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ABSTRACT

DEVELOPMENTAL FLEXIBILITY IN SPOTTED HYENAS (CROCUTA CROCUTA):
THE ROLE OF MATERNAL AND ANTHROPOGENIC EFFECTS

By

Julia Rachel Greenberg

Whereas human activities are leading to declines in many wildlife populations, some species

appear to be faring relatively well in the face of environmental change by demonstrating a great

deal of phenotypic plasticity. I investigated the mechanisms underlying such flexibility in spotted

hyenas (Crocuta crocuta), a species that persists in areas rapidly changing due to human activity.

Specifically, I tested an hypothesis that the developmental trajectory of spotted hyenas is shaped

by anthropogenic disturbance, and that hyena mothers transmit information about

anthropogenic disturbance in their environment to their offspring via behavioral and/or

physiological maternal effects. To test this hypothesis, I used longitudinal analyses of hyena

behavior and physiology as well as cross-sectional analyses comparing hyenas in “high-

disturbance” and “low-disturbance” areas of the Masai Mara National Reserve in Kenya.

First, I conducted field experiments to assess differences in personality among juvenile

spotted hyenas living in high- and low-disturbance areas. I found that juveniles in the high-

disturbance area were significantly less neophobic and more exploratory, but also less bold, than

those in the low-disturbance area. Because most of the subjects tested were residing at the

communal den, where cubs are not directly exposed to anthropogenic activity, these findings

suggested that maternal effects may be shaping these differences. Next, I determined socio-

ecological correlates of juvenile fecal glucocorticoid (fGC) concentrations and tested the



hypothesis that disturbance-related differences in fGC concentrations mediate differences in

juvenile personality. I did not find strong support for this hypothesis because, although juvenile

females showed higher fGC concentrations in high-disturbance than low-disturbance areas,

there were no significant disturbance-related differences in fGC concentrations among juvenile

males, lactating females, or pregnant females. Finally, I explored variation in maternal behavior

among spotted hyenas. I found that mothers showed significant individual variation in the

amount of time they spent grooming cubs, but little variation in the amount of time they spent

nursing and in close proximity to cubs, or in how they maintained proximity with cubs. I also

found support for the hypothesis that disturbance-related differences in maternal behavior

mediated the differences I documented in juvenile personality. Using spatial data from mothers

fitted with GPS collars, I found that mothers in the high-disturbance area showed significantly

lower rates of den attendance than did mothers in low-disturbance areas. While at the den,

mothers in high-disturbance spent more time nursing their cubs, but also less time close to their

cubs and higher rates of leaving their cubs, than did mothers in low-disturbance.

Overall, our results provide insights into how plasticity may be affording spotted hyenas

the ability to persist in disturbed areas. None of the maternal behaviors measured were

significantly associated with offspring survival, although maternal effects on offspring boldness

may positively affect cub survivorship in high-disturbance. Therefore, juvenile resilience to

variation in maternal behavior and an early period buffered from disturbance at the communal

den may allow mothers to alter their behavior in response to disturbance without negatively

affecting offspring survivorship.
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CHAPTER 1

GENERAL INTRODUCTION

Across the globe, there are few ecosystems that remain unaffected by human population growth,

changes in land-use, or climate change. Species that appear best able to adjust to such changes

are those expressing a great deal of phenotypic plasticity (Reed et al. 2010, Sih 2013). Numerous

mechanisms of plasticity have been documented in mammalian systems, including those

involving neural circuitry, endocrine function, behavior, immunological responses, and gene

expression. Plasticity is often shaped by developmental processes (Lindström 1999, Bateson and

Gluckman 2011), and mothers can play a significant role in shaping developmental plasticity

through maternal effects, in which a mother’s phenotype directly influences her offspring’s

phenotype (Bernardo 1996). In recent years, there has been great interest in the potential of

maternal effects to be adaptive for offspring, whereby mothers transmit information to

offspring about the environment that in turn allows offspring to maximize their survival or

reproduction (Mousseau and Fox 1998, West-Eberhard 2005). The extent to which maternal

effects serve an adaptive function for offspring is controversial (Marshall and Uller 2007).

However, their potential to shape offspring phenotypes in situations of rapid environmental

change is intriguing, because it could serve as a powerful mechanism of plasticity that facilitates

species persistence in disturbed environments (Jablonka et al. 1995, Bernardo 1996).

In my dissertation, I aim to develop spotted hyenas as a model species for studying

mammalian developmental plasticity in the context of environmental change. I test an

hypothesis suggesting that the developmental trajectory of spotted hyenas is shaped by

anthropogenic disturbance, and that spotted hyena mothers transmit information about



anthropogenic disturbance in their environment to their offspring via behavioral and/or

physiological maternal effects. Spotted hyenas make an excellent species in which to examine

developmental flexibility because they show an unusually protracted period of physical and

behavioral development, and because mothers invest very heavily in a small number of offspring

(Watts et al. 2009). Mothers give birth to 1 or 2 cubs and nurse cubs until approximately 14

months. Even after being weaned, offspring survival is dependent on maternal support at

carcasses, where young hyenas must compete against adults for food despite the fact that the

feeding apparatus of young spotted hyenas is not fully developed for eating meat and bone until

36 months of age (Tanner et al. 2009). Individuals do not reach full proficiency at hunting until

roughly five years of age (Holekamp et al. 1997b).

Adult spotted hyenas show remarkable flexibility in many aspects of their biology and

ecology. The most abundant large carnivores in sub-Saharan Africa, spotted hyenas exist, and

often thrive, in a diverse range of habitats. Hyenas’ ecological flexibility allows them to feed on

multiple food sources (at least 43 types of prey in the Masai Mara alone; Cooper et al. 1999);

hunt up to 95% of their own food at some sites but also exist as opportunistic scavengers and

trash-eaters at others; and fill a bone-eating niche that no other animal can (Honer et al. 2002,

Holekamp and Dloniak 2010). They also show pronounced behavioral flexibility, exhibiting the

ability, for example, to follow migratory prey in seasonal patterns on “commuting” trips for up

to 6 days or to shift their daily biorhythms in response to local human activity (Hofer and East

1993a, Kolowski et al. 2007). Spotted hyenas’ impressive physiological flexibility affords them the

ability to conceive and reproduce year round and survive exposure to many pathogens that

compromise the immune systems of other carnivores, such as canine distemper and rabies
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(Holekamp et al. 1996, Flies et al. 2012). Finally, they show a great deal of social flexibility in that

their fission-fusion social system allows them to adjust their group size and composition in order

to take advantage of highly ephemeral carcasses and kills (Frank 1986a, Smith et al. 2008).

Each of these aspects of spotted hyenas’ flexibility has likely played a role in allowing

them to adjust to increasing anthropogenic disturbance over the past twenty-nine years at our

study site in the Masai Mara National Reserve, Kenya (MMNR). In the territory of the Talek

West clan, which lives along the border of the MMNR, the human population has grown

exponentially since the late 1990s, resulting in increased wildlife-human conflict, and numbers of

livestock being grazed within the reserve (Kolowski and Holekamp 2006, Holekamp and

Dloniak 2010, Green et al. 2017). As human disturbance has increased, adult spotted hyenas

have become more nocturnal, expanded their home ranges, and increased the distances they

travel to hunt (Boydston et al. 2003b). Compared with hyenas living in pristine areas of the

MMNR, hyenas in the disturbed Talek region show a greater preference for protective

vegetation (Kolowski and Holekamp 2009), are more vigilant (Pangle and Holekamp 2010), shift

their activity patterns to avoid interaction with humans (Kolowski et al. 2007), travel greater

distances in the mid-day heat (Ikime 2015), and travel faster overall (Green 2015).

The marked flexibility that has been documented among adult hyenas raises questions

regarding the development of such plasticity. When during a hyena’s lifetime do we begin to see

disturbance-related differences? How is plasticity shaped throughout the course of a hyena’s

development? What cues provide information to a developing hyena about anthropogenic

disturbance in its environment? These questions are even more intriguing given that young

spotted hyenas reside at a communal den, in an environment that is distinct from that
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experienced by their mothers and other adults. Much of the research in my dissertation focuses

on juveniles when they are residing at communal dens at approximately 1-9 months old. Each

communal den is composed of a series of burrows and tunnels that protect hyenas from dangers

present in the rest of the clan’s territory (Boydston et al. 2006). However, the communal den is

also a social focal point of the clan, and cubs emerge daily to interact with their mothers and

other hyenas, who are directly experiencing those dangers (Holekamp and Smale 1998a). In

species that are long-lived and slow-growing, like spotted hyenas, the ability to respond to strong

maternal signals of anthropogenic disturbance, starting very early in life, while still inhabiting a

relatively safe environment, may be critical to their success in disturbed environments.

OVERVIEW OF CHAPTERS

Each of the remaining chapters of my dissertation helps to test the hypothesis that the

developmental trajectory of spotted hyenas is shaped by anthropogenic disturbance, and that

spotted hyena mothers transmit information about anthropogenic disturbance in their

environment to their offspring via behavioral and/or physiological maternal effects.

Throughout, I employ both longitudinal analyses of the hyena population that has been

monitored since the MSU Hyena Project began in 1988, as well as cross-sectional analyses

comparing hyenas in “high-disturbance” and "low-disturbance” areas of the MMNR. In each

chapter, I also examine the influence of other socio-ecological factors on cub development, and

whether anthropogenic disturbance interacts with these other factors to affect spotted hyena

behavior or physiology. Finally, in each chapter, I test whether the juvenile or maternal trait of

interest is significantly associated with offspring survivorship and/or longevity. When sample
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size allows, I also test whether the relationship between these traits and offspring fitness differs

in areas of high- and low- disturbance.

In Chapter 2, I examine variation in personality among juvenile spotted hyenas, and test

the hypothesis that juvenile spotted hyenas, like birds and small mammals, show consistent

differences in personality between high- and low-disturbance areas. I use field experiments to

assess individual variation and consistency in neophobia, exploration, and boldness. I find that

juveniles in the high-disturbance area are significantly less neophobic and more exploratory, but

also less bold, than those in low-disturbance areas. Because most of the subjects tested were

residing at the communal den, where cubs are not directly exposed to anthropogenic activity,

these findings raise the question of what mechanisms mediate these behavioral differences. It

suggests that disturbance-related differences in maternal behavior and/or physiology may be

shaping these differences in hyenas, starting very early in life.

In Chapter 3, I inquire which anthropogenic and socio-ecological factors are associated

with variation in juvenile fecal glucocorticoid (fGC) concentrations. I also test the hypothesis

that disturbance-related differences in fGC, either among juveniles or their mothers, mediate the

behavioral differences documented in Chapter 2. I do not find strong support for this

hypothesis because, although juvenile females show higher fGC concentrations in high-

disturbance than low-disturbance areas, there were no significant disturbance-related differences

in fGC concentrations among juvenile males, lactating females, or pregnant females. This

suggests that juvenile females may show a particular sensitivity to anthropogenic disturbance and

that there may be important sex differences in how early stressors affect hyenas. However, it

also suggests that stress physiology, either among juveniles themselves or their mothers, are
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likely not a major mediator of behavioral differences between juveniles inhabiting high- and low-

disturbance areas. This suggests that disturbance-related differences in maternal behavior may

be the more important factor.

In Chapter 4, I use archived focal animal surveys (FAS) to document naturally-occurring

variation in maternal behavior among individuals living in the Talek West clan before

anthropogenic disturbance was prevalent. This provides the first study documenting the degree

to which spotted hyena mothers vary in basic measures of maternal care, such as nursing,

grooming, and maintaining close proximity with offspring. Interestingly, I find that mothers

show little consistent individual variation in the amount of time they spend nursing and in close

proximity to cubs, or in how they maintain proximity with cubs. However, they show

significant individual variation with respect to how much time they spend grooming cubs.

Unlike most aspects of hyena behavior that have been studied to date, a female’s social rank is

not significantly associated with the amount of time she spends nursing, grooming, or in close

proximity to offspring. My findings also indicate that a cub’s litter size significantly shape its

experience of maternal care.

Having investigated naturally-occurring variation in maternal behavior, in Chapter 5, I go

on to ask how maternal behavior is influenced by anthropogenic disturbance and test the

hypothesis that differences in maternal behavior between the high- and low-disturbance areas

mediate differences in juvenile personality. First, I use spatial data from mothers fitted with

GPS collars to compare rates of maternal attendance at communal dens in the high- and low-

disturbance areas. Second, to inquire whether mothers in high- and low-disturbance areas, when

present at communal dens, behave differently towards their cubs, I conducted FAS on mother-
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offspring pairs. Spotted hyena mothers in the high disturbance area showed significantly lower

rates of den attendance than did mothers in low disturbance areas. Perhaps to compensate,

mothers in the high- disturbance area spent a higher proportion of their time nursing their cubs

than did mothers in low-disturbance areas. Mothers in the high-disturbance area also showed

differences regarding the ways in which they interacted with their cubs, spending less time close

to their cubs and more often leaving their cubs rather than staying close to them. Our findings

suggest that, although spotted hyenas show a remarkable ability to persist in disturbed areas,

such conditions present a challenge to mothers. Our findings also support the hypothesis that

disturbance-related differences in maternal behavior are associated with differences in juvenile

personality. The association between maternal behavior and offspring personality shows some

consistency with results from studies of Old World Monkeys. In these primates, mothers who

show a low investment maternal strategy or are more “rejecting” tend to have offspring that are

less neophobic and more exploratory than do mothers who show high investment in offspring

or are more “protective” (reviewed in Fairbanks, 1996).

All of the research presented in this dissertation was the result of collaboration. My

analyses utilize data collected by the many research assistants and graduate students who have

contributed to the daily monitoring of spotted hyenas in Kenya since 1988. Additionally, each

of my chapters was prepared in manuscript form, with significant input from co-authors.

Therefore, I use the first person plural, rather than the first person singular, throughout the

remainder of this dissertation.
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CHAPTER 2

HUMAN DISTURBANCE AFFECTS PERSONALITY DEVELOPMENT IN A WILD
CARNIVORE

Julia R. Greenberg & Kay E. Holekamp. 2017. Human disturbance affects personality

development in a wild carnivore. Animal Behaviour 132:303-312

ABSTRACT

Human activity can dramatically affect personality traits in birds and small mammals. However,

we know very little about how anthropogenic disturbance shapes personality in mammalian

carnivores, and whether the personality traits that may be affected have fitness consequences in

human-dominated landscapes. We adapted standard experiments commonly used to assess

personality in captive animals to compare three personality traits in 72 wild juvenile spotted

hyenas (Crocuta crocuta) living in either areas heavily disturbed by human activity or areas with low

levels of disturbance. We examined neophobia, defined as the tendency to avoid unfamiliar

things, exploration, defined as the number of different ways an individual interacts with an

object, and boldness, defined as an individual’s tendency to take risks. To assess neophobia and

exploration, we measured individuals’ responses to a novel object, and to assess boldness, we

measured hyenas’ propensity to enter a wire-mesh box to obtain food. Juvenile spotted hyenas

living in low disturbance areas were significantly more neophobic and less exploratory than

individuals living in high disturbance areas. This is consistent with results obtained with birds

and small mammals; however, unlike these other taxa, hyenas living in low disturbance areas

were bolder than individuals living in high disturbance areas. The expression of some of these

personality traits was also affected by the subject’s social rank and the presence of a litter-mate,
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but not by subject age or sex. Of the three traits, only boldness predicted survival to adulthood;

less bold individuals were significantly more likely to survive than bolder individuals, in both

high disturbance and low disturbance habitats. We propose that behavioral or physiological

maternal effects may be shaping offspring temperament differences related to disturbance.

Keywords: personality, temperament, anthropogenic disturbance, human-wildlife conflict, social

rank, neophobia, spotted hyena, Crocuta crocuta

INTRODUCTION

Human activity has been found to affect the behavior of animals in a variety of ways. Some of

the most pronounced effects have been documented on animals’ personality or temperament

traits, which are individual differences in behavior that are stable across contexts and over time

(Réale et al. 2007, Miranda et al. 2013, Sol et al. 2013). Changes in personality traits due to

anthropogenic disturbance can result from individual behavioral plasticity or micro-evolutionary

changes (Miranda et al. 2013). Across numerous bird and small mammal species, individuals

tend to show more neophilic, exploratory, aggressive, and bold personalities in urban than rural

areas (Miranda et al. 2013, Sol et al. 2013). However, we know virtually nothing about whether

or how human disturbance shapes personality in most other animals, including large mammalian

carnivores.

There is a critical need to understand how human activity influences carnivore behavior

and populations (Baker et al. 2008, Darrow and Shivik 2009). Worldwide, carnivores are

increasingly living in close proximity to humans (Treves and Karanth 2003, Treves et al. 2006,
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Bateman and Fleming 2012), resulting in more frequent predation on livestock, injury to

humans, and retaliatory killing of carnivores (Baker et al. 2008, Ripple et al. 2014).

Understanding whether variation in personality affects carnivore survival in disturbed landscapes

can help us to predict the effects of human activity on carnivore populations. Consistent inter-

individual differences in behavior have been documented in a few wild adult carnivores (e.g.,

coyotes, Canis latrans: Harris and Knowlton 2001, Heffernan et al. 2007), but most studies have

been conducted on captive individuals (maned wolves, Chrysocyon brachyurus: Silva and Azevedo

2013; gray wolves, Canis lupus: Fox 1972, MacDonald 1983, Moretti, Hentrup, Kotrschal, &

Range, 2015; coyotes, Mettler and Shivik 2007; European mink, Mustela lutreola: Haage et al.

2013; American mink, Neovison vison: Noer et al. 2015; kowaris, Dasyuroides byrnei: Russell and

Pearce 1971, Wynne and McLean 1999 or domestic animals (dogs, Canis familiaris: Draper 1995,

Jones and Gosling 2005; cats, Felis catus: Durr and Smith 1997. Understanding variation in

personality among wild carnivores may also help researchers and managers to discern whether

certain individuals consistently display behavior patterns that put them at risk of conflict with

humans, and to target such “problem animals” for intervention (Caro 1999, McDougall et al.

2006, Shivik 2006).

Few studies have assessed the fitness consequences of personality traits in areas

disturbed by human activity (Archard and Braithwaite 2010) , although a number of recent

studies have found that personality traits may be heritable and affect fitness in undisturbed

habitats (Dingemanse et al. 2002, Dall et al. 2004, Smith and Blumstein 2008, Nicolaus et al.

2012, Taylor et al. 2012, Kortet et al. 2014, Petelle et al. 2015, Yoshida et al. 2016). It has been

hypothesized that, in disturbed areas, birds and small mammals with more neophilic,
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exploratory, and bold personalities may have a fitness advantage, as these traits may allow them

to exploit novel habitats, live at high population densities, and take advantage of new resources

(Miranda et al. 2013). However, the fitness consequences of these personality traits in areas with

human activity may be dramatically different for carnivores than for birds or small mammals, as

such tendencies would likely bring carnivores into direct conflict with humans.

Understanding whether personality traits in juvenile carnivores predict survivorship may

be particularly important because young animals may be especially likely to engage in risky

behavior and end up in conflict with humans (Anderson 1981, Saberwal et al. 1994). Lack of

hunting experience, tendency to prey on animals that are easy to kill, and poor body condition

relative to adults, are all factors that might make juvenile carnivores prone to human-wildlife

conflicts, such as depredation of livestock (Stirling and Latour 1978, Payne and Jameson 1984,

Matlack and Evans 1992, Seidensticker and McDougal 1993, Caro 1994, Holekamp et al. 1997b,

Litvaitis et al. 2017). Young dispersing males may be particularly prone to engage in such

activities (Linnell et al. 1999).

Here we used an experimental approach to explore variation in three personality traits in

wild juvenile spotted hyenas (Crocuta crocuta), and inquire whether these traits differ between

hyenas reared in habitat heavily disturbed by anthropogenic activity and those reared in areas

with very low anthropogenic activity. Specifically, we examined neophobia, defined as the

tendency to avoid or fear unfamiliar things (Barnett 1958), exploration, defined as the number of

different ways an individual interacts with an object (Sroges and Glickman 1966), and boldness,

defined as an individual’s tendency to take risks (Réale et al. 2007). We predicted that, if juvenile

hyenas living in areas with high human disturbance behaved like “urbanized” birds and small
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mammals (Miranda et al. 2013, Sol et al. 2013), they would be less neophobic, more exploratory,

and bolder than juveniles in low disturbance areas. In addition to human disturbance, we

explored the effects of sex and social rank on juvenile personality traits because these variables

begin to shape hyena behavior early in life (Smale et al. 1995, Dloniak et al. 2006, Holekamp et

al. 2013). We also explored the effects of age on expression of these personality traits because,

even though all of our subjects were juveniles, neophobia, exploration, and boldness change in

some species as individuals approach reproductive maturity (Kendal et al. 2005, Biondi et al.

2010). Finally, we tested for consistency in behavior across time and context, and inquired

whether any of these personality traits predicted survival to reproductive maturity.

