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ABSTRACT 

Parasites can have a range of negative consequences on individuals and populations. We 

explored mechanisms by which parasitic worms affect the fitness of Grant‟s gazelles (Nanger 

granti). To do this, we first assessed how parasites influenced time allocation to competing 

behaviors in female gazelles. Second, we investigated when parasites are more likely to impose 

costs on individuals with lower levels of genetic diversity, or heterozygosity. We showed that 

parasites can affect the time female gazelles allocate to foraging versus vigilance, which may 

have important implications for individual predation risk. We also showed that less genetically 

diverse animals may suffer from higher parasite burdens but only under certain environmental 

conditions and for certain individuals. Overall, our work demonstrates that parasites can exert 

effects on hosts via cryptic mechanisms that are manifested through host behavior or that occur 

only during specific times or for specific individuals.  
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Parasites exert strong selection pressures on their hosts in multiple different ways. 

Parasites can directly affect host survival, but in many cases the effects of parasites on host 

fitness occur in more subtle and complex ways. For instance, macroprasites (e.g. helminths and 

arthropods) often impose costs on hosts that manifest as changes in physiology, morphology or 

behavior which can then impact host survival or reproduction (Zuk et al. 1998; Irvine et al. 2006; 

Schmid-Hempel 2011), or the lethal effects of parasites may occur only among certain subsets of 

individuals or at certain times. For example, the effects of parasites on condition and 

performance may alter an individual‟s behavioral response, which might reduce its ability to 

raise offspring. In Cape ground squirrels (Xerus inauris) for instance, Hillegass et al. (2010) 

found that females relieved of ecto- and endoparasites invested more energy into raising 

offspring and less into improving their own condition, suggesting that parasites were directly 

responsible for reducing host reproductive success. However in some instances, parasites can 

have negative effects on some host individuals but not others, leading to differences in fitness. 

Males, for example, are often more susceptible to parasite infections than females (Kamis et al. 

1992; Grear et al. 2009), and in Soay sheep (Ovis aries) experimental removal of gastrointestinal 

parasites actually reversed male-biased mortality (Gulland et al. 1993). Similarly, several studies 

have illustrated that parasites play a critical role in maintaining genetic diversity by selecting 

against inbred individuals (Coltman et al. 1999; Acevedo-Whitehouse et al. 2003; Hawley et al. 

2005; Rijks et al. 2008; Ruiz-Lopez et al. 2012). In addition, parasites may act against certain 
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individuals in even more cryptic ways by participating in other biological interactions. In 

snowshoe hares (Lepus americanus) for instance, survival in response to predation was 2.4 times 

higher for individuals treated with an anthelmintic drug than controls (Murray et al. 1997). While 

in other instances, the fitness consequences of infection may occur at specific times such as when 

environmental conditions are unfavorable. For example, in red grouse (Lagopus lagopus 

scoticus), Hudson et al. (1992) found that individuals treated with an anthelmintic were more 

likely to survive harsh winters than control individuals, suggesting that parasites were directly 

responsible for winter mortalities.   

One other important consequence of infection is that parasites might alter how much time 

animals invest in essential behaviors. Since, time is limited, and extra time invested in one 

behavior will inevitably take time away from other behaviors, animals have to optimize their 

time effectively. Effective time optimization generally depends on the physiological status and 

ecological requirements of individuals (Bachman et al. 1993; Illius et al. 2002; Edwards et al. 

2013). Several intrinsic and extrinsic factors can influence how much time animals devote to 

different behaviors. For example, life-history traits such as sex (Key & Ross 1999; Prates & 

Bicca-Marques 2008), age (Ruckstuhl et al. 2003; Gelin et al. 2013), reproductive state (Hamel 

& Cote 2008), and social rank (Main 2008; Pelletier & Festa-Bianchet 2004) may all play a role 

in influencing how much time animals invest in competing behaviors. Likewise, social drivers 

such as group size may predict how much time animals will invest between foraging and 

vigilance behaviors (Blumstein et al. 2003; Childress & Lung 2003; Hopewell et al. 2005; 

Watson et al. 2007; Lashley et al. 2014). Parasites can also influence how much time animals 

invest on specific behaviors. In scincid lizards (Egernia stokesii), individuals relieved of their 

nematode infections invested more time in basking behaviors than controls (Fenner & Bull 
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2008). Similarly, insect harassment predicted how much time reindeer (Rangifer tarandus) 

invested in grooming over foraging behaviors (Witter et al. 2012), suggesting that parasites can 

act as important drivers of time allocation. Hence, parasites might indirectly affect host fitness by 

altering time investment to competing behaviors.   

However, not all individuals within a population are likely to suffer the same degree of 

parasitism. Indeed, parasite distributions are notoriously heterogeneous across hosts (Wilson et 

al. 2002). Similarly, the effects of parasite infections on hosts might vary, with certain 

individuals experiencing greater negative impacts. For instance, more inbred individuals are 

often more likely to suffer from higher parasite burdens than outbred individuals (Coltman et al. 

1999; Acevedo-Whitehouse et al. 2003; Hawley et al. 2005; Rijks et al. 2008; Ruiz-Lopez et al. 

2012). One common approach of exploring the effects of inbreeding on parasite infection is to 

examine associations between infection and individual genetic diversity, or heterozygosity, 

estimated from molecular markers (Coltman et al. 1999; Acevedo-Whitehouse et al. 2006; 

Charpentier et al. 2008; Ruiz-Lopez et al. 2012; Shaner et al. 2013). However, heterozygosity-

fitness correlations (HFCs) more generally, are highly inconsistent across studies (e.g. Acevedo-

Whitehouse et al. 2006; Rijks et al. 2008; Chapman et al. 2009; Fox & Reed 2011; Harrison et al. 

2011). Recent studies suggest that possible reasons for this inconsistency may be differences in 

the fitness-related traits examined; in individual characteristics (e.g. Pujolar et al. 2006; Szulkin 

et al. 2007; Shaner et al. 2013), and in the environmental condition that individuals experience 

(Lense et al. 2000; Lesbarreres et al. 2005; Pujolar et al. 2006; Szulkin et al. 2007; Harrison et al. 

2011; Annavi et al. 2014).  

This thesis explored the complex ways by which parasitic worms negatively affect host 

fitness using two approaches. The first aim was to investigate how parasites affect individual 
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hosts by altering time investment to competing behaviors, and the second was to examine when 

parasites were more likely to affect less genetically diverse individuals. These questions were 

explored in a Grant‟s gazelle (Nanger granti) population in Kenya. The Grant‟s gazelle is a 

common and widely distributed East African antelope species, and the often high rates of 

gastrointestinal and pulmonary nematode infections makes this species an ideal model organism 

to explore the potential fitness consequences of parasitism (Ezenwa 2003, 2004; Ezenwa et al. 

2012). 

Chapter 2 explores whether parasites influence time allocation to competing behaviors in 

female gazelles. Specifically, the goal was to examine how removal of gastrointestinal and 

pulmonary worms influenced time investment to essential behaviors including foraging, 

vigilance, resting, and moving. The anthelmintic treatment effectively removed worm infections, 

during which time treated females invested more time foraging at the expense of vigilance. This 

work demonstrates that parasites can impose trade-offs on host behavior that are equivalent in 

magnitude to commonly studied social drivers of behavioral time allocation, like group size. 

Chapter 3 explored the relationship between individual heterozygosity and parasite infection, and 

examined whether these associations varied with host characteristics (e.g. age) and 

environmental conditions (e.g. seasonality). Using two different approaches, cross-sectional and 

longitudinal sampling, the study revealed that associations between heterozygosity and parasite 

infection vary with context, and that the relevant context differs for different parasite taxa. This 

work demonstrates that less genetically diverse animals may suffer from higher parasite burdens 

but only under certain conditions and at certain times. 
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FREE-RANGING UNGULATE
1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_______________________________________________ 

1 
Worsley-Tonks, K.E.L. and Ezenwa, V.O. Submitted to Animal Behaviour 



12 

 

 

 

 

ABSTRACT 

Social, ecological and environmental factors all influence how much time animals 

allocate to different behaviours. Here, we investigated whether parasites affect behavioural time 

allocation in a free-ranging ungulate that must apportion time to multiple, competing activities 

crucial for maintenance and survival. We examined how experimental removal of 

gastrointestinal and pulmonary nematodes influenced relative amounts of time female Grant‟s 

gazelles (Nanger granti) allocated to core behaviours including foraging, vigilance, moving, and 

resting. The anthelmintic treatment effectively reduced female parasite load for ~120 days, and 

during this period females relieved of their parasitic nematodes adjusted their daily time budgets. 

