by Touma and Palme
2005).

Despite recent advances in the non-invasive mongoof adrenocortical activity, these
methods have never been used to examine the endiogy of competing mammalian sib-
lings. Because subordinate littermates may sufiiense hunger, trained loser effects, frustra-
tion and / or reduced growth and survival, the eilgoee of being the subordinate member of
a twin litter is likely to be more stressful thahb@ing the dominant in most species showing
intense sibling rivalry and facultative siblicid8uch an effect was detected in birds, where
young subordinate chicks showed higher levels asmpl corticosterone than dominants in
the blue-footed booby (Mez-de-la-Mora et al. 1996) and in the Nazca bodtaylow et al.
2001). Interestingly, when dominant blue-footed tpahicks (which normally experience
submission from their subordinate siblings) werpezimentally paired with non-submissive

singletons, they showed an increase in plasma costérone concentrations (Ramos-

18



Chapter 1: general introduction

Fernandez et al. 2000), indicating that a domirpasition can be stressful if strongly con-
tested and challenged by subordinates (revieweddymann and Wingfield 2004).

1.6 Sibling rivalry in spotted hyena twin litters

1.6.1 Background to sibling rivalry

The spotted hyena is one of the fg

mammalian species that exhibits inte
sibling rivalry that can lead to facultg™
tive siblicide (Golla et al. 1999, Smale
al. 1999, Wachter et al. 2002, Hofer arfé
East 1997, 2008). Females give birth

mostly singleton and twin litters, rarely

triplets, throughout the year. Spotte Fig 1: A long dependence on maternal milk: a motherk-
' les her approximately 13 month old twin litter. RdoS.

hyena neonates exhibit the precoci Benhaiem.

traits of having their eyes open and teeth (insissord canines) erupted at birth (Pournelle
1965), and the altricial trait of absolute depemden highly nutritious maternal milk
throughout the initial 6 months of life, althoughctation usually lasts a minimum of 12
months (Hofer and East 1993c, 1995, see Fig 1).prbeocial traits of spotted hyena cubs
probably evolved for use during intense early sipliivalry for within-litter dominance soon
after birth, which provides major fithess benefiisterms of improved growth and survival
for dominant littermates (Hofer and East 1997, 2G0&l the possible fitness cost of faculta-
tive siblicide through enforced starvation for suboate littermates (Hofer and East 1997,
2008, Golla et al. 1999). Facultative siblifs& '

cide occurs in 9% of litters inthe Serengeti

National Park, Tanzania (Hofer and Eag
2008). Both precocial and altricial traits arg
linked in that early within-litter dominance
provides control over access to matern
milk during the exceptionally lengthy lacta
tion period (East and Hofer 2002, Hofer anfgs
East 2008).

Fig 2: Serious wounds inflicted on the runt of a

In this species, birth was observed in capt triplet litter during sibling conflict in the Sengeti
. National Park Photo: S. Benhaiem
ity (Frank et al. 1991, Smale et al. 1995) a....

siblings in twin or triplet litters were reporteadl be born at an interval of about one hour. Ac-
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cording to these studies, the first born cub astatle second born cub immediately after it
emerges and the second born cub quickly fights .bAcominance relationship emerges
within a few days (Smale et al. 1995). These oladEms leave open whether the first born
cub typically becomes dominant and the second bolnthe subordinate. Sibling rivalry is
intense during the first 3-4 months of life (seg B) and then gradually declines as litter age
increases (Golla et al. 1999, Drea et al. 1996,|&®iaal. 1999). Golla et al. (1999) demon-
strated that when twin hyenas competed for accesgternal milk supplies, dominants were
three times more aggressive than subordinate gilin

1.6.2 Monopolisation of maternal teats by dominantSgz=s

Spotted hyena females possess two functional ted:
and dominant siblings suckle in a preferred positio}
against the mother’s belly. Subordinate sibling
suckle from a posterior position between the mdsher 2
hind legs and thus have a more restricted accessf
maternal milk. This configuration enables domina
siblings to monopolise access to both maternakte
should they wish to do so (Fig. 3). In contrashitals,

where chicks compete for each discrete food itef
brought by parents to the nest (e.g., Drummond arg
Garcia Chavelas 1989, Mock and Parker 1997
Machmer and Ydenberg 1998, Cook et al. ZOC‘

Fig 3. Dominant siblings monopolise the

dominant spotted hyena cubs must terminate t| access to both maternal teats. Top: the
subordinate attemps to reach a teat, while the

own milk intake to exclude a subordinate and her dominant suckles. Bottom: the dominant
) ] stopped suckling, threatens the subordinate
aggression can be costly in terms of lost suckl which responds with submission (retreats

. and ears back). Photos: S. Benhaiem
time.

1.6.3 Effect of sex on sibling rivalry

The level of sibling aggression was reported toy weith the sex composition of the litter, be

most intense among same-sex litters and partigudamong sisters (Golla et al. 1999, Smale
et al. 1995), possibly because females do not dispand thus sisters directly compete for
social status when they integrate into the adultale hierarchy (Hofer and East 1997, Golla
et al. 1999). In Serengeti spotted hyenas, thegry sex ratio is not biased (the proportion of
males is 0.52; Hofer and East 1997). However, gkaa female bias in singleton litters after
the age at which siblicide usually occurs (promortof males 0.43; Hofer and East 1997,
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James and Hofer 1999). This suggests that femalesib same-sex litters (as modelled by
James and Hofer 1999) are very competitive andraree likely to commit siblicide than

cubs in litters with any other sex compositionisltherefore conceivable that females may
survive sibling rivalry more often than males aisanixed-sex litters (Hofer and East 1997,

James and Hofer 1999), and thus may generally ther lz@ monopolising teats than males.

Testosterone produced by the placenta through mletaimnversion of maternal androgens is
transferred to spotted hyena foetuses (Licht e1202). However, as males and females ex-
perience the same prenatal maternal environmerther with androgens (in captivity; Licht
et al. 1992, Dloniak et al. 2006), and as no dsifees in androgens between males and fe-
males were found during the first month of lifegfk et al. 1991), and later as adults (Goy-
mann et al. 2001b), it seems unlikely that elevatiedrogen concentrations lead to increased

aggressiveness in a particular sex.
1.6.4 The consequences of the Serengeti commuystenson sibling rivalry

Spotted hyena clans are stable multi-female, nnudtie fission-fusion groups with separate
linear dominance hierarchies among philopatric tafgumhales, and a similar number of repro-
ductively active, mostly immigrant adult males (Elond East 1995). All adult females are
socially dominant over males. Most males dispersereas females remain within their natal
clan, where they live in a linear dominance hidngrstructured by matrilines. Indeed, in this

species offspring “inherit” a social status similarand immediately below that held by their

mothers (Hofer and East 2003, East et al. 2009k R#heritance is a consequence of mater-
nal behavioural support of offspring during enceusitwith other clan members when off-

spring integrate themselves into the adult domiadmerarchy (East et al. 2009). Daughters
keep this social status more or less for theirrenife; sons are treated as if they held the
same status as their mother until they become dejptively active or emigrate to a new clan

(Smale et al. 1993). Benefits linked to social dwamnice, such as priority of access to food
resources, are passed to offspring through gepnastia phenomenon termed the “silver
spoon effect” (Frank 1986, Hofer and East 19936320

In the Serengeti National Park, maternal inputftspoing in terms of milk is strongly influ-
enced by the “commuting system”. This phenomenanlioes the effects of both the social
status of a mother and the fluctuation in prey alamce on maternal nursing rates (Hofer and
East 1993a,c). In this ecosystem, the abundanpeegfwithin clan territories (approximately
56 km?; Hofer and East 1993a) fluctuates greatly th the movement of migratory herbi-
vores, typically wildebeest§onnochaetes taurinughomson’s gazellesGazella thomsoni
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and zebrad:-quus burchelli(Hofer and East 1993a,b). Clan territories uguddl not contain
sufficient prey resources for all clan members @f@nd East 1993b) and fluctuations in prey
abundance profoundly affect mothers’ ability to\pde dependent cubs with milk. The pe-
riod of low abundance of prey (total prey densit$.3 animals ki, Hofer and East 1993a)
occurred during approximately &/of the year in the study clans of this thesis.sEhenpub-
lished data are based on more than 20 years ofvabems in the study clans holding territo-
ries in the centre of the Serengeti National Pauitside the typical wet and dry season ranges
of the migratory herbivores. During this period)yoresident herbivores are present such as
buffalos Syncerus caff¢y warthogs Phacochoerus africanlisand impalas Aepyceros
melampusHofer and East 1993a) and all migratory herbigsaee either absent or present in
very low numbers. At this low level of prey abundanlactating females of all social status
leave their dependent offspring at the clan’s commhwlen for several days and forage on
distant (up to 70knfrom their territory), high concentrations of mitpey prey (“commuting
trips”, Hofer and East 1993b,c).

The period of medium abundance of prey occurs duapproximately 5% of the year in the
study clans. During this period, resident herbigoa@d migratory herbivores are present in
moderate numbers (total prey density ~31 animal$; kiofer and East 1993a), and all high-
and many mid-ranking female hyenas typically foragghin their territory, whereas all low-

ranking females conduct long-distance foragingst(tidofer and East 2003).

The period of high abundance of prey occurs apprately 136 of the year in the study clans
and is characterised by a super-abundance of rorgraerbivores plus resident herbivores
(total prey density ~238 animals KiHofer and East 1993a). All female hyenas foragée
the territory and nurse their offspring daily, spective of social status (Hofer and East
1993c).

Changes between levels of prey abundance occuatexplg throughout the year, thereby in-
fluencing the extent of long-distance foraging dahce the level of maternal input to off-
spring (Hofer and East 1993b,c, 1997, 2003, 20D8jing these absence intervals, cubs less
than six months of age remain within the commuiesl @nd are thus likely to experience long
intervals (up to seven days) between visits by tmaither at the communal den to nurse them
(Hofer and East 1993c). As the interval betweersingr visits of a mother decreases with
increasing social status, offspring of dominantdésa are better fed than those of subordinate
females and as a consequence, exhibit higher gramdtsurvival rates (Hofer and East 2003,

2008). The overall rate of sibling aggression iases as the interval between nursing visits
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by the mother increases, but also as maternal Issteitus declines (Golla et al. 1999). Al-
though sibling rivalry in spotted hyena litters Hmeen reported in a diverse range of habitats
(e.g. Kalahari desert in southern Africa; Mills D9®asai Mara National Reserve in Kenya;
Smale et al. 1999, Ngorongoro Crater, Tanzania;Mé¢acet al. 2002, in captivity; Smale et
al. 1995), facultative siblicide very rarely occumnshabitats with relatively high and stable
densities of resident prey (e.g. in the Masai Miational Reserve; Smale et al. 1999;
Ngorongoro Crater; Wachter et al. 2002) or in caftiwhere food is abundant (Frank et al.
1991).

1.7 Objectives of this thesis

A fundamental condition for the evolution of faative siblicide is unpredictability of food
resources which ultimately influences offspringwtio and survival through within-brood or
litter rivalry (Mock and Parker 1997). The inteysuif sibling rivalry and the conditions lead-
ing to facultative siblicide in the spotted hyeravé previously been the focus of attention
(Golla et al. 1999, Smale et a. 1995, Drea et 2961 Wachter et al. 2002, Hofer and East
1997, Wahaj and Holekamp 2006, Hofer and East 2008)

The first aim of this thesis was to assess whetmemain assumptions that derive from the
“bird models” of sibling rivalry apply to rivalry diween spotted hyena siblings. | first fo-
cused on the tactics used by both siblings to nk#aclusive access to maternal milk during
rivalry. | addressed the neglected role of the stibate sibling to assess whether dominants
exert absolute control over their littermates’ asc maternal teats during conflicts. In birds,
dominant siblings are assumed to have absoluteatomter their subordinate broodmates’
access to food, because they become more aggrekssing food shortages and obtain a dis-
proportionate share of the food provided by theepts:. Absolute control was assumed by
models of facultative siblicide based on bird spedie.g. Mock et al. 1987, Parker et al.
1989), and an increase in aggression and a dispiropate share of the dominant demon-
strated using experimental manipulation (Drummond &arcia Chavelas 1989, Machmer
and Ydenberg 1998, Cook et al. 2000) and obsemedatural populations (e.g., Fujioka
1985, Ploger and Mock 1986, Drummond et al. 19B6%erengeti spotted hyena twin litters,
dominant siblings should seek to exert a high I@fddehavioural control over access to ma-
ternal teats as this would ensure absolute priafitgccess to milk during the exceptionally
long lactation period, and the ability to discaheit siblings when milk provided by the
mother is insufficient for the entire litter to stwe. This behavioural control may be achieved

through training effects during repeated encountershis mammalian society with female
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philopatry and female social dominance, | alsoet@savhether females have a competitive

advantage against males during conflicts.

The second purpose of this thesis was to investigaiether sibling rivalry induces stress in
competing littermates, first by validating a newnrinvasive method for the measurement of
glucocorticoids in the faeces of spotted hyenad, satond by using this method to link the
behaviour of competing siblings with their levelgdicocorticoids. Increased levels of gluco-
corticoids may result from food deprivation (iMz-de-la-Mora et al. 1996) or competition
for food (Fey and Trillmich 2008). As subordinatastwin litters are more likely to suffer

elevated hunger, intense sibling rivalry in spottgena litters is most likely to result in

higher concentrations of glucocorticoids in the@dinate sibling. However if maintenance
of the position of dominance requires a high c@iymann and Wingfield 2004), i.e., if sub-
ordinates show assertive behaviour and behaviguchlhllenge dominants, then dominants

should show higher levels of physiological stress.
The results of my studies are presented in threeus@ipts in chapters 2 to 4:

Chapter 2: Investigates the behavioural factors that infaeethe degree of control exerted by
dominants over their subordinate siblings and hiogsé¢ factors can explain the evolution of
siblicide in changing and unpredictable environrae8pecifically, | investigate:
* which factors modulate variation in the control ked by a dominant on its
subordinate sibling’s access to maternal teats,
» whether behavioural training effects are impliedthie emergence of a dominance
relationship,

» whether females have a competitive advantage agaeilss during sibling conflicts.

Chapter 3: Validates a new enzyme immunoassay to measucalfgiicocorticoid metabo-
lites in spotted hyenas. The specific aims were to:
» test whether the assay used measured significanéases in fGCM after ACTH
challenge and anaesthesia in captive animals,
» conduct a radio-metabolism study to characterisd@CM detected by the assay,
« assess whether a predicted decrease in fGCM wstleasing age was detected by the
assay in faecal samples of free-ranging juvenitgted hyenas in three large clans in

the Serengeti National Park.
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Chapter 4: Tests whether sibling rivalry and within-litteomhinance status in juvenile spot-
ted hyenas in the Serengeti National Park influghedevel of {GCM in dominant and sub-

ordinate siblings, using the assay validated inpf#re3.

Finally, in Chapter 5 | summarise the key findings of this thesis, amtuss them in the
broader context of sibling rivalry in bird and maairan species.
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Abstract: Within-brood or litter dominance provides fitnegtated benefits if dominant sib-
lings selfishly skew access to food provided byepgs in their favour. Models of facultative
siblicide assume that dominants exert completerobaver their subordinate sibling’s access
to food and that this control is maintained irretpe of the subordinate’s hunger level. In
contrast, the desperado sibling hypothesis suggesisrdinates contest access to food when
the cost of not doing so is high. Here we show th#tin spotted hyenaQrocuta crocut
twin litters, dominants most effectively skew accés maternal milk in their favour when
their aggression prompts a highly submissive respaihen hungry, subordinates were less
submissive in response to aggressibiereby decreasing lost suckling time and increasin
suckling time lost by dominants. In a species whemtalt females socially dominate adult
males, juvenile females were more often dominaau thhales in mixed-sex litters, and subor-
dinate sisters used more effective counter-taetg@nst dominant brothers than subordinate
brothers against dominant sisters. Our resultsigeothe first evidence in a mammal that
dominant offspring in twin litters do not exert cplete control over their sibling’s access to
resources (milk), and that sibling dominance refahips are influenced by sibling sex and

training effects.

Key words: sibling rivalry, spotted hyena, aggression, dange, training effects
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1. INTRODUCTION

Although siblings may provide each other with iedir fitness benefits [1], within-brood or
litter asymmetric competition may result in fithesssts to the subordinate and fithess bene-
fits for the dominant sibling [2]. Dominants thadlfsshly consume the largest share of the
food provided by parents can benefit from increagexvth and survival whereas subordi-
nates may suffer reduced growth and survival [ #iporetically, siblings should avoid esca-
lated conflicts by adhering to conventions basedliffierences in resource holding power,
unless the benefits outweigh their costs [5,6]. @etitive asymmetries may be conferred by
birth order in avian species with marked asynchusnmatching [7,8], or by intrinsic factors
such as fighting ability [9,10,11]. Alternativelgominance may result from arbitrary histori-
cal asymmetries such as behavioural training effantwhich the experience of winning or
losing a contest alters an individual’s probabibfywinning or losing future contests [12,13].
Few studies have investigated these effects in nasmf(but see [14]) and we know of no
study that demonstrated this phenomenon in a &eging mammal.

Avian models of facultative siblicide predict thet parental food provisioning rates decline,
dominant chicks should aggressively increase gtare of food [2,5,6]. Such a response oc-
curs in several bird species [7,8,13] and at leastmammal, the spotted hye@eocuta cro-
cuta[4], and may lead to facultative siblicide througiforced starvation or physical damage
[2]. The models assume that dominants have comptettEol over the share of food received
by subordinates, regardless of the subordinatesgéwulevel. As death might result from a
hungry chick’s submissiveness, selection shouldagatnst subordinates accepting complete
control by dominants [15]. Extending the idea o tdesperado effect” [16], the desperado
sibling hypothesis [17] describes extreme aggres&ss by subordinate chicks without sur-
vival prospects in obligatory siblicidal speciesrécent hypothesis [18] suggests that in fac-
ultatively siblicidal species, subordinates shoadijust their level of submission to their sur-
vival prospects and increase their assertivenegartts dominants as the cost of subordina-

tion in terms of likelihood of starvation increases

We investigated sibling rivalry over access to makteats in a social carnivore, the spotted
hyena. We focus on aggression by dominants to tetaitheir subordinate’s access to teats
and the responses of subordinates to this aggressie quantify the degree of skew domi-

nants achieve in terms of access to teats, teshehwrained loser effects contributed to the
emergence of the within-litter dominance relatiopshnd explore how hunger and sex affect
the competitiveness of dominants and subordinates.
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2. STUDY SPECIES AND PREDICTIONS

Spotted hyena females live in linear dominancednatries, socially dominate males and give
birth to usually one or two cubs [4]. Cubs comgietiepend on nutritious maternal milk [19]
during their first six months, with lactation laggi up to 18 months [19,20]. Female spotted
hyenas have two functional teats, and as in ottenmmals [21], siblings of a twin litter are
nursed simultaneously. There is intense rivalryveen littermates [22,23], probably because
dominants achieve higher growth and survival thalosdinates [4,24], which may lead to
facultative siblicide through enforced starvatidn 25]. Aggression begins within hours after
birth between cubs with open eyes and teeth erJg&dresults in the establishment of do-
minance and declines with age [2Ruring suckling, dominants lie parallel to their tinex’s
belly and subordinates typically between her hegsl(suppl. figure 1). To stop their sibling
suckling, dominants have to terminate their ownknmltake. Because littermates cannot si-
multaneously suckle and engage in aggressive cttens, both would benefit from a behav-
ioural convention according to which subordinatelnsit to dominants. As a corollary, ag-
gression should cause only a short break in sugktindominants and a longer break for su-
bordinates, depending on their precise behavioesgdonse. As shown for dominance hierar-
chies in principle [27] and for chicks [13], trathéoser effects during repeated aggressive
encounters in which subordinates gradually learsutamit to dominants can establish such a
behavioural convention without requiring body stsymmetries (see ESM 1) or other differ-
ences in resource holding power. Evidence for éidieffects would include increasingly
submissive responses from subordinates to repeaggression by dominants [12] and be
most apparent when littermates are young and doroéeelationships less stable [22].