METHODS

Subjects & Study Populations

Study subjects were 72 juvenile spotted hyenas inhabiting two protected areas in the Mara-

Serengeti ecosystem in southwestern Kenya. Fifty-eight of these juveniles were subjects in our

tests of neophobia and exploration and 60 of them were subjects in our test of boldness; 45

participated in both tests. Roughly half of the subjects (59% for tests of neophobia and

exploration; 50% for test of boldness) lived in three clans whose territories were located in The

Mara Conservancy, a pristine area managed by a private non-profit organization that strictly

prohibits cattle grazing and human presence except in tour vehicles. We will therefore refer to

this area as “low disturbance.” The remaining subjects were from a clan that has been

continuously monitored since 1988, and lives just inside the border of the Masai Mara National

Reserve (henceforth, “the Reserve”). We refer to this area as “high disturbance” because, since
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the late 1990s, there has been exponential human population growth along the border of the

Reserve (Watts and Holekamp 2009), humans are active with their livestock both day and night

inside the Reserve in this area, and direct conflict between hyenas and livestock is common both

inside and outside the Reserve (Kolowski and Holekamp 2006). Since 2005, humans have been

responsible for the majority of hyena deaths (through spearing, snaring, and poisoning) for

which mortality sources can be determined (Holekamp and Dloniak 2010). Through historical

analyses and comparative studies with populations living in more pristine areas, numerous

behavioral effects of increased human activity have been documented in this population,

including increased nocturnality, increased daily travel, lower rates of den attendance by

mothers, active avoidance of livestock and herders, and a preference for areas with dense

vegetative cover (Boydston et al. 2003b, Kolowski et al. 2007, Kolowski and Holekamp 2009).

Our subjects ranged in age from 50-463 days old (mean = 171 days, median = 153 days).

Spotted hyenas do not reach reproductive maturity until after ~720 days of age, nor do they

reach full morphological maturity before 1000 days of age. All subjects could be individually

identified based on unique spot patterns and ear damage. Age was initially estimated when cubs

were first observed, based on their appearance and size (Holekamp et al. 1996), and sex was

determined based on the shape of the glans of the erect phallus (Frank et al. 1990). However,

two subjects died before we could determine their sex and were excluded from our models.

Juveniles were assigned social ranks based on our observations of their mother’s position

in the clan’s dominance hierarchy. Observations of each adult female’s aggressive and

submissive behaviors during dyadic agonistic interactions were used to construct the hierarchy,

as described previously (Martin and Bateson 1988, Smale et al. 1993). Juveniles “inherit”
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dominance ranks immediately below those of their mothers in a process of social learning that is

not complete until at least 18 months of age (Holekamp and Smale 1993, Smale et al. 1993).

Hyenas of both sexes retain their maternal ranks as long as they reside in the natal clan, which

females do throughout their lives, but most males disperse to new clans at 2-5 years of age

(Frank 1986a, Holekamp and Smale 1998a).

We conducted our tests on groups of individuals at communal dens, where juvenile

hyenas live together and are rarely found alone. Spotted hyenas give birth to litters containing 1

or 2 cubs at isolated natal dens. However, when cubs are 3-4 weeks of age, mothers move them

to a communal den, where they live for the next 7-12 months. The communal den is a complex

of underground tunnels and chambers that cannot be entered by adults. However, juveniles

emerge from the warmth and safety of the den daily to nurse from their mothers and socialize

near the den with clan-mates (Holekamp and Smale 1998a, Holekamp and Dloniak 2010).

Mothers select protective den sites (Boydston et al. 2006) such that hyenas in neither high nor

low disturbance areas, experience direct exposure to humans or anthropogenic activity at their

dens aside from occasional visitation by tour vehicles, to which subjects in both high and low

disturbance areas are well habituated.

Experimental Stimuli

We used a novel object test to measure neophobia and exploration and a baited box test to measure

boldness. In the novel object test, we used one of four objects (Figure 2.1). Each object was

approximately 0.3m tall when deployed. Novel objects were chosen that juveniles would be

highly unlikely to encounter otherwise, even if they had begun to spend time away from the
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communal den and even if they lived in areas with human activity. Because test sessions often

involved multiple individuals, we varied the object being used to ensure that it was novel to the

individuals being tested.

In the baited box test, we used a metal mesh box (70cm long x 40cm wide x 44cm high)

with one open side large enough for cubs to enter (Figure 2.2). The box had no bottom surface

except for a metal tray (20cm X 40cm) at the back end of the box where we could sprinkle a

layer of powdered milk (15ml), which young hyenas prefer over other food rewards. Cubs could

only reach the powdered milk to feed if they fully entered the box. Prior to baited box test

sessions, we familiarized individuals with powdered milk by liberally distributing it around each

active communal den on three separate occasions when no hyenas were present above ground.

Although we did not systematically observe and record whether each subject consumed

powdered milk prior to testing, we assumed that any juveniles actively using the den would be

exposed to the scent and taste of milk on at least one of these three occasions.
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Figure 2.1. The four objects used for the novel object test to measure neophobia and exploration.
Each object was approximately 0.3m tall when deployed. The cooler, funnel, and stool were
plastic, and the bucket was metal. Novel objects were chosen that juveniles would be highly
unlikely to encounter otherwise.

	 	 		



Ethical Note

All subjects were free-living, and were thus free to choose whether or not to interact with the

stimuli we presented. The study was conducted in compliance with Kenyan law and guidelines

for work with mammals provided by the American Society of Mammalogists (Sikes et al. 2011) .

The work was conducted under IACUC approval #05/14-087-00 from Michigan State

University and Research Clearance #NACOSTI/P/14/ 2154/1323 from the Kenyan

Commission on Science, Technology and Innovation.

Data Collection

Experiments were conducted opportunistically during our two daily observation periods, in the
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Figure 2.2. The metal box used for the baited box test to measure boldness (70cm long x 40cm
wide x 44cm high). The box had no bottom surface except for a metal tray (20cm X 40cm) at
the back end of the box where we could sprinkle a layer of powdered milk (15ml). The box was
open on one side, allowing a subject to walk in and fully enter the box in order to access the
powdered milk at the back.

	



morning (0600-1000) and evening (1700-2000). Stimuli were deployed from our research

vehicles, to which all subjects were well habituated. In both the novel object test and the baited

box test, we placed the stimulus approximately 20m away from the den entrance. The stimulus

was deployed either when no individuals were present above ground, or by positioning the

research vehicle to block the view of any individuals present above ground. In the baited box

test, the open side of the box was oriented towards the den entrance. All trials were videotaped

from approximately 20m away from the stimulus, using a Sony HDD Handycam Super Steady

Shot HDR-SR11 mounted on a tripod affixed to our research vehicle. Trials were terminated

when no new individuals entered within a 10m radius of the stimulus for 5 minutes, or due to

other logistical constraints (e.g., darkness or to prevent an individual from destroying an object).

Data extraction

Behaviors were coded from the video footage using JWatcher 1.0 (Blumstein & Daniel, 2007).

In each test session, any individual approaching within 10m of the stimulus was considered a

subject, and we coded each subject’s behavior for the entire time it was within 10m of the

stimulus. This cut-off distance allowed us to obtain high-quality footage of subjects’ interactions

with the stimuli.

In the novel object test, we operationally defined neophobia as the number of minutes it

took a subject to contact the object after it had come within 5m of the object (i.e. latency), as has

been done in previous work assessing spotted hyenas’ approaches to novel stimuli (Benson-

Amram and Holekamp 2012). If a subject never contacted the object, its latency was calculated

as the total time the subject was within 5m of the object during the trial.
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In the novel object test, we defined exploration as a subject’s tendency to interact with

the novel object in multiple different ways. We assigned each subject an “exploration score,”

ranging from 0-4, based on how many exploratory behaviors it exhibited. Subjects received a

score of “0” if they came within 10m of the object but never contacted it. Subjects received a

score of “1” if they contacted the object with their snout. Subjects received a score of “2” if

they bit or licked the object in addition to contacting it with their snout. Subjects received a

score of “3” if they displayed these two behaviors and, in addition, either pawed the object or

picked it up. The majority of the subjects who received a score of “3” (seven of nine subjects)

picked up the object but did not use their paws; nevertheless, we gave both behavioral

combinations a score of “3.” Subjects with a score of “4” displayed all four of these behaviors.

In the baited box test, we defined boldness as a subject’s willingness to enter the box to

feed on milk. We assigned subjects a “boldness score,” ranging from 0-3. Subjects received a

score of “0” if they came within 10m of the box but never contacted or entered it. Subjects

received a score of “1” if they contacted the box but did not go inside. Subjects received a score

of “2” if they entered the box partially, or entered the box fully but never attempted to feed.

Subjects received a score of “3” if they entered the box completely and fed on the milk.

Statistical Analysis

Independent Variables

We first ran a Cox proportional hazard model to inquire whether there were differences among

the three clans in the low disturbance area with respect to neophobia, and Kruskal-Wallis Rank

Sum Tests to determine whether there were any significant differences in either boldness or
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exploration among the three clans in the low disturbance area. We then inquired whether

neophobia, exploration and boldness were predicted by whether the subject lived in a high or

low disturbance area, as well as by its age, sex and maternal rank. Age in days was included as a

continuous variable. We assigned each subject the current social rank of its mother within the

clan’s dominance hierarchy on the day of testing. Ranks were standardized from -1 to 1, with the

most dominant individual having a standardized rank of 1. None of our results changed if we

calculated a subject’s social rank relative only to the other individuals present in its specific test

session. We also included time of day at testing (morning or evening) as a predictor variable.

We conducted the novel object and baited box tests on groups of individuals because

juvenile hyenas are almost never found alone at the communal den, and therefore, we examined

effects of several variables related to the social context of the testing situation. First, in our

models for neophobia, exploration and boldness, we included as a variable the total number of

subjects present in order to determine whether the presence of other hyenas facilitated or

interfered with an individual’s interaction with the stimulus. In a small percentage of test

sessions (4 of 18 novel object sessions and 2 of 17 box test sessions), in addition to test subjects,

an adult was present and within 10m of the stimulus at some point during the session. Although

we did not analyze the behavior of these individuals as subjects, we included them when

assessing the social context of the test session by increasing the number of subjects present to

account for them. Second, we included as a binary variable whether or not the subject had a

litter-mate who was also a subject during the test because, in other species, litter-mates may be

less fearful or inhibited when together than when apart (Stöwe et al. 2006b, Bergmüller and

Taborsky 2010, Hudson et al. 2011).
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In our models for neophobia and boldness, we additionally included whether or not the

subject had seen another individual contact the novel object or baited box before doing so itself

or, if the subject did not contact the stimulus, whether it observed another subject contact the

stimulus earlier during that test session. We did not include this as a variable in our model for

exploration because we assumed that seeing another individual contact the novel object would

be likelier to influence whether or not the subject contacted the object than to affect the

diversity of behaviors emitted during interactions with the object, which was our dependent

variable. Furthermore, because our measures of neophobia and exploration were assessed from

the same novel object test, we chose to examine the effect of seeing another individual contact

the novel object in our analysis of neophobia, where the main behavior of interest was a

subject’s willingness to approach and contact the object. However, our results did not change if

we included this variable in our model for exploration.

Models of variation in neophobia, exploration and boldness

In statistical analysis of neophobia, we modeled variation in latency to contact the novel object

using a Cox proportional hazards model in the “survival” package in R. Our full model included

the following predictor variables: age (in days), disturbance (high or low), social rank, sex, time

of day (morning or evening), number of subjects present in the session, presence of a litter-mate,

and whether the subject observed another individual contact the object. A Cox proportional

hazards model, originally developed for survival analyses, provides a method to analyze right

censored “time to event” data. This approach allowed us to analyze the responses of those

subjects that never touched the object together with those that did, instead of performing two
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separate analyses or assigning “time out scores” to subjects that never contacted the object

(Budaev 1997, Jahn-Eimermacher et al. 2011). Right-censored latencies for the subjects that

never contacted the novel object were specified in the model. This model assumes no underlying

distribution of the latency measure, but does assume that effects of predictor variables on the

latency to respond are constant and additive. These assumptions were satisfied in our dataset.

In statistical analysis of exploration and boldness, we treated subjects’ scores as ordered

categorical variables and used the “ordinal” package in R to perform cumulative link models.

These models, also known as proportional odds models or ordered regression models, assume

intrinsic ordering in the levels of the response measure (in our case, from least bold or

exploratory, to most bold or exploratory). Our full model for exploration included the following

predictor variables: age (in days), disturbance (high or low), social rank, sex, time of day

(morning or evening), number of subjects in the session, and presence of a litter-mate. Our

model for boldness included these same predictor variables plus the binary variable of whether

or not the subject observed another individual contact the box. In both models, we also

included each subject’s total trial time as a covariate to control for variation among subjects in

trial duration. We calculated the odds ratio for each predictor variable from the output of the

models. Preliminary analyses indicated no effect of the object type (Figure 1) on neophobia or

exploration, so we did not include it as a factor in our analyses. All analyses were conducted in

R (R version 3.3.1; Development Core Team, 2015). Parameter estimates were considered

significant when P≤ 0.051.
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Consistency across time and context

Due to the opportunistic nature of conducting these experiments, a subset of individuals

participated twice in either the novel object test (N=14) or the baited box test (N=14). To

examine individual consistency over time in neophobia, we looked exclusively at individuals who

had participated in two novel object tests, each with a different object (N=14). We did not

analyze data for subjects who participated in two novel object tests with the same object, as the

stimulus was no longer novel to the subject in its second test. Because we had data points that

were right-censored when an individual never contacted the object, we used an extension of the

Cox proportional hazards model from our analysis of initial trials, described above. We

incorporated a random effect of subject ID into a Cox proportional hazards model using a

shared gamma frailty model (Wienke 2011). We also included exposure number (first or second)

as a fixed effect, and any variables that had significant parameter estimates in our analysis of first

trial responses. We then used Akaike’s Information Criterion corrected for small sample sizes

(AICc) to compare the fit of this frailty model to the fit of a Cox proportional hazards model

that did not include subject identity. A smaller AICc value indicated a better fit. We also

calculated a parameter estimate for the effect of subject identity using a likelihood ratio test.

To examine individual consistency over time in exploration and boldness, we again

analyzed responses for only the 14 subjects that participated twice in a test. We used a repeated

measures ANOVA, with the subject’s exploration or boldness score as the response measure.

We included as a predictor variable whether the trial was a subject’s first or second exposure, as

well as the predictor variables that had significant parameter estimates in our analysis of first trial

responses. To estimate repeatability, defined as the proportion of total variance accounted for by
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the subject’s identity (Lessells and Boag 1987), we calculated intra-class correlation coefficients

(ICC), and associated confidence intervals according to Wolak, Fairbairn, & Paulsen (2011)

using the “ICC” package in R.

We examined consistency in neophobia across contexts for subjects who were tested in

both a novel object test and a box test (N=45). To do this, we treated the box as a fifth novel

stimulus and inquired whether there was a significant correlation between a subject’s latency to

approach a novel object and its latency to approach the box baited with food. We calculated

each subject’s latency to contact or enter the box, whichever came first, after coming within 5m

of it. We then fit a shared gamma frailty model, similar to the one described above, modeling

subject as a random effect, and including as fixed effects the type of test (novel object or box),

exposure number (first or second), and variables that had significant parameter estimates in our

analysis of neophobia in first trial responses. Using AICc, we compared this model to a model

that did not incorporate subject identity, and calculated a parameter estimate for subject identity

using a likelihood ratio test.

Relationship between personality traits and survival

Using our demographic records, we determined whether each subject survived to reproductive

maturity (2 years of age); all subjects could potentially have reached this age by the time this

analysis was conducted. We then used three different generalized linear models (GLM) to

determine whether performance in each of the temperament tests predicted the log odds of a

subject surviving to reproductive maturity. We used the “glm” package in R and specified a

binomial distribution. In our model for neophobia, latencies to contact the novel object were
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included as a predictor variable and were right-censored for subjects that never contacted the

object. In our analyses testing whether exploration or boldness predicted survival to maturity,

exploration scores or boldness scores were included as predictor variables in the GLM model.

In each of the three models, we also included maternal rank, sex, and level of disturbance (high

or low) as predictor variables. We also included the age at testing as a covariate in each model,

but it did not significantly correlate with survival, so we report the results of our models without

controlling for age at testing. To further test whether the relationship between each of the three

personality traits and survival was mediated by the degree of human disturbance, or the subject’s

sex, or social rank, we used AICc to compare the fit of our full models to models including

interaction terms between each of these factors and the score on the personality test (latency to

contact the object for neophobia, exploration score or boldness score).

RESULTS

Preliminary analysis indicated that subjects did not differ among the three clans in the low-

disturbance area in their neophobia (Wald Test=2.68, df=3, P=0.44), exploration (H(2)=4.75, P

= 0.09), or boldness (H(2)=3.77, P = 0.15). In subsequent analysis, we therefore treated all

individuals from clans in low-disturbance areas together as we compared them to juveniles in the

clan living in the high disturbance area.

Neophobia

Fifty-eight juveniles participated in the novel object test across 18 test sessions, and 69% (40 of

58) of these individuals contacted the object. The Cox proportional hazards model was
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significant (Wald Test=26.2, df=8, N=58, P<0.001), indicating that subjects in the high

disturbance area were significantly less neophobic than subjects in low disturbance areas

(P=0.051; Table 1; Figure 2.3a). The model also indicated that high-ranking juveniles were less

neophobic than low-ranking juveniles (P=0.002; Figure 2.3b), and that juveniles with a litter-

mate present were less neophobic than other juveniles (P=0.032). Subjects were also less

neophobic in evening than in morning sessions (P=0.011), and in sessions where more hyenas

were present (P=0.043). Surprisingly, subjects were significantly more neophobic if they saw

another individual contact the object earlier in the session (P=0.036).

Exploration

Exploration scores in the novel object test varied from 0-4 (N=58). Eighteen subjects received

a score of 0 (31%), 13 subjects received a score of 1 (22%), 7 subjects received a score of 2

(12%), 9 subjects received a score of 3 (16%), and 11 subjects received a score of 4 (19%)
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Table 2.1. Results of a Cox proportional hazards model for variation in latency to contact the
novel object (N=58). Asterisks indicate P ≤ 0.051.

 Hazard ratio 
(exp(beta)) 

Coefficient Std. Error z         P 

Age 1.00 0.0002           0.002 0.12   0.936 
Disturbance 1.96     0.67         0.35 1.95 0.051* 
Social Rank 2.78     1.02         0.33 3.07 0.002* 
Sex 1.21     0.19         0.36 0.54   0.597 
Time of day 2.96     1.08         0.43 2.53 0.011* 
# Subjects in session 1.16     0.15         0.08 2.02 0.043* 
Litter-mate present 2.36     0.86         0.40 2.15 0.032* 
Observe another 
subject make contact 

0.39    -0.95         0.45 -2.10 0.036* 
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Figure 2.3. A Cox proportional hazards model indicated that: a) juveniles in high disturbance
were significantly less neophobic than subjects in low disturbance (P=0.05). b) social rank was
inversely related to latency to contact the object (P=0.002). Social rank was analyzed statistically
as a continuous variable but is shown here by dividing the clan’s hierarchy into three dominance
classes (the high rank category includes ranks 1.00 to 0.33, the middle rank category includes
ranks 0.33 to -0.33, and the low rank category includes ranks -0.33 to -1.00).



(Figure 2.4). The logistic regression model indicated significant effects of disturbance and rank

on exploration behavior (Table 2.2). Specifically, individuals in the high disturbance area were

significantly more exploratory than individuals in the low disturbance area (P=0.003; Figure

2.4a), and high-ranking individuals were more exploratory than low-ranking individuals

(P=0.020; Figure 2.4b). There was a significant positive association between exploration and

trial duration (P=0.0005), and subjects were significantly more exploratory in the evenings than

mornings (P=0.006).

Boldness

Sixty juveniles participated in the boldness box test, and boldness scores varied from 0-3.

Nineteen subjects received a score of 0 (31%), 10 subjects received a score of 1 (17%), 10

subjects received a score of 2 (17%), and 21 subjects received a score of 3 (35%). The logistic

regression model indicated that subjects in low disturbance areas were significantly more bold
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Table 2.2. Results of a logistic regression model for variation in exploration of the novel object
(N=58). Asterisks indicate P ≤ 0.051.

 Odds Ratio Coefficient Std. Error z            P 
Trial duration 1.22           0.20       0.06 3.49 0.0005* 
Age 1.00 0.001 0.003 0.36  0.718 
Disturbance 6.37           1.85       0.63 2.95    0.003* 
Social Rank  2.93           1.08       0.46 2.32    0.020* 
Sex 1.87           0.62       0.58 1.08  0.282 
Time of day 5.62           1.72       0.63 2.73    0.006* 
# Subjects in session 1.21           0.19       0.13 1.52  0.129 
Litter-mate present 1.70           0.53       0.60 0.89  0.375 
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Figure 2.4. A logistic regression model for variation in exploration score indicated that: a)
juveniles in high disturbance were significantly more exploratory than those in low disturbance
(P=0.003) and b) high-ranking juveniles were significantly more exploratory than low-ranking
juveniles (P=0.020; N=58).



than individuals in high disturbance areas (P=0.019; Table 2.3; Figure 2.5). There was a

significant positive association between boldness and trial duration (P=0.0006), and a trend for

females to be bolder than males (P=0.066), but we observed no effects of rank on boldness.