At the group level, parasite removal resulted in an increase in foraging time and a decrease in 

vigilance. This effect was also apparent at the individual level where treated females allocated 

more time to foraging at the expense of vigilance. In addition to treatment, group size was a 

significant predictor of the relative time spent in foraging versus vigilance, where females in 

larger groups allocated more time to foraging at the expense of vigilance. Our results suggest that 

parasites can induce changes in host behaviour that are of similar magnitude to some of the most 

commonly studied social drivers of behavioural time allocation.  

INTRODUCTION 

The amount of time animals can allocate to essential daily activities is limited. Time 

allocated to one behaviour takes time away from mutually exclusive behaviours that are equally 

important for survival and reproduction (Sterns et al. 1992; Sibbald & Hooper 2004; Rauter & 

Moore 2004; Dunbar et al. 2009). In most cases, animal time budgets revolve around resource 
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acquisition (Dunbar et al. 2009). However, time and energy must also be invested in anti-

predator and reproductive behaviours, and in some cases in forming social relationships. Animals 

therefore face constraints on how much time they can devote to competing activities, and must 

frequently substitute one behaviour for another. How individuals optimise these time allocation 

decisions often depends on their physiological status and ecological requirements (Bachman et 

al. 1993; Illius et al. 2002; Edwards et al. 2013).  

A variety of intrinsic and extrinsic factors determine the relative amounts of time 

individuals allocate to different behaviours. For instance, during lactation, female Mountain 

goats (Oreamnos americanus) allocate more time to foraging at the expense of time spent resting 

to meet their increased energetic demands (Hamel & Cote 2008). Other life-history and social 

traits such as age (Ruckstuhl et al. 2003; Gelinet al. 2013), sex (Key & Ross1999; Prates & 

Bicca-Marques 2008), and group size (Creel et al. 2014; Lashley et al. 2014; Michelena et al. 

2011) also affect time allocation to competing behaviours. For example, both group size and 

adult sex ratio influence time allocation to major activities in alpine ibex (Carpa ibex, Tettamanti 

& Viblanc 2014). More generally, group size is recognised as being a major determinant of how 

much time animals invest in foraging and vigilance (Creel et al. 2014; Fuller et al. 2013; Halupka 

& Osinska-Dzienniak 2013). When group sizes are large individuals often invest more time  

foraging and less time being vigilant, but the strength of this effect depends on other factors such 

as predator abundance (e.g. Cresswell 1994), group composition (e.g. Tettamanti & Viblanc 

2014), and individual status (e.g. Powolny et al. 2014). Abiotic factors also play a role; when 

food is abundant individuals often increase time invested in resource acquisition and decrease 

time spent on vigilance (Ruckstuhl et al. 2003) and other activities such as social behaviour 

(Alberts et al. 2005). In contrast, when resources are patchily distributed, individuals often invest 
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more time in movement behaviours and less on feeding and vigilance (Kotler et al. 1994; 

Tadesse & Kotler 2014), illustrating the complex ways in which social, ecological, and 

environmental factors shape animal time budgets. 

Parasites can have profound effects on animal behaviour, including changing the amounts 

of time individuals invest in specific activities. In Australian scincid lizards (Egernia stokesii), 

individuals relieved of nematode infections spend almost five-fold more time basking compared 

with controls (Fenner & Bull 2008). Similarly, dairy cattle relieved of nematode infections graze 

~50 minutes longer per day than do controls (Forbes et al. 2004, 2007). Feeding depression, 

where infected individuals voluntarily reduce forage intake, is actually a common by-product of 

gastrointestinal nematode infection in domestic ruminants (Coop & Holmes 1996). These types 

of direct effects of parasites on host behaviour may also influence how much time animals 

allocate to competing activities. For instance, a recent study on reindeer (Rangifer tarandus) 

found that insect harassment resulted in individuals investing more time grooming at the expense 

of foraging (Witter et al.2012), suggesting that parasites induced a re-allocation of time between 

resource acquisition and parasite defence. 

Here, we investigated whether parasitic nematodes can influence behavioural time 

allocation in Grant‟s gazelles (Nanger granti). Grant‟s gazelles experience high rates of 

gastrointestinal and pulmonary nematode infection (Ezenwa 2004, Ezenwa et al. 2012); and 

given the strong direct effects that nematodes can have on livestock feeding behaviour (Arneberg 

et al. 1996; Fox 1997; Forbes et al. 2000), our goal was to establish whether these parasites 

influence time allocation in a species that must balance multiple, competing activities crucial for 

maintenance and survival (e.g. foraging, anti-predator behaviour, movement).We manipulated 

female gazelle parasite loads using an anthelmintic drug to test, first, the direct effects of parasite 
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removal on major components of the daily activity budget including foraging, vigilance, moving, 

resting and other behaviours; and second, the potential effect of parasite removal on individual 

time allocation decisions. We predicted that parasite treatment would counteract nematode-

induced feeding depression in gazelles resulting in an increase in foraging time. We also 

expected that an increase in time spent foraging would be accompanied by reductions in one or 

more other activities reflecting a re-allocation of time in response to parasite treatment.  

METHODS 

Study Animals 

We studied the behaviour of female Grant‟s gazelle at the Mpala Research Centre 

(MRC), Kenya (0
o
17‟N, 37

 o
52‟ E) from 20 June 2011 to 30 April 2012. Gazelles were captured 

and ear-tagged over a five day period in June 2011 as part of a long-term study of parasitism and 

host behaviour (Ezenwa et al. 2012). Animals were located by helicopter and captured using a 

hand-held net gun fired from the aircraft. A single observer (VOE) collected information on 

individual morphometrics, including horn length (distance between the base and tip of horn on 

both the right and left sides) to facilitate age estimation. For females, age was estimated from an 

equation relating horn length to tooth wear developed for a subset of nine individuals from the 

same population (Ezenwa, unpublished data; see also Spinage1976). To experimentally assess 

the effects of nematodes on host behaviour, all captured females were randomly assigned to an 

anthelmintic treatment group (treated vs. control) based on the temporal sequence of capture. 

Prior to group assignment, faecal samples were collected from all individuals for parasitological 

analysis. Treated individuals received a subcutaneous injection of moxidectin (1ml/20kg of 

Cydectin Long Acting Injection for Sheep, Virbac Animal Health). This drug provides protection 

against a broad range of nematodes for ~120 days in sheep (Papadopoulos et al. 2009).  
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Average handling time per animal was 17 minutes and all possible precautions were 

taken to minimize stress. Throughout the process, animals were monitored by a wildlife 

veterinarian. Because no drugs were used to subdue captured females, individuals resumed 

normal behaviour within minutes of release. Captures were performed under the authority of the 

Kenya Wildlife Service. Animal protocols were approved by the University of Georgia IACUC 

(#A2010 10-188) and conformed to the guidelines for the treatment and use of animals in 

behavioural research (ASAB/ABS 2011).  

Behavioural Observations 

We monitored the behaviour of 9 treated and 9 control females for approximately nine 

months, from 26 July-30 November 2011 and 5 January-30 April 2012 using focal animal 

sampling (Altmann 1974). Behavioural observations were taken from a vehicle or on foot from a 

distance of 100- 200 meters using binoculars and a hand-held digital voice recorder. To begin a 

focal observation we located a group of females and then randomly selected one individual that 

was in clear view. We paused the recording if the focal individual went out of sight, and if the 

individual was out of sight for more than ~10 minutes the observation was terminated. 

Observations shorter than 15 minutes were excluded from the dataset. A single observer (KWT) 

performed 454 focal observations ranging in duration from 15-26 minutes (average: 20.2 

minutes). The average number of observations per female was 25.2 (range: 7-35). 