In the Serengeti ecosystem, Tanzania, fluctuatieg pbundances provide an opportunity to
assess the effect of declining provisioning rateshe aggressive behaviour of dominants and
the assertiveness of subordinates in reply. Suchudtions inside the group territory through
the presence or absence of major migratory herdsgifilates [28,29] are responsible for a
social status-linked central-place foraging systwnhyenas. With major herds present, all
mothers forage inside the group territory and nuaiaéy [19]. When moderately-sized herds
are present, mothers of high social status and sdmedium status continue to forage inside
whereas lower ranking females commute to distanbmieerds for periods of one to several
days [30]. When all herds are elsewhere, all msteemmute long distances and nurse their
offspring only once every few days [4,19]. As matdrabsence intervals increase, hungry

dominants should aggressively seek to decreasessotdhe subordinate to maternal teats,
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whereas hungry subordinates should be less witbngdhere to conventions, be more asser-
tive [18] and resume suckling faster after aggmssin response to such a challenge by sub-
ordinates, hungry dominants should escalate aggre$22,31], which should reduce their

suckling time.

In our study population, the proportion of malesheee months of age after the age at which
siblicide usually occurred [25,32] showed no bi@$H2, [25]), but masked a female bias
amongst singletons. This suggests that female®tim fame-sex [32] and mixed-sex litters
survived intense sibling rivalry more often thanl@saand may be better at monopolising teats
than males. If so, then in mixed-sex litters th&meuld be a female bias amongst dominants
and subordinate females should be more succedsfalarsing dominance than males. If a
dominant sister is a better competitor than a dantibrother, hungry and more “at risk” sub-

ordinates should be more assertive against domsistets than against dominant brothers.
3. METHODS
(a) Study population and behaviour

The study was conducted as part of an ongoing terg-study between 2007 and 2009 on
three clans in the centre of Serengeti Nationak,PEanzania. Individuals were recognised by
their spot patterns [28, 33], cubs without spotealnotches, scars or bald patches [22]. Age
and sex were determined using standard methods (BSMvin litters were observed at clan
communal dens during periods of several hours araamvn and dusk. We recorded 97 video
focal samples of 15 minutes duration [34] at tleetsdf the first suckling session, when ag-
gression is highest, after a mother arrived atra[@2]. We analysed sibling behaviours in 38
twin litters from 34 different mothers (mean fosalmples per litter 2.6 £ 1.7, range 1-7). Lit-
ters were aged between 9 and 346 days; 50% of $acaples were from litters less than 81
days (ESM 1). We measured growth rates of pairedimEnts and subordinates in 13 twin
litters aged approximately 90 days as describeld ®ly We calculated the average duration of
suckling bouts after a mother returned from 11%kog bouts of 45 females in 84 twin lit-

ters.
(b) Predictor variables
(i) Hunger level

We used three predictor variables known to sigaifity affect frequency of nursing and cub

growth rates [19,30]: prey abundance, maternal aléendance and maternal social status
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(standardised rank). Standardised ramistatus ESM 1) was calculated [35] by evenly dis-
tributing adult female ranks between the highe4d) @nd lowest rank (-1), with the median
rank being 0. Prey abundangedy) was scored [28] for each observation period as(t63.3
animals knf), medium (~31 animals KA) or high (~238 animals kin(details in ESM 1)).
Maternal den attendance was extracted from deteglenrds of all individuals within a 100 m
radius of communal dens during dawn and dusk observperiods [4,19,30, ESM 1]. Cubs
were defined as “fed” when mothers were observedeaten during a 30h period prior to the
focal sample and in two focal samples during highy@bundance when cub bellies indicated
they had been recently fed. Cubs were defined asdity” when mothers were not seen at the
den in the previous 30h during medium and low @kyndance and known to be absent on

long-distance foraging trips [29, details in ESM1].
(i) Sibling tactics

We scored aggressive behaviour by dominashdsn&corg against their suckling subordinate
sib as (+1) low, (+2) moderate and (+3) high iniigraggression. We scored the submissive-
ness of the subordinate’s responsebgcorg during the following 5 seconds as (-2) highly
submissive, (-1) marginally submissive, (0) no s, (+1) marginally aggressive and (+2)
moderately aggressive (details see ESM 1, supge &). Dominants initiated 94.5% (1053
of 1115) of agonistic interactions. We calculated éach focal sample mean scores for the
dominant’s behavioursriean.domscojeand the subordinate’s responseeén.subscoje A
high mean.domscor@ndicated high intensity aggression, a higkan.subscorassertive or

aggressive responses and a ftaean.subscorkighly submissive responses.
(c) Dependent variables
(i) Time lost suckling

We measured the time (latency) elapsed after egglressive act by the dominant until each
sibling resumed suckling and calculated means gaal fsample for the dominant and subor-
dinate cub (mean latencie@®mlat and subla). If a subordinate did not resume suckling
within 15 minutes after aggression the subordisaigency was scored as a minimum of 900
seconds (N =5 focal samples in 5 litters).

(i) Relative delay

For each focal sample we calculated the relatidayd@el.delay between siblings as the

standardised proportion of time lost suckling bg subordinates@ibla) relative to that of the

40



Chapter 2: sibling tactics

dominant:rel. delay = 1- domlat/ subla). Whenrel. delaytended towards + 1, dominants
had a strong competitive advantage because sulateditook far longer to resume suckling
than the dominantss@blat >>domlat) In 7 of 97 focal sampledomlatwas slightly higher

thansublat In these cases we set. delayto 0, i.e., no relative delay for the subordinate.
(i) Loser effect

We used focal samples with a minimum of 17 inteoast (20 focal samples, 14 litters, details
in ESM 1) to test for a trained loser effect. Adogffect would require a significant increase
in the submissiveness of the subordinate’s resp(sudescorg during a focal sample, there-
fore produce a decrease in the valusudiscoreand a negative slope in a linear regression of
subscoreagainst time. We also tested for an increasegression slopes with age (after loga-
rithmic transformation (to base 10) of age to abtiinear relationship) to see whether loser
effects were more apparent in younger than olttersi. The residuals of these regressions did
not deviate from normal distribution (Lillieforssi¢ and variances showed no evidence of

heterogeneity (residual plots).
(iv) Dominance and its reversal in twin litters

Data from mixed-sex litters from 1989 until 2011t study clans were used to test whether
(1) females were more often dominant than males(2nhdubordinate females gained domi-

nance more often than subordinate males during rnmoe reversals.
(d) Statistical analysis

Unless stated otherwise, we used R (R Developmerg Team, v.2.11.1), set the threshold
for significance at 5% and refer to numbers oétgtas sample size. All tests were two-tailed.
Statistics are quoted as means + SD. We calcutagsth latencies from non-parametric Kap-
lan — Meier survivorship functions [36] in Systa&.Q (Systat Inc., San Jose, CA, USA) by
incorporating right-censored data when subordindigésnot resume suckling within at least
15 minutes. For each litter we calculated meamtaés for dominantsdpmla) and subordi-
nates gubla) from the means per focal sample to avoid pseydiostion. We applied Wil-
coxon signed-rank tests to compare mean laten€igsminants and subordinates and growth
rates of dominants and their paired subordinatengbat 90 days of age. In mixed-sex litters,
we tested deviations from unity in the sex rati@ominants and the sex ratio of subordinates
successful in reversing dominance relationshipgplying an exact binomial test, the latter

comparison based on all litters in which dominarersals occurred.
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We used generalised linear mixed models (Ime4yood R ([37]) to assess the influence of
our predictors on the dependent variablesrél)delay (2) domlatand (3)sublat(details in
ESM 1), with litter identity as random factor tocgd overrepresentation of individual litters.
We used an information-theoretic approach to comfiied models and select those with the
smallest values for the Akaike Information CriteriGAIC). When two models differ in their
AIC values by less than 2, both can be consideoatpetitive for interpretation [38]. In this
case, we present and interpret (with caution) ffexts of the variables included in the most
complete model (when two nested models were cordpa® they had a strong biological
relevance (details in ESM 1). The residuals opadisented models did not deviate from nor-
mal distribution (Lilliefors test) and variances neenot heterogeneous (residual plots). Sup-
plementary table 3 (ESM 2) contains estimated cmeffts and standard errors for the se-

lected models.

We tested whether the assertiveness of the suladedgubscorg in hungry and fed litters
depended on the sex of the dominant by extendmgngparametric hierarchical mixed model
[39,40] to a two-way layout for hunger level ana & dominant sibling, with focal samples
nested within litters as random factor, and impletaé it in SAS v9.3. For a majority of lit-
ters, focal samples were available only at one bufteyel. If focal samples of a litter were
recorded at both hunger levels then we only inalutie hunger level where the highest num-
ber of agonistic interactions occurred to ensutependence of data points. Valuessob-
scorewere ranked to obtain mean ranks for each li&goost-hoc analysis stratified on hun-
ger level was used to test the effect of the sesthefdominant at each category of hunger

level. Significance threshold was adjusted to 0.025
4. RESULTS
(a) Lost suckling time

When dominants stopped suckling to aggressiveliudecsubordinates from teats, their mean
latency to resume suckling was shorter than thaubbrdinates (all ages; dominants: 3.0 £
2.5 s, subordinates: 48.2 £ 114.1 s, Wilcoxon sigraak test: V = 30, N = 3& < 0.0001).
This difference was extreme in younger (<120 ddyage; dominants: 3.3 + 2.7 s, subordi-
nates: 66.4 +£ 138.2 s, V = 14, N = P4< 0.0001) and still apparent in older litters (812
days of age; dominants: 2.6 £ 2.2 s, subordindtéf) + 40.4 s, V = 3, N = 14£ = 0.003).
Without the five focal samples in which the subbedes did not resume suckling, the differ-
ences remained (all ages; dominants: 3.2 £+ 2.8mrdinates: 10.0 £ 10.1 s, V =34, N = 38,
P < 0.0001) and were still apparent within both algsses (litters < 120 days; dominants: 3.6
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+ 3.0 s, subordinates: 12.2 £ 10.7 s, V = 17, Nd72< 0.0001, suppl. figure 2a; litters > 120
days; dominants : 2.6 £ 2.2 s, subordinates: 6/31s, V = 3, N = 14P = 0.003, suppl. fig-
ure 2b).

(b) Sibling growth rates and suckling duration

Mean growth rates of dominants (88.5 + 26.3 g/degie significantly higher (V = 84, N =
13 litters,P = 0.005) than that of their paired subordinatdirsys (81.4 + 23.8 g/day) at a
mean age of 83.4 = 3.5 days for dominants (medad)&nd 81.8 + 5.6 days for subordinates
(median 84.7). Average duration of suckling perie@s 56 + 38 min (N= 45 females).

(c) Relative delay (skew by dominants)

The mean relative delay between siblings was 0®3t i.e., dominants returned to suckle
50% faster than subordinates. When the skew waghetween 0 and 0.2; 24 focal samples),
mean suckling time lost by dominants was high #439 s). When the skew was high (equal
or higher than 0.8; 24 focal samples), mean sugkime lost by dominants was short (1.6 +
1.2 s). Relative delay declined as (1) subordinateeasingly used assertive behaviours in
response to aggression by dominants (figure 1awii2n litters were hungry (figure 1b) and
(3) as age increased within the first 120 days dfteh (figure 1c, “model 17, table 1, ESM
2).

(d) Suckling time lost by dominants

Suckling time lost by dominants owing to their oaggression increased as the (1) mean
suckling time lost by subordinates increased (&g2a), (2) intensity of aggression of domi-

nants increased (figure 2b), (3) age increasedr@i@c), and (4) assertiveness of subordinate
responses increased, especially when the suboedivest female and the dominant was male
(figure 2d, top right). Dominants lost suckling @more slowly with increased assertiveness
of subordinate responses in all-female littersuffeg2d, bottom left) and when the subordinate

was male and the dominant was female (figure Zuldfy, “model 27, table 1, ESM 2).
(e) Suckling time lost by subordinates

Suckling time lost by subordinates following aggiea by dominants (1) increased as the
mean suckling time lost by dominants increasedu(ég3a), (2) decreased with increasing
assertiveness of subordinates (figure 3b), (3)edesad with age (figure 3c), declined with
increasing aggressiveness of dominants when (43uberdinate was male and the dominant
was female (figure 3d) and (5) in fed litters (figiBe, “model 3”, table 1, ESM 2).
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(f) Subordinate assertiveness

As the sex of the dominant significantly changed hunger level affected the assertiveness
of the subordinate (fss=9.08, N = 38P = 0.007), we performed a post-hoc analysis for the
effect of the sex of the dominant stratified atheaategory of hunger level. Within hungry
litters, subordinates with a dominant sister wagai§cantly more assertive than subordinates
with a dominant brother (f; = 6.81, N = 19P = 0.018), whereas within fed litters, asser-
tiveness of subordinates was independent of theoseominants (F17= 2.80, N = 19P =

0.113, suppl. figure 3).
(g) Loser effect

All slopes of the regression of the intensity obsussive response against time per focal
sample were highly significant. Intensity strongigreased during focal samples in response
to repeated aggression in younger litters, regyitinstrongly negative regression slopes (fig-
ure 4) and indicating a substantial loser effecithihcreasing age, the regression slopes of
subscoreagainst time increased, indicating that trainesbtceffects were reduced or did not
occur in older litters (log transformed linear reggion against age; s = 12.93,P = 0.002,
adjusted 7= 0.39).

(h) Dominance and reversalsin mixed-sex litters

In 66.5% (121/182) of mixed-sex twin litters, thensinant was female, a significant bias (ex-
act binomial testP = 0.0001, 95% confidence interval (CI95%): 59.17783%). Dominance
reversals occurred in 7.0 % (27/388) of twin |gtein mixed-sex litters, 61.5% (8/13) of sub-
ordinates gaining dominance were female, and adfingbis proportion did not deviate from
chance, it was in the expected direction (exacbroial test:P = 0.58, CI95%: 32.7 to
83.4%).

5. DISCUSSION

Our results demonstrate that in spotted hyena littanrs dominants skew access to maternal
teats by using periodic aggression against subatesnduring suckling periods. Dominants
achieved the highest skew when subordinates wegrdyhsubmissive (figure 1, 2), when lit-
ters had been recently nursed (figures 1, 3) anehwloung (figure 1). Interestingly, in this
female-dominated species, counter-tactics by agsextibordinate sisters were more effective
against dominant brothers than counter-tacticsuiplinate brothers against dominant sis-

ters (figure 2d). Dominant sisters were highly &rajed by subordinates when hungry, sug-
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gesting that subordinates with dominant sistere fagreater risk of siblicide than siblings
with dominant brothers (suppl. figure 3, [25,32[he behaviours between competing litter-
mates were modified by sibling sex, age and hungeluded trained loser effects, behav-

ioural conventions and assertive counter-tacticeumgry subordinates.

When parents feed their offspring with frequenics&od items, as in several birds or mam-
mals (e.g., [41]), sibling competition is not fatald may be ameliorated through begging. By
contrast, in spotted hyenas, Galapagos fur s@atsacephalus galapagoenyiand sea lions
(Zalophus wollebaeki42], offspring dependence on maternal milk iseptionally long, and
lactating females leave their offspring for sevel@ys during foraging trips. In such systems,
low and fluctuating levels of resources resultrifrequent and unpredictable nursing periods,
favouring the evolution of intense sibling rivaland facultative siblicide [2]. Subordinate
spotted hyena siblings were excluded from mateteslls for substantially more time than
dominants. As dominants at three months (this $tadg at six months [4,24] grew signifi-
cantly faster, aggressive exclusion of subordinetdikely to reduce their milk intake below
that of dominants. Hofer et al. (unpublished dateywed that in matched measurements, milk
intake rate during a suckling bout was significattigher for dominants (9.0 + 2.2 g rifin
than subordinates (5.8 + 1.4 g MinThe average delay of a subordinate to retusutiling
after aggression by the dominant of 6.8 s thereifogdies a loss of 657 mg of milk or the
equivalent of 6.37 kJ on each occasion. Hence, avamall skew in lost suckling time ulti-

mately provides a significant increase in growtie far the dominant.

Provided subordinates were recently fed, they athty the behavioural convention and re-
sponded submissively when challenged by dominargse easily excluded from teats (figure
3e, left) and dominants achieved a higher skewernms$ of access to teats (figure 1b). Four (of
5) litters in which the subordinate did not reswsuekling for at least 15 minutes after aggres-
sion had been recently nursed. This is in accomlavith the hypothesis [18] that subordi-
nates should abide by an established dominancesntion provided the cost of doing so is

not too large.

To subordinates, the cost of respecting convergluuld rise with hunger [18]. If subordi-
nates strictly adhered to conventions even whemtyylespotic dominants (which may also
be hungry) might consume most or all milk providdédmaternal input is low and mothers
absent for several days, subordinates starve [dfpgkH subordinates responded less submis-
sively when challenged by dominants, thereby deongalost suckling time and increasing

that of dominants. Such responses incited domirtanise lengthier and more intense aggres-
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sion such as bite-shakes and chases. Hence, tndesabetween hungry sibs developed into
escalated conflicts, resulting in an increase gt uckling times for both (figures 2a, 3a). In
7.2% of focal samples, subordinates resumed surkhiore quickly than dominants after ag-
gression; in these cases aggression failed to skeling in the dominant’s favour. The ma-
jority of these cases (5/7 focal samples; 4 lijtersre observed in hungry litters with particu-
larly thin cubs. The remaining two samples wer@réed when prey abundance was low and
mothers foraging on distant concentrations of magsaprey. In contrast to aggressive com-
petition in some birds (e.g. [7, 8]), our resultgstrate that aggression by dominants some-
times fails to provide clear benefits and are cstesit with the idea that subordinate spotted
hyena siblings facultatively adjust their agonist@haviour to varying costs of subordination

determined by ecological conditions [18].

Young subordinates significantly increased thensitly of their submission and delayed re-
sumption of suckling when repeatedly attacked bmidants. This suggests a behavioural
process akin to a trained loser effect in youngrit and may explain why (1) young domi-
nants achieved the highest skew in terms of adogests, and (2) with increasing age, domi-
nance relationships acquired stability because reliftes were submissiyeom the begin-
ning of a suckling boutt is also consistent with a recent model [43]whgrhdicted training
effects to be more pronounced in young and naidevituals if they were unaware of but
willing to assess their own fighting ability. It &so likely that dominants benefitted from a
trained winner effect because the subordinate bedacreasingly submissive. Young and
hungry dominants may escalate aggression agaibstdinates during suckling bouts if the
subordinate’s behaviour is not sufficiently subnviss- in other words, dominants “punish” (
[31]) subordinates until their response and detagesume suckling is sufficient. When older
and fed, subordinates know they stand to losedeskling time by responding appropriately
to initial aggression by the dominant than prongtinseries of escalating punishments by not

doing so.

Owing to presumed sex asymmetries in competitivenesvas repeatedly reported that dur-
ing conflicts females are weaker competitors thaies (e.g. [44]). This is clearly not the
case in spotted hyena litters. Indeed, subordisiaters were more effective than subordinate
brothers in increasing suckling time lost by domisaln 5 (of 6) litters in which dominants
lost more suckling time than subordinates, the slibates were females. Hence, subordinate
females may be especially effective in counteriggrassion, particularly aggression by

dominant brothers (figure 2d). In 66.5% of mixed-8&in litters, females were dominant and
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subordinate females tended to reverse litter doma@arder more frequently (61.5%) than
subordinate malesAs dominants grow faster than subordinates [4] agel at parturition of
adult females declined with higher cub growth 8@, it is possible that fithess benefits of
dominance are higher for female than male cubso@iutates with dominant sisters in-
creased their level of resistance during confligteen their hunger level increased (suppl.
figure 3), suggesting that females are better coimope than males.