Consistency across time and context

For neophobia, our frailty model containing the random effect of subject ID was a significantly

better fit than the model without subject ID as a factor, indicating significant repeatability in

subjects’ neophobia across trials (2=10.99, P=0.006). Subjects’ latency to contact a novel object

did not change significantly across exposures (Hazard ratio = 0.94, P = 0.92). For exploration,

the repeated measures ANOVA similarly indicated that subjects’ exploratory behavior did not

change significantly across exposures, as indicated by a non-significant within-subjects parameter
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Table 2.3. Results of a logistic regression model for variation in boldness (N=60). Asterisks
indicate P ≤ 0.051.

 Odds Ratio Coefficient Std. Error z           P 
Trial duration 1.15 0.15          0.04 3.44 0.0006* 
Age 0.99 -0.01 0.005 -1.40 0.161 
Disturbance 0.22 -1.50          0.64 -2.34   0.019* 
Social Rank 0.74 -0.35          0.46 -0.77  0.440 
Sex 0.28 -1.31          0.71 -1.84 0.066 
Time of day 1.05 -0.02          0.88 -0.03 0.980 
# Subjects in session 0.97 -0.01          0.12 -0.12 0.910 
Litter-mate present 1.35 0.36          0.57 0.63 0.529 
Observe another 
subject enter or 
contact box 

2.45 0.79          0.87 0.91 0.365 
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Figure 2.5. A logistic regression model for variation in boldness score indicated that juveniles in
high disturbance were less bold than juveniles in low disturbance (P=0.019; N=60).

estimate for exposure number (F1,11 = 0.258, P =0.62). However, the repeatability estimate for

exploration was also non-significant (r = 0.20, CI= -0.34, 0.64). For boldness, the repeated

measures ANOVA indicated that subjects’ boldness did not change significantly across repeated

trials, as indicated by a non-significant within-subjects parameter estimate for exposure number

(F1,12 = 0.222, P =0.424). The repeatability estimate for boldness was significant (r = 0.78, CI=

0.45, 0.92). Thus, juvenile spotted hyenas appear to show consistency over time in their

neophobia and boldness, but not in their degree of exploration.

In our assessment of consistency in neophobia in two different contexts, namely a

subject’s latency to contact the novel object and latency to contact or enter the baited box, our



frailty model with subject ID as a random effect was a significantly better fit than our model

without subject ID as a factor (2=28.1, P=0.002). This indicates significant individual

consistency in subjects’ neophobia when encountering novel stimuli that offer a food reward

and those that do not. Subjects had significantly shorter latencies to approach the stimulus on

the second test they received than on their first test (Hazard ratio = 2.33, P= 0.001) regardless

of whether it was the novel object test or baited box test (Hazard ratio = 1.20, P= 0.513).

Relationship between personality traits and survival

Of the 58 subjects in the novel object test, 39 (67%) survived to reproductive maturity. Latency

to contact the object (B=1.20, P=0.22) did not predict survival to maturity, but juveniles in low

disturbance were more likely to survive than juveniles in high disturbance (B=0.18, P=0.018),

and juveniles of high rank were more likely to survive than juveniles of low rank (B=4.59,

P=0.02). Sex did not predict survival (B=0.61, P=0.49). Exploration score also failed to predict

survival to reproductive maturity (B=0.91, P=0.70), but again subjects in low disturbance were

significantly more likely to survive than subjects in high disturbance (B=0.18, P=0.02), and

survival was significantly positively correlated with social rank (B=4.34, P=0.015). Sex did not

predict survival to reproductive maturity (B=0.65, P=0.54). Models that included interactions

between the temperament traits and the other predictor variables did not fit the data significantly

better than our model without interactions.

Of the 60 subjects tested in the baited box test, 40 (67%) survived to reproductive

maturity. Boldness affected survival similarly in both disturbed and undisturbed areas. Subjects

who were less bold were significantly more likely to survive (B=0.49, P=0.05), and a model that
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included boldness was a significantly better fit than one that did not (likelihood ratio test,

2=-4.51, P=0.034). In this sample, individuals in low disturbance were again significantly more

likely to survive than individuals in high disturbance (B=0.075, P=0.004). Higher ranking

individuals were also more likely to survive than lower ranking individuals (B=3.91, P=0.03), but

sex did not predict survival to reproductive maturity (B=0.47, P=0.36). Models that included

interactions between boldness and the other predictor variables failed to fit the data significantly

better than our model without interactions.

DISCUSSION

Our findings are consistent with the growing literature demonstrating the profound influence

that human disturbance can have on personality traits in wild populations, and permit

comparisons with other taxa that have been more thoroughly studied. We found significant

effects of human disturbance on all three of the juvenile personality traits we measured in

spotted hyenas. Patterns in neophobia and exploration were similar to those documented in

comparisons of urban and rural individuals among birds and small mammals (Smith and

Blumstein 2008, Miranda et al. 2013, Sol et al. 2013); juvenile hyenas in low disturbance areas

were significantly more neophobic and less exploratory than juveniles in high disturbance areas.

However, in contrast to these other taxa, juvenile spotted hyenas in low disturbance areas were

significantly more bold than those in high disturbance areas.

Our results also demonstrate that personality traits, although often challenging to

measure in lone individuals in the field, can be effectively assessed in a group context.

Conducting personality tests in group contexts rather than in isolation enhances ecological
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validity for individuals who are always in a social group (Drea 2006), and better indicates how

personality traits are actually expressed in free-living animals than testing subjects alone

(Webster and Ward 2010). We were able to account for the effects of social context by

measuring situational variables and including them in our statistical models. Neophobia and

boldness, but not exploration, showed significant repeatability within the juvenile period. We

also found evidence for consistency in neophobia across contexts. Among juveniles that

participated in both the novel object and baited box tests, latencies to contact the stimuli were

highly consistent.

In addition to human disturbance, maternal rank emerged as an important factor shaping

juvenile personality traits in spotted hyenas. The relationship between social rank and

personality varies among species, and our finding that higher-ranking juveniles were less

neophobic and more exploratory than low ranking juveniles is consistent with some previous

studies (Mettler and Shivik 2007, David et al. 2011), but not others (Gómez-Laplaza 2002, Fox

et al. 2009, An et al. 2011). That there was still a significant effect of rank when we calculated

subjects’ ranks relative only to those of the other subjects present in a specific test session

suggests that the influence of rank was not dependent on the immediate social context of the

test; low-ranking individuals were more neophobic and less exploratory even when they

happened to be among the highest ranking subjects present in a particular test session. Maternal

rank, therefore, appears to shape personality traits from a young age, as it does offspring growth,

aggression, and play(Hofer and East 2003, Dloniak et al. 2006, Holekamp et al. 2013, Lewin et

al. 2017).

It is perhaps surprising that we found no relationship between maternal rank and
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boldness, as high-ranking individuals could potentially have dominated access to the powdered

milk in the test box by attacking lower ranking subjects. Yoshida et al. (2016) found that rank

and boldness, as measured by individuals’ closest approach to lions (Panthera leo) during lion-

hyena interactions, were significantly positively related in females but not males. Our results

might be due to the fact that juveniles are still in the process of learning which conspecifics they

can appropriately dominate or displace from food. Additionally, although a low-ranking juvenile

subject may have had to wait for a higher-ranking subject to enter the box and feed first, when

the higher-ranking animal left the box, the scent of milk likely still attracted lower- ranking

subjects, which could still scrounge for remaining milk and thus receive the highest boldness

score. It seems unlikely that juveniles in low disturbance areas are bolder than those in high

disturbance areas because they are more hungry, as has been found in other studies (Biro and

Booth 2009, Chapman et al. 2010). If hunger were primarily driving the expression of boldness

in our test, we would expect lower-ranking individuals to be bolder than higher-ranking

individuals, who are generally better fed. We would also expect individuals to be less bold in

trials conducted in the morning than in the evening, when juveniles typically have not nursed

since the morning, so they should be more highly motivated to reach the milk in our test

apparatus. However, neither time of day nor rank significantly predicted boldness.

Neophobia was the only trait significantly affected by the presence and behavior of

conspecifics. Subjects were less neophobic when more subjects were present in the test session,

which is consistent with the behavior of hyenas solving a puzzle box problem (Benson-Amram

and Holekamp 2012) , the important role of social facilitation in hyena social behavior

(Glickman et al. 1997), and results of novel object tests administered to other species (Cadieu et
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al. 1995, Moscovice and Snowdon 2006, Webster et al. 2007, Moretti et al. 2015). The presence

of a hyena litter-mate, in particular, significantly facilitated approach to the novel object,

suggesting that litter-mates may have especially strong effects on juvenile hyenas’ confidence and

propensity to explore new things.

Interestingly, individuals were more neophobic if they saw another individual contact the

novel object, which is consistent with findings that a conspecific’s presence or behavior can

inhibit approach to novel objects (Ryer and Olla 1991, Brown and Laland 2002, Stöwe et al.

2006a). In our test, this inhibitory effect may have been due to the tendency of juvenile hyenas

to startle or become skittish when others do. Juveniles are strongly influenced by the behavior

of their peers and it is common to see many cubs run into the communal den after a single cub

startles. In our test, subjects often backed away or startled after contacting the novel object for

the first time, so it seems possible that viewing this may have either inhibited other subjects

from approaching at all or slowed their approach.

Notably, our study is one of only a few to directly relate personality traits to fitness in a

wild mammal (Archard and Braithwaite 2010). We found that boldness, but not neophobia or

exploration, predicted survival to adulthood, with less bold individuals showing enhanced

survivorship. These findings are consistent with a meta-analysis by Smith and Blumstein (2008),

demonstrating that boldness consistently shows a significant negative correlation with survival

across species. Furthermore, we found a negative relationship between boldness and juvenile

survivorship regardless of disturbance, suggesting that the benefits of showing restraint in the

face of risk accrue regardless of the level of human activity.

Differences in juvenile survivorship and predation pressure in the high and low
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disturbance areas may be shaping the differences we observed in juvenile boldness. When

looking at hyenas of all ages, Yoshida et al. (2016) found evidence for stabilizing selection with

regard to boldness during lion-hyena interactions, with reduced longevity for individuals who

were either highly prone to take risks or who completely avoided them. However, we found

that juveniles in high disturbance were significantly less bold than juveniles in low disturbance.

Although surprising, this is likely due to decreased predation by lions in the high disturbance

area, where there has been a significant decline in lion densities and where juvenile survivorship

was significantly greater than in the low disturbance area from 2009-2013 (Green 2015). This

suggests that a reduction in predation pressure may be relaxing the selection pressure against shy

individuals in the high disturbance area.

Several questions should be answered by future research to make our results of the most

use to applied carnivore conservation and the emerging field of conservation behavior (Greggor

et al. 2016). First, we must determine whether a juvenile’s performance in our personality

experiments predicts its behavior and success in disturbed landscapes, particularly its likelihood

of leaving protected areas, attacking livestock, or being killed by humans. Second, to determine

whether juvenile personality traits remain stable into adulthood, we could measure these

personality traits in individuals several times across the lifespan. We cannot assume stability in

these traits beyond the juvenile period, as juvenile personality traits may represent adaptations

specific to immature life-stages (Bell and Stamps 2004, Sinn et al. 2008, Stamps and Groothuis

2010, Petelle et al. 2013).

Third, given our findings regarding boldness, disturbance, and juvenile survivorship, it

would be interesting to explore whether hyena personality traits have fitness trade-offs over the
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lifetime of an individual, and whether such trade-offs differ in areas of high and low disturbance.

In their meta-analysis, Smith and Blumstein (2008) found that, although bold individuals showed

significantly lower survival, they also had higher reproductive success than less bold individuals.

To test for such a trade-off in spotted hyenas, we could relate boldness in the juveniles tested

here to their future reproductive success. Furthermore, this would allow us to explore whether

the fitness costs and benefits of boldness differ in areas of high and low disturbance, and

whether disturbance may be acting as a selective pressure on the life-history strategies of

individuals inhabiting these areas.

Overall, our study not only reveals significant behavioral differences between animals in

disturbed and pristine areas, but also raises important questions regarding how animals achieve

behavioral adjustments in response to anthropogenic disturbance. Juvenile spotted hyenas in

both high and low disturbance areas are remarkably well-buffered from direct human

disturbance at their communal dens. Even juveniles living in areas that are generally disturbed by

people, are not directly bothered by people while they live at the den, and in fact, they

experience virtually no direct exposure at their dens to any anthropogenic activity, including

livestock grazing. Therefore, it seems unlikely that human disturbance is directly shaping the

behavior of juveniles residing at the communal den. Nevertheless, the juveniles tested here

showed marked disturbance-related behavioral variation very early in life. We are currently

investigating the hypothesis that, such behavioral differences are shaped indirectly, via maternal

effects, as the behavior and stress physiology of adult female spotted hyenas can be greatly

affected by human disturbance (Boydston et al. 2003b, Kolowski and Holekamp 2009, Van

Meter et al. 2009). In many species, variation in maternal care or hormone exposure in utero
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shapes offspring personality, providing a potentially adaptive signal of environmental quality to

offspring (Maestripieri and Mateo 2009, Dantzer et al. 2013). In species that are long-lived and

slow-growing, like spotted hyenas, it may be that responding early in life to strong maternal

signals of disturbance is critical to persistence in changing environments.
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CHAPTER 3

SEX- AND AGE-SPECIFIC CORRELATES OF FECAL GLUCOCORTICOID
CONCENTRATIONS IN SPOTTED HYENAS

Julia R. Greenberg, Stephanie M. Dloniak, Page E. Van Meter, Jeffrey A. French, Jacinta C.

Beehner, & Kay E. Holekamp

INTRODUCTION

Stress can have dramatic effects on an animal’s morphology, physiological functioning, and

behavior, and stress experienced early in life often has particularly profound effects on the

animal’s adult phenotype and fitness (Lindström 1999, Tung et al. 2016). Glucocortioids (GCs;

e.g. cortisol, corticosterone) are metabolic hormones that serve multiple physiological functions.

Circulating GCs support metabolic processes, mediate glucose availability, and maintain body

mass (Hau et al. 2016). GCs are often referred to as “stress hormones” due to their role in

responses mediated by the hypothalamic-pituitary-adrenal (HPA) axis to environmental or

physiological perturbations. GCs released in response to a stressor stimulate gluconeogenesis,

inhibit energy storage, and promote cardiovascular activity (Sapolsky et al. 2000). However,

continual exposure to an acute stressor can result in chronic activation of the HPA axis,

dysregution of the negative feedback mechanisms that minimize long-term exposure to GCs

(McEwen and Wingfield 2003), and negative effects on the animal’s immune function (Hoffman

et al. 2011), cardiovascular system (Sapolsky and Share 1994), and reproduction (Sheriff et al.

2009).

Exposure to early stress can shape a variety of phenotypic traits that may last into

adulthood. For example, individual humans who are exposed to chronic early stressors, such as
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low-socioeconomic status or abuse, are likelier than unexposed individuals to suffer from

chronic disease as adults (Barker et al. 2002, O’Rand and Hamil-Luker 2005, Kittleson et al.

2006, Gluckman et al. 2008). Early in life, glucocorticoids also shape the development of

neuroendocrine pathways associated with emotion regulation and personality. In laboratory

rodents and primates, individuals who experience an early stressful environment are often less

neophobic, more exploratory, and less risk-averse (i.e. “bold”) than those who do not (Caldji et

al. 1998, Carere et al. 2003, Parker and Buckmaster 2004, Martins et al. 2007, Parker et al. 2007,

Guenther et al. 2014). Finally, due to their role in resource allocation, early exposure to elevated

glucocorticoids can affect offspring growth (Dantzer et al. 2013), and life-history trade-offs

(McGlothlin and Ketterson 2008, Crespi et al. 2012, Sheriff and Love 2013). For example,

individuals who experience early stressful environments sometimes show accelerated life-

histories, reaching menarche earlier than peers who do not experience early stress (Maestripieri

2005, Cameron et al. 2008a).

Maternal stress, either during pregnancy or lactation, can also shape phenotypic traits in

offspring. For example, in non-human primates, prenatal stress is associated with offspring

impairments in learning, attention, and neuromotor ability (Schneider et al. 1999), and in

humans, stress experienced prenatally has been identified as a risk factor for attention deficit and

anxiety disorders (Bergh et al. 2004, Huizink et al. 2004). During the post-natal period, ingestion

of GCs in a mother’s milk can also shape offspring phenotype. For example, in rhesus

macaques, mothers who produce high concentrations of GCs in their milk have sons who are

more cautious and nervous than those who produce milk containing lower GC concentrations

(Hinde et al. 2015). Maternal stress during lactation can also shape offspring traits indirectly by
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affecting maternal behavior. For example, in several free-ranging primate species, GC

concentrations in lactating mothers are associated with their protectiveness of offspring (Bahr et

al. 1998, Nguyen et al. 2008, Maestripieri et al. 2009). These maternal behaviors, in turn, can

influence the pace at which offspring achieve independence, their exploratory tendencies, their

sociability, and even their own parenting behavior when they become adults (Fairbanks 1996,

Bardi and Huffman 2002, Maestripieri 2005).

Despite the well-documented role played by GCs in influencing behavior and physiology,

few studies of free-living animal populations have tested whether early stress is associated with

fitness. Although a variety of early-life factors have been found to correlate negatively with

fitness, including high population density, low resource availability, or sub-optimal maternal

condition (Descamps et al. 2008, Rodel et al. 2009, Hamel et al. 2010, Tung et al. 2016), few

studies have specifically associated particular environmental conditions with fGC concentrations

in juveniles themselves to confirm that such conditions are experienced as physiological

stressors. Furthermore, although early stress is often assumed to be associated with fitness costs,

it could actually be adaptive if early stress prepares offspring for their environment later in life

(Monaghan 2008, Beery and Francis 2011, Champagne 2011). For instance, individuals that

experience high early stress are often more reactive to environmental circumstances and exhibit

greater behavioral flexibility, traits that may be beneficial in an unpredictable environment

(Sheriff and Love 2013, Crino and Breuner 2015).

Human activity is an increasingly common stressor in the lives of wild animals, as

indicated by individuals’ concentrations of glucocorticoid stress hormone (reviewed in (Busch

and Hayward 2009, Dantzer et al. 2014). However, few studies of anthropogenic stress and its
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consequences have focused on juveniles to inquire whether anthropogenic stressors experienced

early in life are associated with phenotypic traits later in life, or whether early stress has long-

term fitness consequences. Here our primary goal was to determine whether anthropogenic

disturbance affects GC concentrations in free-living juvenile spotted hyenas (Crocuta crocuta) or

their mothers. We measured GC concentrations in feces (fGC), which provide an integrated

measure of GCs released in the body over approximately 24 hours (Dloniak 2004). We tested a

hypothesis suggesting that fGC concentrations, either in juveniles themselves or in their mothers

during pregnancy or lactation, differ between animals exposed to anthropogenic disturbance and

those living in undisturbed areas.

Previous research showed that human disturbance is associated with elevated fGC

concentrations in free-living adult spotted hyenas and that pastoralist activity in particular, rather

than tourism, is associated with elevated fGC concentrations. Van Meter et al. (Van Meter et al.

2009) compared fGC concentrations of adult spotted hyenas living in four territories that varied

with respect to lion densities, rainfall, tourist activity, and pastoralism. Adults that lived on the

border of the Masai Mara National Reserve in Kenya were exposed to the most pastoralist

activity and had the highest fGC concentrations. Furthermore, a twelve-year longitudinal

analysis of one clan exposed to human disturbance indicated that fGC concentrations among

adult males had significantly increased over time as the neighboring human population expanded

and livestock grazing increased (Van Meter et al. 2009). This finding is consistent with a recent

meta-analysis showing that males are particularly sensitive to the stressor of human disturbance

(Dantzer et al. 2014).

In the current study, we first used a longitudinal analysis to test whether a variety of
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environmental and social factors, all examined previously in adult hyenas, correlate with fGC

concentrations among juveniles. We inquired whether fGC concentrations in juveniles increased

between 1993 and 2014, as human disturbance in our study area increased. We also inquired

whether juvenile fGC concentrations were associated with prey density or clan size, as resource

competition and population density have been found to correlate positively with fGC

concentrations in other species (Harper and Austad 2000, Foley et al. 2001, Ethan Pride 2005,

Beehner and McCann 2008, Dantzer et al. 2013). We also assessed the effects of a juvenile’s sex

and dominance relationship to its litter-mate, because these factors were found to correlate with

fGC concentrations in a Tanzanian population of spotted hyenas (Benhaiem et al. 2013). We

tested whether a juvenile’s social rank was associated with fGC concentrations. Across species,

the relationship between rank and fGC concentrations is variable and appears to be mediated by

environmental conditions, the stability of the social hierarchy, the breeding system, how

individuals maintain their rank, and whether subordinate individuals have opportunities for

social support (Creel 2001, Abbott et al. 2003, Goymann and Wingfield 2004).