We classified behaviours into five categories: (1) foraging, (2) vigilance, (3) resting, (4) 

moving and (5) other activities. Foraging involved feeding at any height (e.g. grazing or 

browsing) or actively searching for food. Vigilance was defined as head-up awareness where an 

animal raised its head above shoulder height and was actively looking around with ears cocked 

(Geist 1971; Fird 1977; Brivio et al. 2014). To capture aspects of vigilance and foraging that are 
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mutually exclusive, we coded a behaviour as vigilance, not foraging, if an individual interrupted 

a foraging bout to raise its head and look around, even if it was still handling food (e.g. 

chewing). Resting was considered as periods when individuals were either standing or lying 

while idle. Resting periods often corresponded to rumination bouts, but we did not distinguish 

between resting and rumination. If an individual became vigilant while resting, the period of time 

during which the animal‟s head was raised with ears cocked was coded as vigilance not resting. 

Moving included directional movement either walking or running; other activities included 

agonistic, reproductive, and maintenance behaviours such as grooming and defecating. 

To account for potential effects of time of day on gazelle activity, we distributed focal 

observations across four time periods: early morning (0600-0859), late morning (0900-1159), 

early afternoon (1200-1459), and late afternoon (1500-1759). All behaviour observations were 

terminated after 1800 hours because African antelope are typically inactive after dark (Walther 

1969, 1973). For each observation we recorded the date, start time, weather (clear, overcast or 

rainy), wind conditions (low or high), and the size and type of group containing the focal female. 

Group type was classified according to sex and age composition as: females with juveniles 

(nursery groups), nursery groups in the company of a territorial male, or nursery groups with 

bachelor males.  

Parasitological Analyses 

Faecal samples collected prior to the anthelmintic treatment (i.e. during capture in June 

2011) and throughout the behavioural observation period (July 2011-April 2012) were used to 

monitor the effects of treatment on parasite infection. At capture, we collected faecal samples 

directly from the rectum of all females. In all other instances, we collected samples 

opportunistically from known individuals within 10 minutes of observing a defecation event. 
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Faecal samples were collected between ~0630 and 1830 hours, 2-3 times per month for each 

female. Animal ID, time of day, and location were recorded for all samples collected. After 

collection, the samples were kept on ice in the field until being transported to the lab for 

processing. 

 We focused our parasitological analyses on gastrointestinal and pulmonary nematodes 

which occur at high prevalence in Grant‟s gazelle (Ezenwa 2003, 2004; Ezenwa et al. 2012). We 

quantified faecal egg output of strongyle nematodes using a modification of the McMaster egg 

counting technique (Ezenwa 2003). First-stage lungworm larvae in faeces were measured using a 

beaker-modified Baermann method (Forrester & Lankester 1997; Ezenwa et al. 2012). All 

samples were processed on the day of collection. A total of 270 faecal samples were collected 

(131 treated, 139 control). The average number of faecal samples collected per female was 14.9 

(range: 7-21).  

Statistical Analysis 

First, we evaluated the efficacy of the anthelmintic treatment. To do this, we compared 

strongyle nematode and lungworm counts between treated and control females both prior and 

after applying the treatment. We log-transformed the parasite data to meet the assumptions of 

normality. For the pre-treatment analysis, which used data from faecal samples collected at 

capture, we tested for differences in parasite counts between the two treatment groups using 

analysis of variance (ANOVA). For the treatment analysis, we accounted for repeated 

observations by using linear mixed models (LMM) with Animal ID included as a random effect. 

As fixed effects, we included treatment, treatment period, and the interaction between these two 

terms. We divided the study period into two distinct time periods based on the expected duration 

of the drug treatment (Papadopoulos et al. 2009): a 120 day „treatment‟ period and a „post-
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treatment‟ period during which the effects of the drug wore off (>120 days after treatment). We 

used the treatment x treatment period interaction in all models to capture changes in anthelmintic 

drug efficacy through time. We also included a series of covariates in the LMMs including: age, 

group size and season (wet vs. dry). Each observation month was classified as either wet or dry 

using monthly rainfall records from the study site. Wet months (June-November 2011, April 

2012) averaged 113.2 mm of rainfall, while dry months (December 2011-March 2012) averaged 

12.4 mm.  

Next, we examined the effects of treatment on female time budgets by comparing the 

time spent by treated and control females in each behaviour category (foraging, resting, moving, 

vigilance and other behaviours. We used JWatcher (Blumstein & Daniel 2007) to convert the 

behavioural voice recordings into time budgets summarising the proportion of time each female 

devoted to each behaviour. We used Wilcoxon signed-rank tests to evaluate differences in 

behaviour between treatment groups separately for the treatment and post-treatment periods. 

Finally, to determine whether parasite removal had individual-level effects on 

behavioural time allocation we used multivariate models to test for effects of treatment on the 

ratio of time females spent foraging vs. engaging in other activities. We based our behaviour 

ratio analyses around foraging because time allocation to this behavior has been linked to 

nematode parasitism in livestock (Kyriazakis et al. 1998; Coop & Kyriazakis 1999; Forbes et al. 

2007), and because we observed an effect of anthelmintic treatment on foraging in our own time 

budget analysis. We calculated four behaviour ratios as indicators of potential changes in time 

allocation to competing activities with foraging: (1) foraging: vigilance, (2) foraging: resting, (3) 

foraging: moving, and (4) foraging: other. Ratios were calculated only for observations where 

individuals performed both behaviours of interest. For each observation, the proportion of time 
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allocated to all behaviours sums to one, therefore our ratios reflect the relative proportion of 

time, per observation, invested in foraging over other activities. As such, the ratios provide a 

description of time allocation decisions made by individuals in each specific observation bout. 

We used LMMs with Animal ID included as a random effect to account for repeated measures. 

Fixed effects included treatment, treatment period, and the interaction between the two terms. 

We also included several key covariates in the LMMs, including time of day, age, group size, 

and season. Initial models included the interactions between treatment and each covariate, but 

because none of these variables emerged as significant predictors of behavioural ratios we 

removed them from the final models. All behaviour ratios were log transformed and model 

residuals were tested for normality. Statistical analyses were performed in JMP 4.0.2 (SAS 

Institute 2000). Results were considered significant at P≤ 0.05. 

RESULTS 

Treatment Effect on Parasite Load 

Prior to anthelmintic treatment, there was no difference between treated and control 

females in either strongyle nematode or lungworm counts (ANOVA, strongyle: F1,17 = 0.36, P = 

0.56; lungworm: F1,17 = 0.0005, P = 0.98; Fig 2.1). After treatment, we found that treated 

females shed significantly fewer strongyle eggs and lungworm larvae than did control females as 

evidenced by a main effect of treatment (Table 2.1). However, the difference between treatment 

groups disappeared after the 120 day treatment period and we found significant treatment by 

treatment period interaction for both parasite taxa. Treated females shed fewer strongyle egg and 

lungworm larvae than control females but only during the treatment period (≤120 days post 

treatment) and not the post-treatment period (>120 days post treatment, Table 2.1, Fig 2.1). 



21 

 

 

Neither age, group size, nor season had significant effects on strongyle and lungworm counts 

(Table 2.1). 

Gazelle Daily Activity and Effects of Treatment on Time Budgets  

On average, untreated, naturally infected (control) females devoted 28% of their time to 

foraging, 31% to resting, 21% to moving, 16% to vigilance, and 3% to other activities. Treated 

females spent significantly more time foraging than did controls during the treatment period 

(Wilcoxon signed-rank test, z = -2.21, N = 18, P = 0.03, Fig. 2.2a), but this effect disappeared 

during the post-treatment period (z = -1.01, N = 17, P = 0.31, Fig. 2.2b). There was also a 

significant effect of treatment on vigilance during the treatment, but not the post-treatment period 

(treatment period: z = 2.3, P = 0.02, Fig. 2.2a; post-treatment period: z = 1.3, P = 0.2; Fig. 2.2b). 

Treatment had no significant effect on any other behaviour during either period (treatment 

period, resting: z = 1.15, P = 0.25, moving: z = -0.88, P = 0.38, other: z = 0.44, P = 0.66, Fig. 

2.2a; post-treatment period, resting: z = 0.14, P = 0.89, moving: z = -0.05, P = 0.96, other: z = -

1.01, P = 0.31; Fig. 2.2b). 

Treatment Effects on Behavioural Time Allocation 

When examining the relative proportion of time females invested in foraging compared to 

competing activities we found that treated females devoted more time to foraging over vigilance 

than did control females. While this effect was present during the treatment period, it 

disappeared during the post-treatment period as illustrated by a significant treatment by treatment 

period interaction (Table 2.2).  There was no effect of treatment on the ratio of foraging to any 

other behaviour (Table 2.2). 