During conflicts, dominants in spotted hyena lgt&nade-off sibling aggression and suckling.
We studied sibling rivalry in a dynamic frameworkiteractions and addressed the roles of
both dominants and subordinates in shaping the miomse relationship. Unlike the despotic
control exerted by dominants on the reproductiorsabordinates in species with a high
reproductive skew (e.g., [45]), dominant spottedraysiblings do not exert complete control
over their littermate’s access to maternal tedtstead, there is substantial variation in the
degree of control and this control is a dynamiheatthan static state. In some litters,
dominants reared during years when overall cub tjrovates were low dispatched

subordinates in 9% of litters through enforcedvstaon [4, 25]. In others, the long-term

stability of dominance relationships was succefsfuhdermined by (possibly assertive and
hungry) subordinates and led to dominance rever3dls advantage of dominants during
competition is therefore not absolute and depemddhe interplay of age, maternal input, the

sexes of both siblings and their behavioural tactic
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Table 1 Summary of the best models with smallest Akaikermation Criterion (AIC) fitted
to predict variation in (1) the relative delay beem siblingsrel. delay, (2) the suckling time
lost by the dominantdpmla) owing to its own aggression and (3) the sucktinge lost by
the subordinate sib owing to the aggression ofditrainant sib gubla). AAIC is the differ-
ence between the AIC of the intercept model andAliizof the candidate model. All models

included litter identity as a random effect.

selected best models (with similar AIC (2 units)) AlC AAIC
relative delay between siblingsrél. delay)
mean.subscoragel2d 47.88 12.51

v“(model 1) mean.subscor@gel2@, hunger 49.82 10.57
time lost suckling by the dominant omlat)

v"(model 2) sublat8, mean.domscore, age, mean.subscore(-tofisZ 108.26  38.65

time lost suckling by the subordinate gublat)

v"(model 3) domlat, mean.subscore, age130, hunger*mean.doniscsremp2*domscofe  239.60 111.09

domlat, age130, hunger*mean.domsdpseomp2*domscote 238.77 111.92

T agel20/130variable fitted as a piece-wise linear effecttapa threshold of 120 or 130
days, thereafter assuming no effect of the varigbée electronic supplementary material

(ESM) 1 for details on assessing all piece-wisedmeffects).

T sublat8/mean.subscore(-1. %jariables fitted as a piece-wise linear effecta@ threshold

at 8 seconds and -1.7, respectively, thereaftemaisg no effect of the variable .

T mean.subscore(-1.7)*scomp@teraction between both variables.

52




Chapter 2: sibling tactics

FIGURE CAPTIONS

Figure 1 The relative delay of both dominant and subordirsabling in returning to suckling
after aggression by the dominant interrupted sogkifel.delay), in relation to (a) level of
assertiveness of the subordinateeén.subscoje (b) hunger level of the litter and (c) age
(days), as predicted by model 1. The relative athgenof the dominant is higher when the
relative delay tends towards 1, i.e. when the damtimeturned much faster to suckle than the
subordinate. Tick marks inside the x-axis indidaiation of individual data points, dotted
lines indicate confidence intervals. Unequal spg@n the y-axis is used to obtain straight
lines (see ESM 2 for details on the methods usguddduce figures 1 to 3).

Figure 2 Mean time (s) lost suckling by the dominant owiagts aggressiordpmla) in re-
lation to (a) time (s) lost suckling by the subordinasel{la), (b) level of aggression of the
dominant (hean.domscoje (c) age (days), (d) level of assertiveness @& $libordinate
(mean.subscojeand litter sex compositiorsomp2 where 2dom?sub = all-female litter;
ddomdsub = all-male litter; 2dom3sub = mixed-sex litter with dominant female;
ddom@sub = mixed-sex litter with dominant male, as pcasti by model 2. Tick marks on

the x-axis indicate location of individual data si, dotted lines show confidence intervals.

Figure 3 The mean suckling time (s) lost by the subordimatéeng to aggression by the do-
minant Gubla) in relation to (a) suckling time (s) lost by tHeminant domla), (b) level of
assertiveness of the subordinatge@n.subscoje (c) age (days), (d) level of aggressiveness
of the dominantrhean.domscojeand hunger level of the litter, (e) level of agggiveness of
the dominant and litter sex compositioecgmp2 where 2dom?Ysub = all-female litter;
ddomd'sub = all-male litter; Qdomdsub = mixed-sex litter with dominant female;
ddom@sub = mixed-sex litter witlominant male, as predicted by model 3. Tick marks
the x-axis indicate the location of individual daints, dotted lines show confidence inter-

vals.

Figure 4 Short-term change in the submissive response cuherdinate to repeated aggres-
sion by the dominant per focal sample in relatomage (days). Change in behaviour was ex-
pressed as the slope of the regressiosubscoreover consecutive interactions against time.
Highly negative values indicate a strong loseraffealues close to zero indicate little change
in response. The three most negative values ragrdsee different litters. The vertical dot-

ted line illustrates the change in tendencies &@edays of age, the mean age before which

siblicide occurs [4,25].
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Figure 4
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Electronic supplementary material 1 (ESM 1)._detakd methods

‘Sibling rivalry: training effects, emergence ofrdmance and incomplete control’

Sarah Benhaient, Heribert Hofer!, Stephanie Kramer-Schadt Edgar Brunner?
Marion L. East

! Leibniz Institute for Zoo and Wildlife Research field-Kowalke-Strasse 17, D-10315 Ber-

lin, Germany

2 University of Géttingen, Faculty of Medicine, Depaent of Medical Statistics, Humbold-
tallee 32, 37073 Gottingen, Germany

This document contains supporting information o@ skudy species, and all procedures and
data used to estimate independent and dependeablear References to the literature are
cited and listed in the original article, except feferences [46-59] listed at the end of this

document.
Study site

In our study site, territories of clans experientade fluctuations in the density of migratory
herbivores including wildebeestonnochaetes taurinusfhomson’s gazelléazella thom-
soni and plains zebrBquus burchell{28, 29]. We monitored cub behaviour at commumal o
private birth dens [46]. Adult hyenas are too latgeenter dens beyond the entrance, thus

cubs of all ages, including newborn cubs, emerge fthe den entrance to suckle [4, 22].
Demographic variables

Cub age was estimatedgg =7 days) using pelage characteristics, the degraghich ears
were extended plus the degree of coordination [26s were sexed using the dimorphic
glans morphology of the erect phallus [47] at the af ca. 3 months.

Behavioural data

In all 97 recorded focal samples, at least one iggornnteraction occurred. One observer
analysed all videos using the specialist behaviaotiware INTERACT (Mangold, Straub-
ing, Germany). Females normally only suckle theinaffspring [19, 30] although rare cases
of adoption by surrogate mothers occur [48]. Irs tthata set one focal sample came from a

litter suckled by a surrogate mother. Following][2& classified a cub as the subordinate
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member of the litter if the number of submissivl@dgours observed for that cub was greater
than that recorded for its littermate. We obserdedr dominant and subordinate roles. In one
litter a change in dominance status occurred betw&e successive focal samples. As domi-
nant and subordinates roles were inverted aftechla@ge in dominance, we treated data ob-

tained from before and after the dominance chaaparately.

Do birth order, body mass at birth and sexual dimorphism influence the emergence of with-

in-litter dominance relationships?

The interval between the birth of twin spotted lgemight create a competitive asymmetry
to help the first born dominate the second borm,cowrently it is unknown whether birth or-
der shapes the dominance relationship betweenespbitena littermates [49,50]. Births of
litters in the wild are very rarely observed andtborder in twin litters was not known in this
study. Frank, Glickman and Licht [49] reportedeadobservations on 5 captive twin litters
of spotted hyenas. Neonates were delivered abautonr apart, and the first born usually
attacked the second within minutes of birth. Theoad born fought back quickly and did not
accept a subordinate role. The authors did not imenthether the first born cub in any of
these litters eventually became the dominant, &g dinly noted that “one sibling” established
dominance over the other in the first days. SiryilaBmale et al. [50] did not determine
whether the first born of 9 captive litters becattme dominant sibling. Thus, even in captive
litters it was unclear whether first born cubs m@re likely to become dominants than second
born cubs.

Smale et al. [50] provided information on weightseven captive twin litters, and suggested
that initially heavier siblings tended to becomandwants, because in 5 of 7 twin litters,
dominants weighted (mean + s.e.m.) 8.8 £ 1.8% ntloa@ subordinates (no statistical test
provided). However, members of twin litters couldlyo be individually identified and
weighted at ages ranging from 1 hour to 8 days aftéh (mean age at which cubs were indi-
vidually identified and weighted: 2.8 =+ 3 days, naed= 2 days, see their Table Il p. 679),
leaving it unclear whether the disparity in weigxisted at birth or was the consequence of
biasing milk supply in favour of one sibling afta@rth. In one mixed-sex twin litter, on day 3
the dominant sib was female and 7.3 % heaviernather mixed-sex twin litter on day 2 the
dominant was male and 6.2 % heavier. It therefereains unclear whether (1) there is a
weight disparity between males and females at bamidl (2) whether females (or males) are
always born first (or second). Smale et al. [50hdbreport birth weights, but weights after at

least 1 hour (in 3 litters) or 24 hours (in 6 lifeof sibling rivalry and milk ingestion. We
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conclude that there is currently insufficient evide to support the idea that there is a clear
weight disparity at birth or that any weight dispamay be influenced by sibling sex.

Monopolisation of both maternal teats by the dominant sibling

The dominant sibling suckles in a preferred positdong the mother’s belly, thereby facili-

tating monopolising access to both maternal te@lge subordinate sibling suckles most often
from a posterior position between the mother’s Hegk, or by stretching over her rump or
lying parallel to but beneath the dominant cubainhthree positions its access to maternal
teats is more restricted than that of the domisdning (supplementary figure 1).

Supplementary figure I Sibling conflict during a suckling bout. Top: Tdeminant (right)
has stopped suckling and glares (threatens) iterdirtate sibling (left) which has retreated
with its ears back. Bottom: the dominant suckles e subordinate sibling attempts to suck-
le (photos: Sarah Benhaiem).
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Predictor variables

Maternal standardised rankRominance hierarchies in each clan were adjusted @fch loss
or recruitment of adult females.

Prey abundance in the territoriigratory herbivores were responsible for largetilations

in prey abundance within clan territories [28, 28jich profoundly affect maternal foraging
distances and foraging success and thus their typpiyrto provide dependent cubs with milk
[19, 29]. Changes between these levels of abundasmered repeatedly throughout the year,
thereby influencing the extent of long-distanceafpng and the level of maternal input [4, 19,
25, 29, 30].

Maternal presence at the communal d&fothers with dependent cubs that return to the
communal den after a foraging trip always suckéartlitter [19,22,25], thus the presence of a
mother at the den is strong evidence that cubs wenged. This was repeatedly verified dur-

ing the many years when litters were regularly Wwedyin our study clans.

These three predictors (maternal standardised ek, abundance, maternal presence at the
den) significantly affect offspring cub growth rated thus are reliable predictors for suckling
in terms of maternal input. Hofer and East [19] destrated that cub growth rates increase
with the proportion of visits to the den by the et (figure 5 in [19]) (i.e. our variable ma-
ternal attendance), maternal absence intervalpeandabundance in the territory (figure 6 in
[19]). Hofer and East [30] also demonstrated tlaakyecub growth (within the first 6 months
of life) increases with increasing maternal sostatus (figure 2 in [30]). Cub growth rate was
affected by maternal social status and prey abuwejdrecause maternal social status deter-
mines priority of access to food within the tenrjtoas previously described.

Hunger level.This variable is a general measure that combinegnration on prey abun-
dance in the territory and information on matemasence at the communal den. Because
prey abundance and maternal presence at the clasigi@ficantly affect cub growth rates,

they influence cub suckling and their relative “gari levels:

1) Cubs were considered “fed” when the mother visitedden (i.e. during the 30 hours
prior to a focal sample). Cub body mass increadeelvihe mother was present at the
den and declined during a mother’s absence frondém regardless of whether we
actually witnessed the nursing period. The onlyepxion to this were cases of sibli-
cide when dominant cubs entirely excluded theirosdinate littermate from nursing

after the return of the mother, but there wereuahsases in our current study.
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2) Cubs were considered “fed” when prey abundancehwgts When prey abundance
was “high” in a clan territory, mothers “over-feefl’e., female hyenas consumed up
to 18 kg of food), digestive processes caused eppdityenas to over-heat and spend
daylight hours digesting in cool locations — andstimay return to the den well after
dark, when the heat of the day had passed, posaitay our “dusk observation peri-
ods” which ended at about 20.00hrs. We are cettaihduring periods of high prey
abundance, no lactating female travelled outsidectan territory to feed, and all our
experience of observing nursing patterns at commdeas leaves us in very little
doubt that the two females not seen in2hef 11) focal samplesecorded during pe-
riods of high prey availability returned to den atkled their cubs within a 30h pe-
riod. In 37 out of 39 focal samplesn the category “fed” the mother was present at th

den and suckled her cubs in a period of 30 houos fwr the focal sample.

In addition to both categories, as a rough confiromaof their validity, the same observer
recorded the general “state” of the siblings amdbaited it to one of the following categories:
“well fed”, “normal” or "thin”, which were generaflconsistent with our categories of hunger

level.

Sex ratio and mixed-sex littersThe binomial test used to investigate whether femare
more often dominant than males in mixed-sex litresis based on the assumption of a 0.5 sex
ratio. Hofer and East [25] and James and Hofer {i&honstrated that there was no sex ratio
bias evident in this species at 3 months of agés ®werall result masked an excess of fe-
males in singleton litters and an excess of maieswvin litters. They proposed and tested
three hypotheses that would explain the sex ratieds they observed: (1) the primary sex
ratio was skewed, (2) cub mortality was female dula®r (3) the biases were a consequence
of siblicide. A shared consequence of the first twpotheses would have been a same-sex
bias both within singletons and within twin littef&his was not the case, supporting the idea
that there was no bias in the primary sex ratice figsults were consistent with the third hy-
pothesis and suggested that the lack of all-fervale litters and the predominance of single-
ton females were a consequence of a higher incgdehsiblicide in all-female twin litters.
Later, James and Hofer [32] developed a model tihéu test this hypothesis and demon-
strated that the probability of siblicide dependedthe sex of both the dominant and the sub-
ordinate sib and that the occurrence of facultasitdicide was more frequent in all-female
litters. Wahaj et al. [51] also reported a simsax ratio for a clan a clan in Kenya of 0.522
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(140 males, 128 females, non significantly biagsdards one sex) at 2 - 3 months of age and
a sex ratio of 0.512 in captivity (21 males, 20 &es).

Litter sex compositiorLitters consisted of 21 same-sex cubsofmpkl; for parameter ab-
breviations see supplementary table 1), either femmale cubsgcompz1; 9 litters) or two
male cubs gcomp22; 12 litters) and of 17 mixed-sescomp£2) litters. In mixed-sexed
litters, the dominant sibling was female and thieosdinate malescomp23; 7 litters) or the

dominant male and the subordinate femat®pz4; 10 litters).

Sibling tactics.The intensity of the dominant’s aggression was mneasusing the following
categories: (1) low intensity aggression: glaribghea sibling; (2) moderate intensity aggres-
sion: pushing, mouth-wrestling, blocking accesth®mother, nipple-switching and supplant-
ing the sibling from one nipple; (3) high intensaggression: lunging, biting, bite-shaking,
chasing.

The subordinate’s behavioural response to the damtign aggression was classified as fol-
lows: (-2) highly submissive: retreats or leaveshwaars back and submissive posture; (-1)
marginally submissive: only ears back; (0) no reseo (1) marginally aggressive: glaring at
the sibling; (2) moderately aggressive: pushingutiavrestling, blocking access to the

mother, nipple-switching and supplanting the siplirom one nipple (supplementary table 2).

As disturbance of litters by other clan membersrdusuckling bouts increased within-litter
aggression [22], we controlled for disturbanceswudkling litters by other clan members or
indirectly by aggressive acts that forced mothersnbve by excluding all focal samples or
agonistic interactions in which interference ottualisance occurred (N=8).

Loser effectWe used a minimum of 17 agonistic interactionsesi for loser effects because
this provided sufficient power for the regressiohsubscorevalues against time elapsed dur-
ing focal samples and we assumed that documentilegraing effect well presupposed a
minimum number of interactions and a well expresgehge in the subordinate’s response to

the dominant’s aggression.
Statistical analysis

To assess which variables were most likely to grilee the response variable and to check for
correlations between variables we used Kendall'She variablesublatandage were sig-
nificantly positively correlated (N = 97 focal saleg P <0.01) and the variablemlatand
mean.subscoreere also significantly positively correlated (NDZ focal samples? < 0.01).
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As in both cases the strength of the correlatioa lwa (T = - 0.33 and = 0.33) we included
both sublatandagetogether andlomlatandmean.subscoreéogether in the three sets of can-
didate models.

The Akaike Information Criterion (AIC) measures thesst compromise between accuracy and
precision. The information theoretic approach atc#pt uncertainty is an inherent feature of
biological data and focuses on the plausibilityddferent hypotheses [52]. As such model
selection allows the simultaneous evaluation oftiplel hypotheses, it is especially suited for
observational studies in behavioural ecology [5R,5Bis method does not attempt to meas-
ure the probability of seeing data given an assumedel, nor does it employ arbitrary cut-
offs to decide which estimates are “significantii$ specifig-values for individual predictor

variables are not provided [54].
Generalised Additive Models (GAM)

We used Generalised Additive Models (GAMs, gam pgekof R [55]) to assess the shape of
the relationship between each independent contswwaunable and the dependent variables
(1) rel. delay (2) domlatand (3)sublat[56, 57]. Candidate models were fitted with polyno
mial functions, linear, or piece-wise linear respes) of fixed effects in accordance with the
results from GAM models. When using GAMs we fitdoothing splines with 3 degrees of
freedom and transformed the non-linear variables saitable parametric terms after graphi-

cal inspection of the partial residual plots [58].

The visual inspection of GAMs for (1) the relatigdelay ¢el. delay)indicated a non-linear
relationship for litter agea@ge. The predictolage was modelled as a piece-wise linear effect.
The best threshold according to the lowest residaalance was 120 days for the age of sib-
lings, beyond which no effect of age . delaywas assumed.

The inspection of GAMs for (2) the time lost suokjiby the dominantdpmlat)indicated a
non-linear relationship for the subordinate’s titast suckling(sublat) andfor the subordi-
nate’s intensity of submissiofmean.subscore)The predictorssublat and mean.subscore
weremodelled as piece-wise linear effects with threddait 8 seconds and -1.7, respectively,

beyond which no effects sublatandmean.subscorendomlatwere assumed.

The inspection of GAMs for (3) the time lost suokjiby the subordinatesiibla) indicated a
non-linear relationship for litter agade)and for maternal social stat(rastatus)The predic-

tors ageand mstatusvere modelled as piece-wise linear effects withraghold at 130 days
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for litter age and at 0.1 fanstatus beyond which no effect @igeandmstatuson sublatwere

assumed.
Generalised Linear Mixed Models (GLMM)

Three sets of candidate GLMM models were fittechviitear or piece-wise linear responses
of fixed effects in accordance with the GAM resulibe candidate models corresponded to
different biological hypotheses: the response Wdidel. delay / domlat / sublats influ-
enced by (1) sibling behaviours i.e. sibling tinhest suckling domlat subla) or sibling tac-
tics (mean.domscorand/ormean.subscojg(2) the level of hunger of siblings estimatedhwi
mstatus prey andhunger(3) demography, i.eage, dsex, ssex, scomplscomp2(see sup-
plementary table 1) and (4) a combination of thestmiofluential uncorrelated behavioural,
ecological and demographic variables, includingrieest influential interactions. Parameters
were estimated by maximum likelihood using the baplapproximation to evaluate the mar-
ginal likelihood [59].