After completing our longitudinal analysis to identify salient predictors of fGC

concentrations, we compared fGC concentrations between hyenas living in disturbed and

undisturbed areas of a single wildlife reserve from 2009-2014. Specifically, we used a cross-

sectional analysis to test the hypothesis that stress hormone concentrations, either in juveniles

themselves or in their mothers during pregnancy or lactation, differ between animals exposed to

anthropogenic disturbance and those living in pristine areas of the Mara-Serengeti ecosystem in

eastern Africa. This hypothesis predicts that juveniles in high-disturbance areas should have

significantly higher fGC concentrations than juveniles in low disturbance areas. If maternal
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stress is affecting offspring phenotypes, then pregnant or lactating females in high-disturbance

areas should have significantly higher fGC concentrations than those in low disturbance areas.

Finally, we tested whether early life fGC concentrations, regardless of the causes of its variation,

predict survivorship or longevity in spotted hyenas.

METHODS

Study Site and Subjects

Study subjects were spotted hyenas inhabiting two protected areas in southwestern Kenya; one

area was undisturbed, whereas the other was highly disturbed by anthropogenic activity. Data

from the “low disturbance” area were collected from hyenas belonging to three clans inhabiting

the pristine Mara Conservancy since monitoring began there in 2008. The Mara Conservancy is

managed by a private non-profit organization that strictly prohibits cattle grazing or any human

activity except wildlife viewing from tour vehicles. Data collected from hyenas inhabiting a

highly-disturbed area were those taken from the Talek West clan, which lives along the northern

border of the Masai Mara National Reserve (henceforth, the Reserve), near the burgeoning town

of Talek. This clan has been monitored closely and continuously since 1988. Since the late

1990s, there has been exponential human population growth along the border of the Reserve

(Watts and Holekamp 2009), humans are active with their livestock both day and night inside

the Reserve in this area, and direct conflict between hyenas and livestock is common both inside

and outside the Reserve (Kolowski and Holekamp 2006). Since 2005, humans have been

responsible for the majority of hyena deaths (through spearing, snaring, and poisoning) for

which mortality sources could be determined (Holekamp and Dloniak 2010). Numerous
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behavioral effects of increased human activity have been documented in this population,

including increased nocturnality, increased daily travel, lower rates of den attendance by

mothers, active avoidance of livestock, and a preference for areas with dense vegetative cover

(Boydston et al. 2003a, Kolowski et al. 2007, Kolowski and Holekamp 2009).

All subjects were individually identified based on their unique spot patterns and ear

damage. Age was initially estimated when cubs were first observed above ground, based on their

appearance and size (Holekamp et al. 1996), and sex was determined based on the shape of the

glans of the erect phallus (Frank et al. 1990). Spotted hyenas usually give birth to litters of 1 or 2

cubs. Shortly after the birth of twin litters, litter-mates fight for priority of access to the

mother’s teats for nursing and, within the first month of life, establish a consistent dominance

relationship that typically remains intact as long as both litter-mates remain in the natal clan.

Here each cub born in a twin litter could therefore be assigned an “intra-litter rank” based on

observations of aggressive and appeasement behavior between litter-mates (Smale et al. 1995,

Holekamp and Smale 1998a). Individuals were considered juveniles until they reached two years

of age. A female’s first parturition could be determined reliably because her pseudopenis tears

when she gives birth to her first litter, and leaves an unambiguous stripe of pink scar tissue on

the posterior surface of the phallus (Frank and Glickman 1994, Holekamp et al. 1996).

The reproductive state of adult females was continuously monitored to determine

periods of pregnancy and lactation, as described by Holekamp et al. (1996). The gestation

period for spotted hyenas is 110 days (Kruuk 1972). Conception dates were determined by

back-calculating from a cub’s date of birth, and based on observations of matings, or on sighting

a fresh tear in a phallus, which indicated parturition. To delineate lactation intervals for adult
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females, we calculated weaning dates for juveniles based on observations of nursing conflicts

and observations of cubs subsequently seen with their mother when no nursing occurred

(Holekamp et al. 1996).

Spotted hyenas live in fission-fusion societies of 5-130 individuals (Holekamp et al. 2015)

that are structured according to a strict matrilineal hierarchy (Frank 1986b). The social rank of

adult females here was calculated on a yearly basis based on outcomes of dyadic agonistic

interactions (Martin and Bateson 1988, Smale et al. 1993). Juveniles “inherit” dominance ranks

immediately below those of their mothers in a process of social learning that is not complete

until at least 18 months of age (Holekamp and Smale 1993, Smale et al. 1993). We therefore

assigned each juvenile the social rank of its mother. Hyenas of both sexes retain their maternal

ranks as long as they reside in the natal clan, which females do throughout their lives, but most

males disperse to new clans at 2-5 years of age (Boydston et al 2005; Smale et al. 1997). Each of

the clans analyzed in the cross-sectional analysis experienced at least one period of instability in

the social hierarchy during the period in which they were compared (2009-2014), when the alpha

female died or was in the process of being overtaken by lower ranking females.

Fecal sample collection, extraction, and immunoassay of hormone concentrations

We measured excreted hormone concentrations by assaying fecal samples collected from

individuals in four different clans. Fecal samples were collected whenever a known hyena was

observed defecating during our routine morning (0600-1000h) and evening (1600-2000h)

observation sessions. Samples were stored in liquid nitrogen, and carried to Michigan State

University on dry ice for storage in -80°freezers. An ethanol extraction procedure was used that
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has been described previously (Dloniak 2004, Dloniak et al. 2004, 2006, Van Meter et al. 2008,

2009). Samples were assayed in duplicate using a corticosterone radioimmunoassay kit

(ImmuChem Double Antibody Corticosterone 125I RIA kit, MP Biomedicals), and were diluted

to a 1:20 concentration with RIA buffer supplied with the commercial kit. The detection range

for the assay was 10-1200 ng/g. Any samples that had fGC concentrations below 10 ng/g were

assigned the lower detection limit as their value. An analytical validation was performed for use

of this assay with hyena fecal samples and the assay demonstrated accuracy, precision, and

linearity (Dloniak, unpublished; Greenberg et al. in prep). For our longitudinal analysis, the

intra-assay coefficient of variation was 4.66 ± 2.32 and the inter-assay coefficient of variation

was 10.27% (N=39 assays). For our cross-sectional analysis, the intra-assay coefficient of

variation was 4.28 ± 0.98 and the inter-assay coefficient of variation was 10.73% (N=22 assays).

Statistical Analysis

We modeled variation in fGC concentrations using generalized linear mixed models (GLMM)

with the “lmer” package in R, and used the package “multcomp” to perform Tukey’s post-hoc

tests for pairwise comparisons. fGC concentrations were log transformed to better approximate

a normal distribution. We used Variance Inflation Factors (VIF) to assess multi-colinearity of

predictor variables in all of our models. No variable had a VIF above 3, indicating that there

was no significant multi-colinearity among variables in our models. To assess potential outliers

or data points with high leverage, we calculated Cook’s Distances, used visual inspection of

graphs, and compared results with and without inclusion of these data points.
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Longitudinal analysis of juvenile fGC concentrations 1993-2014

To determine which ecological and social variables predicted fGC concentrations in juveniles,

we analyzed samples collected in the Talek West clan from 1993-2014. Because we had 1-8

samples per individual hyena, we included subject ID as a random effect. To control for the

time of day at which the sample was collected, we included a binary variable, morning or

evening, to indicate during which observation session the sample was collected. Age (in

months), sex, and intra-litter rank were included as fixed effects. Clan size was included as a

fixed effect and calculated as the number of breeding females present in the clan during the year

in which the sample was collected. To determine whether fGC concentrations changed over the

course of the study, we included study year as a fixed effect. Following Van Meter et al. (2009),

prey density was calculated as the average density of prey counted within 100m of three 4-km

transect lines, run biweekly, during the month before the sample was collected.

To explore whether a juvenile’s rank mediated the effect of socio-ecological variables on

fGC concentrations, we tested our model containing no interaction terms against models that

contained two-way interactions between rank and each of our other variables. To compare the

fit of models, we used Akaike’s Information Criterion corrected for small sample sizes (AICc),

with the lowest AICc score indicating the best model fit. We used likelihood ratio tests to

obtain a parameter estimate for the best-fitting model.

Cross-sectional comparison of fGC concentrations 2009-2014

Our cross-sectional analysis inquired whether juveniles, pregnant females, or lactating females in

the highly disturbed Talek region showed significantly higher fGC concentrations than
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individuals in the low disturbance area. We first conducted preliminary analysis of fGC

concentrations to determine which socio-ecological variables to include in our cross-sectional

analysis. Because previous analyses have explored the socio-ecological correlates of fGC

concentrations in the high-disturbance area (Van Meter et al. 2009), we tested whether the same

or different variables as in those earlier analyses were associated with fGC concentrations among

hyenas in the low disturbance area. In preliminary analysis of juvenile fGC concentrations in the

low disturbance area, we tested the same variables that we examined in our longitudinal analysis

of the Talek region; these were time of day, age, sex, clan size, prey, maternal rank, and litter

size.

In our preliminary analyses of pregnant and lactating females, we separately modeled

fGC concentrations among females in each of these two reproductive states, because in previous

studies, reproductive state was a significant predictor of fGC concentrations (Goymann et al.

2001, Van Meter et al. 2009). In our preliminary analysis of fGC concentrations among lactating

females in the low disturbance area, we replicated Van Meter et al.’s (2009) analysis by testing

whether the following variables significantly predicted fGC concentrations: social rank, prey

density, rainfall (mm), tourism (high or low), and social instability (occurring or not occurring).

Social rank and prey density were calculated as described above for analysis of juvenile samples.

Daily rainfall (mm) was measured using a plastic rain gauge, and we included as a variable in our

models the daily mean rainfall during the 30 days prior to the collection date of each fecal

sample. Following Van Meter et al (2009), we treated tourism as a binary variable; samples

collected June-October and December were considered “high tourism season,” and samples

collected in the remaining six months of each year were considered “low tourism season.”
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Social instability was a binary fixed factor indicating whether the subject’s clan was experiencing

social upheaval at the time of sample collection.

In our preliminary analysis of fGC concentrations among pregnant females in the low

disturbance area, we could not include all these variables in our model due to our small sample

size. We therefore only tested the effects of variables that we hypothesized were most likely to

correlate with fGC concentrations, namely, time of day, day of gestation, social rank, prey

density, and whether or not social instability was occurring. Finally, Van Meter et al. (2009)

tested whether fGC concentrations were elevated due to recent presence of lions, although this

was found to have no effect on ffGC concentrtions. We did not test for such an effect among

lactating or pregnant females in our low disturbance area because none of our samples were

collected when lions had recently interacted with our subjects.

In our cross-sectional comparison of fGC concentrations between high-and low-

disturbance areas, we separately modeled fGC concentration for juveniles, pregnant females, and

lactating females. We included disturbance as a binary fixed factor (high versus low), time of day

as a binary fixed factor (morning or evening), and subject ID and year as random effects, as well

as any variables determined to be significant in our preliminary analyses. To examine whether

the association between fGC concentrations and disturbance was mediated by other socio-

ecological factors, we also compared each of our models to models that contained a two-way

interaction with disturbance and each of the other predictor variables.

Relationship between early life fGC concentrations and fitness

We focused our analysis on the relationship between early life fGC concentration and fitness of
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hyenas in the Talek clan, as we have monitored and collected fecal samples from this clan for 21

years (1993-2014). Our preliminary analysis indicated that fGC concentrations were significantly

correlated with age for individuals younger than one year, but that age was not significant if we

restricted the analysis to individuals 6-12 months of age. The time of day in which the sample

was collected was also not a significant predictor of fGC concentrtions for individuals 6-12

months. Therefore, we used samples collected from individuals in this age range to relate fGC

concentrations to our fitness measures. When we had more than one fecal sample for an

individual during this 6 month time period, we averaged the sample values.

We used our demographic records to determine whether individuals survived to

reproductive maturity and to calculate their longevity. For longevity, we restricted our analysis to

females in the Talek clan, as males can often not be monitored after they disperse from their

natal clan. We included all females who died within the course of the study (1988-2014), and for

which we had at least one fecal sample during her first 6-12 months life. Using the glmer

package in R, we used a GLMM with a binomial distribution to test whether an individual’s fGC

concentrations during this period of early life was associated with its likelihood of surviving to 2

years. Using the lmer package in R, we used a linear mixed-effects model to test whether an

individual’s fGC concentrations during this period of early life were associated with its longevity

(in days). In both models, we log-transformed the fGC value and in our longevity model, we

also log-transformed longevity. We also included each model, as a fixed effect, the social rank

of the female’s mother in the year the female was born, because social rank has been found to

predict numerous measures of fitness in spotted hyenas (Holekamp et al. 1996, Swanson et al.

2011). Additionally, we included the female’s birth year as a random effect to account for
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particularly high or low mortality in certain years due to time-specific environmental conditions.

RESULTS

Longitudinal analysis of socio-ecological factors affecting juvenile fGC concentrations

Our longitudinal analysis of juvenile fGC concentrations included 382 samples collected from

171 juveniles in the Talek clan between 1993 and 2014. Our model indicated significant effects

of time of day, age, sex, and prey density on fGC concentrations (Table 3.1). Specifically,

juvenile fGC concentrations were higher in the morning than in the evening (P<0.001), higher in

females than in males (P=0.032), decreased with age as individuals approached the end of their

second year of life (P<0.001; Figure 3.1), and were positively correlated with prey density

(P=0.034). None of our models containing two-way interactions between rank and our other

predictor variables fit the data significantly better than the models containing no interaction

terms.

Because sex was a significant predictor of fGC concentrations, we next analyzed fGC

concentrations in juvenile males and females in separate models including the same predictor

variables as in the prior model. Females, but not males, showed a significant positive association

between fGC concentrations and prey density (females β=0.14, SE=0.07, P= 0.051; males

β=0.08, SE=0.07, P= 0.26).

Cross-sectional comparison of fGC concentrations in high- and low-disturbance areas

Juveniles

Preliminary analysis of juveniles in the low disturbance area (Table 3.2) showed that fGC

concentrations significantly declined as individuals matured (P<0.001), that juveniles had
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Table 3.1. Factors explaining variation in fGC concentrations in juvenile spotted hyenas from
the Talek West clan 1993-2014 (N=382 samples from 171 individuals). An asterisk indicates
P<0.05

Figure 3.1. A longitudinal analysis of juvenile fGC concentrations in the Talek West clan
1993-2014 indicated that fGC concentrations significantly decrease with age among juveniles of
both sexes, and that juvenile females have significantly higher fGC concentrations than do
juvenile males. Only samples collected in the morning are shown (N=188 samples).

	

  Estimate Std. Error                   P 
(Intercept) 4.09 0.22          <0.001 
Study year 0.02 0.01             0.163 
Time of day -0.36 0.10 <0.001* 
Age -0.37 0.05 <0.001* 
Sex -0.25 0.12 0.032* 
Clan Size -0.13 0.08            0.096 
Prey Density 0.11 0.05 0.034* 
Maternal Rank -0.06 0.10            0.552 
Litter Size -0.07 0.13            0.583 



significantly higher fGC concentrations in the mornings than in the evenings (P<0.001), and that

males had significantly higher fGC concentrations than did females (P=0.043). These variables

were also significant correlates of juvenile fGC concentrations in our longitudinal analysis of the

Talek West clan (although with the direction of the sex effect in the opposite direction), so we

included them here in our cross-sectional analysis for juveniles. Although prey density was not a

significant predictor of juvenile fGC concentrations in the low disturbance area, we included it

as a fixed effect in our cross-sectional analysis because it had a significant parameter estimate in
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Table 3.2. Results of preliminary analysis of variation in fGC concentrations among juveniles,
lactating, and pregnant females in the low disturbance area. An asterisk indicates P<0.05

	
 

Estimate Std. Error P 
Juveniles       
(Intercept) 4.20 0.28 <0.001 
Time of day -1.01 0.21 <0.001* 
Age -0.48 0.12 <0.001* 
Sex 0.48 0.23 0.043* 
Maternal Rank -0.03 0.20 0.90 
Prey Density -0.13 0.08 0.13 
Litter Size -0.07 0.23 0.78 
  

  
  

Lactating Females       
(Intercept) 4.8 0.24 <0.001 
Time of day -0.41 0.22     0.07 
Rank 0.27 0.19     0.16 
Prey Density -0.09 0.11     0.41 
Social Instability 0.53 0.41     0.21 
Rainfall -0.01 0.06     0.85 
Tourism Season -0.26 0.24     0.27 
  

  
  

Pregnant Females       
(Intercept) 4.35 0.54 <0.001 
Time of day -0.87 0.52     0.12 
Rank 0.17 0.41     0.68 
Prey Density -0.28 0.32     0.41 
Social Instability 1.22 0.6     0.07 
Day of gestation 0.01 0.01     0.14 
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our longitudinal analysis of juvenile females the high-disturbance area.

Our cross-sectional analysis of juvenile fGC concentrations included 194 samples

collected from 123 juveniles (49 juveniles from the low-disturbance area and 74 juveniles from

the high-disturbance area). Our model indicated that fGC concentrations were significantly

higher for samples collected in the morning than in the evening (β=-0.35, SE=0.14, P = 0.011),

and were significantly negatively correlated with age (β=-0.34, SE=0.07, P < 0.001). No other

variables were significant predictors of juvenile fGC concentrations (disturbance, β= 0.18,

SE=0.16, P = 0.256; sex, β= -0.12, SE=0.15, P = 0.442; prey density, β= 0.00, SE=0.00, P =

0.767). However, the model containing an interaction between disturbance and sex was our best

fitting model and a significantly better fit than the model without interactions (2(1)= 9.65, P =

0.002). We therefore analyzed males and females separately. Juvenile females in the high-

disturbance area showed significantly higher fGC concentrations than did those in the low

disturbance area (β=0.68, SE=0.24, P=0.007), but fGC concentrations did not vary with

disturbance among juvenile males (β=-0.24, SE=0.19, P=0.223; Figure 3.2). Among juveniles of

both sexes, age (females β= -0.22, SE=0.11, P=0.040; males β= -0.43, SE=0.09, P<0.001) and

time of day (females β= -0.54, SE=0.21, P=0.013; males β= -0.28, SE=0.17, P=0.11) were again

significant predictors of fGC concentrations. There was no significant association between prey

density and fGC concentrations among either males (β=0.00, SE=0.00, P=0.374) or females

(β=0.00, SE=0.00, P=0.230).

Lactating and Pregnant Females

In our preliminary analysis of fGC concentrations among pregnant (N=11 samples from 10



individuals) and lactating (N=70 samples from 29 individuals) females in the low disturbance

area, social rank, prey density, and social instability were not significantly correlated with fGC

concentrations (Table 3.2). Among lactating females, rainfall and tourism were also not

significant predictors of fGC concentrations. Therefore, in our cross sectional analyses for

pregnant and lactating females, we did not include any of these variables as fixed effects.

Although day of gestation was not significantly correlated with fGC concentration among

pregnant females in low disturbance areas (P=0.14), we included day of gestation as a

continuous fixed effect in our cross-sectional model because previous hyena studies have found

that fGC concentrations significantly increase over the course of gestation (Goymann et al.

2001, Van Meter et al. 2009).
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Figure 3.2. Residual juvenile fGC concentrations in high- and low-disturbance areas after
controlling for time of day and age at sample collection. N=55 females (82 samples) and 67
males (112 samples). An asterisk indicates p < .05.



Our cross-sectional analysis of fGC concentrations among pregnant females included 42

samples collected from 31 females. Disturbance level did not significantly predict fGC

concentrations (β=-0.11, SE=0.27, P=0.68). fGC concentrations significantly increased over

the course of gestation (β=0.44, SE=0.12, P<0.001), but the time of sample collection (morning

or evening) was not associated with fGC concentration (β=-0.30, SE=0.26, P=0.27). Neither

our model containing an interaction between disturbance and social rank nor our model

containing an interaction between disturbance and prey density fit the data significantly better

than our model containing neither interaction.

Our cross-sectional analysis of fGC concentrations among lactating females included 191

samples collected from 65 females. Samples collected in the morning had significantly higher

fGC concentrations than samples collected in the evening (β=-0.46, SE=0.14, P=0.002), but

disturbance level did not significantly predict fGC concentrations (β=-0.21, SE=0.18, P=0.24).

Neither our model containing an interaction between disturbance and social rank nor our model

containing an interaction between disturbance and prey density fit the data significantly better

than our model containing no interaction term.

Relationship between early life fGC concentrations and fitness

Seventy-nine individuals in the Talek West clan met the criteria for inclusion in our analysis of

whether early life fGC concentrations predicted the likelihood of surviving to reproductive

maturity. There was not a significant association between early life fGC concentration and

survivorship (β=-0.67, SE=0.41, P=0.104). There was a postive trend between rank and

survivorship (β=1.00, SE=0.60, P=0.074).
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Thirty-one Talek West females met the criteria for inclusion in our analysis of the

relationship between juvenile fGC concentrations and longevity. Longevity in this sample

ranged from 1.07-14.81 years. There was a trend for females with higher fGC concentrations in

early life to have lower longevity (β=-0.24, SE=0.14, P=0.089) and the association was weaker

when we removed one data point from an individual that had a relatively high fGC

concentration and a short lifespan (β=-0.19, SE=0.15, P=0.20). The mother’s rank in the year

the juvenile was born was also a significant predictor of longevity (β=0.72, SE=0.20, P= 0.001).