In addition to parasite treatment, group size and season were also significant predictors of 

behavioural time allocation in female gazelles. Group size was a significant predictor of the 
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foraging to vigilance and foraging to resting ratios. Females allocated more time to foraging over 

both vigilance and resting when they were in larger groups (Table 2.2). Season was a predictor of 

the foraging to moving ratio; females allocated more time to moving over foraging during the 

wet season (Table 2.2). 

DISCUSSION 

Several factors can affect how much time animals allocate to competing activities. Here, 

we show that parasite removal influenced time allocation to core activities in female Grant‟s 

gazelles. Over ninety percent of female gazelle daily activity was devoted to four key 

behaviours: foraging (28%), resting (31%), moving (21%), and vigilance (16%). Other 

behaviours such as reproductive, agonistic, and maintenance behaviours (e.g. grooming) 

comprised less than 4% of daily activity. Females relieved of gastrointestinal and pulmonary 

nematodes adjusted their daily time budgets. At the group level, parasite removal was associated 

with an increase in foraging and a decrease in vigilance. This effect was also apparent at the 

individual level. During individual focal observations, treated females allocated more time to 

foraging at the expense of vigilance suggesting that parasites directly affect host time allocation 

decisions. 

The pattern of daily activity observed for female Grant‟s gazelles is similar to what has 

been reported for other wild bovids (Neuhaus & Ruckstuhl 2002; Hamel & Cote 2008; Smith & 

Cain 2009). Importantly, we found that anthelmintic treatment disrupted these activity patterns. 

In particular, treatment affected the relative amount of time females allocated to foraging. During 

the treatment period, treated females spent a significantly larger proportion of their time foraging 

compared to controls. However, during the post-treatment period the difference disappeared such 

that treated and control females spent similar amounts of time foraging. The difference in 
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foraging behaviour between treated and control females during the treatment period, and the 

disappearance of this effect during the post-treatment period strongly suggest that parasites are 

directly responsible for the differences in female foraging behaviour. Furthermore, the foraging 

effect observed in gazelles is consistent with previous studies on domestic ruminants showing 

that nematode infection can induce reductions in forage intake (Fox 1997; Kyriazakis et al. 1998; 

Forbes et al. 2000; Gunn & Irvine 2003). Nematode-induced suppression of feeding in ruminants 

is thought to be associated with immune and endocrine responses that can lead to the release of 

appetite inhibitors or the suppression of appetite enhancers (Fox et al. 1989; Greer et al. 2005; 

Forbes 2008; Zaralis et al. 2008).  

Treated and control females also differed in the relative proportion of time devoted to 

vigilance. Treated females allocated less time to vigilance than control females during the 

treatment period but not during the post-treatment period. The fact that treated females increased 

time invested in foraging and simultaneously decreased time invested in vigilance suggests that 

individuals without nematode infections may have substituted vigilance for foraging. This idea is 

supported by our behaviour ratio models which show that at the level of individual focal 

observations, treated females increased foraging time at the expense of vigilance. The mean 

foraging to vigilance ratio for treated females was 10.7 compared to 3.4 for control females, 

indicating that on average treated females allocated over 3 fold more time foraging over 

vigilance during a typical 20 minute focal observation. This suggests that parasite removal 

induced a major re-allocation of time in gazelles. The fact that the difference between treated and 

control females disappeared during the post-treatment period further implicates parasite removal 

as a causal factor driving the time re-allocation. Once the treatment wore off, the foraging to 

vigilance ratios for treated vs. control females were 8.3 compared to 5.6. 
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It is noteworthy that time re-allocation associated with parasite treatment and foraging 

behaviour was observed for vigilance and no other behaviour. Investing time in anti-predator 

behaviour is crucial for survival, but time allocated to vigilance incurs a cost since it interrupts 

active foraging. For this reason, inherently vulnerable individuals are predicted to invest more 

time in anti-predator behaviours compared to individuals that are less vulnerable to predation 

(Elgar 1989). Predator vulnerability is often linked to individual traits such as age, sex, 

reproductive status and body condition, and a number of studies suggest that these traits can 

determine how animals allocate their time between foraging and vigilance behaviours (Elgar 

1989; Rieucau & Martin 2008; Edwards et al. 2013). In European rabbits (Oryctolagus 

cuniculus), for example, females increase vigilance time at the expense of foraging during late 

pregnancy possibly because of their reduced capacity to evade predators (Monclus Rodel 2009). 

Similarly, yellow-bellied marmots (Marmota flaviventris) in poor body condition at the end of 

the summer invest more time in foraging activities at the expense of vigilance to enhance 

overwinter survival (Lea & Blumstein 2011). Both examples suggest that aspects of an animal‟s 

physical condition can influence the relative time allocation to foraging versus vigilance. The 

fact that parasite removal significantly altered foraging to vigilance ratios in Grant‟s gazelles 

suggests that parasites can also act as important drivers of behavioural time allocation decisions. 

Since treated females re-allocated time spent vigilant to foraging, it seems likely that parasite 

removal reduced female vulnerability to predators. One way the change in vulnerability could 

have occurred is if treated females were in better condition and thus better able to escape 

predators. These „good condition‟ females may therefore have the flexibility to invest less time 

in anti-predator activities with no negative consequences. We did not have data on female body 

condition in this study, however one interesting direction for future studies could be to examine 
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how parasites induce changes in body condition and affect time allocation to foraging and anti-

predator behaviours. 

In addition to treatment, group size influenced time allocation to foraging and vigilance in 

gazelles. Specifically, females in larger groups allocated more time to foraging at the expense of 

vigilance. A re-allocation of time towards foraging and away from vigilance with increasing 

group size has been observed in many other taxa ranging from birds to mammals (Blumstein et 

al. 2003; Childress & Lung 2003; Hopewell et al. 2005; Watson et al. 2007; Lashley et al. 2014). 

Such effects of group size on vigilance are thought to be a consequence of the presence of „more 

eyes‟ (Pulliam 1973), where animals in larger groups benefit from increased group vigilance. 

Another possibility is that individual time investment in vigilance declines in larger groups 

because of the decline in individual predation risk via a dilution effect (Hamilton 1971). More 

generally, group size and season emerged as significant predictors of gazelle time allocation to 

foraging relative to other activities such as resting and moving. These results highlight the role of 

social and environmental factors in shaping individual time allocation. 

There is considerable interest in understanding how social, ecological and environmental 

factors influence variation in an animal‟s behavioural repertoire and the fitness consequences of 

these behavioural differences. For example, predation studies have shown that exposure to 

predators can result in a major re-allocation of prey behaviours (Creel et al. 2005), highlighting 

the importance of natural enemies in shaping individual behaviour. Our work demonstrates that 

another type of natural enemy, parasites, can also affect host time allocation decisions. 

Specifically, we found that female gazelles relieved of gastrointestinal and pulmonary nematodes 

increased time invested in foraging at the expense of vigilance. In our study, group size also 

predicted  how much time individuals invested in foraging versus vigilance, and interestingly the 
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magnitude of the parasite treatment effect was of similar size to the effect observed for group 

size (F = 7.0 vs. 5.1). This suggests that parasites can induce changes in host behaviour that are 

equivalent in magnitude to some of the most commonly studied social drivers of behavioural 

variation, reinforcing the importance of parasitism as a key process shaping animal behaviour in 

the wild. 
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ABSTRACT 

Heterozygosity-fitness correlations (HFCs) are widely used to explore the effects of 

inbreeding in wild populations. However, the biological significance of HFCs has been the 

subject of intense debate, and it has recently been suggested that the magnitude and direction of 

these correlations may be context-dependent (e.g. vary with different host characteristics or 

environmental conditions). We tested this hypothesis in a free-ranging population of Grant‟s 

gazelles (Nanger granti) in Kenya. Specifically, we tested for associations between standard 

multilocus heterozygosity and parasitic worm infections, and examined how these relationships 

varied with animal age, sex and environmental context (e.g. seasonality). We did this using two 

approaches: a cross-sectional approach focusing on 103 individuals sampled at a single time 

point, and a longitudinal approach focusing on a subset of 25 individuals sampled over 12 

months.  For both types of analyses we found that age and environment determined the 

magnitude of heterozygosity-fitness correlations, but the relevant context differed for different 

parasite taxa. Our work demonstrates that individuals that are less genetically diverse may be 

more likely to suffer the consequences of infection, but only under certain conditions and at 

certain times. 