We modelled (1) the relative delasel. delay as a quasibinomial distribution (logit link),
since dominant and subordinate mean latenciespag parameters forel. delaywere not
binomial data such as “success” or “failure” but heeen used to create a standardised pro-
portion. We rounded the time lost by the domindé)tdomlat and by the subordinate (3)
sublatto obtain counts of seconds when they were usedsponse variables and modelled
them as poisson distributions (log link). We exelddrom this analysis the cases (5 from 97
focal samples) where the subordinate did not retmirsuckling after an agonistic interaction

(sublat= minimum of 900 seconds).
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Supplementary table 1Description and abbreviation of variables recordad used in data

analysis
variables abbreviation | level values range
predictors / independent variables
maternal social status mstatus continuous ' -1to+1
prey abundance (1=low, 2=medium, 3=high) prey categorical 1,2 or 3
level of hunger (1= fed, 2=hungry) hunger categorical 1or2
age of siblings (days) age continuous = 9 to 346
dominant sex (1=male, 2=female) dsex categorical 1lor2
subordinate sex (1=male, 2=female) ssex categorical 1lor2
sex composition of the litter 1 .

] ) . scompl categorical 1or2
(1=same-sex litter, 2=mixed-sex litter)
sex composition of the litter 2
(1=female female,2=male male,3=female dominant,ensaib, SCOMp2 categorical  1,2,3 or 4
4=male dominant, female sub)
mean intensity of dominant’s aggression mean.domscorecontinuous | +1 to +3
mean intensity of subordinate’s submission/assamtgs mean.subscore| continuous -2 to + 3
dependent variables

. oy . +

relative delay between siblings rel.delay continuous Oto+1
dom|nar_1t s mean latency [s] to return to sucklifterait is domlat continuous 0 to +16.60
aggressive
subordinate’s mean latency [s] to return to sucklafter the sublat continuous | 0.25 to min. 90

dominant is aggressive
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Supplementary table 2Aggressive and submissive behaviours of dominadtsaubordinate

sibs and their transformation into individudsdmscoreand subscorevalues to indicate the

intensity of the dominant’s aggression and the alibate’s submission, respectively.

behaviours

levels of aggression and submissio

ndomscore, subscore

retreating with ears back;
leaving with ears back

high level of submission

-2

ears back moderate level of submission -1
none no response to aggression

glaring low level of aggression +1
pushing; blocking the access to teatpderate level of aggression +2
mouth-wrestling; supplanting sib at teat

lunging; biting; bite-shaking; chasing high levélaggression +3
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Electronic supplementary material 2 (ESM 2):_additonal results

‘Sibling rivalry: training effects, emergence ofrdmance and incomplete control’

Sarah Benhaient, Heribert Hofer!, Stephanie Kramer-Schadt Edgar Brunner?
Marion L. East

! Leibniz Institute for Zoo and Wildlife Research frield-Kowalke-Strasse 17, D-10315 Ber-

lin, Germany

2 University of Goéttingen, Faculty of Medicine, Depaent of Medical Statistics, Humbold-

tallee 32, 37073 Goéttingen, Germany

This document contains information on the methoéefgct plots”) used to produce figures 1,

2 and 3 and additional results.

Information on effect plots (package “effects” in B used to produce figures 1 to 3 in the
article, and supplementary figures 4 to 6 in ESM3.

This method, developed by [60], permits the graglhiisplay of the effective contribution of
different parameters in a generalised linear madeln appropriate way. The standard and
default option is to plot the effects of the prédis on the scale of the linear predictor (logit
[“model 17, figure 2, supplementary figure 4 in ESMand log [‘model 2" and “model 3",
figure 3 and supplementary figures 5 and 6 in E9Mb8t to label the vertical axis on the
scale of the response. This option enables to mIstaaight lines and results in an unequal
spacing of the tick marks on the y-axis.

[60] Fox, J. 2003 Effect displays in R for genesadl linear modelsl. Stat. Softw8 (15), 1-
27.

Supplementary figure 2.Mean period (s) between the cessation of sucklinthe dominant
(domlat left) or the subordinate membesublat right) of a twin litter after an aggressive act
by the dominant, and the resumption of sucklindbth siblings. ) Twenty-four litters less
than 120 days of ageb)(Fourteen litters more than 120 days of age. Fpeal samples in
which the subordinate did not return to sucklingufgalent to a lost time of a minimum of

900s) after an aggressive act by the dominant@rshown on this figure.
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Supplementary figure 3.Mean level of assertiveness of the subordinatengibh response
to aggression by the dominant, as a function ofitkeraction between the sex of the domi-
nant sibling {se) and the hunger level of the littdrunge). The values on the y-axis are the

mean value of abubscorevalues recorded for one litter in one categorjiaiger (see meth-

ods in article for more details).

70



increased assertiveness of subordinate siblings

Chapter 2: sibling tactics

< | A subordinate siblings
< with a dominant sister
0

3 -

©

3 -

~ + Subordinate siblings

' with a dominant brother
©

3 -

(o))

3 -

fed hungry

level of hunger

Supplementary table 3Estimated coefficients and standard errors fovtréables of chosen
models for (1)el. delay (2) the lost suckling time (s) of the dominarii @lomlat)and (3)
the lost suckling time (s) of the subordinate sitb{at) Explanations for abbreviated variable
names are provided in caption of table 1 (artial®) supplementary table 1 in electronic sup-

plementary material 1.
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variables estimates of regression coefficients
model 1 Intercept -3.76£0. 38
mean.subscore -1.81 = 0.19
hunger = 2 -0.11 £0.12
agel20 —-0.02 £ 0.002
model 2 Intercept 0.76 £ 0.33
sublat8 0.20 £ 0.03
mean.domscore 0.28 £0.13
age 0.002 £+ 0.0008
mean.subscore(-1.7)* scomp23 0.22 +0.25
mean.subscore(-1.7)* scomp2d 0.15 +0.27
mean.subscore(-1.7)* scomp2? 0.95+0.31
model 3 Intercept 1.99 +0.53
domlat 0.12 +0.02
mean.subscore -0.18 = 0.17
mean.domscore*hunger=2 0.48 = 0.20
agel30 —0.01 £ 0.002
mean.domscorel*scomp2d 0.08 +0.24
mean.domscorel*scomp?d —-2.01+£0.05
mean.domscorel*scompZ Q - 0.07+£0.27

72



Chapter 2: sibling tactics

Electronic supplementary material 3 (ESM 3)._additonal analyses

‘Sibling rivalry: training effects, emergence ofrdmance and incomplete control’

Sarah Benhaient, Heribert Hofer !, Stephanie Kramer-Schadt Edgar Brunner?
Marion L. East

! Leibniz Institute for Zoo and Wildlife Research, fdld-Kowalke-Strasse 17, D-10315 Ber-

lin, Germany

2 University of Géttingen, Faculty of Medicine, Depaent of Medical Statistics, Humbold-
tallee 32, 37073 Gottingen, Germany

This document contains the results of an additiamalysis of the best predictors influencing
(1) the relative delay, (2) the time lost sucklimg the dominant (seconds), (3) the time lost
suckling by the subordinate (seconds) and (4) dleam training effects. In this analysis we
investigate the effects of a single variable (narfradan.scor§ which combines the effects

of both dominant and subordinate sibling behavi@nd which measures the level of domi-
nance exerted by the dominant on the subordindiie.veriable replaces the use of both vari-
ables measuring (1) the aggressiveness of the @mtmfmean.domscoresee article) and (2)

the assertiveness of the subordinategn.subscoraee article) sibling.

METHODS

Predictor variables

Sibling tactics

For each agonistic interaction we added up the dantis score to the subordinate’s score to
obtain a score for one agonistic interaction (eXQ(a low intensity aggression by the domi-
nant) plus -2 (a highly submissive response bysti#ordinate) yieldscoreof -1 for the in-
teraction; supplementary table 2 in ESM 1). We waked for each focal sample the mean
score for all agonistic interactionsi¢an. score A low mean.scorébelow 0) indicated that
the dominant generally employed a low level of aggive behaviour during the focal sample
and that the subordinate responded with highly ss&iwe behaviours (high level of domi-
nance). A highmean.scorgabove 1) indicated that the response of the slifiaie was not
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always submissive. The higher the valuenzdéan.scorethe less submissive were the re-
sponses of the subordinate; therefore wimexan.scorencreased, the level of dominance ex-

erted by the dominant sibling diminished.
Training effects

We tested for training effects using focal sammléh a minimum of 17 interactions (20 focal
samples, 14 litters, see ESM 1 for more details$togying the sequence of values through-
out a focal sample which describe the intensitthefdominant’s aggression and the subordi-
nate’s responses¢ore the value of one agonistic interaction, ESM 1n.iAcrease in the sub-
ordinate’s submissive response in the course afcal fsample would produce a significant
decrease in thecorevalues and thus indicate a (short-term) trainifigee Using the signifi-
cant slopes of linear regressionssobreplotted against time elapsed during the focal $amp
we tested whether the regression slopes increaghditter age (after logarithmic transfor-
mation of litter age (base 10) to obtain a linegationship), i.e., that training effects were
particularly conspicuous at an early age and dshimi at later ages. The residuals of this
linear regression model were normally distributieitli¢fors tests) and variances did not show
evidence of heterogeneity (residual plots).

Statistical analysis

To assess which variables were most likely to grikee the response variable and to check for
correlations between variables we used KendallEhe variableslomlatandmean.score

were significantly positively correlated (N = 97ctd samples? < 0.01). As the strength of

the correlation was lowt (= 0.27) we included bottiomlatand mean.subscorgether in

the three sets of candidate models that were cadpeith each other.
Generalised Additive Models (GAM)

We used Generalised Additive Models (GAMs, gam pgekof R [55]) to assess the shape of
the relationship between each independent contsywauable and the dependent variables
[56,57]. Candidate models were fitted with polynahfunctions, linear, or piece-wise linear

responses of fixed effects in accordance with #wsilts from GAM models. When using

GAMs we fitted smoothing splines with 3 degree$reédom and transformed the non-linear
variables into suitable parametric terms after giggd inspection of the partial residual plots

[58].
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The visual inspection of GAMs for (1) the relatidelay ¢el. delay)indicated a non-linear
relationship for litter ageage). The predictolage was modelled as a piece-wise linear effect.
The best threshold according to the lowest residasiance was 120 days for the age of sib-

lings, beyond which no effect of age . delaywas assumed.

The inspection of GAMs for (2) the time lost sudkliby the dominantdpmlat) indicated a
non-linear relationship for the subordinate’s tilost suckling(sublat)andfor age. The pre-
dictorssublatandageweremodelled as piece-wise linear effects with thredbalt 9 seconds
and 180 days, respectively, beyond which no effe€sublatand age on domlatwere as-

sumed.

The inspection of GAMs for (3) the time lost suokjiby the subordinatesibla) indicated a
non-linear relationship for litter agade)and for maternal social stat(rastatus)The predic-
tors ageand mstatusvere modelled as piece-wise linear effects withraghold at 100 days
for litter age and a threshold at 0.2 for mateswlial status, beyond which no effectagfe

andmstatuson sublatwas assumed.
Generalised Linear Mixed Models (GLMM)

These transformed variables were included in tsete of candidate models. The candidate
models were fitted with linear or piece-wise lineasponses of fixed effects in accordance
with the GAM results. The candidate models corraegpd to different biological hypotheses:
the response variablee(. delay / domlat / sublais influenced by (1) sibling behaviours i.e.
sibling times lost suckling domlat subla) or sibling tactics (mean.domscoreand/or
mean.subscoje (2) the level of hunger of siblings estimatedhamstatus prey andhunger

(3) demography i.eage, dsex, ssex, scommlscomp2(see supplementary table 1) and (4) a
combination of the most influential uncorrelatechééoural, ecological and demographic
variables, including the most influential interacts. Parameters were estimated by maximum

likelihood using the Laplace approximation to eeduthe marginal likelihood [59].

We modelled (1) the relative delasel. delay as a quasibinomial distribution (logit link),
since dominant and subordinate mean latenciespag parameters forel. delaywere not
binomial data such as “success” or “failure” butl leeen used to create a standardised pro-
portion. We rounded the time lost by the domin&)tdomlat and by the subordinate (3)
sublatto obtain counts of seconds when they were usedsgonse variables and modelled

them as poisson distributions (log link). We exelddrom this analysis the cases (5 from 97
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focal samples) where the subordinate did not retmirsuckling after an agonistic interaction

(sublat= minimum of 900 seconds).
Results
Relative delay (skew by dominants)

The relative delay between both sibling latencieslided when: (1) the level of dominance
exerted by the dominant diminished (supplementeyyré 4a); (2) when litters had not re-
cently been fed (supplementary figure 4b); (3)itarlage increased within the first 120 days
(supplementary figure 4c, “model 17, supplementabyje 4).

Supplementary figure 4 The relative delay of the dominant sibling in terwf access in
comparison to the subordinate following aggressigrthe dominant, in relation to (a) the
decreasing level of dominanceéan.scorg (b) the level of hunger of the litter and (djdr
age in days, as predicted by model 1 in ESM3. Tdkenharks inside the x-axis indicate the
data points and the dotted line indicates the denfte interval. The unequal spacing on the
y-axis is used to obtain straight lines (see EStrZurther information on the methods used
to produce figures 1 to 3). The relative advantaigghe dominant is higher when it tends to-
wards 1, i.e. when the dominant returned to sufaddeer (had a shorter latency) than the sub-

ordinate.
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Factors influencing the time lost suckling by tleenghant

The suckling time lost by dominant siblings owirgtheir own aggression increased (1) as
subordinates increased their latency to returutklsng (supplementary figure 5a); (2) as the
level of dominance decreased (supplementary fighjeand as (3) litter age increased within
the first 180 days (supplementary figure 5c). Suckkime lost by dominants was lowest

when the dominant was female and the subordinagemale and it was highest when the

dominant was male and the subordinate was femappiamentary figure 5d).

Supplementary figure 5: The mean lost suckling time (s) of the dominsibting owing to
its aggressiondomla) in relation to(a) the time (s) lost suckling by the subordinatgb(a),
(b) the decreasing level of dominance of the dontif@ean.scorkg (c) litter age in days and

(d) the sex composition of the littesdomp? where Ydom{sub= all-female litter;
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ddomd'sub= all-male litter; Qdomd'sub= mixed-sex litter with dominant female;
ddom@sub= mixed-sex litter with dominant male, as presticoy model 2. The tick marks
on the x-axis indicate the data points and theeddibe shows the confidence interval.
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Factors influencing the time lost suckling by thbardinate

The suckling time lost by subordinate siblingsdaling aggressive actions by dominants (1)
increased as the mean suckling time lost by donsnacreased (supplementary figure 6a),
(2) decreased with litter age within the first 1@8ys (supplementary figure 6b) and (3) de-
creased with the decreasing level of dominancewently fed litters (supplementary figure

6c). The suckling time lost by subordinate siblimdgclined with the decreasing level of

dominance in mixed-sex litters when the dominand ¥eanale and the subordinate was male,
and it increased in all-female litters (“model 8Upplementary table 4, supplementary figure
6d).
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Supplementary figure 6: The mean lost suckling time (s) of the subortdinawving to ag-
gression by the dominardéubla) in relation to (a) the time (s) lost suckling tlne dominant,
(b) litter age in days, (c), the interaction efféetween the decreasing level of dominance
(mean. scoreand the level of hunger of the litter and (d) th&eraction effect between the
decreasing level of dominance and the sex compasitf the litter §comp2 where
Qdom{sub= all-female litter;¥domJ'sub= all-male litterQdom?'sub= mixed-sex litter with
dominant femaleZdom?sub= mixed-sex litter witdominant male, as predicted by model 3.

The tick marks on the x-axis indicate the data {goamd the dotted line shows the confidence

interval.
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Supplementarytable 4 Summary of the best models with smallest AkaiKerination Crite-
rion (AIC) fitted to predict variation in (1) thelative delay between siblingsel. delay, (2)
the suckling time lost by the dominaxib(mla) owing to its own aggression and (3) the suck-
ling time lost by the subordinate sib owing to @ggression of the dominant sisublay.
AAIC is the difference between the AIC of the ineggtmodel and the AIC of the candidate

model. All models included litter identity as a dam effect.

selected best models (with similar AIC (2 units)) AlC AAIC
relative delay between siblingsrél. delay)
mean. scoreagel2@ 48.52 8.65
v“(model 1) mean. scoreagel2@d, hunger 50.29 10.10
time lost suckling by the dominant omlat)
sublat9, mean.score, age180 110.66 | 36.25
v“(model 2) sublat9, mean.score,agel180,scomp2 112.00 34.90
time lost suckling by the subordinate gublat)
v"(model 3) domlat, age100, hunger*mean.scbrecomp2*mean.scote 245.53 | 105.154

For abbreviation see article and supplementargtalh ESM1.

Training effects

The intensity of the submissive response of a glibate in response to the aggression by the
dominant during the course of a focal sample i® meeasured by the varialdeore score
declined strongly during focal samples in the yastditters, resulting in a negative slope of
the regression afcoreon focal sample time. As the age of a litter iased, the regression
slopes ofscoreagainst time within a focal sample tended to iasee(log transformed linear

regression of age frs= 7.722,P = 0.012, adjusted = 26.13, supplementary figure 7).

Supplementary figure 7Change in the level of dominance during repeateplesgion inter-
actions during a focal sample in relation to the afthe litter (in days). The change in be-
haviours was expressed as the slope of regressienthe change afcoreover consecutive
interactions in time. Highly negative values indéca strong loser effect; values close to zero
indicate little change in response during a foeahgle. The three most negative values corre-
spond to three different litters. The vertical ddttline illustrates the change in tendencies

from 90 days of age, approximately the mean ageréefhich siblicide occurs [4,25].
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CHAPTER 3

Validation of an enzyme immunoassay for the measeant of faecal

glucocorticoid metabolites in spotted hyen@souta crocutd

(minor revisions)

SARAH BENHAIEM, MARTIN DEHNHARD, ROBERTO BONANNI, HERIBERT HOFER,

WOLFGANG GOYMANN, KLAUS EULENBERGER, MARION L. EAST

Author contribution:

The framework of the study, in terms of the deveiept of an appropriate assay was devel-
oped by Martin Dehnhard (MD), Marion L East (MEpI#erto Bonanni (RB) and Wolfgang
Goymann (WG). The concept of the study on juveail@nals was provided by ME, Sarah
Benhaiem (SB) and Heribert Hofer (HH). Faecal sangallection for the radiometabolism
study in Leipzig Zoo and in Amerstfoort Zoo was amiged by ME. Anaesthesia and admini-
stration of the radio-labelled hormone were don&Klaus Eulenberger (KE). Faecal extracts
(ACTH challenges) were prepared and provided by Wé&ecal samples of Serengeti free-
ranging spotted hyenas were collected by SB andMaEcal extraction was done by SB. The
cortisol-3-CMO was developed by MD. The measurenoérttormone concentrations with
ELISA was organised by MD. Statistical analysis wlase by SB. The manuscript was pri-
marily written by SB, ME and MD. RB, WG, HH and KlBmmented on the manuscript.
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Abstract: The use of enzyme immunoassays (EIAs) to medaaoal glucocorticoid metabo-
lites (fGCM) is a useful technique for the non-isiv& monitoring of adrenocortical activity
in vertebrates. Each EIA should be validated fahespecies to which it is applied. The ob-
jective of this study was to validate an EIA (csoti3-CMO) for the measurement of fGCM
concentrations in spotted hyenas. We demonstratetiis assay detected a significant in-
crease in fGCMs after an adrenocorticotropic (ACTidymone challenge in two captive an-
imals and a significant increase in fGCMs in anoiteptive animal after anaesthesia. High-
performance liquid chromatography (HPLC) immunogsanere used to characterise f{GCM
in samples from a fourth captive hyena that reckiae i.v. injection of 3H] cortisol. All
HPLC fractions were analysed with the EIA for thegence and quantities of radiolabelled
fGCM. Radiolabelled fGCM consisted of substanceth \ai higher polarity than cortisol and
of less polar substances that eluted between gbiisd corticosterone. Authentic radio-
labelled cortisol was not detected. The cortis@MO assay measured substantial amounts
of immunoreactivity corresponding to the radioaetpeaks. We conducted pairwise compari-
sons of fGCM concentrations in individual free-ramggjuvenile spotted hyenas when less
than 6 months of age and when between 6 and 24hsafitage. We expected juveniles to
experience a more unpredictable and therefore stogssful environment when younger than
when older. When younger, juveniles had indeedifsegmtly higher f{GCM concentrations
than when they were older. Our results demonsthatieour assay can be used to assess adre-

nocortical activity in spotted hyenas.