DISCUSSION

Our study indicates important sex- and age-specific effects of ecological and anthropogenic

variables on stress hormone concentrations in a wild carnivore. Juvenile females had

significantly higher fGC concentrations than juvenile males, with fGC concentrations

significantly decreasing in both sexes as they approached reproductive maturity. Furthermore, a

juvenile’s sex mediated the effects of environmental variables on stress hormone concentrations.

The fGC concentrations of female juveniles, but not of male juveniles or adult females, were

affected by human disturbance and prey density. Overall, these results suggest that females may

be more sensitive to environmental stressors than males and are consistent with studies of

laboratory rats showing that females show greater HPA reactivity than males from birth

(Patchev et al. 1999, Romeo 2010). This finding has important implications for studying effects

of early stress in wild populations because it suggests that wild spotted hyenas, like laboratory

rodents, may also show sex differences in the long-term behavioral and physiological effects of

early stress (McCormick et al. 1995, Reznikov et al. 2001, Papaioannou et al. 2002, Park et al.
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2003).

Our cross-sectional analysis indicated sex and age-specific effects of human disturbance

on fGC concentrations. Juvenile females had higher fGC concentrations in the high-

disturbance area than in the low disturbance area. However, fGC concentrations among

juvenile males, pregnant females, and lactating females did not differ significantly between high-

and low-disturbance areas. This is surprising given that, across species, adult males show a

greater increase in stress hormone concentrations due to human disturbance than do adult

females (Dantzer et al. 2014). However, these results are again consistent with findings from

laboratory rats that the response of the HPA axis to environmental events shows age-related

variation (Jacobson-Pick and Richter-Levin 2010, Romeo 2010). Our findings demonstrate that

individuals of different ages and sexes within a population may show different sensitivities to

anthropogenic disturbance and suggest the importance of looking for such effects when

studying the effects of disturbance on stress physiology.

Our longitudinal analysis provided further evidence that the stress physiology of juvenile

females may be particularly sensitive to environmental variables because juvenile females, but

not males, showed a significant positive association between prey density and fGC

concentrations. A previous study at our site found no relationship between prey density and

fGC concentrations among adult hyenas of both sexes (Van Meter et al. 2009), nor did we find a

significant relationship between prey density and fGC concentrations in our preliminary analysis

of adult females in the low-disturbance area (Figure 2). In the current study, it is perhaps

surprising that juvenile females showed a significant positive, not negative, association between

prey density and fGC concentrations. Spotted hyenas are found in larger groups when prey
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densities are high than when prey is scarce. Perhaps it is larger group sizes, and not high prey

per se, that is stressful for juvenile females. We did not see a significant association between prey

density and fGC concentrations among juvenile females in our cross-sectional analysis, where

maximum prey densities tended to be around 400-500 animals/meter less than in our

longitudinal analysis. This suggests that samples collected during times of very high prey density

were primarily driving the effect in our longitudinal analysis and that this situation may only

serve as a stressor for juvenile females when prey density is very high.

Our results regarding fGC concentrations in adult females differ from previous findings,

which were that adults in the highly disturbed Talek area had significantly higher fGC

concentrations than adults in low disturbance regions (Van Meter et al. 2009). However, the

authors of this previous study sampled from different low disturbance areas than we did, and

fGC concentrations from individuals in low disturbance clans in the current study appear to be

higher than those from individuals in the low disturbance clans studied by Van Meter et al.

(2009). We suspect this might be due to an unusually high frequency of social instability in the

low disturbance clans studied here compared to those studied by Van Meter et al (2009). We

used a binary variable to indicate social instability due to sudden events, such as the death of an

alpha female. However, we are currently exploring several continuous measures of group

stability that better reflect more subtle social dynamics, and that might reveal associations with

fGC concentrations.

Another possible explanation for why we found no significant effect of disturbance on

fGC concentrations among pregnant and lactating females in the current study is that hyenas in

the high-disturbance Talek area may be undergoing long-term adjustments in their HPA activity
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in response to the chronic stress of pastoralism that has been increasing since the late 1990s.

Chronically stressed animals may show attenuation in HPA activity due to habituation,

desensitization, or HPA axis exhaustion. If hyenas living in the high-disturbance Talek area

have been chronically stressed and attenuation has occurred, we would not necessarily expect

fGC concentrations to differ between individuals sampled in high- and low-disturbance areas.

Changes in HPA activity due to chronic stress are particularly difficult to predict and detect in

wild populations (Cyr and Michael Romero 2007, Cyr and Romero 2009, Dickens and Romero

2013). However, we are currently exploring this hypothesis by investigating whether changes in

fGC concentrations indicate attenuation among hyenas who have been repeatedly sampled and

who have lived in the Talek area as pastoralism has increased.

The data from our study suggest that differences in circulating GC concentrations among

mothers or juveniles are likely not mediating the behavioral differences we previously

documented between juvenile hyenas living in high- and low-disturbance areas. Juveniles in the

high- and low-disturbance areas studied here display consistent differences in personality traits,

with juveniles in high-disturbance areas being less neophobic, more exploratory, and less bold

than juveniles in low disturbance areas (Greenberg and Holekamp 2017). It remains possible

that stress physiology plays a role in mediating these behavioral differences, but that a different

measure of physiological stress is functionally related to personality traits. For example,

biomarkers of stress in the autonomic system have been found to relate to personality traits and

offspring stress physiology in humans (Ponirakis et al. 1998, Nater and Rohleder 2009).

Additionally, numerous studies have found a significant relationship between personality and

HPA axis reactivity, or how quickly and to what degree GCs are released in response to a
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stressor (Oswald et al. 2006, Schoech et al. 2011, Baugh et al. 2012). In future research, we hope

to compare HPA axis reactivity of spotted hyenas in high- and low-disturbance areas by

performing ACTH challenges during routine immobilizations, and collecting serial blood

samples to be assayed for GC concentrations.

Examination of other aspects of HPA functionality, and not simply baseline fGC

concentrations, should also be conducted to further explore the relationship between stress

physiology and fitness in this species. Although the associations between early life fGC

concentrations and the fitness measures we investigated were in the predicted directions, the

associations were not statistically significant. Our study, along with several other recent studies

and meta-analyses, therefore challenge the assumptions that baseline stress hormone

concentrations are negatively associated with fitness (Bonier et al. 2009a, 2009b), and that

elevations of stress hormone concentrations due to anthropogenic disturbance in particular are

associated with fitness costs (Dantzer et al. 2014). This recent work, along with the current

study, therefore raise important questions regarding the role of non-invasive monitoring of

stress hormone concentrations for wildlife management and conservation. However, as other

researchers have argued, measures like survivorship and longevity may be related to other

aspects of HPA sensitivity or feedback, rather than the crude measure of glucocorticoids

excreted in feces (Romero and Wikelski 2010, Breuner et al. 2012).

In conclusion, the data from our current study allow us to rule out an hypothesis

suggesting that maternal or offspring stress physiology shape personality differences observed

between high- and low-disturbance areas. We are currently testing an alternative hypothesis that

maternal behavior influences these juvenile personality differences. Previous research in the
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high-disturbance Talek area has shown that, as human activity has increased, mothers spend less

time at communal dens (Kolowski et al. 2007), and preferentially select dens in thicketed areas,

which can be costly when this means they must travel farther to hunt and avoid livestock than

females in undisturbed areas (Boydston et al. 2003a, Kolowski and Holekamp 2009). Research

in other species, both in captivity and the wild, has indicated that changes in environmental

quality or predictability can shape maternal investment strategies and maternal care styles,

resulting in subsequent changes in juvenile traits, such as personality (Rosenblum and Paully

1984, Andrews and Rosenblum 1991, Fairbanks 1996). We are testing this alternative

hypothesis by comparing maternal den attendance and maternal care in areas of high- and low-

disturbance.
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CHAPTER 4

VARIATION IN MATERNAL BEHAVIOR AND MOTHER-OFFSPRING
INTERACTIONS

Julia R. Greenberg, Zach M. Laubach, Shannon Carvey, Kaycee Morra, Laura Smale, & Kay E.

Holekamp

INTRODUCTION

Observers of mammalian behavior have long noted that mothers often vary in the way they care

for offspring (Hinde 1976, Altmann 1980, Clutton-Brock 1991), and that such variation seems

to be consistent across generations (Fairbanks 1989, Berman 1990, Maestripieri and Wallen

2003). In recent years, scientists have demonstrated that laboratory rodents show “maternal

styles,” revealing natural variation in the way they groom and nurse pups that is consistent over

development and across multiple litters (Liu et al. 1997). This variation in maternal behavior

affects offspring personality, stress reactivity, reproductive strategies, and sociality (Moore 1984,

1992, Coplan et al. 1996, Caldji et al. 1998, Francis et al. 1999, Cameron et al. 2008b, Stevens et

al. 2009, Andrews and Rosenblum 2010). Maternal styles in this laboratory model system are

transmitted across generations via epigenetic mechanisms, and a female’s early experience of

maternal care shapes her own reproductive strategies and patterns of maternal behavior towards

her own pups (Francis, Diorio, & Liu, 1999).

To understand the ecological and evolutionary factors shaping and maintaining such

variation, we need a better understanding of maternal styles in natural systems. Maternal styles

have been documented in some free-living animals (yellow baboon Nguyen et al. 2008, red

squirrel Dantzer et al. 2011, grey seal Twiss et al. 2012, gray-cheeked mangabeys Arlet et al.
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2016). However, it remains unclear how widespread they are in nature, where variation in

ecological and social conditions is far greater than in the laboratory (Stewart and Mcadam 2014).

Additionally, determining whether maternal styles are directly related to offspring fitness would

shed light on whether the epigenetic mechanisms documented in the laboratory are also likely to

occur in nature.

The causes and consequences of variation in maternal behavior have been most

thoroughly studied in Old World Monkeys (reviewed in Fairbanks 1996). As infants mature,

mothers generally spend less time in contact with offspring, and offspring become more

responsible for mediating changes in contact and proximity with their mothers, using their

mothers as a “secure base” from which to explore their environment (Hinde and Atkinson 1970,

Nash 1978). However, beyond this ontogenetic trend, mothers often show marked variation in

how much time they spend in contact with offspring, to what degree they initiate contact with

and departures from, offspring, and how often they groom offspring. Highly protective mothers

spend a relatively large proportion of their time in contact with offspring, frequently initiate

contact with their offspring, and restrain offsprings’ attempts to break contact. Highly rejecting

mothers spend a relatively small proportion of their time in contact with offspring, often reject

offspring attempts to make contact, and show high rates of breaking contact with offspring

(Fairbanks 1996). In some species, a third dimension of maternal behavior emerges, sometimes

referred to as warmth, which is positivity correlated with maternal grooming and cradling of

offspring (pigtail macaques, Maestripieri 1998).

Although a large proportion of the variation in maternal behavior among cercopithecines

is due to individual variation, maternal styles may also be shaped by the degree to which a
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mother’s physical or social environment is challenging. For example, mothers that are resource-

limited, live in unpredictable environments, or experience extreme environmental events tend to

be more rejecting of offspring than those living in more favorable environments (Hauser and

Fairbanks 1988, Andrews and Rosenblum 1991, Fairbanks and McGuire 1995, Lycett et al.

1998). Such effects may be mediated by effects of the environment on maternal condition. On

the other hand, if the mother experiences a challenging social environment that poses risks to

offspring, such as aggression, harassment, or kidnapping, mothers tend to be more protective

(rhesus macaque Maestripieri 1995, 2001). This is consistent with the findings of some primate

studies that low-ranking mothers, who experience more social challenges, are more protective

than high-ranking mothers (savannah baboon Altmann 1980, rhesus macaque Berman 1990,

yellow baboon Wasser and Wasser 1995). However, in other primate studies, the opposite

relationship between rank and maternal behavior has been found (Schino et al. 1995, Bentley-

Condit 2003). It is also unclear how the degree of environmental or social risk to young relates

to the common finding that primiparous mothers tend to be more protective than multiparous

mothers (Tanaka 1989, Maestripieri 1998). Instead, differences in maternal behavior due to

parity have largely been interpreted as the result of maternal experience.

Across species, mothers may also behave differently towards offspring based on

offspring traits. For example, maternal investment is predicted to be greater in the sex that

shows more variation in reproductive success (Trivers 1972, 1974, Smith 1980, Clutton-Brock et

al. 1981). This may explain why male offspring sometimes nurse at higher rates than females

(Lee and Moss 1986), initiate contact with their mothers more often than female offspring

(Nguyen et al. 2012), or receive more grooming from mothers than do female offspring (Moore
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1984, 1992). Additionally, an individual’s litter size may mediate mother-offspring relationships

not only because an individual competes with siblings for maternal resources (Hudson and

Trillmich 2008, Hudson et al. 2011), but also because mothers may behave differently towards

some members of a litter than toward others (Mendl 1988). For example, even among same-sex

siblings, mothers groom some rat pups significantly more frequently than their siblings (Cavigelli

and McClintock 2003, Ragan et al. 2011, 2016).

In this study, we explored natural variation in maternal behavior and its fitness

consequences for offspring in a free-living population of spotted hyenas. In terms of their basic

developmental biology and life-history, spotted hyenas show both similarities and differences to

the primates and rodents that have been the focus of most earlier studies of maternal behavior.

Understanding patterns of maternal variation in this wild carnivore can therefore help us to

better understand the ecological and evolutionary factors shaping variation in maternal care

across species. Spotted hyenas show a degree of maternal investment and a protracted period of

offspring growth and development that is more typical of primates than other carnivores (Watts

et al. 2009). Mothers give birth to small litters (1-2 cubs) at isolated natal dens and cubs do not

wean until an average of 14 months of age at our site (Holekamp et al. 1996, Holekamp and

Dloniak 2010). A mother’s presence and defense remain critical for offspring survival even after

weaning, as the feeding apparatus of young spotted hyenas is not fully developed for eating meat

and bone until 36 months of age (Tanner et al. 2009), and they do not reach full proficiency at

hunting until roughly five years of age (Holekamp et al. 1997b).

Whereas patterns of maternal investment among spotted hyenas are similar to many

primates, young spotted hyenas spend much less time with their mothers than do primates, and
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instead reside at a communal den that is more similar to the nests utilized by rodents. When

cubs are approximately 3-4 weeks of age, mothers move cubs from the natal den to communal

dens where they live for the next 7-12 months. The communal den is composed of a series of

burrows and tunnels that protect young hyenas from dangers present in the rest of the clan’s

territory (Boydston et al. 2006). Hyena cubs emerge from the den to nurse from their mothers

and socialize with other hyenas. Whereas primate mothers carry their offspring for many

months, young hyenas only have the opportunity to interact with their mothers when mothers

visit the communal den; this can occur at intervals ranging from a few hours, as at our study site,

to 3-4 days at other sites (Hofer & East, 1993b). Furthermore, whereas juvenile primates

typically treat their mothers as a “secure base” from which to explore their environment and flee

to her during times of danger, the communal den may also serve this function for young hyenas.

Spotted hyenas live in matrilineal societies nearly identical in size and structure to those

of many Old World Monkey species; however unlike those primate species, female spotted

hyenas are dominant to males and therefore primate and hyena mothers may vary in their

treatment of male and female offspring. Juvenile hyenas “inherit” dominance ranks immediately

below those of their mothers in a process of social learning that is not complete until at least 18

months of age (Holekamp & Smale 1993; Smale et al. 1993). Hyenas of both sexes retain their

maternal ranks as long as they reside in the natal clan, which females do throughout their lives,

but most males disperse to new clans at 2-5 years of age (Boydston et al 2005; Smale et al. 1997;

Höner et al. 2007). High-ranking spotted hyena mothers intervene on behalf of their offspring

in aggressive interactions more often and more effectively than do low-ranking mothers (Engh

et al. 2000)
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To examine variation in maternal behavior, we first used focal animal surveys (FAS) on

mother-cub dyads to determine the proportion of time that mothers nursed their cub(s), were in

close proximity to their cub(s), groomed their cub (s), and to what degree the mother initiated

being close to cub(s). To determine sources of this variation, we examined the effects of a

mother’s parity and social rank, cub age, cub sex, litter size, and external factors such as time of

day and prey density. Next, we explored whether spotted hyena mothers show consistent

individual variation in their maternal behavior, and to what extent variation in maternal behavior

is due to these consistent individual differences. Finally, we inquired whether measures of

maternal behavior predicted offspring survivorship to reproductive maturity.

METHODS

Subjects & Study Populations

Study subjects lived in a single large clan of spotted hyenas inhabiting the Talek region of the

Masai Mara National Reserve (MMNR) in southwestern Kenya during two different time

periods, 1988-1991 and 1993-1996. Individuals could be identified by their unique spot patterns

and ear damage. Subjects were juveniles who had not yet been weaned, and their mothers. Age

was initially estimated when cubs were first observed, based on their appearance and size

(Holekamp et al. 1996), and sex was determined based on the shape of the glans of the erect

phallus (Frank et al. 1990). The date on which a cub was last seen was assigned as its death date

because female hyenas spend their entire lives in their natal clan and male hyenas do not

typically disperse before two years of age (Smale et al. 1997, Holekamp and Smale 1998a). In

litters of two cubs, we determined the cub’s intra-litter rank based on nursing position and
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aggressive and submissive interactions between the siblings. Spotted hyena mothers have only

two teats, and once the dominance relationship between litter-mates has been established,

typically by 4 weeks of age, a cub’s position while nursing consistently varies with its intra-litter

rank. As shown in Figure 4.1, the dominant cub typically nurses while lying against its mother’s

stomach, whereas the subordinate sibling typically nurses while strattled between its mother’s

hind legs.

Spotted hyenas live in clans of up to 130 individuals (Holekamp et al. 2015) that are

structured according to a strict matrilineal hierarchy (Frank 1986). Here the social ranks of adult

females were calculated on a yearly basis, based on outcomes of dyadic agonistic interactions,

and were used to construct a dominance hierarchy each year (Martin & Bateson 1988; Smale et
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Figure 4.1. Photograph of a spotted hyena mother nursing two cubs. As is typical, the dominant
member of the litter is laying up against its mother’s stomach while nursing, whereas the
subordinate litter-mate is strattled between her legs. Photo courtesy of Lily Johnson-Ulrich.

	



al. 1993). Ranks were standardized from -1 to 1, with the most dominant individual having a

rank of 1.

The reproductive state and parity of adult females was continuously monitored as

described by Holekamp et al. (1996). A female’s first parturition could be determined reliably

because a female’s pseudopenis tears when she gives birth to her first litter, leaving an

unambiguous stripe of pink scar tissue on the posterior side of the phallus (Frank and Glickman

1994, Holekamp et al. 1996).

Data Collection

From 1988-1991, we conducted focal animal surveys (FAS) on every juvenile in the clan

approximately every two weeks. From 1993-1996, we collected FAS data on adult females

opportunistically, making every attempt to balance the dataset with regards to the mother’s

social rank, parity, and litter size. FAS were conducted during our routine daily morning

(0600-1000h) and evening (1600-2000h) observation periods. We followed the focal subject,

either the cub or the adult female, for 30 minutes or until the subject had been out of sight for 5

minutes. During FAS, we recorded all affiliative interactions between individuals, such as,

sniffing, grooming, playing, and ritualitized “greetings” in which two individual lift a leg to allow

the other to sniff their genital region). We also recorded all aggressive interactions, ranging from

displacements to chasing and biting, counterattacks, and coalitionary attacks. Lastly, we

recorded all instances in which the focal subject approached or was approached by another

individual to within 1m.

We extracted data on maternal behavior from FAS on cubs in which the cub’s mother
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was present, and from FAS on adult females in which one or more of her dependent cubs was

present. If a female had a litter of two cubs and both were present during a FAS conducted on

her, we extracted two different sets of FAS data, one for each cub. From each FAS, we extracted

the number of minutes in which the mother engaged in three maternal behaviors: nursing,

grooming the cub, or being in close proximity to the cub (within 1m or in contact). We then

calculated the total duration of each behavior in each FAS. For the time that a mother spent in

close proximity to the cub, we excluded any minutes when the mother was nursing her cub, as

nursing necessitates contact with the cub. Additionally, whenever the mother-cub pair moved in

or out of close proximity, we recorded which individual initiated the change as an “event” (e.g.

cub approach mother, mother approach cub, cub leave mother, or mother leave cub). In some

cases, both the mother and cub simultaneously approached one another (0.4% of all

approaches) or left one another (0.3% of all departures), or we could not determine which

individual approached (5% of all approaches) or departed (2% of all departures). However,

because these cases represented a small percentage of all proximity changes, and because we

were primarily interested in whether the mother or cub was primarily responsible for proximity

changes, we excluded these cases from analysis.

Statistical Analysis

We used generalized linear mixed models to model variation in each of the three maternal

behaviors of interest (nursing, grooming, and time spent in close proximity to the cub), and our

event measures that indicated proximity maintenance. All analyses were conducted using the

glmmADMB package in R (R version 3.3.1; Development Core Team, 2015), which allows for
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the incorporation of both random effects and zero-inflated predictor variables. We used the

multicomp package to perform post-hoc tests with a Tukey correction for pairwise comparisons.

For our models involving durations of maternal behaviors, we used the number of minutes in

which the mother engaged in each behavior during a particular FAS as our response measure.