INTRODUCTION 

Expanding human activities and heterogeneously distributed resources are causing 

animals to live in increasingly small and fragmented populations. One concern is that these 

populations may be more susceptible to demographic and environmental stochasticity (Lande 

1988). One of these demographic effects is an increase in mating between relatives, or 
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inbreeding, which can have a range of negative consequences for individuals and populations 

(Crow 1948; Charlesworth & Charlesworth 1987; Crnokrak & Roff 1998; Frankham 2003). At 

the individual-level, inbreeding depression can manifest itself in multiple ways, such as through 

low recruitment, birth rate, and increased susceptibility to infectious diseases (Coulson et al. 

1998; Coltman et al. 1998; Coltman et al. 1999; Keller & Waller 2002; Kruuk et al. 2002; 

Acevedo-Whitehouse et al. 2003), all of which can contribute to reductions in survival and 

reproductive success. These inbreeding-associated fitness consequences have also been linked to 

population declines (Westemeier et al. 1998; Nieminen et al. 2001; Acevedo-Whitehouse et al. 

2005), and in some cases, even local extinction (Frankham 1995; Lynch et al. 1995; Saccheri et 

al. 1998). 

One widespread approach of studying the effects of inbreeding in natural populations is 

by testing for heterozygosity-fitness correlations (HFCs, Balloux et al. 2004). Studies exploring 

HFCs often examine relationships between individual heterozygosity estimated from molecular 

markers and traits related to performance or fitness such as reproductive success, birth rate, body 

size, rate of development, survival, and parasite susceptibility (Coltman et al. 1999; Slate et al. 

2000; Slate & Pemberton 2002; Acevedo-Whitehouse et al. 2005; Charpentier et al. 2008; Ryder 

et al. 2009; Haanes et al. 2013). Although HFCs have frequently been observed in wild 

populations (Chapman et al. 2009), these associations can arise for several reasons, and may only 

reflect effects of inbreeding when the measure of genetic variability represents genome-wide 

heterozygosity (general effect hypothesis, Hansson & Westerberg 2002; Szulkin et al. 2010). 

Alternatively, HFCs may occur if the chosen markers are in genes under selection with direct 

fitness advantages (direct effect hypothesis, David 1998), or if they are linked with genes under 



40 

 

 

selection (local effect hypothesis, Lynch & Walsh 1998; David 1998; Hansson & Westerberg 

2002).   

Although our understanding of the underlying mechanisms causing HFCs has improved 

in recent years (Szulkin et al. 2010; Kardos et al. 2014; Miller et al. 2014), the biological 

significance of HFCs is still under intense debate, in part, because the detection of HFCs in 

nature is notoriously inconsistent. For example, in a recent meta-analysis, Chapman et al. (2009) 

found that although HFCs arise frequently in wild populations, associations are relatively weak 

and can be inconsistent from one population or taxon to the next. Indeed, several recent studies 

show that even in the same system, the direction and magnitude of HFCs can vary with context. 

For example, correlations might only be detected under certain environmental conditions, either 

when resources are limited (Lens et al. 2000; Lesbarreres et al. 2005) or conversely, when 

conditions are favorable (Harrison et al. 2011; Annavi et al. 2014). The magnitude and direction 

of HFCs may also vary between different demographic groups. For example, in the sexually 

dimorphic lizard, Takydromus viridipunctatus, infestation with trombiculid mites declined with 

heterozygosity in males but not females (Shaner et al. 2013), indicating sex-specific HFCs.  This 

emphasizes the fact that non-genetic factors influence HFCs, and that context may help explain 

the variability with which these patterns are detected.  

In this study, we tested for context-dependent HFCs in a population of Grant‟s gazelles 

(Nanger granti) in the Laikipia District of Central Kenya. Grant‟s gazelles are estimated to 

number approximately 350,000 individuals (East 1999), and are distributed across East Africa 

from Ethiopia and south Sudan, across Kenya, and into Uganda and Tanzania. In Kenya, three 

highly divergent Grant‟s gazelle lineages have been described with no evidence of gene flow 

between them, suggesting that despite close geographic proximity between populations extensive 
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reproductive isolation can occur (Lorenzen et al. 2008). In addition, pressures such as the 

expansion of agriculture, habitat degradation, and food competition with livestock have caused 

Grant‟s gazelle populations to decline over large parts of their range (IUCN 2008). As a result, 

local populations of this species are shrinking (IUCN 2008) and may be becoming increasingly 

isolated.  

Given the demographic structure of Grant‟s gazelle populations (Lorenzen et al. 2008; 

IUCN 2008), we used this species as a model to investigate potential inbreeding effects on 

fitness via HFCs. To do this, first, we evaluated whether a panel of microsatellite markers 

reflected genome-wide effects on HFCs by estimating the amount of identity disequilibrium (ID) 

among markers. ID measures the covariance in heterozygosity across markers (David 1998; 

David 2007), and the variance in inbreeding within the focal population (Szulkin et al. 2010; 

Kardos et al. 2014). When ID is present the markers under consideration are more likely to 

reflect genome-wide effects (Miller & Coltman 2014). Next, we explored associations between 

individual heterozygosity, calculated from our set of microsatellites, and parasite infection, and 

tested whether these relationships varied with individual age, sex and environmental conditions 

(e.g. seasonality). Parasites can negatively impact the fitness of their hosts by reducing growth 

and development rates, body mass, condition, survival and reproduction (Hurtrez-Bousses et al. 

1997; Ujvari & Madsen 2006; Sperry et al. 2009; Hillegrass et al. 2010), and as such, have been 

the target of several HFC studies (e.g. Coltman et al. 1999; Acevedo-Whitehouse et al. 2003; 

Hawley et al. 2005; Rijks et al. 2008; Voegeli et al. 2012). Here, we used cross-sectional and 

longitudinal sampling approaches to explore the context-dependency of heterozygosity-parasite 

correlations. For both types of analyses, we predicted that individual heterozygosity would 

negatively correlate with parasite infection, but we expected these associations to vary with 
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context. Specifically, we hypothesized that HFCs would be stronger in younger individuals, in 

males, and under harsher environmental conditions (Coltman et al. 1999; LesBarreres et al. 2005; 

Rijks et al. 2008; Chapman et al. 2009; Shaner et al. 2013). 

METHODS 

Study Population 

Grant‟s gazelles were captured and ear-tagged at the Mpala Research Centre (MRC), 

Laikipia, Kenya (0°17‟N, 37°52‟ E), as part of a long-term study (Ezenwa et al. 2012). MRC is 

located on 200 km² of unfenced private land surrounded by livestock ranches and wildlife 

conservancies, and wildlife move freely between MRC and neighboring properties. The current 

estimated population of Grant‟s gazelles in Laikipia is 4,700 (J. Ogutu, unpublished data), 

approximately 200 gazelles reside at MRC. Animals were caught in either August 2009 or June 

2011. On both occasions, gazelles were located by helicopter and caught using a hand held net 

gun fired from an aircraft (Ezenwa et al. 2012). Fecal, blood, and tissue samples were collected 

for parasitological and genetic analyses. All individuals were also aged at capture. For males, we 

used a tooth wear criteria for Grant‟s gazelle described in Stelfox et al. (1985) and took an 

impression of the upper molar using dental putty (Provil Novo, HerausKulzer). For females, we 

used an equation that relates horn length to tooth-wear which was developed for a subset of 

animals from the same population (Ezenwa unpublished data, Ezenwa et al. 2012).  

DNA extraction and Genotyping 

We genotyped individual gazelles at 12 microsatellite loci developed from individuals 

from the same population (Worsley-Tonks et al. 2015, Appendix A). Ear tissue samples collected 

at capture were stored in 95% ethanol until DNA extraction. Whole genomic DNA was extracted 

from tissue using DNeasy Tissue Kits (QIAGEN Inc, Valencia, CA, USA) according to the 
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manufacturer‟s instructions. Microsatellites were amplified using standard polymerase chain 

reactions (PCR) using a three-primer nested reaction including a universal fluorescently labeled 

primer to label all reactions (modified from Schuelke 2000). PCRs were performed in a volume 

of 12.5μl containing 5-10ng of genomic DNA, 2µg bovine serum albumin, 1.5mM MgCl2, 1x 

PCR gold buffer (Applied Biosystems), 0.36µM universal dye-labeled primer, 0.04 μM tag 

labeled primer, 0.4µM unlabeled primer, 0.8 mM dNTPs, 4.99μl sterile double-distilled water, 

and 0.3 units AmpliTaq Gold
®
 Polymerase (Applied Biosystems). All PCR amplifications were 

performed using an Applied Biosystems GeneAmp 9700, and PCR products were then run on an 

ABI-3130xl sequencer (Applied Biosystems) and sized with Naurox size standard prepared as 

described in DeWoody et al. (2004) except that unlabeled primers started with GTTT. Alleles 

were scored and manually verified using GeneMapper v.3.7 (Applied Biosystems).  