Key-words: spotted hyena, faecal glucocorticoid metabolitegyme immunoassay, radio-

labelled metabolites, ACTH, age effect
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1. Introduction

Stressful stimuli (stressors) activate the hypathm¢—pituitary—adrenal (HPA) axis, causing
the release of glucocorticoids, i.e., steroid haressuch as cortisol or corticosterone, which
induce behavioural and physiological changes [19(B28]. Stressors can cause a rapid
adaptive short-term (‘acute’) release of glucocuwitls, leading to the mobilisation of energy
and behavioural changes, or a long-term (‘chromiejponse that may decrease fitness by
impairing growth [57] or cognition [38], by indugnmmunosuppression and atrophy of tis-
sues [40], and by suppressing reproductive perfocedl2,36]. Thus, the measurement of
glucocorticoid concentrations can provide usefdbrnmation on the health of captive and

free-ranging wildlife populations [26,29,46,58].

Glucocorticoids are secreted in pulses into th@dilaheir secretion may fluctuate on a cir-
cadian basis [39]. Therefore blood samples comisma glucocorticoid levels that are only
representative for a narrow time frame. Baselinvelieof glucocorticoids are defined as lev-
els of glucocorticoids in the absence of acutessties [56]. Capture or anaesthesia of animals
to obtain blood samples are often perceived assire by animals as both lead to a rapid and
significant increase in circulating glucocorticdalels [16,48,61]. Thus, blood samples are
usually of little value to characterise baselinaecglkcorticoid secretion unless they were ob-
tained by very rapid sampling [47] or the applioatiof ingenious methods for blood sam-

pling that do not involve handling (e.g. [2,55]).

By contrast, non-invasive methods to assess fagaadcorticoid metabolite (fGCM) concen-
trations do not alter the physiological parametedar investigation and may therefore be
more appropriate for the measurement of factorsienting adrenocortical activity, espe-
cially in free-ranging animals. These methods Haaen established for a variety of vertebrate
species (see [53]) using hormone assays such gsmienmmmunoassays (EIA) (reviewed most
recently by [29]). In contrast to blood samplingpgedures, they allow the collection of re-
peated samples from the same individual withoutuérfcing fGCM concentrations [6,53].
fGCM levels represent an integrated average measwtere therefore less affected by tran-

sient increases of glucocorticoids into the blomsn than blood samples [30].

Even so, determination of f{GCM may be challengifigst, authentic cortisol or corticoster-
one are very rarely found in the faeces of anin®d and assays that are used for non-
invasive measurements rely on the ability of thébady to detect the relevant metabolic
breakdown products [18,41%econd, researchers need to demonstrate that ticertaations

of f{GCM change in step with stressors experiencethb animal. Therefore, assays used to
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measure fGCM should be biologically validated facke species [53] before they are used to

measure fGCM in a particular species.

The aim of this study was to validate an EIA to swea fGCM in a large social carnivore, the
spotted hyenadrocuta crocuty, by focusing on captive adults and free-rangimgepiles.
The spotted hyenaCfocuta crocutqis a social carnivore that lives in large, fissfosion
groups called clans [34]. The social environmenjugéniles spotted hyenas is structured by
the adult female dominance hierarchy and the faait &ll females and their offspring are so-
cially dominant over all immigrant males [11,34,5The social position of juvenile spotted
hyenas in their natal clan is determined by theettpprovided by their mother during inter-
actions with other clan members and as a resulpadiséion held by a spotted hyena when it
attains adulthood is close to and below that hglitcdomother [11,51]. During a period that
probably spans many months after birth, juvenissr to identify the numerous members of
their clan and to correctly assess their relatigsitmn to all these animals. Juveniles are
unlikely to be proficient at identifying all memiseof their clan during their initial period of
social learning and also may not be able to acelyraredict whether to expect an aggressive
response during agonistic interactions with clarmipers, particularly when their mother is
absent. For these reasons, the social environnigy@umg juveniles is likely to be less pre-

dictable and thus more stressful than that of glaezniles.

The movements of migratory herbivores in the Sezgngational Park, northern Tanzania,
have a profound effect on the ability of lactatspptted hyenas to attend their dependent cubs
at the clan communal den [17,25,28]. When theirh@as are absent on long-distance forag-
ing trips to distant concentrations of migratorylieores, young juveniles that are left at the
communal den face an unpredictable period that lastyfor several days, during which they
are not nursed [24] and thus experience hungeghwéss and dehydration [25]. When spot-
ted hyenas are young and completely dependent oermaa milk, they are more likely to

experience these potentially stressful effects thiaan they are older.

Animals that cannot predict the onset of stressfuhuli release more glucocorticoids that
animals that can; thus the control (or lack of colijtover stressors is an important determi-
nant of the intensity of the stress response [B]4f6or the reasons mentioned above, young
juvenile spotted hyenas are likely to have lesdrobiover stressful stimuli and thus are ex-
pected to have higher fGCM concentrations than wtney are older juveniles. To our
knowledge, such an age effect on GC concentratrospotted hyenas has not been investi-

gated.
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Previously, an EIA based on a corticosterone adtilpurchased from ICN Biomedicals was
validated [18] and used to compare faecal cortezose metabolite concentrations among
adult female spotted hyenas [19]. Later, commeromaticosterone radioimmunoassay kits
based on the same antibody (MP Biomedicals, foyri@N) were used to investigate which
social, ecological and anthropogenic factors infliee faecal corticosterone metabolite con-
centrations in adult spotted hyenas [54]. In thigdyg, the objectives were to: (1) validate
whether the cortisol-3-CMO assay can be used totgudGCM in the spotted hyena. For
this we conducted an ACTH challenge experiment aménaesthesia to induce stress, and
applied a radiometabolism study to characterisd@@M of spotted hyena which react with
the cortisol-3-CMO assay, (2) provide the firstadah the concentration of f{GCM in juvenile
spotted hyenas to investigate whether younger jlesemave higher f{GCM concentrations

than when they are older.
2. Methods
2.1. Captive animals and sample collection

All samples from captive animals were collectedaomymal keepers within the animal man-
agement schedule of each zoo. This resulted imt@mi (ranging between 0 and 12h) in the
time lag between defecation and sample collectioypically, faeces produced during the
night were collected and frozen early the followmgrning. The length of time elapsed be-
tween faeces collection and freezing (up to 12 $odid not affect f{GCM levels in a popula-
tion of free-ranging adult spotted hyenas (N= Ghviduals, [54]) and is therefore unlikely to

have affected the values of {GCM measured in tioidys
2.1.1. Radiometabolism study

To characterise f{GCM contents, we performed a radtabolism study on one adult male
spotted hyena at Leipzig Zoo, Germany in 2008. 2025f a sterile 0.9% NaCl solution was
added to a solution (0.25ml) containing ~250 pQi6,7-FH] cortisol (TRK407, Amersham
Bioscience, UK) in ethanol. The animal was anegbdtand the total volume was injected
into the cephalic vein. We collected two faecal gi® in the 24 hours preceding the injec-
tion and three faecal samples during the 72 hdtes the radiolabelled injection. Aliquots of
each sample were extracted for fGCM determinatind eadioactivity counting. Samples
were frozen at - 20°C until analysed. For the HRIr@lyses we used the sample containing

the highest amount of radioactivity, which was shenple collected 47 h after injection.
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2.1.2. ACTH challenge

The administration of adrenocorticotropic hormoA€TH) stimulates the secretion of glu-
cocorticoids; glucocorticoid metabolites can thenrbeasured in faeces several hours later
(depending on gut passage time, see [42]). Tahestfficiency of the cortisol-3-CMO assay
to detect adrenocortical activity, we used faecalhanol extracts (see sectidi3. for details)
obtained for an ACTH challenge experiment that wasducted in 1998 in Dvur Kralové
Z0o (Czech Republic) [18] on two captive adult $pdthyenas (one male and one female).
Both animals were dart-injected with 200 IU of aB®H preparation. We used a total of 39
faecal methanol extracts (17 extracts from the raalk 22 extracts from the female). These
extracts were stored frozen (at -80°C for the ahi@ years and at -20°C for the following 6

years) until analysed. For details on the expanirsee [18].
2.1.3. Anaesthesia as a stressor

Faecal samples were collected from one adult ntafereersfoort Zoo (Netherlands) in 2011
which was anaesthetised for a veterinary healtkstigation. Faecal samples were obtained
for 2 days preceding anaesthesia and for 4 dags thtit and were stored at -20°C until anal-

ysis.
2.2. Free-ranging animals and sample collection

We collected 280 faeces from 107 individually knomrenile spotted hyenas (44 females
and 63 males) aged between 84 and 707 days betluee?2007 and December 2009. Study
animals belonged to three large clans in the Setehgtional Park in Tanzania, East Africa
(for details of study area and study clans seel[5Qur study clans are relatively large and
contained approximately 85 animals each during shisly. In the Serengeti National Park,
juvenile spotted hyenas less than six months ofaageentirely dependent on maternal milk
and are stationed at the clan communal den [24/2Z8P Animals were considered adults at
24 months [11]. Therefore we placed juvenile sgbtigenas below six months of age in our
younger juvenile category and juveniles betweenasid 24 months of age in the older juve-
nile category. We recognised juvenile hyenas by thistinctive spot patterns [14,22] and ear
notches, scars and bald patches [17]. The agevehiles was estimated in days using pelage
characteristics, whether their ears were flattemedpright, and their balance and coordina-
tion during locomotion [8,43]. Estimates of age &accurate to within 7 days. To determine
sex, we used the dimorphic glans morphology oktieet phallus in either sex [15]. Individu-
als were sexed at the age of approximately 3 months
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Faeces were immediately collected following a dafien. To conform to the recommenda-
tions by [31], faeces were first stored in thedial a cold box for less than 3 hours after col-
lection. Prior to storage, faeces were mechanicalked and subsamples of faeces stored in
5 ml tubes in either liquid nitrogen or frozen apeoximately -10 °C in the Serengeti until

transported frozen to Germany where they were dtare 80°C until analysed.
2.3. Processing of faecal samples

Faecal samples were thawed for approximately one. ltor the extraction of f{GCM from
the faecal matrix, we suspended (and shook for Blutes) 0.5 g of wet faecal samples in
4.5ml of 90 % methanol. After centrifugation (120@, 15min) the supernatant was trans-
ferred into a new tube and diluted 1:1 with watdiquots of the faecal extracts were sub-
jected either to HPLC analysis or directly to tioetisol-3-CMO assay.

2.4. High performance liquid chromatography (HPLC)

A Dionex system equipped with a quaternary pum@BQp5an ASI autosampler, and a col-
umn oven (STH 585) were used for chromatographparsgion (Dionex GmbH, Idstein,
Germany). For separation and characterisation dfsob metabolites, 100 ul of faecal ex-
tracts were loaded on a reverse-phase Ultrasep BSRE-18/6 um HPLC column (4 x
250mm, Sepserv, Berlin, Germany). Metabolites veegarated with a mixture of methanol
and water (75 + 25) at a flow rate of 1 ml/min.df@ns of 0.33ml were collected at 20 s in-
tervals over a period of 21 min using a FRAC-204ction collector (Pharmacia Biotech,
Freiburg, Germany) and diluted with one volume aftev. To generate the HPLC immu-
nograms, 20 pl of the fractions were subjectedhéocbrtisol-3-CMO assay. The elution posi-
tions of authentic cortisol, corticosterone, testame and dihydrotestosterone (Sigma Che-
mie GmbH, Deisenhofen, Germany) on this column vpeeviously determined by separate
HPLC runs. Both androgen standards were analyst#davestosterone microtitre plate en-
zyme immunoassay as described by [33].

2.5. Enzyme Immunoassay

Faecal cortisol metabolite analyses were carrigdvith an in-house microtitre plate enzyme
immunoassay using a polyclonal antibody raisedabbits against cortisol-3-CMO-BSA and
cortisol-3-CMO-peroxidase as label. The antibodyssfreactivities to different steroids were
as follows: 4-pregnen-1417,21-triol-3,20-dione (cortisol), 100%; 4-pregrhol-3,20-
dione (desoxycorticosterone), 6.3%; and <0.1% fpregnen-3,20-dione (progesterona); 5

pregnane-3,20-dionepspregnane-3-ol-20-one, dexamethasone, estradiol, and testrster
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To test for parallelism we used serial dilutionsfag¢cal extracts from two individuals and
compared displacement curves of both samples Wehldisplacement curve produced by the
steroid standard. After a log transformation (tseb&0) of the concentration to obtain a linear
relationship, we used an analysis of covariandesbwhether the slopes of the displacement
curves generated from serial dilutions of two faemdracts from two individuals and the
standard curve differed from each other. The slabpeke displacement curves did not differ

from each other, thereby demonstrating paralle(igwalue of the interactior? = 0.93)

We performed measures in duplicate and acceptedtsemly if the coefficient of variation

was< 5%. Intra- and inter-assay coefficients of vaaativere 16.5 % and 23.1% for a low
(N=9) and 5.3% and 10.1% for a high concentratiool fN=11). Mean sensitivity of the as-
say at 90% binding was 0.5 pg per well. Final cotegions of fGCM were expressed as

ng/g faecal matter.

For analyses, microtitre plates were coated witlat ganti-rabbit 1gG (4°C, overnight),
blocked with BSA in assay buffer and after 30 nti22°C, the excess of blocking buffer was
decanted and plates were stored at -22°C. Prioséo plates were washed once with washing
solution (0.05% Tween 80) using an automated mtoeoplate washer (SLT 96PW,; Tecan,
Crailsheim, Germany). Duplicates of 20 pl faecdlraot or cortisol standards prepared in
40% methanol ranging from 0.2 to 100 pg/20 ul weneultaneously pipetted into respective
wells along with 100 ul Cortisol-HRP conjugate ssay buffer (50 mM N&POy/NaHPQO,,
0.15 M NacCl, 0.1% BSA, pH 7.4) with the aid of ddudispenser.

Then, 100 pl cortisol-specific antibody was add&filer overnight incubation at 4°C, plates
were washed four times and 2pltetramethylbenzidine/#D, substrate solution was added.
After incubation (45 min, 4°), the reaction waspgted with 5Qul H,SO, and absorbance was
measured at 450 nm with a 12-channel microtitréepl@ader (Infinite M 200; Tecan). Hor-

mone concentrations were calculated using Magslidinvare (Tecan).

Similar cortisol-3-CMO assays have been validatedlie measurement of fGCM in several
primate species such as Barbary macagiMexaca sylvanus)pwland gorillas(Gorilla go-
rilla) and common marmose(€allithrix jacchus)[21] and in domestic dog<anis lupus
familiaris) [50].

2.6. Statistics

For all statistical procedures we used the R.2.{R.Development Core Team 2010) soft-

ware. The threshold for significance was fixed % &nd all tests were two-tailed. Statistics
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are listed as means = SD. Increases in fGCM exutretiter ACTH challenge and anaesthesia
were considered significant if they exceeded messelne concentration plus three standard
deviations. To test whether f{GCM levels of juversfmtted hyenas were higher in the young-
est age category we used one sample per indivitiaén several samples were collected
from one individual within one age category, weduige mean value of fGCM concentra-
tions per individual per age category to avoid psereplication. Because differences in glu-
cocorticoid metabolism may exist between the séxe® rodents: [35], [52]; and birds: [45])
we first compared fGCM levels between males andafemin each age category using a
Mann-Whitney U test. We then compared within-indial changes in fGCM level in the two
age categories using a Wilcoxon signed-rank test.

3. Results
3.1. HPLC analysis

HPLC profiles of radiolabelled cortisol metabolitesthe faeces of the Leipzig Zoo spotted
hyena and the elution positions of immunoreactidiggermined by the cortisol-3-CMO assay
are shown in figure 1. The faecal extract of thepkig Zoo hyena was composed of several
radiolabelled metabolites that were detected intivas 5-6, 10-13, 16-17, and 31-32, with
the majority in fractions 5-6. Because their pdlagxceeded that of cortisol we suggest the
components in fractions 5-6 are conjugated mettsolA large amount of polar metabolites
eluted between cortisol and corticosterone (frastib0-13), followed by less polar substances
at fractions 16-17. The last, unpolar metabolifeacfions 31-32) eluted between the stan-
dards of testosterone (T; 4-androste-bF-3-one) and dihydrotestosterone (DHTq-5
androstan-1{f-ol-3-one) and probably represented androgenstimegutom cortisol metabo-
lism. Our assay detected cortisol immunoreactieipsisting of five major peaks (fractions
5-6, 9-10, 11-12, 26-28 and 32), of which the firsee clearly and the last one corresponded
to radiolabelled metabolite peaks. The immunoas$sty detected a minor radiolabelled me-
tabolite peak in fractions 16-17. The minor peaknefunoreactive metabolites detected in

fractions 26-28 did not correspond to any of thiiatabelled metabolites.
3.2. ACTH challenge

Administration of ACTH resulted in a significantciease of {GCM concentrations in both
study individuals. The ACTH-induced peak in fGCMcaooed 16 + 6 h (h + range) (in the
male, figure 2a, 17 samples) and 32 + 1 h (in @medle, figure 2b, 22 samples) after injec-

tion. fGCM concentrations returned to pre-treatmenels within 101 + 1 h (male) and 58 +
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1 h (female), respectively. With our assay we messgignificant increases of fGCM from
pre-treatment concentrations of 50.2 + 20.4 ngl&ygdmples) to 576.0 ng/g in the faecal ex-
tracts of the male and from 37.3 + 13.7 ng/g (12@as) to 913.9 ng/g in the faecal extracts
of the female. This is equivalent to a 12-fold &idfold increase over the pre-treatment lev-
els, respectively. The range of values measureoubyEIA was similar to that found by [18]
using an ICN-corticosterone assay (male: range 2/586.0 ng/g with our assay vs. 14.9 -
321.7 ng/g with the ICN-corticosterone assay; femange 13.3 — 913.9 ng/g with our assay
vs. 11.7 - 783.7 ng/g with the ICN-corticosterossay).