To model variation in how often mothers approached their offspring, we limited our analysis to

sessions in which either the mother or the cub approached the other at least once during the

FAS. We used the number of times a mother approached her cub in the FAS as our response

measure and included the total number of approaches by either mother or cub in the FAS as a

predictor variable. To determine the extent to which mothers left their cubs, we limited our

analysis to sessions in which the mother and cub left one another at least once, used the number

of times a mother left her cub within a FAS as our response measure, and included the total

count of times the mother or cub left one another as a predictor variable. To account for the

fact that our FAS varied in the amount of time when both a mother and her cub were present,

we included as a logged offset the number of minutes in which the mother and cub were both

present during the FAS in each model. We logged the offset value as this is the standard way to

incorporate offsets in glmmADMB and helps to scale the offset to be proportional to the

predictor variable. We excluded from all analyses any FAS in which the mother and cub were

present together for less than 5 min. In each model, we also included the mother’s ID as a

random effect.

In all models, we included several ecological, social, and demographic variables as

predictor variables. As binary fixed effects, we included the time of day (morning or evening),

and the mother’s parity (primiparous or multiparous), and litter size (i.e. whether the focal cub
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did or did not have a living litter-mate alive on the day of the FAS). As continuous fixed effects,

we included the cub’s age, the mother’s social rank (standardized from -1 to 1, as described

above), and prey density. Prey density was calculated as the average number of prey counted

within 100m of three 4-km prey transects sampled within two-weeks of the FAS. For the first

three months of the study in 1988, we did not have data from prey transects and we therefore

used the values averaged from the other years of the study during the corresponding two-week

intervals. Cub’s age and prey density were scaled and centered in our analyses. If models

indicated a significant effect of whether the cub had a litter-mate or not, we then restricted our

dataset to include only cubs that had a living litter-mate, and tested whether a cub’s intra-litter

rank (dominant or subordinate) was a significant predictor of the maternal behavior of interest.

In all models except our model for nursing, we also included a random effect of study

year. We removed this random effect in our models for nursing in order for our models to

converge. Our diagnostics suggested that this term was problematic, as random effects with

relatively few levels can sometimes cause non-convergence especially when they have low

variance, as was the case for this term. There are several suggestions regarding what to do in

this situation, including removing the term from the model and fitting the model with the term

as a fixed effect instead of a random effect (Barr, D.J., Levy, R., Scheeperes, C., Tily 2014). We

did both of these and our results did not differ when using these alternative approaches.

Because we were mainly interested in controlling for year-to-year variation in our models of

maternal behavior, we report the results of our nursing model that does not include study year as

a factor.

For each maternal behavior, we assessed the fit of four types of count models; a negative
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binomial model, a poisson model, a zero-inflated negative binomial model, and a zero-inflated

poisson model. We then compared the fit of the four models using Akaike’s Information

Criterion corrected for small sample sizes (AICc). A smaller AICc value indicated a better fit,

and we report the results from the best-fitting model for each maternal behavior.

glmmADMB is a relatively new R package, and model diagnostic methods are still being

developed. We therefore focused our evaluation of model fit on the residual deviance. We also

evaluated overdispersion using the theta value provided in the model outputs. We used Variance

Inflation Factors (VIF) to assess multi-colinearity of predictor variables in all of our models. No

variable had a VIF above 3, indicating that there was no significant multi-colinearity among

variables in our models.

Individual variability and repeatability of maternal behavior

We assessed the contribution of individual variation among mothers to our models of nursing,

close proximity, and grooming durations, as well as our models of proximity maintenance in two

ways. First, for each of these models we determined whether the random effect of maternal ID

significantly improved the fit of our models. We used a likelihood ratio test to compare each

model to a model that did not include the mother’s ID as a random effect, and calculated a

parameter estimate for the mother’s identity. Second, we calculated the proportion of variance

explained by the random effect of maternal ID by dividing the proportion of variance explained

by maternal ID by the total residual variance of the model. This offers a measure of

repeatability in maternal behavior (Lessells and Boag 1987, Dantzer et al. 2011).
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Relationship between maternal behavior and offspring fitness

To determine whether an individual’s experience of maternal behavior in early life predicted it

likelihood of surviving to adulthood, we first used our demographic records to determine

whether each cub survived to reproductive maturity (2 years of age). We calculated the

proportion of time that a cub nursed, was groomed by its mother, or was in close proximity to

its mother from 3-6 months of age. To control for differences in behavior based on time of

day, we only included evening sessions. We chose this time interval in order to maximize the

number of individuals we could include and we only included individuals that had multiple

evening observations in each of the three months. In three separate general linear models, we

then modeled the likelihood of surviving (Y/N) to reproductive maturity as a function of the

proportion of FAS time a cub spent nursing, being groomed by its mother, or in close proximity

to its mother. We used the “glm” package in R and specified a binomial response measure.

RESULTS

Our data on mothers with cubs 0-15 months included a total of 1075 FAS collected on 34

mothers and 122 cubs (Figure 4.2). An average of 8.83 FAS (range 1-32) were conducted on

each mother-offspring pair. Figure 4.3 shows the average percent of the time that a mother and

cub were both present in a FAS during which the mother was nursing her cub (a), in close

proximity to her cub (b), and grooming her cub (c).

Models of time spent nursing, grooming, and in close proximity to offspring

A zero-inflated negative binomial model best described variation in nursing among mothers
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Figure 4.2. The total number of Focal Animal Surveys (FAS) collected on mothers with cubs
10-15 months. Data are binned by the cub’s age in months. Numbers above bars indicate the
number of cubs observed in that age category.

	

(Table 4.1). Mothers spent a significantly greater proportion of their time nursing as cubs

matured, and in the evening than in the morning. There was a trend for primiparous mothers to

nurse their cubs more than did multiparous females. Mothers of twin litters spent a greater

proportion of their time nursing than did mothers of singletons. A model including only cubs

who had a living litter-mate indicated no significant effect of intra-litter rank on the proportion

of time a mother spent nursing (B = -0.04, SE = 0.05, P =0.50).

A zero inflated negative binomial model best explained variation in how much time

mothers spent in close proximity to their cubs (Table 4.2). Mothers spent a significantly lower

proportion of their time close to cubs as the cubs matured, and a significantly greater proportion

of their time in close proximity in the mornings than in the evenings. Mothers spent a
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Figure 4.3. Developmental changes in three maternal behaviors among spotted hyena mothers
with cubs 0-15 months old. Out of the total minutes a mother and cub were both present in an
FAS, figures show the proportion of time a mother spent a) nursing the cub; b) grooming the
cub and; c) in close proximity to the cub. Labels indicate the number of FAS averaged for each
month of development.
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Table 4.1. Results of a zero-inflated negative binomial model explaining variation among
mothers in duration of nursing. An asterisk indicates P<0.05.

Table 4.2. Results of a zero-inflated negative binomial model explaining variation in time
mothers spent in close proximity to their cubs. An asterisk indicates P<0.05.

  Odds Ratio Estimate Std. Error            P 
(Intercept) 0.54 -0.62 0.06  <0.001 
Cub Age 1.16 0.14 0.03 <0.001* 
Cub Sex 0.94 -0.06 0.05    0.221 
Time of Day 1.20 0.18 0.05 <0.001* 
Maternal Rank 1.00 0.00 0.05    0.964 
Parity 0.88 -0.12 0.06    0.057 
Litter Size 1.18 0.16 0.06 0.005* 
Prey Density 1.01 0.01 0.02   0.598 
	

  Odds Ratio Estimate Std. Error           P 
(Intercept) 0.42 -0.88 0.13    <0.001 
Cub Age 0.88 -0.13 0.04 0.001* 
Time of Day 0.72 -0.33 0.07 <0.001* 
Cub Sex 1.19 0.17 0.07 0.020* 
Maternal Rank 1.04 0.04 0.08    0.573 
Parity 0.91 -0.10 0.12    0.405 
Litter Size 0.73 -0.31 0.08 <0.001* 
Prey Density 0.95 -0.05 0.04     0.169 
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significantly greater proportion of their time in close proximity to male than female cubs, and a

significantly greater proportion of their time in close proximity to the focal cub if it was a

singleton than if it had a litter-mate. A model including only cubs who had a litter-mate

indicated that a cub’s intra-litter rank was not significantly associated with the proportion of

time a mother spent in close proximity to the cub (B = 0.05, SE = 0.08, P =0.54).

Because our analysis indicated a significant effect of cub sex on how much time a mother

spent in close proximity to the cub, we stratified the dataset according to cub sex and ran the

model separately for male and female cubs. We included the same offset, random effects, and

independent variables, but excluded cub sex as a variable. Mothers of males cubs spent a greater

proportion of their time in close proximity to the focal cub if it was a singleton than if it had a

litter-mate (B = -0.48, SE = 0.10, P < 0.001). A model including only male cubs that had a

litter-mate indicated that a cub’s intra-litter rank was not associated with the proportion of time

a mother spent in close proximity to the cub (B = 0.11, SE = 0.14, P =0.42). Among mothers of

female cubs, there was no significant effect of litter size on the proportion of time a mother

spent in close proximity to the cub (B = 0.04, SE = 0.16, P =0.80).

A negative binomial model best described variation in grooming among mothers (Table

4.3). Mothers spent a significantly lower proportion of their time grooming cubs as the cubs

matured and spent a significantly greater proportion of their time grooming cubs in the evening

than in the morning. Multiparous mothers spent a significantly greater proportion of their time

grooming cubs than did primiparous mothers. Mothers spent a significantly greater proportion

of their time grooming the focal cub when the cub was a singleton than when it had a litter-

mate. A model including only cubs who had a litter-mate indicated that a cub’s intra-litter rank



was not significantly associated with the proportion of time a mother spent grooming it (B =

-0.36, SE = 0.25, P =0.16).

Because our analysis indicated a significant effect of maternal parity on how often a

mother groomed her offspring, we stratified the dataset according to parity and ran the model

separately for primiparous and multiparous mothers. We included the same offset, random

effects, and independent variables, but excluded parity as a predictor variable. Results suggest

that variation among multiparous mothers was driving the effect of litter size on maternal

grooming because there was a significant effect of litter size on the proportion of time

multiparous mothers spent grooming their cubs, but this effect was not observed among

primiparous mothers. Multiparous mothers spent a significantly greater proportion of their time

grooming the focal cub when the cub was a singleton than when it had a litter-mate (B = -0.94,

SE = 0.27, P = 0.001), but there was no significant effect of a cub’s intra-litter rank on grooming

(B = -0.29, SE = 0.26, P = 0.268). Grooming by primiparous mothers did not vary with litter

size (B = -0.82, SE = 0.66, P = 0.214).
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Table 4.3. Results of a negative binomial model explaining variation in time mothers spent
grooming offspring. An asterisk indicates P<0.05.

  Odds Ratio Estimate Std. Error           P 
(Intercept) 0.02 -3.96 0.31    <0.001 
Cub Age 0.41 -0.90 0.12 <0.001* 
Time of Day 1.79 0.58 0.21 0.005* 
Cub Sex 1.23 0.21 0.22    0.341 
Maternal Rank 0.68 -0.39 0.29    0.179 
Parity 0.48 -0.74 0.36 0.041* 
Litter Size 0.39 -0.93 0.25 <0.001* 
Prey Density 0.88 0.12 0.11     0.254 
	



Models of proximity maintenance

Our model of variation in how often a mother approached her cub included 541 surveys

collected from 34 mothers and 116 cubs (Figure 4.4). Each mother-cub pair had an average of

5.92 FAS (range: 1-22). Our best fitting model was a negative binomial model (Table 4.4). The

total number of approaches within a session was a significant predictor of the number of times

mothers approached their cub and mothers approached singletons significantly more often than

cubs that had a litter-mate. A model including only cubs who had a litter-mate indicated that a

cub’s intra-litter rank was not significantly associated with the number of times a mother

approached her cub (B = -0.24, SE = 0.21, P =0.25).

Our model for variation in how often a mother left her cub included 712 surveys

collected from 34 mothers and 115 cubs (Figure 4.5). Each mother-cub pair had an average of

6.21 FAS sessions (range: 1-23). Our best fitting model was a negative binomial model (Table

4.5). Mothers left their cubs significantly more as cubs matured and the total number of

departure events within a session was also a significant predictor of the number of times

mothers left their cub.

Individual variability and repeatability of maternal behavior

In regard to nursing, the model that included maternal ID was not a significantly better fit than

the model without maternal ID as a random effect. In fact, our model without maternal ID was

a significantly better fit than our model with maternal ID (likelihood ratio test, 2=4.88, P

=0.027), and variation among mothers explained only a small proportion (0.17%) of the residual

variance in the model. In regard to time spent in close proximity, the model that included
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Table 4.4. Results of a negative binomial model explaining variation in how often mothers
approached their cub. An asterisk indicates P<0.05.
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Figure 4.4. Developmental changes in the percentage of approaches to within 1m that were
initiated by the mother. Labels indicate the number of FAS averaged for each month of
development.

  Odds Ratio Estimate Std. Error             P 
(Intercept) 0.01 -4.32 0.26      <0.001 
Total # of 
approaches 1.18 0.16 0.03 <0.001* 
Cub Age 1.08 0.08 0.09      0.386 
Time of Day 0.92 -0.08 0.17      0.620 
Sex 0.99 -0.01 0.18      0.960 
Maternal Rank 1.07 0.07 0.17      0.684 
Parity 1.28 0.25 0.27      0.349 
Litter Size 0.38 -0.96 0.18 <0.001* 
Prey Density 1.04 0.04 0.09      0.671 
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Table 4.5. Results of a negative binomial model explaining variation in how often mothers
moved more than 1 m from their cub. An asterisk indicates P<0.05.

Figure 4.5. Developmental changes in the percentage of departures to further than 1m apart that
were initiated by the mother. Labels indicate the number of FAS averaged for each month of
development.

  Odds Ratio Estimate Std. Error             P  
(Intercept) 0.02 -3.86 0.19    <0.001 
Total # of leaves 1.09 0.09 0.01 <0.001* 
Cub Age 1.40 0.34 0.05 <0.001* 
Time of Day 1.00 0.00 0.10     0.973 
Cub Sex 0.94 -0.06 0.10     0.556 
Maternal Rank 0.84 -0.17 0.10     0.095 
Parity 1.04 0.04 0.17     0.797 
Litter Size 0.93 -0.07 0.11     0.505 
Prey Density 0.96 -0.05 0.06     0.441 
	



maternal ID was not a significantly better fit than the model without maternal ID as a random

effect (likelihood ratio test, 2=2.28, P =0.131), and variation among mothers explained only 2%

of the residual variance of the model. However, in regard to grooming, the model including

maternal ID was a significantly better fit than the model without maternal ID as a random effect

(likelihood ratio test, 2=9.86, P =0.002), and variation among mothers explained 48% of the

residual variance of the model (Figure 4.6). Neither model for proximity maintenance was a

better fit when including maternal ID as a random effect (approaches by mother: 2=1.61,

P=0.20; departures by mother: 2=1.62, P =0.20). Maternal ID explained 5% of the residual

variance of the model for maternal approaches and 2% for maternal departures from the cub.

Relationship between maternal behavior and offspring fitness

Only nine individuals met our criteria for inclusion in the analysis of whether maternal behaviors

predict offspring survivorship. Neither the proportion of time a mother spent nursing her cubs,

time she was in close proximity to her cubs, nor the proportion of time she spent grooming her

cubs significantly predicted a cub’s likelihood of surviving to reproductive maturity (nursing, B

= 7.87, SE = 7.41, P = 0.29; close proximity, B = 9.79, SE = 9.24, P = 0.29; grooming B = 4.43,

SE = 34.91, P = 0.90).

DISCUSSION

Our study documents natural variation in maternal behavior among free-living carnivores, and

adds to a growing body of literature elucidating the factors that shape intra-specific variation in

maternal behavior. Compared to the Old World Monkey and rodent species that have been

85



Figure 4.6. Individual variation in the proportion of a mother’s time spent nursing, grooming,
and in close proximity to cubs. Y-axis is the best linear unbiased predictor (BLUP) for each of
the 34 mothers calculated from our models for proportion of time spent in each of the three
maternal behaviors.
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most thoroughly studied, spotted hyenas showed both important similarities and differences in

their patterns of maternal behavior. Spotted hyena mothers showed significant and consistent

inter-individual variation in how much time they spent grooming cubs, suggesting that, like

laboratory rodents, the degree to which a mother grooms her cubs is a component of maternal

styles in spotted hyenas.

Unlike Old World Monkeys, spotted hyenas did not show significant and consistent

inter-individual variation in how much time they spent close to cubs and how they mediated

proximity with their cubs. It is possible that this difference stems from the fact that

cercopithecines, unlike spotted hyenas, carry their young for extended periods of time and that

young can physically cling to mothers. Additionally, while juveniles of these primate species

often flee to their mothers in times of danger, or use their mother as a secure base from which

to explore their environments, spotted hyena cubs often utilize the communal den as a secure

base, and this could mean that changes in proximity between mother and offspring do not

reflect maternal protectiveness or offspring attachment as meaningfully in hyenas as monkeys.

Future research should investigate other aspects of maternal behavior that may contribute to

individual maternal styles. For example, the degree to which a mother is aggressive (Dwyer and

Lawrence 2000), or playful (Blehar et al. 1977) towards offspring can vary consistently and

significantly among mothers of other species, and it would be interesting to look at this in

spotted hyenas.

Interestingly, a female’s social rank was not a significant predictor of any of the maternal

behaviors we measured. This is in contrast to most other aspects of spotted hyena behavior that

have been studied at our field site, including patterns of aggression (Dloniak et al. 2006), space
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use (Boydston et al. 2003a), personality (Yoshida et al. 2016), and social bond formation

(Holekamp et al. 1997a, Smith et al. 2007). Spotted hyenas live in a more flexible fission-fusion

society than cercopithecines, and previous studies have found that low-ranking mothers are able

to avoid threatening social situations by visiting the den when few high-ranking females are

present (White 2007). Furthermore, even within cercopithecines, some studies have found that

rank and maternal care are not significantly associated (Schino et al. 1995, Bentley-Condit 2003),

or that rank and maternal behaviors are significantly related among male but not female

offspring (Schino et al. 1999). Our finding suggests that rank-related maternal effects on cub

growth and development are not mediated by how much time mothers spend nursing,

grooming, or in close proximity to their offspring, suggesting that these rank effects are due

solely to differences in maternal condition (Hofer and East 2003), gestational hormones

(Dloniak et al. 2006), and aggressive defense of offspring (Engh et al. 2000).

Our study also indicated that a spotted hyena’s experience of maternal care is profoundly

influenced by litter size. Mothers spent a significantly greater proportion of their time grooming,

or in close proximity to a cub if it was a singleton than if it had a litter-mate. However, mothers

of twin litters did not bias their behavior towards either the dominant or subordinate cub for

either behavior. This suggests that mothers of twin litters divide their maternal care between

litter-mates. Regarding nursing, mothers spent a significantly greater proportion of their time

nursing when they had twin litters as opposed to singletons. Again, there was no difference in

the proportion of time mothers spent nursing dominant versus subordinate litter-mates, which is

surprising given previous findings that subordinate litter-mates sustain more nursing

interruptions due to sibling aggression (Benhaiem et al. 2012), and are often considerably smaller
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than their dominant litter-mates (Holekamp and Dloniak 2009). This suggests that, at least in

our dataset, such nursing interruptions were brief and subordinates were able to offset their

effects. It also suggests that, although dominant litter-mates are often larger than subordinate

litter-mates, this pattern is not due to differences in durations of nursing, but perhaps

differences due to nursing position (for example, differences in milk let-down from different

teats or differences in the degree of body contact with the mother). In addition to a cub’s litter

size, its sex was also a significant predictor how much time it spent in close proximity to its

mother. Mothers appeared to bias this aspect of their maternal care towards male singletons.

Studies in other species have found similar evidence for sex-biased maternal care in some

behavioral measures, but not others (Schino et al. 1999, Dettmer et al. 2015, King and Goldizen

2016)

Contrary to findings among Old World Monkeys, we found that primiparous mothers

showed behaviors indicative of less protectiveness than multiparous mothers. Primiparous

spotted hyena mothers spent a significantly lower proportion of their time grooming cubs than

did multiparous mothers. And unlike multiparous mothers, who groomed singletons more than

members of twin litters, primiparous mothers groomed cubs equally regardless of litter size.

These differences could be due either to primiparous mothers having less experience rearing

offspring or being in poorer condition than multiparous mothers. Consistent with studies on

Old World Monkeys, there was a trend for primiparous mothers to nurse their cubs more than

multiparous mothers, suggesting that primiparous mothers may attempt to compensate for

deficits in milk quality or nursing ability.