Heterozygosity Variation 

Observed and expected heterozygosity at each locus were calculated using GeneAlEx v. 

6.4 (Peakall & Smouse 2006). We evaluated each locus for deviations from Hardy-Weinberg 

Equilibrium (HWE) and linkage disequilibrium using GENEPOP v. 4.2, and used Bonferroni 

corrections to account for multiple tests. We used the program Micro-Checker (Van Oosterhout 

et al. 2004) to test for null alleles.  

We calculated three measures of heterozygosity: standard heterozygosity (SMLH, 

Coltman et al. 1999), internal relatedness (IR, Amos et al. 2001), and homozygosity weighted by 

locus (HL, Aparicio et al. 2006) using the program IRmacroN4 (W. Amos, Cambridge 

University). Since all three metrics were strongly correlated (Pearson‟s correlation: P < 0.0001), 

we only reported results for SMLH. We estimated identity disequilibrium by calculating g2 using 

the program RMES (David et al. 2007). The g2 statistic depends on the variance of inbreeding of 
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the population and not locus specific characteristics (David et al. 2007). When there is no 

variance in inbreeding (g2 = 0), HFCs are not expected to arise (Szulkin et al. 2010).   

Parasitological Analyses 

For the cross-sectional analyses, fecal samples were collected at capture directly from the 

rectum of focal individuals. For longitudinal analyses, samples were collected over a 12 month 

period (July 2011 to June 2012). These samples were collected within 10 minutes of observing a 

known individual defecate. We screened each fecal sample for five different parasite taxa 

including: strongyle nematodes (Trichostrongylidae), Trichuris spp. (Trichuridae), Strongyloides 

spp. (Strongyloididae), coccidia (Eimeriidae), and lungworms (Trichostrongyloidea). 

Lungworms were further distinguished into three groups based on tail morphology (Ezenwa et al. 

2012). For all taxa except lungworms, we used a modification of the McMaster fecal egg 

counting technique to quantify parasite egg or oocyst output per gram feces (Ezenwa 2003). For 

lungworms, we used a modified Baermann method to quantify first stage larvae per 10g of feces 

(Forrester & Lankester 1997).  

We calculated three indices of parasitism: prevalence, intensity, and richness. Prevalence 

referred to the proportion of hosts infected with at least one individual of a specific parasite taxa.  

Intensity was defined as the total number of individuals from a single parasite taxon in a host 

individual (Ezenwa 2003). We measured parasite intensity using fecal egg, oocysts, or larvae 

counts and reported these measures as egg/oocysts per grams feces (EPG/OPG) and larvae per 

10g feces (LPG). Intensity analyses focused on the two dominant parasite groups: strongyles and 

lungworms. We described parasite richness as the number of different parasite taxa present in a 

single host. For richness analyses, the three lungworm morph types were counted separately. 

 

http://en.wikipedia.org/w/index.php?title=Trichostrongyloidea&action=edit&redlink=1
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Statistical Analysis 

Prior to examining heterozygosity-parasite correlations, we assessed whether SMLH 

varied with gazelle age and sex using general linear models. Next, to investigate associations 

between individual heterozygosity and parasite infection, and to assess whether these patterns 

varied with context, we tested the effects of SMLH and its interactions with age, sex, and 

environmental conditions (capture year for the cross-sectional analyses and season for the 

longitudinal analyses) on parasite infection. We used three measures of parasite infection as 

response variables: strongyle intensity, lungworm intensity, and parasite richness. 

For the cross-sectional analyses, we log-transformed strongyle intensity and used linear 

models, and for lungworm intensity we used generalized linear models with a negative binomial 

distribution and a log-link function. Linear models were also used for parasite richness. In all 

instances, we included SMLH, age, sex and capture year (2009 or 2011) as main effects, we also 

included two-way interactions between SMLH and age, sex and capture year. Capture year was 

included as an environmental measure because 2009 was a drier year than 2011 with a mean 

annual rainfall of 27.02 mm (range: 0-86.3 mm) compared to 84.7 mm (range: 11-139 mm). We 

started with a full model (main effects plus all two-way interactions with SMLH) and then 

determined the minimum adequate model using a stepwise elimination process as described by 

Crawley (2014). The least significant term was removed at each step and model selection was 

based on the Akaike‟s information criterion (AIC). We removed all non-significant interaction 

terms first and then removed non-significant main effect terms.  All factors with P < 0.1 were 

retained in the final model and the model with the lowest AIC value was considered to be the 

minimum adequate model.   
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For the longitudinal analyses, we fitted linear mixed-effect models using the “lmer” 

function in package lme4 (Bates et al. 2011) in R (i386 2.15.1) (RCoreTeam, 2012). Animal ID 

was included as a random effect in all models to account for repeated measures of the same 

individuals. SMLH, age, sex, and season were included as main effects, and we also included the 

two-way interactions between SMLH and age, sex and season. Seasonality was coded as wet or 

dry based on monthly rainfall records from the study site (wet: July-November 2011 and April-

May 2012; dry: December 2011-March 2012 and June 2012). Similar to the cross-sectional 

models, we used a minimum adequate model approach.  

RESULTS 

Descriptive Genetic Analyses 

Heterozygosity measures were calculated for 103 gazelles (48 captured in 2009 and 56 

captured in 2011). None of the 12 loci screened contained null alleles (Table 3.1). After 

Bonferroni correction, three of twelve loci deviated from HWE (Table 3.1), and were therefore 

excluded from analyses. Only one pair of loci showed significant linkage disequilibrium 

(Nagr44-Nagr48), and both loci were retained in the final analysis. Average observed and 

expected heterozygosity were 0.644 (SD = 0.183) and 0.641 (SD = 0.181), respectively. We 

found evidence of identity disequilibrium, with g2 being significantly different from 0 (g2 ± SD = 

0.0325 ±0.015668). Heterozygosity did not vary by sex or age (general linear model: sex: t = -

0.25, P = 0.81; age: t = 0.02, P = 0.99).  

Individual Heterozygosity and Parasite Infection  

A. Cross-sectional analysis 

At capture, all study animals were infected with strongyle nematodes and intensity ranged 

from 100-6,550 EPG (mean = 1516.7). The prevalence of lungworm infection was 96% and 
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mean intensity ranged from 0-18,561 LPG (mean = 1201.2). Parasite richness ranged from 1 to 7 

taxa, with an average of 4.4. Strongyle intensity increased with age and varied by capture year 

(2011 > 2009), but there was no main effect of SMLH on strongyle infection (Table 3.2). There 

was, however, a significant SMLH by age interaction effect on strongyle intensity (Table 3.2). 

The correlation between SMLH and strongyle intensity differed for animals of different ages, 

with the strongest effects apparent in older individuals than in younger individuals. There was 

also a marginal, but non-significant, SMLH by capture year interaction (P = 0.07).  

For lungworms, older gazelles and gazelles caught in 2009 had higher parasite intensities 

than younger gazelles and those caught in 2011 (Table 3.2). SMLH also had a significant main 

effect on lungworm intensity, with intensity decreasing with increasing heterozygosity (Table 

3.2). There was also a significant SMLH by capture year interaction (Table 3.2), where 

lungworm intensity declined with SMLH for individuals caught in 2009 but not for individuals 

caught in 2011 (Fig. 3.1b). No factor was significantly associated with parasite richness, but age 

had a marginal positive effect (P = 0.054).  

B. Longitudinal analysis 

For the 25 gazelles sampled over a 12 month period (July 2011-June 2012), all 

individuals were infected with strongyle nematodes and lungworms, and intensity ranged from 

50-5,750 EPG (mean = 1500) and from 1-4,788 LPG (mean = 409.9) respectively. Parasite 

richness ranged from 2 to 6 taxa, with an average of 4.1. Strongyle intensity was negatively 

correlated with age and SMLH (Table 3.3). In addition, we found a significant SMLH by age 

interaction effect (Table 3.3). The correlation between SMLH and strongyle intensity differed for 

individuals of different ages, with stronger effects observed in younger individuals than in older 

individuals. 
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There was no main effect of SMLH or season on lungworm intensity (Table 3.3). 