3.3. Anaesthesia

Anaesthesia resulted in an increase in f{GCM conagons in the male hyena at Amersfoort
Zoo (figure 3). f{GCM increased from pre-anaesthesiacentrations of 2.1 + 0.4 ng/g (3
samples) to 5.3 ng/g on day 2 (two days after dhasi®), and reached a maximum concen-
tration of 12.5 ng/g on day 4. The maximum leVeiGCM on day 4 was significantly higher

than the initial level.
3.4. Faecal glucocorticoid metabolite concentrason juvenile hyenas

There were no sex differences in fGCM concentratiorthe younger juveniles (males: 45.24
*+ 69.60 vs. females: 35.39 £ 37.99, Mann-Whitneyelst, U = 884.5P = 0.731, N= 50
males and N = 37 females) or in the older juver(iieales: 17.70 + 11.31 vs. females: 19.24 +
13.79, U = 416P = 0.791, N = 31 males and N28 females). Hence, male and female data

were considered together in the following analysis.

Consistent with our prediction, concentrations @CM metabolites were significantly (Wil-
coxon signed rank test: V = 646, N = 39= 0.0002, figure 4) higher when juveniles were
young (51.0 + 72.6 ng/g; range 8.9 to 377.4 ng/gamage 131.2 + 29.8 days) than when
they were older (18.9 + 14.2 ng/g; range 4.6 t® T8/g, mean age 304.7 + 115.3 days).

4. Discussion

The EIA (cortisol-3-CMO) that we tested measuraphiicant increases in fGCM concentra-
tions in spotted hyenas (1) after ACTH challengeegxnents on two captive animals and (2)
after the anaesthesia of one captive animal. TH®meetabolism study confirmed that the
EIA detected most of the glucocorticoid metabolpessent in the faeces of spotted hyenas.
These results provide strong evidence that thesobi@-CMO EIA can be used to assess

adrenocortical activity in this species. Furthereyan accordance with our prediction we
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found significantly higher f{GCM concentrations meé-ranging young juvenile spotted hye-

nas than when they were older juveniles.

The cortisol-3-CMO EIA measured 12-fold and 21-falddreases in f{GCM concentrations
after ACTH challenge in two animals (figure 2). Tdleserved concentrations were similar in
range (peak and pre-treatment values) to thoselfbyra previous study that used a different
antibody to measure fGCM concentrations in the staaeal methanol extracts assessed by
our study [18] Our results also demonstrate that faecal sterdated as faecal methanol ex-
tracts were stable for many years when frozen aadige good evidence that the assay ap-
plied in the present study is suitable to assesmnadortical activity in spotted hyenas.

The HPLC immunogram showed both the affinity of #mibody in the cortisol-3-CMO as-
say for different cortisol metabolites producedspytted hyenas and the amount of these me-
tabolites in a particular HPLC fraction. AlthoughPHC profiles for radiolabelled and immu-
noreactive metabolites were not identical, the laygein peaks between both profiles con-
firmed that our EIA detected the metabolites detifrem cortisol metabolism. As expected,
authentic cortisol was mostly absent from spottgenh faeces, similar to yellow baboons
(Papio cynocephalys[59] and several other carnivores [63]. The HP®file of radio-
labelled cortisol metabolites suggested that theéisod-3-CMO assay mainly detected ex-

creted cortisol metabolites rather than pure aalrtis

Only a single peak containing a minor amount of umreactive metabolites (figure 1, frac-
tions 26-28) was not supported by adequate raddi&absubstances. This peak may represent
metabolites derived from gonadal rather than adremical activity. Although such metabo-
lites have been detected in the faeces of othaiespée.g. [59]), little attention has been paid
to their potential influence on fGCM measuremeAfternatively, these substances may be
the consequence of side-chain cleavage at C-1ktengvely metabolised glucocorticoids
which lead to the formation of androstanes beasngoxygen atom at position C-11 and
which are similar to androgen metabolites [42]. &yssthat measure faecal testosterone me-
tabolites and those designed to measure faecasa@ometabolites cannot necessarily differ-
entiate between substances derived from gonadaldmnocortical activity. Nevertheless,
radiometabolism experiments provide a useful metioodssess the extent to which an EIA
antibody cross-reacts with metabolites derived fisisroid hormones other than the radio-
labelled target hormone. They therefore constitutgecessary step for the validation of an

EIA for f{GCM measurements in a species.
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Conventional methods to measure glucocorticoidanimals have relied upon analysis of
serially collected blood samples [40,46]. In donwest wildlife species, whether in captivity
or free-ranging, regular blood sampling is undéd@aince it requires handling, restraint and
anaesthesia of animals. Our results confirm thatlag methods such as anaesthesia stimu-
late the production of glucocorticoids (figure 8esalso [13,16,63]). Anaesthesia of one cap-
tive animal resulted in a 6-fold increase in fGChbhcentrations on the fourth day after an-

aesthesia, roughly 96 hours after treatment.

The fGCM concentrations measured by this studynm @aptive individual before anaesthesia
(ca. 2 ng/g, figure 3) and in older juvenile freeging spotted hyenas (figure 4), were similar
to those (ca. 5 ng/g) reported by [18] for one iv@pspotted hyena before it was translocated.
The fGCM values we measured in two other captivenag before an ACTH experiment in
another zoo were higher (50 ng/g in the male andd2g@ in the female, figure 2), but consid-
erably less than those reported in captive spdiiehas before an ACTH experiment that
were measured with a radioimmunoassay kit (from 828325 ng/g, six hyenas, [7]). As
fGCM levels may also substantially vary between @asicollected on consecutive days [62],
these values illustrate the necessity of estalbigspre-treatment f{GCM levels based on mul-

tiple samples, prior to any experimental procedure.

In accordance with our prediction that young julempotted hyenas in the Serengeti Na-
tional Park experience a less predictable and finerenore stressful environment than when
they are older juveniles, our results revealed énd&CM concentrations in individuals when

they were young. These results probably representdmbined negative effects of several

stimuli that have their greatest impact within tinst six months of life.

In the normally stable social structure of a sgbtigena clan, social instability can result in
significantly elevated levels of {GCM [20]. Thisggests that an unpredictable outcome to a
social interaction is a stress-inducing stimuluspotted hyenas. It is plausible that the social
environment experienced by a juvenile spotted hykmang its first six months of life is less
predictable and thus more stress-inducing than withisnolder, has gained in social compe-
tence and is better established in the clan sb@aarchy. When stationed at the clan’s com-
munal den, an important centre of group socialvagt[5,9], the rate at which younger juve-
niles experienced unpredictable or aggressive rsgsofrom other clan members may be
higher than when they are older and range morelyidé&e fission-fusion structure of clans
probably allows older juveniles not permanentlydahat the communal den to reduce their

rate of encounters with clan members that they heamt to avoid.
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Juvenile spotted hyenas left unattended for peradd$ays when their mothers are on long-
distance foraging trips [23,24] also experienceradigtable periods of hunger, dehydration
and weight loss [25,28]. These are likely to indacgreater stress response in younger juve-
niles entirely dependent on maternal milk (whers l#gan six months) than older, less de-
pendent juveniles. Furthermore, when mothers aserdbtheir offspring lack maternal sup-
port during interactions with other clan membeisisimay be more stressful to younger than
older juveniles since clan members are more likelyespond aggressively for younger than

older juveniles when their mother is absent thaemshe is present [51].

A higher sensitivity to stressors during the finsonths of life has been reported in several
mammalian species. For instance, juvenile commormwmset Callithrix jacchug [44] and
chimpanzedPan troglodytels[1] have higher basal cortisol values than ololees. Juvenile
Belding's ground squirrelsSpermophilus beldingihave higher levels of cortisol during the
first 5 days after emergence than during subsequieyg. At this early age they are in the
process of becoming nutritionally independent amdvary vulnerable to predation and infan-
ticide by adult conspecifics [37]. Their increasexels of glucocorticoids may facilitate rapid
learning and acquisition of anti-predator behawsol8]. As spotted hyenas show complex
social behaviours and a structured linear hiergrelgvated levels of glucocorticoids during
the critical first six months of life might play amportant role in their learning of social con-

ventions during interactions with other clan mensber

In conclusion, we have validated a new non-invasnethod for monitoring adrenocortical
activity in the spotted hyena. In contrast to afiypous studies of f{GCM in this species which
focused on adults, our study is the first to iniggde fGCM levels in juvenile free-ranging

spotted hyenas.
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FIGURE CAPTIONS

Figure 1 HPLC profiles of radiolabelled cortisol metabdditen cpm (grey line) and cortisol

immunoreactive substances in pg/ 20 pl (black lareglysed with the cortisol-3-CMO assay.
Arrows indicate elution positions of cortisol, dodsterone, testosterone and dihydro-
testosterone standard (DHTg-&ndrostan-1a-ol-3-one). Elution positions are ordered from

the highest to the lowest polarity.

Figure 2 Changes in faecal glucocorticoid metabolite cotregions (in ng/g of faecal matter)
measured with the cortisol-3-CMO assay during anTHChallenge experiment (200 U
ACTH) in a male (a) and a female (b) captive spbtigena. The * indicates that the value

exceeded mean + 3SD.

Figure 3 Changes in faecal glucocorticoid metabolite cotregions (in ng/g of faecal matter)
measured with the cortisol-3-CMO assay before drett the anaesthesia of one captive male
spotted hyena. Points represent single samples*aindicates that the value exceeded

mean + 3SD. No faeces were produced on day 1.

Figure 4 Pairwise comparisons of the mean concentratibfi@ecal glucocorticoid metabo-
lites (in ng/g of faecal matter) in individually &wn juvenile spotted hyenas (N = 39) in the
Serengeti National Park, Tanzania in two age caiegiguveniles < 6 months (left); the same

juveniles when aged between 6 and 24 months (right)
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Abstract: Glucocorticoids are used as measures of physabgtress but their relation to
intense sibling rivalry in free-ranging mammalidtels has not been investigated. We meas-
ured non-invasively faecal glucocorticoid metal@(fGCM) concentrations in spotted hyena
twin litters (80 siblings). In this facultative $itidal species, early rivalry is intense when
milk provisioning is low, leads to dominant and subnate roles, and involves trained loser
effects. We expected subordinates to experience stoess than dominants during their first
six months of life when litters are entirely depentdon milk. Subordinates had nearly twice
the f{GCM concentrations of dominants. Dominant fiemdad higher {GCM concentrations
than dominant males, probably because subordimaliags raised with a dominant female
are behaviourally more challenging than subordisitdéngs with a dominant male during
periods of low milk provisioning rates. Our resutanfirm that intense sibling rivalry in this
species is stressful during the critical age peaad are consistent with the concept of al-

lostatic load.

Key-words: faecal glucocorticoid metabolites, non-invasivetinod, sibling rivalry, spotted

hyena, loser effect
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1. INTRODUCTION

In species that display facultative siblicide, witfitter or brood dominance status can pro-
foundly affect the fitness of competing sibling$. [Dominant siblings aggressively skew ac-
cess to food delivered by parents in their faveug.([2,3,4]), thereby improving their growth
and survival compared to their subordinate sibJih§,6,7]). In several bird species, subordi-
nate chicks have higher levels of physiologicadstrthan their dominant sibling [8], particu-
larly when fed energy restricted diets (e.g. [9)1Tp our knowledge, the impact of sibling
rivalry on the physiological stress levels of doamhand subordinates has not been investi-

gated in free-ranging mammalian litters.

Glucocorticoids mobilise energy to cope with sherth environmental or social challenges
[11]. Chronically high glucocorticoid levels canvieaa negative impact on fitness (see [12]
for a review); they may lead to immunosuppressiod atrophy of tissues, impaired cogni-
tion, or increase mortality risk [13]. The measueatof faecal glucocorticoid metabolites
(fGCM) is a recent non-invasive tool to assessstlevels of vertebrates [12].

Here we present the first investigation of the iotpa sibling rivalry on fGCM levels in free-
ranging spotted hyen&({ocuta crocuta twin litters that were entirely dependant on Ihygh
nutritious maternal milk [14]. Young subordinatechibit trained loser effects and are ex-
cluded from maternal teats by their aggressive dantisiblings during suckling bouts [4].
When litters are completely dependent on milk dyitime first six month of life, dominants
increase rates of aggression during suckling bastsnaternal input (milk) declines [15].
When maternal input is low, dominants can enfotaevation on their siblings, and this facul-
tative siblicide typically occurs within the firfiree months of age [7,16]. For these reasons
we expected stress levels measured in terms of f@@Mentrations to be higher in subordi-
nates of spotted hyena twin litters than in domisawhen dependent on maternal milk. Be-
cause subordinates raised with a dominant sistemareassertive when hungry than subor-
dinates with a dominant brother [4], we also presticthat dominant sisters should show

higher f{GCM concentrations than dominant brothers.
2. MATERIAL AND METHODS
(a) Study population

The study was conducted in the Serengeti Natioagt i Tanzania between 2007 and 2010

on three clans. Clans were stable multi-femaletirm#le fission-fusion groups with separate
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linear dominance hierarchies among philopatric adeinales and reproductively active,
mostly immigrant adult males [14hat defended permanent territories where largprain
dictable fluctuations in prey abundance [17] ocedriWhen the density of migratory prey
was high in a clan’s territory, all lactating feralwere able to nurse their litters at the com-
munal den regularly. When migratory prey were abgem the territory, all lactating moth-
ers undertook frequent long distance foraging t#4fs70km) to the nearest concentrations of

prey. All animals, including cubs, were individually repased [15,17].

Communal dens were monitored for several hoursraralawn and dusk. We classified a cub
as the subordinate member of the litter if the nemdf submissive behaviours observed for
that cub was greater than that recorded for itsrittate [15]. The age of juveniles was esti-
mated in days (accuracy + 7 days) using charatitaridescribed in [15]. Animals were con-
sidered adults at 24 months. Cub sex was detednahapproximately three 3 months of age,
using the dimorphic glans morphology of the erdwlins [18]. We measured fGCM in 80
siblings aged between 52 and 738 days, includingd@flinants (20 males and 19 females)
and 41 subordinates (22 males and 19 females)w@hin-litter comparison comprised 23
twin litters: 10 same-sex cubs (two female cubéttdrs, two male cubs: 6 litters) and 13
mixed-sex litters. In mixed-sexed litters, the doamt sibling was female in 8 litters and was

male in 5 litters.
(b) Processing of faecal samples

We collected 191 faeces immediately after defaecand stored them in the field in a cold
box for less than 3 hours. Then, faeces were médbnmixed and subsamples of faeces
were stored in 5 ml tubes in liquid nitrogen orziea at approximately -10 °C until trans-
ported frozen to Berlin where they were stored&Q2°C until analysed.

(c) Faecal glucocorticoid metabolites

To quantify the concentrations of glucocorticoidtaimlites in each faeces, we used the corti-
sol-3-CMO enzyme immunoassay, validated for usbenspotted hyena [19]. High perform-
ance liquid chromatographgnalysis of faecal extracts revealed that glucamnds mainly
comprised cortisol steroid metabolites detectedth®y antibody. Parallelism was demon-
strated. Mean sensitivity of the assay at 90% bigpdvas 0.5 pg per well. Each sample was
assayed in duplicate. Intra- and inter-assay aoeffts of variation were 16.5 % and 23.1%
for a low and 5.3% and 10.1% for a high concerdgrapool. Final {GCM concentrations are

expressed as ng/g faecal matter.
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(d) Statistics

Analyses were carried out using R (R Developmenede®am, v. 2.11.1). The threshold for
significance was at 5% and all tests were two-daifgtatistics are quoted as means + s.e.m.
To test whether subordinates have higher {GCM aunagons than dominants when less
than six months of age, we first applied a two-#&OVA with f{GCM concentrations as the
response variable, and sibling status (two categodominant versus subordinate), age (two
categories: less than six months vs. between six2dnmonths) and the interaction between
sibling status and age, as explanatory variables. délculated mean fGCM for each
individual for each age category to avoid pseugiication. If an individual contributed fae-
cal samples to both age categories, we randomécteel one for the analysis. Because the
response variable was not normally distributed r@@dformed it using a reciprocal square

root transformation.

To increase robustness we tested the same prediatithe subsample of matched siblings.
We compared with a Wilcoxon signed rank test, wilitter differences in {GCM concentra-

tions using all faecal samples produced by bothidants and subordinates of the same litter
before the age of six months. To test the effedexf on f{GCM concentrations of dominants
we used an ANCOVA with concentrations of fGCM fasntinants as response variable,
dominant sex and subordinate sex as explanatorgbles and fGCM concentrations of the
subordinate as covariate. Dominants and suboeln@CM concentrations were not nor-
mally distributed, thus were log-transformed toeébd$. Residuals of all models were nor-

mally distributed (Lilliefors test) and variancd®sved no heterogeneity (residual plots).
3. RESULTS

Subordinates had significantly higher {GCM concatidns than dominants (= 5.428;p =
0.022) across both age categories;{E 1.507;p = 0.223) and that increase depended on age
(Fs.76 = 5.863;p = 0.018, figure 1). Mean fGCM concentrations fobardinates less than six
months of age were 34.5 + 7.2 ng/g, for dominaiitd 1.7 ng/qg.

Concentrations of fGCM in litters younger than smonths of age were also significantly
(Wilcoxon signed rank test: V = 64; n = 23 twindits;p = 0.023) higher in matched pairs of
subordinates (49.8 + 13.7 ng/g) than in their danirsiblings (36.2 £ 16.4 ng/g). In matched
sibling pairs, dominant females had significanffy 16 = 6.629;p = 0.019; figure 2) higher

fGCM concentrations (56.3 £ 25.3 ng/g; n=12) thamthant males (14.3 + 2.0 ng/g; n=11),
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and no effect of the subordinate’s sex = 0.698;p = 0.414), after accounting for the
fGCM levels of the matched subordinate {#& 4.791;p = 0.041) was found.

4. DISCUSSION

Consistent with our prediction, young subordinaifdiregs in spotted hyena twin litters
showed higher f{GCM concentrations than dominantgréssive subordination [15] involv-
ing trained loser effects [4] and food deprivatj@(il5] are likely to lead to elevated stress in
subordinates. As expected, dominant females hdatehigSCM concentrations than dominant

males.

Sibling rivalry was demonstrated to be stressfidubordinates in avian broods (e.g. [20]) but
its effect in mammalian litters is largely unknow8iblings in experimentally enlarged cap-
tive guinea pig Cavia aperea f. porcell)ditters showed increased cortisol concentrations
when competing non-aggressively for maternal mi2Zk][ To our knowledge this is the first
study to test the effect of within-litter dominancr sibling glucocorticoid levels in a free-
ranging mammalian species. The higher stress l@velbordinates during the period when
litters entirely depend on maternal milk, is prolyakh consequence of social subordination
during several months of intense rivalry for accessnilk, high rates of aggression from
dominants [15] and trained loser effects [4]. Comedato other spotted hyena populations
[22], this is exacerbated in our study populatigrtle periodical need of both siblings to mo-
bilise energy during protracted periods of sevel@ys while mothers are absent foraging
[4,7,15,23] and the associated increase in aggmressid attempted monopolisation of milk
by the dominant [4,15]. In extreme cases, monspbbn is so successful that the subordi-
nate will starve to death (facultative siblicid@])[ We would therefore expect siblings in
other populations to display lower fGCM concentra$.

Dominants should show higher glucocorticoid levdlan subordinates when dominance is
unstable and acquired or maintained at a high[@ds25]. In such systems, subordinates be-
haviourally challenge dominants and dominants egpee a high allostatic load, i.e. a high
cost of maintaining homeostatis, resulting in eteddevels of glucocorticoids [11]. In spot-
ted hyena litters dominant sisters are more styonfallenged by their hungry subordinate
siblings than dominant brothers [4], possibly beseasubordinates with dominant sisters are
more at risk of facultative siblicide [4,16]. Ina@rzdance with this result, dominant females
had four times higher f{GCM concentrations than d@nt malesSimilarly, dominant blue-

footed booby chicks which used to live with a sufsiie subordinate broodmate and were
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experimentally paired with (non-submissive) singtethicks showed a marked increase in
corticosterone concentrations [20].