Our study raises questions regarding how variation in maternal behavior influences
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offspring and how it is maintained within this population. Future research could determine

whether offspring of “high-grooming” and “low-grooming” spotted hyena mothers show

consistent differences in personality or stress reactivity, as they do in laboratory rodents. Given

that we found notable differences in how mothers behave towards singletons versus members

of twin litters, it would also be interesting to inquire whether individuals show personality

differences into adulthood based on their litter status. If maternal behaviors such as grooming

and spending time close to offspring influence offspring traits as they do in cercopithecines, we

would predict that singletons would be more neophobic, fearful, and less exploratory than

individuals who were in twin litters (Fairbanks 1993, Schino et al. 2001). Finally, our study raises

the question of whether the natural variation in grooming among spotted hyena mothers is

transmitted across generations through epigenetic mechanisms, as it is among laboratory

rodents. Future research should examine cross-generational consistency in these maternal

behaviors.
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CHAPTER 5

ANTHROPOGENIC EFFECTS ON MATERNAL BEHAVIOR IN SPOTTED HYENAS

Julia R. Greenberg, Zach M. Laubach, & Kay E. Holekamp

INTRODUCTION

Maternal effects, whereby a mother influences her offspring phenotype independently of

offspring genotype, can profoundly affect offspring fitness, physiology, and behavior (Mousseau

and Fox 1998). Mothers alter their patterns of maternal care in response to environmental

challenges or altered resource availability (Ono et al. 1987, Hauser and Fairbanks 1988, Lee et al.

1991, Burkanov et al. 2011). Such changes can, in turn, affect offspring growth, physiology,

behavior, or survivorship (Rosenblum and Paully 1984, Coplan et al. 2001, Stevens and Boness

2003, Arroyo and Razin 2005, Gibbs et al. 2010, Champagne 2011, French et al. 2011, Johnson

et al. 2012, Almasi et al. 2015). Maternal effects can therefore be an important mechanism

through which organisms respond flexibly to changing conditions in their environment

(Jablonka et al. 1995, Räsänen and Kruuk 2007).

Anthropogenic disturbance affects the behavior of a range of wildlife species (reviewed

in Blumstein, Fernández-Juricic, Zollner, & Garity, 2005, Miranda, Schielzeth, Sonntag, &

Partecke, 2013, Sol, Lapiedra, & González-Lagos, 2013), and therefore has the potential to affect

offspring through behavioral maternal effects. Among mammalian carnivores, which are

threatened worldwide (Ripple et al. 2014), human activity has both lethal and sub-lethal effects

on behavior. Compared to carnivores in undisturbed areas, carnivores in disturbed areas are

often more nocturnal (Ciucci et al. 1997), actively avoid humans (Riley et al. 2003, Gosselink et
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al. 2007), show shifts in habitat preference and diet (reviewed in (Bateman and Fleming 2012),

and changes in home range size (Gehrt et al. 2009). Anthropogenic disturbance may also shape

variation in carnivore social tolerance, social structure (Boyd et al. 1995; Macdonald, Courtenay,

Forbes, & Mathews, 1999), and personality (Greenberg and Holekamp 2017). Despite the

potential for disturbance-induced maternal effects on the behavior of offspring, most studies of

disturbance-related maternal effects in carnivores have focused on offspring survivorship. In

several species, studies have shown that disturbance may influence maternal behavior and

offspring development without negatively affecting offspring survival (Amstrup 1994, Engelhard

et al. 2002, Stevens and Boness 2003, James and Myfanwy 2013).

Here we inquired whether anthropogenic activity shapes maternal behavior among free-

living spotted hyenas, and tested an hypothesis suggesting that disturbance-related maternal

effects influence offspring behavior. Maternal effects have the potential to profoundly affect

offspring fitness and behavior in this species because spotted hyena mothers show an unusually

protracted period of maternal investment in comparison to most other mammalian carnivores

(Watts et al. 2009). Spotted hyenas give birth to litters containing 1 or 2 cubs at isolated natal

dens, and move cubs to a communal den when they are 3-4 weeks of age. There they reside for

the next 7-14 months (Holekamp & Dloniak 2010), emerging from the den to nurse from their

mothers and socialize with clan-mates (Holekamp & Smale, 1998). Mothers must significantly

alter their space use to visit the communal den (Hofer and East 1993a, Boydston et al. 2003a),

from which they effectively become central place foragers while their cubs reside there.

Maternal presence at dens is critical for cubs’ physical and social development. In the Serengeti,

maternal attendance rates at dens are significantly positively correlated with cub growth rates,
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which in turn predict cub survivorship to reproductive maturity (Hofer and East 1993a).

Additionally, it is at the communal den that cubs learn their dominance ranks. Spotted hyenas

live in fission-fusion social groups, called clans, that are structured according to a matrilineal

dominance hierarchy (Frank 1986a). Maternal presence at dens is critical for the process of rank

acquisition, as mothers reinforce cub’s appropriate aggressive behavior and intervene on behalf

of their offspring (Holekamp and Smale 1993, Engh et al. 2000).

Spotted hyenas also show remarkable flexibility in the face of anthropogenic disturbance

(Holekamp and Dloniak 2010). Where we conducted our study, in Kenya’s Masai Mara National

Reserve (MMNR), the human population along the borders of the reserve has grown

exponentially since the late 1990s, resulting in increased numbers of livestock grazing both day

and night inside the protected area (Green et al. in press). Direct conflict between hyenas and

livestock is common (Kolowski and Holekamp, 2006), resulting in high rates of hyenas being

speared, snared, and poisoned (Holekamp and Dloniak, 2010). Since 2005, humans have been

responsible for the majority of hyena deaths for which mortality sources could be determined

(Holekamp and Dloniak 2010). In addition to these lethal effects, increased human activity

along the borders of the MMNR has also had indirect effects on the behavior of adult spotted

hyenas. As human disturbance has increased, individuals have become more nocturnal,

expanded their home ranges, and increased the distances they travel to hunt (Boydston et al.

2003b). Compared with hyenas living in pristine areas of the MMNR, hyenas in the disturbed

area show a greater preference for protective vegetation (Kolowski and Holekamp 2009), are

more vigilant (Pangle and Holekamp 2010), shift their activity patterns to avoid interaction with

humans (Kolowski et al. 2007), travel greater distances in the mid-day heat (Ikime 2015), and
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travel faster overall (Green 2015).

In a recent study, Greenberg and Holekamp (2017) found that behavioral differences

between juvenile hyenas living in high- and low-disturbance areas emerge early in life, when cubs

reside at communal dens, despite experiencing virtually no direct exposure to human

disturbance at dens. Using field experiments, they found that juveniles in high- and low-

disturbance areas showed consistent differences in personality traits, specifically, neophobia,

exploration, and boldness. When exposed to a novel object, juveniles in the high-disturbance

area were significantly less neophobic and more exploratory than juveniles in the low-

disturbance area. When exposed to a box they could enter to feed on a reward, juveniles in the

high-disturbance area were less bold than juveniles in the low-disturbance area. Greenberg and

Holekamp proposed that such behavioral differences might be shaped indirectly, by differences

in maternal behavior between high- and low-disturbance areas. For example, among Old World

Monkeys, which show many similarities to spotted hyenas in their maternal investment patterns,

life-histories, and social behavior, the offspring of mothers who are the most “rejecting” or

“laissez-faire” in their mothering style tend to be least neophobic and most exploratory

(Andrews and Rosenblum 1991, Fairbanks 1996). Moreover, female primates are less attentive

and protective of their offspring in more challenging or unpredictable environments (Andrews

and Rosenblum 1991). The degree to which mothers are “protective” versus “rejecting” has

been assessed in numerous primate species by measuring how much time a mother spends close

to offspring (in contact or within 1m) and how often a mother approaches and leaves her

offspring from this close proximity range. However, in other taxanomic groups, such as rodents,

it is mothers who are more protective, as measured by rates of grooming and the use of particular
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nursing positions, that tend to have offspring who are less afraid to approach and explore new

aspects of their environment (Caldji et al. 1998).

Despite the many effects of human disturbance previously documented on the behavior

of spotted hyenas, Green et al. (2017) recently found that survivorship of juvenile hyenas was

actually greater in a highly disturbed area than in low-disturbance areas with the Masai Mara

National Reserve, Kenya, and as a result, their study clan in the disturbed area grew to be the

largest on record at 130 individuals. They demonstrated that this surprising demographic pattern

was likely due, at least in part, to a decline in lion densities in the high-disturbance area,

presumably also due to anthropogenic activity, and an increase in the hyenas’ depredation of

livestock. However, it is also possible that differential maternal behavior in high- and low-

disturbance areas contributes to the success of juveniles in the disturbed habitat.

Previous studies using VHF telemetry and direct observation indicated that

anthropogenic disturbance negatively affects maternal den attendance among spotted hyenas

living in a highly disturbed area of the MMNR. As human disturbance has increased, adult

females have been found significantly farther from the communal den (Boydston et al. 2003b),

and they arrive at communal dens later in the evening and leave them earlier in the morning than

in undisturbed areas (Kolowski et al. 2007). However, these studies were limited by the coarse

scale of the spatial data and the difficulty of obtaining data during the night.

Here we inquired how maternal behavior is shaped by human disturbance and tested the

hypothesis that differences in maternal behavior mediate the disturbance-related patterns in

juvenile personality at this site. If this hypothesis is correct, then we expected to see

unambiguous differences in maternal den attendance and behavior between high- and low-
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disturbance areas. First, we compared maternal attendance rates at communal dens in high- and

low- disturbance areas of the MMNR using spatial data from spotted hyena mothers fitted with

GPS collars transmitting hourly locational data. We also examined the effects of offspring age,

litter size, prey density, and social rank on maternal den attendance rates. We predicted that

maternal den attendance would significantly decrease as cubs matured, and that mothers with

litters containing two cubs would show higher den attendance rates than mothers with

singletons. We also predicted that den attendance would be positively correlated with local prey

density, as has been found in other populations (Hofer and East 1993a), because spotted hyenas

travel significantly greater distances from the den when prey are scarce than when they are

abundant (Boydston, Kapheim, & Szykman, 2003; Hofer & East, 1993; Kolowski & Holekamp,

2009). Previous research on space use at our study site has shown that, among females with den-

dwelling cubs, there is no rank-related variation in how far females are found from the

communal den (Boydston et al. 2003a). However, we suspected that low-ranking mothers might

have lower attendance rates than high-ranking mothers in areas affected by human disturbance

because low-ranking mothers bear a higher cost of den visitation (White 2007); therefore, we

also assessed the effects of maternal social rank on den attendance.

To compare how mothers in high- and low-disturbance areas interacted with offspring at

communal dens, we conducted Focal Animal Surveys (FAS) on mother-offspring pairs.

Specifically, we determined the proportion of a mother’s FAS time when she was present at a

den with her cubs that she spent nursing her cubs, in close proximity to her cubs, or grooming

her cubs. We also determined to what extent mothers were responsible for maintaining close

proximity with their cubs. In a previous study (Greenberg et al. Ch.4), we analyzed naturally
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occurring variation among spotted hyena mothers during a time period in which there was no

human disturbance. We found that mothers significantly altered their participation in these

activities based on cub age, litter size and time of day, but that social rank and prey density did

not appear to shape these maternal behaviors.

Finally, because we found that human disturbance does affect some aspects of maternal

behavior, we next inquired whether these maternal behaviors predict offspring survivorship and

whether it might also help explain the differences that have been documented in juvenile

survivorship in the high- and low- disturbance area. Greenberg et al. (chapter 4) previously

found that variation in how much time a mother spent nursing, grooming, or in close proximity

to offspring did not significantly predict either juvenile survivorship to reproductive maturity or

longevity. We therefore focused our analysis on whether maternal den attendance significantly

predicted offspring survivorship to reproductive maturity.

METHODS

Subjects & Study Populations

Study subjects were spotted hyenas inhabiting two areas within the Mara-Serengeti ecosystem in

southwestern Kenya. As described above, one area was undisturbed, whereas the other was

highly disturbed by anthropogenic activity (Figure 5.1). Hyenas living in the high-disturbance

area were members of the Talek West clan, which lives along the Northern border of the Masai

Mara National Reserve, near the burgeoning town of Talek. This clan has been continuously

monitored on a daily basis since 1988. Hyenas living in the low-disturbance area were members

of three clans living in the pristine Mara Conservancy. The Mara Conservancy is managed by a
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private non-profit organization that strictly prohibits cattle grazing or any human activity except

wildlife viewing from tour vehicles or hot-air balloons. These clans have been monitored daily

since 2008.

Spotted hyenas live in fission-fusion societies, each containing up to 130 individuals, and

each structured according to a strict matrilineal hierarchy (Frank 1986). Females are dominant to

males, which disperse from their natal clans at 2-5 years of age, and assume the lowest possible

ranks in the new clans into which they immigrate (Holekamp and Smale 1998b, van Horn et al.

2003). The social rank of adult females was calculated here on a yearly basis based on outcomes

of dyadic agonistic interactions used to construct an annual hierarchy for each clan (Martin &

Bateson 1988; Smale et al. 1993). To account for variation in clan size, ranks were standardized

from -1 to 1, with the most dominant individual having a standardized rank of 1.
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Figure 5.1. Map of the territories of the four study clans monitored in the Masai Mara National
Reserve, Kenya. Study clans were Talek West (TW), Serena North (SN), Serena South (SS), and
Happy Zebra (HZ). The three clan in the shaded area are located in the Mara Conservancy.
Star indicates the town of Talek.



Age was initially estimated when cubs were first observed, based on their appearance and

size (Holekamp et al. 1996), and sex was determined based on the shape of the glans of the erect

phallus (Frank et al. 1990). The reproductive state of adult females was continuously monitored

to determine periods of pregnancy and lactation, as described by Holekamp et al (1996). The

gestation period for spotted hyenas is 110 days (Kruuk, 1972). Conception dates were

determined by back-calculating from a cub’s date of birth, and based on observations of matings

and fresh tears in females’ phalluses, indicating recent parturition.

Data Collection

Maternal attendance at dens

GPS radio collars (Vectronic Aerospace, Berlin, Germany) were deployed in 2012 on 18 sexually

mature adult females. Of these, 10 females were members of two clans in the low-disturbance

area (5 from the Serena North clan and 5 from the Serena South clan), and 8 were members of

the Talek West clan, located in the high-disturbance area. In the low-disturbance area, 7 of the

collared females were high ranking and 3 were low ranking. In the high-disturbance area, 4 of

the collared females were high ranking and 4 were low ranking. To fit females with collars, we

anesthetized hyenas using Telazol (6.5 mg/kg) administered in a plastic dart fired from a CO2

powered rifle (Telinject Inc., Saugus, California). Collars were programmed to record GPS

locations hourly from 1600 h to 1000 h, and also once at 1300 h, for a total of 20 location fixes

per 24 hour period.

For each female, we defined periods in which she had a litter residing at the communal

den. We defined the start date for each period as the day on which the mother moved her litter
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to the communal den from the natal den. It was not always possible to confirm the mother’s

presence at a natal den in the field because mothers often used dens in areas that were difficult

for our field team to access, and were often wary of humans during this period such that they

sometimes left the den when they saw our research vehicle approach. There was also often a lag

time in when we received GPS fixes due to spotty cell tower coverage. We identified the natal

den used by each mother by inspecting her GPS locations and looking for high concentrations

of points approximately one month prior to the cubs’ date of birth (see Figure 5.2). Then, using

a mother’s GPS locations along with our field notes, we determined the date on which each

mother brought her cub(s) to the active communal den.
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Figure 5.2. Map of one female’s GPS locations while she was at a natal den, showing a high
concentration of points in close proximity to the natal den. Rings indicate 10m and 25m from
the natal den. Approximately 50% of her total GPS points for the one-month period were
within 10m of the natal den.



We defined the end date of the period during which a mother had den-dwelling cubs as

the date on which her cubs were eight months of age, which is the average age at which cubs

become independent of the den in the MMNR (Holekamp and Dloniak 2010). Not all 18

collared females had location fixes for the entire period during which their cubs lived at the

communal den because collars were sometimes deployed when females already had den-dwelling

litters, and some collars malfunctioned before the end of the cub’s den-dwelling period. If the

mother or cub died before the date on which cubs reached 8 months of age, we defined the end

date as the day on which the mother or cub was last seen alive.

We determined which communal den was actively being used by each clan at any given

time using archived behavioral records. Spotted hyenas may re-use dens within their territories,

and on average, change communal dens monthly (Boydston et al. 2006). During our routine

observation sessions, we typically visited the communal den being actively used by each clan

twice per day. Dens here were defined as being actively used when cubs were observed entering

and exiting the den entrance. If more than one den hole was being used within 200m, we

characterized the entire area as a “den complex.” In some cases, a clan was actively using two

dens that were more than 200m apart, or were clearly in transition as mothers moved their cubs

from one den to another. In these cases, we considered both dens to be actively used. If we

were unable to identify the active communal den via direct observation in the field, we

determined which den was being used by inspecting the GPS points of females with den-

dwelling cubs during that period. This was typically the case only for dens in areas that were

impossible for us to access due to rocks or dense vegetation.

We used QGIS to create a 100m buffer around each communal den. We then calculated
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the proportion of each female’s total fixes that occurred within 100m of the active den during

the time period defined by the above start and end dates. In the case of den complexes, we

defined the mother as present at the den if her location fix was within 100m of any of the den

holes included in the complex.

Maternal behavior at dens

During our routine morning (0600-1000h) and evening (1600-2000h) observation periods, we

conducted focal animal surveys (FAS) on mother-cub pairs. We initiated a FAS when a mother

and cub were both present. We followed the pair for 30 minutes or until either the mother or

cub had been out of site for five minutes. During a FAS, we recorded all minutes during which

a mother was nursing, grooming, or in close proximity (within 1m or in contact) to the cub.

Additionally, whenever the mother-cub pair moved in or out of close proximity, we recorded

which individual initiated the change as an “event” (e.g. cub approach mother, mother approach

cub, cub leave mother, or mother leave cub). FAS were conducted opportunistically, but we

made every attempt to balance the dataset with regards to the mother’s social rank, mother’s

parity, and litter size. Although we had no den attendance (GPS) data from primiparous

mothers, we conducted FAS on primiparous mothers in addition to parous mothers. We also

conducted FAS on mother-cubs pairs in three study clans in the low-disturbance area, rather

than two. That is, in addition to collecting FAS data from the Serena North (SN) and Serena

South (SS) clans, we also collected them from mother-infant pairs in the Happy Zebra (HZ)

clan.
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Statistical analysis of maternal den attendance and behavior

We used the glmmADMB package in R (R version 3.3.1; Development Core Team, 2015) to

model both variation in maternal attendance at dens and maternal behaviors during FAS. The

glmmADMB package allows for the incorporation of both random effects and zero-inflated

predictor variables. For maternal den attendance, we modeled the number of points during each

24 hour period when a mother was at the den while she had den-dependent cubs as our

response measure, and her total number of points for that 24 hr period (a maximum of 20 fixes)

as a logged-offset. We compared the fit of four types of count models; a negative binomial

model, a poisson model, a zero-inflated negative binomial model, and a zero-inflated poisson

model. The model with the lowest Akaike’s Information Criterion corrected for small sample

sizes (AICc) was chosen as our best fitting model. In each of these candidate models, we

included the mother’s ID as a random effect. As fixed effects, we included the cub’s age as a

continuous measure, the disturbance level (high or low), the mother’s social rank as a

continuous variable, the number of cubs the mother had alive at the den on that day (1 or 2),

and prey density. Prey density was calculated as the average density of prey (including livestock)

counted within 100m of multiple prey transects run bi-monthly within the territorial boundaries

of our study clans, during each two-week interval in which maternal behavior data were

collected. Prey density and cub age were centered and scaled for analyses.

We next asked whether disturbance mediated the relationship between other variables

and den attendance. To do this, we tested for a significant two-way interaction between

disturbance and each of our other variables of interest (litter size, maternal rank, and prey

density) by performing a likelihood ratio test between our model without interactions and each
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of our models that included an interaction.

To model variation in maternal behavior, we calculated the total number of minutes

during which mother and cub were both present in each FAS as well as the number of FAS

minutes in which the mother was nursing her cub, in close proximity her cub, and grooming her

cub. For the number of minutes a mother spent in close proximity to her cub, we excluded any

minutes during which she was nursing the cub because she would necessarily be in contact with

the cub while nursing. We then constructed a separate model for each of these three maternal

behaviors, with the time spent engaged in the behavior as the response measure and the total

time mother and cub were present together as a logged offset. In each model, we included the

mother’s ID as a random effect, and disturbance as a fixed effect (high-disturbance or low-

disturbance). We also included the following fixed effects: time of day (morning or evening),

litter size (singleton or twins), cub sex, maternal rank, maternal parity (primiparous or

multiparous), and prey density. We again compared the fit of count models with four different

distributions (negative binomial, poisson, zero-inflated negative binomial, and zero-inflated

poisson), and report the model with the lowest AICc score. We excluded from analysis any FAS

in which the mother and cub were present together for less than 5 min, and only included FAS

in which the cub was less than 9 months old, the average age at which cubs begin to spend the

majority of their time away from the den in our study area.