However, there was a marginal SMLH by season interaction (P = 0.052), where the negative 

correlation between lungworm intensity and SMLH was stronger during the dry season than the 

wet season.  Parasite richness varied significantly by sex (males > females) and season (wet > 

dry) (Table 3.3).  

DISCUSSION 

Heterozygosity-fitness correlations are widely used to explore the effects of inbreeding in 

natural populations, however, across studies, observed patterns of association are highly 

inconsistent (e.g. Acevedo-Whitehouse et al. 2006; Rijks et al. 2008; Chapman et al. 2009; Fox 

& Reed 2011; Harrison et al. 2011). One primary hypothesis for these inconsistencies is that 

correlations are generally weak (reviewed in Chapman et al. 2009), but other possible reasons 

may be differences in the fitness-related traits examined; in individual characteristics; and in the 

environmental condition that individuals experience (Lens et al. 2000; Pujolar et al. 2006; 

Szulkin et al. 2007; Shaner et al. 2013; Annavi et al. 2014). In our study, we found evidence for 

context-dependent HFCs, where the strength of correlations between heterozygosity and parasite 

intensities depended on host age and environmental conditions. For strongyle nematodes, 

correlations between intensity and heterozygosity differed for individuals of different ages. For 

the cross-sectional analysis, we found that effects were stronger in older individuals than in 

younger individuals, and in the longitudinal analysis, effects were stronger in younger 

individuals than in older individuals. For lungworms, negative correlations between parasite 

intensity and heterozygosity were stronger in 2009 than in 2011, and during the dry season 

compared to the wet season. Importantly, these context-dependent HFCs were consistently 

observed at both a single time point and over the course of twelve months. Furthermore, because 
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we found significant variance in inbreeding as measured by identity disequilibrium, our 

estimates of heterozygosity and the observed HFCs may reflect genome-wide effects (Miller & 

Coltman 2014).  

The associations between individual heterozygosity and parasite intensity we observed in 

the Grant‟s gazelles differed by parasite taxa. For strongyle nematodes, we found that HFCs 

were age-dependent, and this was consistently observed at both a single time point (at capture) 

and over the course of twelve months. However, the strength of these associations differed for 

individuals of different ages. In our cross-sectional analysis, we found that correlations between 

heterozygosity and strongyle intensity were stronger in older individuals than in younger 

individuals, and in our longitudinal analyses, effects were stronger in younger individuals than in 

older individuals. Theory predicts that HFCs are more likely to be detected in younger age 

classes because the variability in fitness components such as growth and survival differences are 

likely to be higher during early stages of development (Charlesworth & Hughes 1996; David 

1998). For example, in Alpine marmots (Marmota marmota), significant positive associations 

between individual heterozygosity and survival were observed in juveniles but not adult 

individuals, likely because unfit individuals did not survive to adulthood (Cohas et al. 2009). On 

the other hand, HFCs may be less detectable in younger age classes because important selective 

pressures occurring early in life mask the fitness effects of inbreeding (Keller & Waller 2002).  

Age-dependent HFCs have also been observed for parasite infections. In harbor seals, lungworm 

prevalence (Otostrongylus circumlitus and Parafilaroides gymnurus) was negatively correlated 

with heterozygosity in juveniles, but not adults (Rijks et al. 2008); while in Soay sheep (Ovis 

aries), strongyle nematode egg counts were negatively correlated with heterozygosity in adults 

but not lambs (Coltman et al. 1999). In Grant‟s gazelles, we found that in some instances, 
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correlations between heterozygosity and strongyle intensity were stronger in older individuals, 

and in other instances, effects were stronger in younger individuals (i.e. cross-sectional vs. 

longitudinal analyses). This suggests that age-effects may be context-dependent, and that 

correlations are generally stronger for more vulnerable age groups.  

For lungworm infections in Grant‟s gazelles, we found that environment was an 

important determinant of the strength of HFCs. Negative associations between lungworm 

intensity and heterozygosity were stronger in 2009 compared to 2011, as well as in the dry 

season compared to the wet season. In a recent meta-analysis, Fox & Reed (2011) found that 

inbreeding depression is typically stronger under stressful conditions such as when individuals 

are exposed to toxic chemicals, heat stress, or intraspecific competition. For example, in tadpoles 

(Rana temporaria), associations between offspring survival and heterozygosity were only 

observed when resources were limited (Lesbarreres et al. 2005), while inbreeding effects on 

developmental instability in Taita thrushes (Turdus helleri) were more pronounced under high 

levels of environmental disturbance (Lens et al. 2000). However, other studies have detected 

HFCs under more benign conditions. In badgers (Meles meles), for instance, cubs with more 

heterozygous fathers had higher rates of survival than cubs with less heterozygous fathers, but 

only during wet summers, presumably because moist soil conditions enhanced badger food 

supply (Annavi et al. 2014).  In our study, the stronger heterozygosity-lungworm association 

observed in 2009 and in the dry season might reflect stronger inbreeding effects during low 

resource conditions. Our sampling year of 2009 was the driest year on record at our field site in 

the past 14 years (mean annual rainfall: 1999-2013: 649 mm; 2009: 324 mm) and received 

almost a third less rainfall than 2011 (rainfall: 1016.4 mm). Similarly, average monthly rainfall 

over the 12 month longitudinal study was 18 times greater during the wet season than during the 
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dry season. Periods of reduced rainfall in semi-arid savannahs strongly influence vegetation 

growth and quality, often reducing the amount of food available to ungulate species (Ogutu et al. 

2008). Low precipitation in 2009 and during the dry season likely reduced the forage available to 

Grant‟s gazelles at our study site, which may have affected the nutritional condition of gazelles 

and mediated the observed HFCs.   

Another interesting finding of our study is that the context that influenced HFC patterns 

varied for different parasite taxa. Other studies have shown that even in the same study system 

main effects of heterozygosity can be observed for some parasites and not others. For example, 

in ring-tailed lemurs (Lemur catta), HFCs were detected for ectoparasites such as larvae of the 

fly Cuterebra species, but not for gastrointestinal parasites such as strongyles, strongyloides and 

entamobea (Charpentier et al. 2008). Similarly, in raccoons (Procyon lotor), individuals with 

high levels of genetic diversity had fewer endoparasites, individuals with intermediate levels of 

genetic diversity had fewer replete ticks (Dermacentor variabilis), and genetic diversity did not 

predict raccoon infection with non-replete ticks (Trichodectes octomaculatus) (Ruiz-Lopez et al. 

2012). In addition to differences in the main effect of heterozygosity on parasitism observed in 

other studies, we show that context-dependent effects also differ. Hence, the cost of infection 

may not only differ for different parasite taxa, but these effects may only be detectable for 

certain types of individuals and under certain conditions. 

Understanding the circumstances under which individual genetic diversity effects fitness 

is a critical step towards understanding how inbreeding can negatively affect natural populations. 

Correlations between heterozygosity and fitness are often relatively weak, but several recent 

studies have shown that the magnitude and directions of these associations may vary with 

context (e.g. Acevedo-Whitehouse et al. 2006; Rijks et al. 2008; Chapman et al. 2009; Fox & 
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Reed 2011; Harrison et al. 2011). By examining HFCs at a single time point and over the course 

of twelve months, our work demonstrates that associations between heterozygosity and common 

parasite infections are consistently context-dependent, and the context differs for different 

parasite taxa. This highlights the cryptic ways by which low genetic diversity may negatively 

affect natural populations. 
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Table 3.1: Characteristics of the twelve microsatellite loci.  

Na, number of alleles; Ho, observed heterozygosity; He, expected heterozygosity; HWE, Hardy-

Weinberg equilibrium. The frequencies of null alleles were estimated using the Brookfield 

1estimator in Micro-Checker. Loci depicted with an asterisk deviated from HWE. 