In conclusion, elevation of glucocorticoid levefsyioung spotted hyena siblings is the result
of several processes; including social subordinatextended periods of maternal absence
and sustained challenges of dominants by suboetinat
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FIGURE CAPTIONS

Figure 1 Faecal glucocorticoid metabolite concentrationgdhof dominant (dom) and sub-
ordinate (sub) spotted hyena siblings when less #ita months and when between six and

twenty-four months. Bars represent means = s.eathnambers above sample sizes.

Figure 2 Faecal glucocorticoid metabolite concentratiomggdphof dominant males and domi-
nant females when less than six months. Bars represeans = s.e.m. and numbers above

sample sizes.
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Figure 1
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Figure 2
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CHAPTER 5: GENERAL DISCUSSION

Siblings may compete intensively for food resourpesvided by their parents (Mock and
Parker 1997). This rivalry can be asymmetrical heeasiblings may differ in their competi-
tive abilities. In many bird species, asymmetries@nferred by hatching asynchrony, a pro-
cess by which the first-hatched chick obtains ametitive advantage relative to later-hatched
chicks. Differential maternal investment in eggesfreviewed by Williams 1994) or egg con-
stituents, such as androgens or nutrients (Groetaual. 2005), may further influence the
development of competitive asymmetries betweeningibl Sibling rivalry may also be
asymmetrical between the sexes. For example, inafigxdimorphic mammalian species
such as domestic sheep (Burfening 1972) and SasgpsPvies aries Korsten et al. 2009),
androgens produced by male foetuses may negaiiviélience the development of co-twin
female siblings and reduce their birth weight. hede species, the initial competitive disad-
vantage of females born with a male co-twin hadartgnt fithess consequences in that it
reduced their future reproductive success and\&irwihen compared to that of females born
with co-twin sisters. In (at least) one bird specite blue-footed booby, behavioural trained
winner and loser effects reinforce initial compeatasymmetries between siblings, and lead
to the establishment of a stable dominance relstiipnwithin a brood (Drummond and Cana-
les 1998). In summary, asymmetrical sibling rivairgy result in dominant siblings obtaining

a greater share of parentally provided food ressitican subordinate siblings.

Siblings may compete non-aggressively through eggr use aggressive tactics to increase
their share of parental provided food (or both) (Mand Parker 1997). The spotted hyena is
one of the few mammalian species in which siblivglry can be intense and may lead to

facultative siblicide when ecological conditionausa maternal input to decrease below the
level required to sustain the entire twin or trigiger (Hofer and East 2008). In this species,

rivalry is most intense when siblings compete focess to maternal milk (Golla et al. 1999).

Variation in ecological conditions (i.e., prey abance) determines the intensity of sibling

rivalry and the occurrence of facultative siblicif@@olla et al. 1999, Hofer and East 2008).

Spotted hyenas in the Ngorongoro Crater, in Tamgdeed on high and relatively constant

levels of preys throughout the year (Wachter e2@02). Lactating females in the Crater visit

the communal den and nurse their offspring evegyataevery second day, resulting in low

rates of sibling aggression and an absence oftédmud siblicide (Wachter et al. 2002).
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In contrast, in the Serengeti National Park, othim Kalahari desert in southern Africa (Mills
1990), clan members feed on significantly lower dhattuating levels of prey. In the
Serengeti National Park, the decline in prey abooéan a clan territory may cause mothers
to decrease the frequency at which they visit tharaunal den to nurse their offspring. As
the total level of maternal input available to antitter decreases, sibling rivalry intensifies,
and facultative siblicide may occur (Hofer and E2308). As unpredictable variation in food
availability significantly shapes the evolution sibling rivalry (Mock and Parker 1997),
spotted hyena twin litters reared in the Serenational Park are ideal to investigate the
behavioural tactics of competing siblings. Withittelr dominance in Serengeti spotted hyena
litters has a major influence on a young spotteenhys life history because it significantly
affects its growth rate and survival to adulthobtbfer and East 1997, 2008). It is in this
context that my thesis aimed to study in detailrsgorivalry in the spotted hyena.

The first aim of my thesis was to investigate wheetlseveral behavioural mechanisms
predicted by “bird models” of sibling rivalry appti to competing spotted hyena siblings. For
this purpose, | studied sibling interactions durmglry for access to teats (chapter 2); in
particular the tactics used by dominant siblingsatihieve control over access to both
functioning maternal teats, and the counter-taaigsd by subordinate siblings to resist it. |
found that dominant siblings skewed access to maltenilk in their favour during rivalry,
and that this skew was influenced by several kestofa: “desperado” behaviours by
subordinates, hunger, age, and sex. In this chaptatso investigated the behavioural
mechanism likely to be responsible for the emergavfca dominance relationship between
spotted hyena siblings, and demonstrated for tsetfme the role of trained effects in young

spotted hyena litters.

The second focus of the study was on steroid hoesiand aimed at measuring the impact of
intense sibling rivalry on the level of physiologicstress in both siblings. In chapter 3, |
detailed the development and validation proceduirea onon-invasive method for the
measurement of glucocorticoid metabolites in tleedés of spotted hyenas. The second aim of
chapter 3 was to apply this method to investigatetlie first time changes in levels of
glucocorticoids during the juvenile period. | foutitht juveniles were more physiologically
stressed when young than when older. Previousestigliggested that a low social status may
be physiologically stressful in adults (Abbot et2003, Goymann and Wingfield 2004), and
in subordinate chicks (Nunez de la Mora et al. 19%low et al. 2001). The aim of chapter 4

was to examine whether within-litter dominance ae# influenced the faecal glucocorticoid
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metabolite levels of both dominant and subordirsdténgs. During the most intense period
of sibling rivalry, subordinate siblings had highgysiological stress levels than dominants,
and dominant sisters had higher physiological sttegels than dominant brothers. Here, |
aim to outline the implications of the results gmeted in chapters 2 to 4 and discuss why they
provide us with a better understanding of intenbkng rivalry in a species with facultative
siblicide.

5.1 Behavioural mechanisms of sibling rivalry in tke spotted hyena
5.1.1 The control over access to maternal milketaky force or gained by consensus?

As opposed to human and potentially some non-hymamate species (e.g., brown capuchin
monkeys Cebus appellg Brosnan and de Waal. 2003) showing developed &aring and
co-operative behaviours, social relationships anamhgt spotted hyenas are likely to be more
selfish, at least regarding food sharing. Aggressibling competition for milk seems to be in
accordance with the lack of obvious altruistic hetars observed among feeding adults.
Previous studies on sibling rivalry in the spottggna focused on factors influencing the
intensity of sibling rivalry (Smale et al. 1995,daret al. 1996, Golla et al. 1999, Wachter et
al. 2002). In habitats in which there is extremetiiations in prey abundance, the ecological
and social factors that ultimately lead to facutsiblicide in this species have also been
investigated, including the fitness benefits oledirby dominant members of litters that
committed siblicide (Hofer and East 1997, 2008).

In chapter 2, | aimed at considering the neglectésl of the subordinate sibling during con-
flicts for access to maternal milk; i.e., the ifhce of its behaviours on the dynamics of sib-
ling interactions. In contrast to senior chickspimant spotted hyena siblings which seek to
skew maternal milk supply in their favour have rade-off suckling and aggression (Hudson
and Trillmich 2008). My results reveal that domihapotted hyena siblings benefit from their
investment in aggression (at least during the filstinutes of a suckling bout) — in particu-
lar when litters are young (less than 6 monthsg#)alndeed, during each aggressive act,
dominants lose little suckling time (approximatélyseconds per aggressive action), but
achieve to exclude their subordinate siblings frmtk for a significantly and consistently
longer period (approximately 10 seconds per agyesgtion; chapter 2, supplementary fig-
ure 1 in electronic supplementary material 2). $hekling time lost by the subordinate after
each aggressive act initiated by the dominant spmeded to the lost opportunity of obtain-
ing energy equivalent to 6.37kJ. Thus, should tpgression rate by dominants remain rela-
tively high during a suckling period of one houtigh is the average duration of a suckling
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period when a mother returns to the communal deapter 2), the subordinate would lose
considerably more suckling time than the dominauat would probably ingest less milk than
the dominant during a suckling period. Indeed, jones research in the Serengeti National
Park (Hofer and East 1997, 2008) and in our stadghiapter 2 indicated that when siblings
are completely dependent on maternal milk, domsdwatve higher growth rates than their
subordinate siblings. This indicates that domirsblings take a significantly larger share of
the (fixed) milk input provided by the mother torhein litter (demonstrated in Hofer and
East 2008). Thus, my results suggest that aggressiodominant siblings during suckling
bouts is the tactic by which dominants skew acteswilk in their favour in terms of lost

suckling times, and possibly in terms of milk comgtion by each sibling.

Although dominant siblings in almost all littergsificantly skewed access to milk in their
favour, my results suggest that they did not coteptecontrol access to maternal teats. In-
deed, when hungry, subordinates were less subraigsivesponse to aggression than when
fed (chapter 2), decreasing the relative delay betwsiblings (chapter 2, figure 1la,b) and
their own lost suckling time (chapter 2, figure 3ahd increasing the suckling time lost by
dominants (in litters of specific sex compositionkapter 2, figure 2d). In osprelgndion
haliaetug broods, the aggression by senior chicks was tjusa relation to the availability
of food (Poole 1982, Forbes 1989, Machmer and Yeenth998). Senior chicks were more
aggressive when hungry and thereby increased shaire of food items delivered by their
parents (Machmer and Ydenberg 1998). Hence, sehioks relatively enhanced their feed-
ing advantage through increased aggression. Threagrhenon has also been demonstrated
among cattle egret (Fujioka 1985, Ploger and Md®6) and blue-footed booby (Drummond
et al. 1986) broods and it suggests that seniamkshiad absolute control over the food that

their junior broodmate(s) accessed.

In spotted hyena litters, dominant siblings alsoreased the intensity and rate of aggression
when the level of maternal input in terms of mikkcdeased (Golla et al. 1999). However, in
contrast to the bird studies described above, nsyli® suggest that dominant siblings
achieved the highest skew when not hungry (chaptégure 1b). In hungry spotted hyena
litters, increased aggression by dominants aneéasad assertiveness by subordinates led to a
relative decrease in the skew in favour of domisantterms of access to teats. In addition,
through increased assertiveness, subordinate (@sinaicreased the suckling time lost by
their dominant siblings during conflicts. In 7 of $ocal samples, hungry subordinates lost

less suckling time per aggressive action than danié Subordinates were also able to re-
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verse the dominance order in approximately 7% lolitedrs. Together, these results showed
that dominants may fail to skew access to matamilitl in their favour in some situations. In
addition, subordinates were able to reduce the skefavour of dominants by being less
submissive during conflicts. Thus, my results shioat spotted hyena siblings do not exert an
absolute level of control over their subordinat#isg’s access to resources (milk), in contrast
to what is assumed (Parker et al. 1989, Mock anklelP4997) and documented (Mock and
Parker 1997, Drummond 2006) in many bird species.

The “desperado sibling hypothesis” proposed by Dnemd et al. (2003), inspired by
Grafen’s (1987) theoretical formulation of the “desado effect”, predicts extreme aggres-
siveness in subordinate chicks that have near pevepects of survival. More recently,
Drummond (2006) suggested that in species withlt@ee siblicide, subordinate siblings
should increase their level of resistance agaiostidants as their survival prospects dimin-
ish. The results presented in chapter 2 strongbpsu the idea that subordinates do decrease
their level of submissiveness in response to ti@minant siblings when their survival pros-
pects (their “cost of subordination”), measuredemms of their hunger level, were dimin-
ished. My results suggest that it is partly theosdimate’s “acceptance” (or rejection) of sub-
ordination that determines the degree of contrbies@d by dominants over the access to
maternal teats (also see analysis using the vamagtorein chapter 2, electronic supplemen-
tary material 3). This would be consistent with gooii the first explorations of the concept of
dominance. For example, dominance should not beeteby aggressive behaviour (Rowell
1974, Bernstein 1981, Drews 1993) and is not nackgsorrelated with aggression (Bern-
stein 1981, Drews 1993). Instead, dominance relskips are best defined by the submis-
siveness of one individual rather than the aggvessiss of the other (e.g., Rowell 1974). My
results further suggest that behavioural convestane used to express dominance relation-
ships between spotted hyena siblings (i.e., wheorsiinates respond with submission to low
aggression by dominants) provided food is plengiudl thus acceptance of a subordinate role
does not entail an elevated cost in terms of redlunék intake or survival (Drummond
2006). Such behavioural conventions may be eshaalisluring trained winner and loser ef-
fects (Drummond and Canales 1998).

5.1.2 Trained winner and loser effects

The positive or negative experiences of winning lasing conflicts may modify the
perception by contestants of their own fightingiab{Hsu et al. 2006, Fawcett and Johnstone

2010). As a result, winning an encounter traingnaividual to increase its chance to win the
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next encounter, and conversely, losing an encourgms an individual to increase its chance
to lose the next encounter (Chase et al. 1994)fdiMed compelling evidence for a process
akin to a trained loser effect in young spottednayéwin litters (chapter 2, figure 4). Here,
such training required less than 15 minutes but &ddng-term effect on the dominance
relationship between littermates (see next sectitnained loser effects were evident in litters
less than three months of age, in which the subatdi sibling increased its level of
submission in response to repeated aggressivenactidhis indicates that during the first
interactions of a suckling bout when a mother stamtirsing her twin litter, subordinate
siblings are at first assertive (or aggressiveesponse to aggression by dominants, and that
they become increasingly submissive in responsa 8eries of aggressive acts by their
dominant siblings. Consistent with a trained los#ect in litters less than 3 months of age,
the degree of skew in suckling time achieved by idant littermates (chapter 2, figure 2c)
and the suckling time lost by subordinates were tneox¢reme when litters were young

(chapter 2, figure 3c).

My results suggest that the most intense periddaofing occurs when spotted hyena siblings
are young, typically less than three months of afeer this period of intense training,
between three and six months of age, subordinatesediately showed submission in
response to the first aggressive acts of the darhiat the beginning of a suckling bout
(unpublished data). It is worth reminding that dgrsuckling bouts, dominant siblings show
the highest intensity of aggression during thet finsee months of age, and that the rate of
aggression by dominant siblings decreases lindarlyughout the first six months of age
(Golla et al. 1999). Hence, in older litters, lowevels of aggression by dominant siblings
seem to be sufficient to induce submission in sdibates. A similar result was found in blue
footed booby broods (Drummond and Canales 199&jevibano-Ibarra et al. 2007). This
suggests that spotted hyena subordinate siblingsidwbe more likely to “accept” the
dominance relationship when they are older. By glogo, subordinate siblings would
probably incur less of a risk of starvation becathse occurrence of facultative siblicide in
spotted hyena litters typically occurs before tihegch three months of age (Hofer and East
1997, Hofer and East 2008). As siblings becomerplifhey accumulate reserves and thus
older subordinate can probably better cope withgeur- particularly so since they start to

feed on solid food from the age of 6 months onwéitfer and East 1993c).

The dominant sibling uses aggression to trainutsosdinate littermate to submit during the

initial phase of a suckling bout. Because subotdmavere increasingly submissive during
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the course of a suckling bout, this suggests tbatidant siblings probably benefited from a
“winner effect”. In blue-footed boobies, a spediesvhich winner and loser effects have been
demonstrated (Drummond and Canales 1998), winredaser effects probably occur along

two largely separate axes of learning (Valderrabdaora et al. 2007). In other behavioural
contexts, several authors could demonstrate |déecte but little or no winner effect at all

(Francis 1983, Schuett 1997, Rutte et al. 2006¢rAging across studies, winners were twice
as likely to win a second fight whereas losers vimeetimes more likely to lose (Fawcett and

Johnstone 2010). Fawcett and Johnstone (2010) sutgs this may be a consequence of
studies focusing mostly on young or socially inexgeced individuals, and that these are
precisely the individuals for which they would piedthat loser effects are much stronger

than winner effects.

Fawcett and Johnstone (2010) recently develope@dmegheoretic model to predict the
evolution of winner and loser effects in a theaatpopulation of unfamiliar contestants that
varied in their fighting ability (contestants wedefined as either “weak” or “strong”) and
were unaware of it. Modelling predicted that youmdjviduals, (i.e. those which never fought
and were hence unaware of their own strength),|dnmel particularly willing to engage in a
contest for a resource because they should sesitam information about their own fighting
ability. Young and weak individuals were predictedshow the highest intensity of aggression
during the first two fights of their life and todrease submissiveness during subsequent
fights. When increasing the value of the resouroetestants were fighting for, or when
reducing mortality risk, weak individuals were wilj to sustain more defeats before
submitting, but beyond a certain number of contdbtsy eventually switched to submission

(i.e., showed a loser effect).

Although this model focused on contests betweers gdiunfamiliar contestants, and not on
an ongoing dyadic relationship (as in chapter t8)predictions may be applicable to young
spotted hyena litters. It suggests that young siibates in spotted hyena litters are assertive
at the beginning of suckling bouts because they(aalatively) unaware of their fighting
ability. As they become older, they may learn totpct themselves from escalated attacks by
showing submission to dominants right from the begig of a suckling bout (unpublished
data).

In a broader context, dominance hierarchies magdrom several (non-mutually exclusive)
processes: intrinsic attributes of individuals (dgdy size or body mass, Arnott and Elwood

2009), the phenomenon termed rank ‘inheritance’reliye an offspring gains a rank similar to
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that held by a parent through behavioural suppiotti@r parent (Holekamp and Smale 1991,
East et al. 2009), social queues, in which sot#als is determined by the sequence in which
individuals join a group (East and Hofer 2001)trained winner and loser effects (Chase et
al. 1994, Dugatkin 1997, Hemelrijk et al. 2008).

Theoretically, stable dominance relationships nragrge from winner and loser effects even
in the absence of any pre-existing differencesighting abilities between individuals (Van
Doorn et al. 2003, Hemelrijk et al. 2008). Suchhamomenon is likely to be involved in the
emergence of the dominance relationship betweettesptiyena siblings, because: (1) in
spotted hyena siblings there is no evidence thi#lisize asymmetries occur at birth (chapter
2, electronic supplementary material 1), and (2)amplex mammalian societies - such as the
spotted hyena - dominance is expected to be thdt rfsmore subtle traits than relative body
size (East and Hofer 2010).

5.1.3 Female spotted hyena siblings may not bevdaker sex

In adult spotted hyena society, females socialliyit@ate males. During infancy, females are
more effective at monopolising access to teatsthnsl may be more likely to survive intense
sibling rivalry than males (Hofer and East 1997mdsa and Hofer 1999). Several lines of evi-
dence (chapter 2) suggest that females have a toinge@dvantage against males during
sibling rivalry: (1) Females were significantly neooften dominant in mixed-sex litters than
males (based on 182 mixed-sex litters; a simimdrwas reported by Smale et al. (1995) and
Golla et al. (1999) on smaller data sets of 17 ohigex litters and 10 mixed-sex litters, re-
spectively). (2) Suckling time lost by dominanttsis only increased slightly with increasing
assertiveness by subordinate brothers (chaptegiref2d). (3) Females appeared to have a
competitive advantage as subordinates becausednbi@ females tended to reverse within-
litter dominance order more often than subordimaddes in mixed-sex litters. (4) Subordinate
females increased the suckling time lost by theimishant siblings, in particular when the
dominant was male (chapter 2, figure 2d). (5) lof Bhe 5 twin litters in which the dominant
sibling failed to skew maternal milk in its favoaind involved at least one female, the subor-
dinate sibling was female (three had a dominanthlerp two had a dominant sister and the
sixth litter was all-male). Thus no subordinate enalised with a dominant sister managed to

skew access to maternal teats in its favour.