We used our data on whether the mother or cub initiated changes in proximity to model

the extent to which mothers were responsible for maintaining proximity with their cubs. To

model how often mothers approached their offspring, we limited our analysis to sessions in

which either the mother or the cub had approached the other at least once during the FAS. We
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used the number of times a mother approached her cub in the FAS as our response measure and

included the total number of approaches by either mother or cub in the FAS as a predictor

variable. To determine the extent to which mothers left their cubs, we limited our analysis to

sessions in which the mother and cub left one another at least once, used the number of times a

mother left her cub within a FAS as our response measure, and included the total count of times

the mother or cub left one another as a predictor variable. For each of our maternal behaviors,

we again asked whether disturbance mediated the relationship between the behavior and our

other variables. To do this, we tested for a significant two-way interaction between disturbance

and each of our other variables of interest (litter size, maternal rank, cub sex, maternal parity,

and prey density) by performing a likelihood ratio test between our model without interactions

and each of our models that included an interaction. We included mother ID as a random effect

and cub age and time of day as fixed effects in each model.

glmmADMB is a relatively new R package and model diagnostic methods are still being

developed. We therefore focused our evaluation of model fit on the residual deviance. We also

evaluated overdispersion using the theta values provided in model outputs. We used Variance

Inflation Factors (VIF) to assess multi-colinearity of predictor variables in all of our models. No

variable had a VIF above 3, indicating that there was no significant multi-colinearity among

variables in our models.

Maternal den attendance and offspring survivorship

We used our demographic records to determine whether the offspring of mothers fitted with

GPS collars survived to reproductive maturity, which occurs at 24 months of age in spotted
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hyenas. All youngsters could have reached this age by the time our analysis was conducted. For

each juvenile, we calculated the proportion of its mothers’ location fixes that were at the den

when the cub was 30-120 days old, or roughly the first three months in which a cub resided at

the communal den. We excluded from analysis any juveniles whose mothers’ collars did not

transmit at least 10 location fixes during each of the three months.

RESULTS

Maternal attendance at dens

Preliminary analysis showed that, within the low disturbance area, hyenas in the two clans did

not show significantly different den attendance rates (zero inflated negative binomial model,

B=0.070, SE=0.187, P = 0.707). Therefore, we did not include clan as a factor in subsequent

analyses of spatial data.

Our analysis included a total of 40,317 points, with an average of 14.39 points per female

per day. The dataset included an average of 4.94 months of data from each mother per litter

(range 0.57-8.26 months). A zero-inflated negative binomial distribution best fit our den

attendance data (Table 5.1). Den attendance was significantly higher among mothers in low-

than high-disturbance areas (P = 0.002; Figure 5.3). Den attendance significantly decreased as

cubs matured (P < 0.001; Figure 5.3), high-ranking mothers had significantly lower den

attendance than low-ranking mothers (P = 0.024), and we also found a significant positive

association between maternal attendance and prey density (P < 0.001). There was a trend for

mothers to show higher den attendance when they had twins than singletons (P = 0.057).

We observed a marginally significant interaction between disturbance and litter size (2(1)

106



107

Figure 5.3. Plot showing mean maternal den attendance as cubs mature in low- and high-
disturbance areas. Data points represent monthly means of mothers’ daily den attendance (the
proportion of mothers’ total points that were within 100m of the communal den).

Table 5.1. Results of zero-inflated negative binomial model explaining variation in maternal den
attendance. ** indicates P <0.05. * indicates P <0.1.

	  Odds Ratio Estimate Std. Error         P 
(Intercept) 0.351 -1.048 0.103 <0.001 
Cub Age 0.765 -0.267 0.019 <0.001** 
Disturbance 0.625 -0.470 0.151 0.002** 
Social Rank 0.804 -0.218 0.096 0.024** 
Prey Density 1.077 0.074 0.013 <0.001** 
Litter Size 1.096 0.092 0.048     0.057 * 



= 2.96, P = 0.085). Looking at mothers of singletons versus twins separately indicated that the

magnitude of the disturbance effect was greater among mothers of singletons (odds ratio =

0.722, B = -0.326, SE = 0.139, P = 0.019) than of twin litters (odds ratio = 0.536, B = -0.623,

SE = 0.212, P = 0.003). A likelihood ratio test indicated a significant interaction between

disturbance and prey density (2(1) = 34.72, P < 0.001). However, when we removed data points

from one out-lying two-week interval with high prey densities in one clan’s territory, this effect

was no longer significant (2(1) = 2.68, = 0.102). The interaction between disturbance and rank

was not significant (2(1) = 1.3, P = 0.254).

Maternal behavior at dens

Our analysis included a total of 333 FAS collected on 43 mothers (24 from low disturbance

areas; 19 from the high disturbance area) and 62 cubs (33 from low disturbance areas; 29 from

the high disturbance area). An average of 5.32 FAS (range 1-16) were conducted on each

mother-offspring pair. Preliminary analysis showed that, within the undisturbed area, hyenas in

the three study clans did not show significantly different rates of nursing, grooming, or being in

close proximity to offspring (Table 5.2). Therefore, we did not include clan as a factor in

subsequent analyses.

A zero-inflated negative binomial model best explained variation in nursing among

mothers (Table 5.3a). Mothers in the high-disturbance area spent significantly more of their

time during FAS nursing their cubs than did mothers in the low-disturbance areaa (P < 0.001;

Figure 5.4a). Mothers also nursed their cub significantly more as the cub matured (P < 0.001),

and significantly less as prey density increased (P < 0.029). There were non-significant trends
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Figure 5.4. Plot showing mean proportion of time mothers spent a) nursing and b) in close
proximity to cubs as cubs mature in low- and high-disturbance areas. Data points represent
monthly means of mothers’ behavior.
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for high-ranking mothers to spend more time nursing cubs than did low-ranking mothers (P <

0.060), and mothers of female cubs to spend more time nursing than did mothers of male cubs

(P < 0.071). Likelihood ratio tests comparing models for nursing with and without interaction

terms indicated a significant interaction between disturbance and maternal rank (2(1) = 5.2, P =

0.023). Looking at high-ranking mothers and low-ranking mothers separately indicated that,

although mothers of all ranks spent more FAS time nursing in high- than low-disturbance areas,

the magnitude of the disturbance effect was larger among low-ranking mothers (odds ratio =

1.39, B = 0.331, SE = 0.164, P = 0.04) than high-ranking mothers (odds ratio = 1.36, B = 0.306,

SE = 0.077, P < 0.001). All other interactions were non-significant (disturbance X cub sex (2(1)

= 0.52, P = 0.471; disturbance X litter size (2(1) = 0.4, P = 0.527; disturbance X litter size ((2(1)
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Table 5.2. Tukey pairwise comparisons of rates of nursing, grooming, and close proximity
among mothers living in the three clans in the undisturbed area.

	

  Estimate Std. Error P  
Nursing       
North - Happy Zebra -0.02 0.15 0.98 
South - Happy Zebra -0.08 0.20 0.91 
North - South -0.06 0.25 0.97 
  

  
  

Close Proximity       
North - Happy Zebra -0.12 0.29 0.91 
South - Happy Zebra 0.15 0.37 0.91 
North - South 0.27 0.48 0.84 
    
Grooming       
North - Happy Zebra -0.30 0.57 0.85 
South - Happy Zebra -0.06 0.71 1.00 
North - South 0.25 0.94 0.96 
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Table 5.3. Results of models explaining variation in how much FAS time mothers spent: a)
nursing cubs (zero-inflated negative binomial model), b) in close proximity to cubs (negative
binomial model), and c) grooming cubs (negative binomial model). ** indicates P <0.05. *
indicates P <0.1.

	
  Odds Ratio Estimate Std. Error        P 
A. Nursing         
(Intercept) 0.679 -0.39 0.07 <0.001 
Cub age 1.136 0.13 0.03 <0.001** 
Time of day 1.053 0.05 0.05  0.340 
Disturbance 1.278 0.25 0.05 <0.001** 
Litter Size 0.993 -0.01 0.05  0.895 
Cub sex 0.909 -0.10 0.05    0.071* 
Maternal rank 0.926 -0.08 0.04    0.060* 
Maternal parity 1.102 0.10 0.06  0.116 
Prey density 1.000 0.00 0.00 0.029** 
  

   
  

B. Close Proximity         
(Intercept) 0.255 -1.37 0.21 <0.001 
Cub age 0.687 -0.38 0.07 <0.001** 
Time of day 0.775 -0.26 0.13     0.055 * 
Disturbance 0.554 -0.59 0.15 <0.001** 
Litter Size 0.855 -0.16 0.16  0.331 
Cub sex 1.282 0.25 0.17  0.133 
Maternal rank 1.017 0.02 0.12  0.886 
Maternal parity 1.169 0.16 0.19  0.418 
Prey density 1.000 0.00 0.00  0.991 
  

   
  

C. Grooming         
(Intercept) 0.087 -2.44 0.40 <0.001 
Cub age 0.600 -0.51 0.12 <0.001** 
Time of day 1.226 0.20 0.25  0.419 
Disturbance 1.243 0.22 0.34  0.520 
Litter Size 0.379 -0.97 0.34 0.004** 
Cub sex 0.596 -0.52 0.34  0.131 
Maternal rank 0.653 -0.43 0.25    0.094* 
Maternal parity 0.699 -0.36 0.43  0.404 
Prey density 1.000 0.00 0.00  0.152 



= 0.4, P = 0.527; disturbance X maternal parity (2(1) = 0.12, P = 0.729; disturbance X prey

density (2(1) = 0.06, P = 0.807).

A negative binomial model best explained variation in how often mothers were in close

proximity to their cub (s; Table 5.3b). Mothers in the high-disturbance area spent significantly

less FAS time in close proximity than did mothers in the low-disturbance area (P < 0.001; Figure

5.4b). Mothers also spent significantly less time in close proximity to cubs as they matured (P <

0.001), and mothers tended to spend more time in close proximity to cubs in the mornings than

in the evenings (P < 0.055).

Likelihood ratio tests comparing models for FAS time spent in close proximity to cubs

with and without interaction terms indicated a significant interaction between disturbance and

maternal parity (2(1) = 4.77, P = 0.029). Looking at primiparous and multiparous mothers

separately indicated that the magnitude of the disturbance effect was greater among multiparous

mothers (odds ratio = 0.66, B = -0.41, SE = 0.15, P = 0.006) than primiparous mothers (odds

ratio = 0.29, B = -1.25, SE = 0.43, P = 0.004). There was also a marginally significant

interaction between disturbance and maternal rank (2(1) = 3.13, P = 0.077). Looking at high-

ranking and low-ranking mothers separately indicated that the disturbance effect was significant

among high-ranking mothers (odds ratio = 0.79, B = -0.65, SE = 0.20, P = 0.001), but not low-

ranking mothers (odds ratio = 0.52, B = -0.24, SE = 0.29, P = 0.406). All other interactions

were non-significant (disturbance X prey density (2(1) = 0.50, P = 0.481; disturbance X cub sex 2

(1) = 0.14, P = 0.710; disturbance X litter size (2(1) = -0.22, P = 0.99).

A negative binomial model best explained variation in grooming among mothers (Table

5.3c). There was no significant difference between high- and low-disturbance areas with respect
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to how much FAS time mothers spent grooming their cubs (P = 0.520). Mothers spent

significantly less time grooming cubs as they matured (P < 0.001), and significantly more time

grooming singletons than cubs in twin litters (P = 0.004). There was a non-significant trend for

low-ranking mothers to spend more time grooming cubs than high-ranking mothers (P = 0.094).

Likelihood ratio tests indicated that no interactions with disturbance were significant

(disturbance X prey density 2(1) = 1.52, P = 0.218; disturbance X maternal parity 2(1) = 0.69, P

= 0.407; disturbance X maternal rank 2(1) = 0.62, P = 0.432; disturbance X litter size 2(1) = 0.49,

P = 0.499; disturbance X cub sex 2(1) = 0.10, P = 0.747).

A zero-inflated negative binomial model based on 160 FAS best explained variation in

how often a mother approached her cub. Only the total number of approaches in the survey

significantly predicted how often mothers approached cubs (Table 5.4). A poisson model that

included 156 surveys best explained variation in how often a mother left her cub (Table 5.5).

Mothers in the high-disturbance area left their cubs significantly more often than did mothers in

the low-disturbance area (P < 0.001), and mothers of females showed higher rates of leaving

their cubs than did mothers of males (P = 0.053). Due to the small size of these datasets, we did

not test for significant interactions between disturbance and our other predictor variables.

Maternal den attendance and offspring survivorship

Twenty-one individuals met our criteria for inclusion in the analysis. Of these 21 individuals, 4

did not survive to reproductive maturity (3 in the high-disturbance area and 1 in the low-

disturbance area). Maternal attendance at dens did not significantly predict offspring

survivorship (B = 9.43, SE = 7.46, P = 0.206).
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Table 5.4. Results of a zero-inflated negative binomial model explaining variation in how often
mothers approached their cubs to within 1m. ** indicates P <0.05. * indicates P <0.1.

Table 5.5. Results of a poisson model explaining variation in how often mothers left their cubs.
** indicates P <0.05. * indicates P <0.1.

  Odds Ratio Estimate Std. Error         P 
(Intercept) 0.018 -4.05 0.47 <0.001 
Total number of 
approaches 1.132 0.12 0.04 <0.001** 
Cub age 1.252 0.23 0.15  0.146 
Time of day 0.995 -0.01 0.23  0.984 
Disturbance 1.296 0.26 0.31  0.404 
Litter size 1.183 0.17 0.31  0.585 
Cub sex 0.985 -0.02 0.32  0.961 
Maternal rank 1.099 0.09 0.23  0.683 
Maternal parity 1.032 0.03 0.47  0.947 
Prey density 1.165 0.15 0.13  0.231 
	

  Odds Ratio Estimate Std. Error         P 
(Intercept) 0.024        -3.74 0.30   <0.001 
Total number of 
departures 1.086          0.08 0.09 0.003** 
Cub age 1.559          0.44 0.10 <0.001** 
Time of day 1.155          0.14 0.17  0.398 
Disturbance 2.978          1.09 0.22 <0.001** 
Litter size 0.879        -0.13 0.23  0.568 
Cub sex 0.673        -0.40 0.21 0.053** 
Maternal rank 0.783       -0.25 0.17  0.143 
Maternal parity 1.003 0.003 0.28  0.991 
Prey density 0.893       -0.11 0.10  0.272 
	



DISCUSSION

Our study demonstrates that, although spotted hyenas show a remarkable ability to persist in

areas with human-wildlife conflict and disturbance, such conditions present a challenge to

mothers, who show different patterns of den attendance and maternal care in high and low

disturbance areas. When den attendance rates were averaged over the time period during which

cubs resided at communal dens, we found that mothers in high-disturbance areas had den

attendance rates 12% lower than mothers in low-disturbance areas. Previous studies have

demonstrated that hyenas living in disturbed areas have larger home ranges and travel farther to

hunt than hyenas in undisturbed areas (Boydston et al. 2003b). Although this behavioral change

may allow hyenas to effectively hunt while avoiding confrontation with humans, our results

likely demonstrate a cost to this strategy. In the high-disturbance area, mothers spent a greater

proportion of their time at the den nursing their cubs than did mothers in the low-disturbance

areas. Mothers in the high-disturbance area also showed differences in the ways in which they

interacted with their cubs, spending less time close to their cubs and more often leaving their

cubs than mothers in the low-disturbance area. Although our maternal den attendance data were

collected throughout the 24-hr cycle, we could not conduct FAS in total darkness. Therefore,

we cannot rule out the possibility that anthropogenic disturbance affected the circadian pattern

of when mothers engage in the behaviors we studied rather than the overall amount of time that

mothers spent engaging in these activities.

Taken together, our findings are consistent with the hypothesis that maternal behavior is

mediating the disturbance-related differences in juvenile personality documented by (Greenberg

and Holekamp 2017). Here, we found that, in the area where spotted hyena cubs are less
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neophobic and more exploratory, mothers also show low rates of attendance at dens, and, when

present, spend less time close to offspring and leave their cubs at higher rates. In other species,

such a pattern of maternal care has sometimes been interpreted as a “low investment” maternal

strategy (Hauser and Fairbanks 1988, Champagne 2011, Fairbanks and Hinde 2012). In the low-

disturbance area on the other hand, mothers are able to invest more, showing higher rates of

den attendance and time spent near cubs, and as predicted, cubs in this area are more neophobic

and less exploratory than cubs in the high-disturbance area.

A recent study documenting a trade-off in the quality and quantity of spotted hyena milk

may shed light on our results regarding effects of disturbance and rank on maternal behavior.

We found that mothers in high-disturbance areas, who otherwise show low investment in

offspring, spent a greater proportion of their time nursing than mothers in the low-disturbance

area. This may allow mothers in high-disturbance areas to compensate for their lower den

attendance rates and is consistent with the finding that spotted hyena mothers in the Serengeti

who visit the den less often also engage in longer nursing bouts (Hofer et al. 2016). However, a

mother’s time spent nursing does not take into account variation in milk quality and can be a

surprisingly poor indicator of actual milk intake by offspring (Cameron 1998). Hofer et al.

(2016) analyzed the nutritional content of spotted hyena milk and weighed cubs to measure milk

intake. They found a trade-off between milk quality and quantity; mothers transferred high

quantities of low-quality milk or small quantities of high-quality milk. Therefore, it would be

interesting to determine whether the consumption of more livestock by hyenas in the high-

disturbance (Green et al. 2017) affects the nutritional quality of hyena milk. If consumption of

livestock causes the milk of mothers in the high-disturbance area to be of lower quality than the
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milk of mothers in the low-disturbance area, this might explain our finding that mothers in the

high-disturbance area spent a greater proportion of their time nursing than did mothers in the

low-disturbance area.

Examining variation in milk quality as it relates to a mother’s social rank could also help

to shed light on our surprising finding that high-ranking mothers showed lower den attendance

rates than low-ranking mothers. We predict that high-ranking females, who have priority access

to food, would have more nutritious milk than low-ranking females, who are typically in poorer

condition. If this is the case, low-ranking mothers may provide their offspring with a relatively

large volume of low-quality milk during frequent visits to the den whereas high-ranking mothers

may provide offspring with a lower volume of high-quality milk at less frequent visits to the den.

Our findings also demonstrate that anthropogenic disturbance may interact with effects

of other socio-ecological variables on maternal behavior. High-ranking and more experienced

mothers appear better able to adopt flexible maternal strategies in response to disturbance than

mothers who are low-ranking or inexperienced, and typically also in poorer condition. Whereas

high-ranking mothers spent significantly less time close to cubs in high- than low-disturbance

areas, this measure did not differ for low-ranking mothers between low- and high-disturbance

areas. One interpretation of this finding is that high-ranking mothers can afford to be less

protective of their offspring in high-disturbance areas, whereas low-ranking mothers, who

experience a more threatening social environment, cannot. Similarly, whereas all mothers in

high-disturbance areas spent less time close to cubs than did mothers in low-disturbance, the

magnitude of this disturbance effect was greater among multiparous mothers than among

primiparous mothers. Again, it might be that maintaining close proximity with offspring is
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particularly important for inexperienced mothers, who cannot alter their behavior as flexibly in

response to disturbance. Although we do not know whether these maternal behaviors take time

away from other important activities, our findings suggest that disturbance may

disproportionately affect certain individuals who are less able to flexibly alter their maternal

behavior.

Whereas our results support the hypothesis that maternal behavior is mediating

differences in juvenile personality, they do not support the hypothesis that these differences are

driving Green et al.’s (2017) finding that juvenile survivorship is higher in the high-disturbance

area than in the low-disturbance area. First, den attendance and the maternal behaviors we

monitored (Chapter 1) were not significantly correlated with offspring survival. Second,

mothers in high-disturbance areas showed lower, not higher, rates of den attendance and time

spent close to cubs than mothers in low-disturbance areas. Therefore an increase in maternal

investment cannot explain higher survivorship in the high- than low-disturbance areas. This

result provides support for a recent hypothesis suggesting that spotted hyenas are able to persist

in areas of high anthropogenic disturbance as long as competition with lions is reduced and prey

densities are high (M’soka et al. 2016). That spotted hyena mothers are able to maintain high

cub survivorship in disturbed areas even with significantly reduced investment in cubs suggests

that these ecological factors alone may predict which areas are habitable for spotted hyenas in

landscapes increasingly affected by human activity.

Our study raises important questions regarding the role of maternal effects in shaping

population responses to anthropogenic disturbance and the consequences of these maternal

effects for mothers and offspring living in disturbed areas. Numerous researchers have
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hypothesized that a low investment maternal strategy, such as the strategy that appears to be

adopted by spotted hyena mothers in high disturbance areas, could provide a signal to offspring

of a challenging or unpredictable adult environment, leading offspring to develop traits that will

be adaptive in these environments, such as a fast life-history and enhanced risk-taking behavior.

However, it remains controversial how often maternal effects function as adaptive signals of

environmental quality, allowing offspring to optimize their fitness, and some researchers have

argued that selection more often acts on maternal effects to maximize a female’s fitness across

her lifespan (Marshall and Uller 2007). Our results indicate that the maternal behaviors we

studied are not associated with offspring survivorship. Similarly, Greenberg and Holekamp

(2017) did not find evidence that the juvenile personality traits observed in the high-disturbance

area conferred any type of survivorship benefit. Future research should assess whether there are

longer-term impacts of these disturbance-related changes in maternal and offspring behavior on

offspring longevity, reproductive success, or life-history. However, it is also possible that any

potential effects of disturbance-related changes in maternal behavior on offspring are masked by

the effects of other changes in the area, such as the decline in lion densities, and increased

depredation of livestock by hyenas.
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