Although the reason for the apparent greater catnmatess of female spotted hyena siblings
in acquiring dominance status or in efficientlyngscounter-tactics as a subordinate remains

unclear, two non-mutually exclusive explanationsildoaccount for it. First, females may
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have a general competitive advantage against ralesuse of a sex asymmetry in body size
or body mass at birth. If females tend to be latgan their brothers at birth, this might pro-
vide them with an initial advantage during earlytests, enabling females to obtain within-
litter dominant status more often and thus thetgtith control access to maternal teats. How-
ever, there is currently no evidence that femaseseta higher body mass than males at birth
(based on 5 captive litters, Smale et al. 1995), as1mentioned earlier, no evidence that an
initial disparity in body size (mass) influenceg thutcome of sibling rivalry in this species
(see discussion in electronic supplementary mateimchapter 2). In addition, as previously
mentioned, in spotted hyenas dominance statusapty not related to relative body size or
mass because, for instance, larger males subrsiitistantially smaller females, and males
submit to cubs and all adults usually submit tosculich are offspring of high ranking fe-

males (personal observation).

Alternatively, the apparent greater competitiver@semale siblings in achieving dominance
more often than males may be related to a higheaniiive for females to reach this status.
Indeed, as dominant siblings grow faster than slibates (Hofer and East 1997, 2008, chap-
ter 2) and as adult females that benefit from hggbwth rates during infancy give birth to
their litter at a younger age (range: minimum 2e@rg vs. maximum 5.7 years, Hofer and
East 2003), dominance pay-offs in terms of futwproduction may be higher for females
than for males. Growth rates during infancy hawtrang effect on the age at first parturition
because an increase in the growth rate by 1 g&aguivalent to a reduction in the age at first
parturition by 15 days. Under this perspective, d&s would have a higher incentive than
males to become the dominant in a mixed-sex litteaddition, if they are subordinate sib-
lings in a mixed-sex litter, they would have a l@gimcentive to attempt to reverse the domi-
nance order, and to effectively use counter-taatiagsng conflicts to reduce their lost suck-
ling time and increase suckling time lost by domisa My results are consistent with this

idea.

5.2 Factors affecting faecal glucocorticoid metabié concentrations in spotted hyena
siblings

5.2.1 Food transit time and inter-individual variéty

The research presented in chapter 3 aimed to dewldin-house”, non-invasive assay for
measuring faecal glucocorticoid metabolite (fGCMhcentrations in spotted hyenas. For this
purpose a cortisol-3-CMO assay was developed. bhityaof the assay to reliably measure
fGCM concentrations in spotted hyenas was testet)several procedures. Several lines of
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evidence demonstrate that this enzyme-immunoassayuseful indicator of adrenocortical
activity in this species: (1) the assay successfuktasured increased concentrations of {GCM
after adrenocorticotropic hormone (ACTH) challengesvo captive spotted hyenas, and (2)
after anaesthesia of another captive spotted hydsa, a radiometabolism study was used to
characterise fGCM. It showed that the assay madtiected metabolites with a polarity
higher than cortisol and metabolites that elutasvéen the positions of cortisol and corticos-
terone. Palme et al. (1996) suggested that the def&CM excretion roughly corresponds to
the transit time of food between the duodenum ®o rictum. Previously, Goymann et al.
(1999) found that fGCM increased within 24 and 50rs after the onset of a stressor (i.e., an
ACTH challenge, translocation, social stress) insad captive spotted hyenas sampled. In
another study using a radio-immunoassay kit toaieterticosterone metabolites in spotted
hyena faeces (Dloniak 2004), the glucocorticoidkpidelay occurred within 72 hours in 3 out
of 4 captive spotted hyenas and after 96 hoursather individual. In our study, the anaes-
thesia of one captive spotted hyena at Amersfood, Aetherlands, resulted in a significant

increase in fGCM on the fourth day after anaesthesughly 96 hours after treatment.

Together, these empirical data suggests that imtievidual variability and the volume of food
consumed influence food transit times and thusagladicoid excretion into spotted hyena
faeces (range: minimum 16 hours (Goymann et al918Bapter 3); maximum, 96 hours
Dloniak 2004, this study). In addition, there isalan elevated inter-individual variability
both in pre-treatment and maximum concentrationf&6fM concentrations as demonstrated
by this study (pre-treatment concentrations: 2.1/gn@f faecal matter; maximum
concentrations 50.2 ng/g of faecal matter). Ihieréfore particularly important to use several
samples to determine an individual’s pre-treatrmewel of glucocorticoids, and to keep in

mind that there can be substantial inter-individugiation in glucocorticoid concentrations.
5.2.2 Young spotted hyena cubs experience a stressfironment

A predictable environment and the ability to amate and avoid the likely occurrence of a
stressor are important determinants of physiologitass levels (Sapolsky 2004). Lactating
spotted hyenas in the Serengeti National Park hgldeh f{GCM during periods of intense

social instability, i.e., when these females wamdlved in severe fights within the previous
48h, than during periods of social stability. Thesibn-fusion society of spotted hyenas
should allow low-ranking (subordinate) adult fensate avoid stressful social interactions
with higher-ranking (dominant) adult females, eitbg avoiding the locations where encoun-

ters with dominant females are likely (Hofer an&tE2000, East and Hofer 2001), or by leav-
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ing these sites when dominant females arrive (Hafet East 2000, Goymann et al. 2001).
Hence, low-ranking (non-lactating females) may wedthe impact of social stressors by
avoiding stressful encounters with dominant femdfesuch is the case, then they may have a
relative degree of control over stress caused Ipyadhictable social interactions. In compari-
son, lactating females are forced to regularlyrreta the communal den (the social centre of
a clan) to nurse their offspring, and hence it @endifficult for them to avoid stressful social

interactions and fights with other females (Goymanal. 2001).

By contrast, such control over social stressors beyot available to young spotted hyena
juveniles (chapter 3). | found that juveniles l&s®n six months of age had approximately 2.7
higher faecal glucocorticoid metabolite concentnagi than when they were aged between 6
and 24 months of age (chapter 3, figure 4). Thelaa evidence suggests that the first six
months of age of a juvenile spotted hyena are gdigenore stressful than when they are
older. First, the social environment of young (agetiveen three and six months of age (the
youngest animal for which we collected a faecal glamvas aged 84 days)) spotted hyena
juveniles is likely to be more unpredictable thamew they are older: young juveniles have to
learn the numerous members that constitute a alaou¢ 85 individuals during our study pe-
riod) and to learn whether their mother confersomithant or submissive status onto them
(East et al. 1993). It is probable that during thésiod of intense learning, juveniles some-
times fail to recognise all clan members and heaceot predict with accuracy whether they
will receive a submissive or an aggressive respansgarticular when their mothers are ab-
sent (see e.g. Sapolsky 2004, 2005). Moreover, ingn mothers are absent on commuting
trips and the cubs are still completely dependentndk, young juveniles left at a communal
den face an unpredictable period that may lassdéoeral days and during which they are not
nursed (Hofer and East 1993c) and thus experienogédn, weight loss and dehydration
(Hofer and East 1997). When spotted hyenas aregyahey are more likely to experience

these potentially stressful effects than when dreyolder.

Information on glucocorticoid profiles across deyghent in free-ranging animals is essential
to assess how natural stressors shape the beha¥igoung animals (Mateo 2006). However,
the effect of age on the development of the hygathe&-pituitary adrenal axis and on gluco-
corticoid levels of free-ranging animals has reedivemarkably little attention in the fields of
behavioural ecology and behavioural endocrinold@yr study (in chapter 3) is the first to
provide insight into the age-related dynamics afcgtorticoids in the spotted hyena. In-

creased glucocorticoid concentrations may trigggpdrtant ontogenetic processes such as

130



Chapter 5: general discussion

birth, hatching or fledging, and dispersal (Wad®&0 Moderate increases in these steroid
hormones can stimulate behaviours such as beggibigds (Kitaysky et al. 2001) or promote
the learning of anti-predatory vigilance behavioiMateo 2006) possibly through the mobili-
sation of energy in the form of glucose (Sapolsksl €2000). The concentrations of f{GCM of
free-ranging juvenile Belding's ground squirrédpérmophilus beldingwere highest during
the first days after emergence from their natafrdws. This peak in f{GCM coincided with a
period of learning survival strategies (e.g., respiog appropriately to alarm calls), anti-
predatory behaviours, and the locations of escap@ws (Mateo 2006). In the same species,
in captivity, moderately elevated cortisol levalgngficantly improved associative and spatial
learning of juveniles (Mateo 2008). Many experinsesthowed that catecholamines can pro-
mote the consolidation and storage of novel infdioma(Rozendaal 2002). Chronically high
levels of glucocorticoids were reported to impaigition of animals (e.g Mateo 2008, chap-
ter 2). Other studies found a positive effect ofderate increases in glucocorticoids on mem-
ory functions (Buchanan and Lovallo 2001, Rozen®842). Hence, moderately elevated
concentrations of glucocorticoids in young spotbgena juveniles (chapter 3) may also fa-
cilitate rapid learning of their social environmerom this perspective, glucocorticoids
could enhance the ability of young juveniles to mese clan members and become compe-
tent participants in the complex social interacsitypical for this species.

5.2.3 Dominant female siblings are more stressad ttominant males

Dominant female spotted hyena cubs in twin litteaisl approximately four times higher fae-
cal glucocorticoid metabolite concentrations thamahant males (chapter 4, figure 2). As
dominant females are more often the dominant membasrixed-sex twin litters and have a
better control over access to milk than dominankemésee section above), it may come as a
surprise that they are physiologically more strédban dominant males. This is probably a
consequence of the ‘desperado’ behaviours of sulmies raised with dominant sisters
(chapter 2, supplementary figure 2 in electronippdeimentary material 2). If in mixed-sex
litters dominant females are better at controllaogess to maternal teats and more likely to
commit facultative siblicide than dominant malekinato dominant females vs. dominant
males in same-sex litters (James and Hofer 198@); subordinate siblings raised with a
dominant female are “at risk”. Therefore they axpexted to be more assertive than subordi-
nates raised with a dominant brother, in particulaen they are hungry. In line with this ex-
pectation, fed subordinates were significantly meubmissive to their dominant sister than
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when they were hungry (chapter 2, supplementarydi@ in electronic supplementary mate-
rial 2).

The behavioural results obtained in chapter 2 sstgipat subordinates with dominant sisters
clearly respected the behavioural dominance cororenthen fed (chapter 2, supplementary
figure 2 in electronic supplementary 2, chaptejt when hungry, subordinates did not fol-
low this convention and apparently became moreriasehan subordinates with dominant
males. This significant change in the responseubbslinates from highly submissive when
fed to more assertive responses when hungry i$ylikcebe stressful and result in elevate
fGCM in dominant sisters because (1) the increas=segrtiveness of subordinates occurred
when their hungry dominant sisters are expectezbék to increase their control over access
to maternal teats, (2) periods in which hungry sdibates become more assertive are likely
to occur repeatedly as prey levels fluctuate, (8pminant sister may be unable to predict
when their sibling will switch from a highly subrsige to an assertive response. The experi-
ence of losing social control should dramaticaligrease glucocorticoids in dominant indi-

viduals in many species (discussed in the follovdgagtion).
5.2.4 The stress of subordinate siblings

Several recent studies discuss whether the levaghydiological stress should vary with social
status and which social position (dominant vs. stipate) is most stressful (Abbot et al.
2003, Goymann and Wingfield 2004, Sapolsky 20048520Traditionally, subordinate mem-
bers were considered to be more physiologicallgssed than dominants and to show more
stress-related diseases (von Holst 1998). Thigppetiwe was challenged in a review by Creel
(2001), who proposed that in many cooperative $@gacies with high reproductive skew,
top-ranking animals (dominants) are socially sedssnd show higher concentrations of glu-
cocorticoids than subordinates. Nevertheless,abe lof reproductive skew in a society is not
the only one aspect of a social system, and marergepredictors are likely to influence how
social status affects glucocorticoid levels in doamts and subordinates (Abbot et al. 2003,
Goymann and Wingfield 2004, Sapolsky 2004, 2005).

In this respect, considering the process by whiomidance is obtained and maintained
should help to understand which social positioexperienced as most stressful (Goymann
and Wingfield 2004, East and Hofer 2010). In speeiere high-ranking animals frequently
reassert their dominance by using intense aggregSapolsky 2005) such as dwarf man-
gooses Klelogale parvuld or African wild dogs I(ycaon pictuy and do not enjoy the social
support by closely rank-related group members aspotted hyena females (see East et al.
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2009), dominants often have higher physiologicedsst levels than subordinates (Goymann
and Wingfield 2004). In contrast, if dominance aired or maintained via low levels of
aggression (e.g., threats) and subordinates respalmhissively to such intimidation, then
chronic elevated glucocorticoid levels may ememgeubordinate members (e.g. olive ba-
boons(Papio anubis)Sapolsky 1982, 1990, Sapolsky et al. 1997, rhesuskay Macaca
mulatta) and squirrel monkeySaimiri), mice Mus musculus rats Rattus norvegicus)
Sapolsky 2005). To summarise, a pattern of chrel@eated glucocorticoid levels in subordi-
nate members may appear if (1) subordinates irtietycexperience a higher rate of stressors
than dominants, and (2) they have insufficient mgpmechanisms such as social support,
effective avoidance of dominants or appropriatdetsiffor frustration (see Abbot et al. 2003,
Sapolsky 2005).

In adult Serengeti spotted hyenas, levels of f{GGMIlided with increasing social status in
non-lactating females, and social status in itsatf no effect on fGCM of lactating adult fe-
males (Goymann et al. 2001). Lactating femalesHigher fGCM levels than non-lactating
females, probably because the energetic demanttsctation overshadowed any effect of
social status on fGCM (Goymann et al. 2001). Loveatking females may experience higher
physiological stress levels than higher-ranking d&®s because they have to commute long
distances (up to 70km) for a considerable parthef year to obtain food (Hofer and East
2003). Indeed, in the Masai Mara National Park, mHew-ranking females do not have to
commute to forage, low-ranking females show singaels of {GCM than high-ranking fe-
males. Rates of aggression are typically low amamhgt spotted hyena males, and in this sex
no relationship between social status and glucaticoad concentrations was found (in the
Serengeti: Goymann et al. 2003, in the Masai M2taniak 2004).

My thesis provides insight into the endocrinologiieth underlies the relationship between
spotted hyena siblings, and my study (in chaptas #)e first to investigate the link between
dominance status and physiological stress in a maimmtwin litter. | found that subordinate

siblings had between 1.4 and 1.9 times higher fagtaaocorticoid metabolite concentrations
than dominants (using two different analyses; $epier 4, figure 1). When litters were less
than six months of age, subordinate siblings wiedyl to be confronted with more stressors
than their dominant siblings. Indeed, during thmstfsix months of life, (1) aggression rates by
dominants are at their highest (Golla et al. 1988} (2) dominant siblings were able to ex-
clude their subordinate siblings from access toemmad milk for longer periods (chapter 2,

supplementary figure 1a in electronic supplementaayerial 2) than when older, which may

133



Chapter 5: general discussion

result in subordinate siblings consuming less rtgle above). In 9.6% of litters, the subordi-
nate cub dies from enforced starvation when matedosence intervals are high (Hofer and
East 2008). Furthermore, (3) subordinate siblimgeived approximately 95 % of all within-
litter aggression (chapter 2, methods), i.e. ofkyd all assertive or aggressive acts are initi-
ated by subordinates against dominant siblingsallyin(4) subordinate siblings are inten-
sively trained to submit (chapter 2, figure 4) whgung. The establishment of winner and
loser effects may involve steroid hormones (Hsal e2006). Fighting experience as a winner
or as a loser may lead to specific changes in gluticoid and androgens levels (Hsu et al.
2006), and increased concentrations of glucocodscare reported in losers in other species
(see e.g. Bernstein et al. 1983,1dm-de-la-Mora et al. 1996, Hsu et al. 2006).

These differences in glucocorticoid levels may hiavther consequences for the health status
of both siblings. As chronic stress may favour hitgresion or immune suppression (Sapolsky
2005, Hofer and East 2012), stressed subordinbliegs may have a higher susceptibility to
diseases. Chronically elevated glucocorticoid catreions increase the risk of cardiovascu-
lar disease through hypertension, elevated hett(&apolsky and Share 1994), a pathogenic
cholesterol profile and vasoconstriction of damagetbnary arteries. For example, an ex-
perimental decrease in social status of captivakemynomolgus monkey$lacaca fascicu-
laris; Shively and Clarkson 1994) led to dramaticallyrsemed coronary artery atherosclero-
sis and increased blood pressure. Additionallyatd glucocorticoid levels impair immune
functions, potentially increasing the risk of infiecs diseases. Losing in captive rats led to
persistent immunological alterations and decreasedber of immune cells (Stefanski and
Engler 1999). Physiologically stressed subordimatdes of cynomolgus monkeys showed
increased susceptibility to respiratory infecti@oben et al. 1997), and stressful subordina-
tion increased the risk of succumbing to a leukeraiasing virus in mice (Ebbesen et al.
1991).

Consistent with these findings, Serengeti subotds&ess than 12 months of age were more
likely to be infected with calicivirus than domirtapand this may have directly reduced their
longevity (Goller 2011). Such a reduced immuno-cetepce may be a consequence of the
synergistic effects of increased glucocorticoidaanirations, as shown previously (chapter 4,
figure 1), and a generally worse nutritional statusubordinate littermates (Hofer and East

1997, 2008, Wahaj and Holekamp 2006, Honer ettl02chapter 2) than in dominants. Be-

cause growth rates of subordinate littermates @anei than those of dominants, subordinate

siblings in twin litters possibly allocate fewerdyoresources to immune functions (Goller
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2011). Elevated levels of baseline glucocorticoise also shown to predict mortality in
ring-tailed lemursl{emur catta (Pride 2005). In conclusion, elevated glucocoitidevels in
young subordinate siblings of spotted hyenas atersequence of sibling rivalry, and are

likely to decrease offspring fitness.

5.3 Conclusions

In this thesis, | explored the behavioural mechasisand the endocrine responses to
asymmetrical sibling rivalry in free-ranging spalttbyena twin litters. | investigated the
processes underlying sibling rivalry in a dynamaniework of tactics and counter-tactics
used by dominants and subordinates to gain acoessital resource: maternal milk. For this
purpose, | used a well-developed computer softi@reetailed video analysis and complex
statistical methods. Consistent with predictiommsrfrtheoretical models of sibling rivalry, the
identified mechanisms driving the dynamics of siglicontests comprised “desperado”
behaviours of hungry subordinate siblings and &@iwinner and loser effects. However, in
contrast to a key assumption of avian models aiilfative siblicide, the control exerted by
dominant siblings over access to milk was not alisoMy results emphasise the importance
of sibling sex during rivalry and provide new insig on the competitiveness of female
siblings in mixed-sex litters. For the first timesing a fully validated non-invasive method, |
provide in this thesis an investigation of the efffeof age, within-litter social status and sex
on physiological stress levels of juvenile freegiagy spotted hyena siblings. My results show
that intense sibling rivalry is likely to lead thronic stress in young subordinate siblings, and
that the “desperado” behaviours of assertive subatels are stressful to dominant siblings.

These results provide significant insights on tleenplexities of intra-family conflicts in

mammals. They should contribute to our understandinsibling rivalry because they reveal
new behavioural processes involved in the withitedi dominance relationship of spotted
hyena twin litters, and measure for the first tithe - potentially costly - endocrine conse-

guences of intense sibling rivalry.
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