Locus N Na Ho He HWE Null alleles 

Nagr 12 102 13 0.775 0.84 0.09 0.0314 

Nagr 13 102 4 0.235 0.227 1 0.0051 

Nagr 20 103 8 0.476 0.501 0.26 0.0307 

Nagr 23 101 6 0.624 0.675 0.77 0.0277 
Nagr 27 103 15 0.883 0.876 0.6 -0.0086 

Nagr 29* 102 10 0.784 0.813 0 0.0209 

Nagr 32 102 5 0.627 0.662 0.04 0.0312 
Nagr 33* 103 4 0.553 0.473 0 -0.0462 

Nagr 35* 102 6 0.902 0.703 0 -0.1198 

Nagr 36 103 5 0.583 0.561 0.14 -0.0095 
Nagr 44 97 7 0.639 0.709 0.75 0.0395 

Nagr 48 103 4 0.65 0.648 0.71 -0.0036 
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Table 3.2: Minimum adequate models showing main and interaction effects of SMLH (standard 

multilocus heterozygosity) on three measures of parasite infection (strongyle intensity, 

lungworm intensity, and parasite richness) in Grant‟s gazelles. Strongyle intensity and parasite 

richness analyses were run using general linear models (with F values reported) while the 

lungworm analysis was a generalized linear model with a negative binomial distribution (with z 

values reported). 
+
p< 0.1, *p< 0.05, **p< 0.01, p< ***0.001  

Response variable Predictor variable Df F(or z) value 

Strongyle intensity SMLH 1, 93 0.89 

 Age 1, 93 11.13 ** 

 Capture year  1,93 8.12 ** 

 SMLH*age 1,93 4.21 * 

 SMLH*capture year  1,93 3.41 
+
 

Lungworm intensity SMLH 1 -2.15 * 

 Age 1 4.4 *** 

 Capture year  1 -4.47 *** 

 SMLH*capture year  1 2.19 * 

Parasite richness Age 1,93 3.78 
+
 

 

Table 3.3: Minimum adequate mixed-effect models showing main and interaction effects of 

SMLH (standard multilocus heterozygosity) on three measures of parasite infection (strongyle 

intensity, lungworm intensity, and parasite richness) in Grant‟s gazelles.  
+
p< 0.1, *p< 0.05, **p< 0.01, p< ***0.001  

 

 

 

 

 

 

Response variable Predictor variable Df F value 

Strongyle intensity SMLH 1 7.94** 

 Age 1 5.04* 

 SMLH*age 1 7.47* 

Lungworm intensity SMLH 1 2.46 

 Season  1 1.38 

 SMLH*season  1 3.8
+
 

Parasite richness Sex 1 4.61* 

 Season 1 12.16*** 
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Figure 3.1: Relationship between standard multilocus heterozygosity (SMLH) and lungworm 

intensity for the A) cross-sectional analysis (black line: year 2009, grey line: year 2011) and B) 

longitudinal analysis (black line: dry season, grey line: wet season). 
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CHAPTER 4 

CONCLUSIONS 

Parasites can affect the fitness of their host in multiple ways, and macroparasites are 

notorious for negatively affecting host individuals in subtle and complex ways. Indeed, several 

studies have shown that parasites can affect host survival or reproduction by altering the 

behavioral response of individuals (Fox & Hudson 2001; Hanssen et al. 2003; Fenner & Bull 

2008; Hillegass et al. 2010), affect certain individuals more than others (Gulland et al. 1993; 

Wilson et al. 2002; Rijks et al. 2008), and only under certain environmental conditions (Hudson 

et al. 1992; Coltman et al. 1999). This thesis explored complex mechanisms by which parasites 

can affect the fitness of their hosts. Chapter 2 examined how parasites influence time allocation 

to essential behaviors in female Grant‟s gazelles. Chapter 3 investigated when parasites are more 

likely to act against inbred individuals.  

The purpose of Chapter 2 was to examine how experimental removal of parasitic worms 

influenced the relative amounts of time female Grant‟s gazelles allocated to core behaviors 

including foraging, vigilance, moving, and resting. The anthelmintic treatment effectively 

reduced female parasite load for ~120 days. During this timeframe, females relieved of their 

worms adjusted their daily time budgets and invested more time foraging at the expense of 

vigilance. In addition, group size also altered time investment to foraging versus vigilance 

behaviors. The results of this study illustrate that parasites can cause a major reallocation of 

behaviors, and these effects can be of similar magnitude to social drivers of behavioral time 

allocation.  
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The purpose of Chapter 3 was to examine associations between individual heterozygosity 

and parasite infection, and how these relationships varied with age, sex and environmental 

conditions (e.g. seasonality). Using cross-sectional and longitudinal approaches, this study 

revealed that associations between heterozygosity and parasite intensity varied consistently with 

context. For strongyle nematodes, correlations between intensity and heterozygosity differed for 

individuals of different ages, where in some instances associations were stronger in older 

individuals and in others instances correlations were stronger in younger individuals. For 

lungworms, relationships between heterozygosity and parasite intensity were stronger under low 

resource conditions. Hence, parasitism can be a consequence of low genetic diversity but only 

for certain individuals or under certain environmental conditions.  

Taken together, this work illustrates that parasites can affect the fitness of host 

individuals in complex ways, often in conjunction with other social, ecological, and 

environmental factors. In Grant‟s gazelles, gastrointestinal and pulmonary nematode infections 

can alter how much time females invest in two fundamental behaviors: foraging and vigilance. 

As such, parasitic worm infections may indirectly affect the fitness of hosts by altering time 

investment to behaviors crucial for maintenance and survival. Moreover, individuals that are less 

genetically diverse may be more likely to suffer the consequences of infection, but only under 

certain conditions and at certain times. Overall, this thesis demonstrates that parasites can exert 

effects on hosts in subtle and complex ways that are manifested through host behavior, or on 

specific individuals, or at specific times.  
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APPENDICES 

DEVELOPMENT AND CHARACTERIZATION OF 30 NOVEL MICROSATELLITE 

MARKERS FOR GRANT‟S GAZELLE (NANGER GRANTI)
3
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3
Katherine E. L. Worsley-Tonks, Stacey L. Lance, Rochelle R. Beasley, Kenneth L. Jones, 

Vanessa O. Ezenwa (2015), Conservation Genetic Resources, 7, 219-221. 
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We isolated and characterized a set of 30novel microsatellite loci for Grant‟s gazelle 

(Nanger granti). Loci were screened in 24 individuals from a population in Laikipia County, 

Kenya. The mean number of alleles per locus was 3.73 (range1-10), and observed heterozygosity 

ranged from 0.00 to 0.870 (mean = 0.404).These new loci will facilitate basic behavioral, 

ecological, and population genetic studies of a species facing declining populations. 

Grant‟s gazelle (Nanger granti) are widely distributed across East Africa from Ethiopia 

and South Sudan, across Kenya and into Uganda and central Tanzania (Kingdon & Hoffmann, 

2013). Although general features of Grant‟s gazelle ecology and social organization have been 

described (Walther 1983), key characteristics of the species‟ biology remain unknown. In the 

face of downward trends in Grant‟s gazelle population numbers (IUCN 2008), insights drawn 

from microsatellite-based studies can contribute to a deeper understanding of gazelle behavior, 

ecology, and conservation. 

We collected blood and ear punch samples from Grant‟s gazelles at the Mpala Research 

Centre, Laikipia, Kenya (0
o
17‟N, 37

 o
52‟ E) in 2009 and 2011. Blood samples were frozen at -

20
o
C and tissue samples were kept in 95% EtOH until DNA extraction. DNA extractions were 

performed using DNeasy blood and tissue kits (Qiagen) according the manufacturer‟s 

instructions. Total DNA extracted from the tissue of a single individual was used for isolation 

and identification of microsatellite loci following an Illumina shotgun sequencing protocol 

detailed in O‟Bryhim et al. (2013). We tested forty-eight primer pairs for amplification and 

polymorphism (O‟Bryhim et al. 2013), and assessed the variability of 30loci in 24 individuals 

(12 from 2009 and 12 from 2011).Conditions and characteristics of the loci are provided in Table 

1. Tests for deviations from Hardy-Weinberg equilibrium (HWE) and for linkage disequilibrium 

were conducted using GENEPOP v4.0 (Rousset 2008). After Bonferroni correction, five loci 
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showed significant deviations from HWE. No linkage disequilibrium was detected. These new 

loci add to eight microsatellites described previously for N. granti (Huebinger et al. 2006). 
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Table 1: Details for 30 microsatellite loci developed for Nanger granti. The size indicates the range of observed alleles in base pairs 

and includes the length of the CAG tag; number of individuals genotyped is N; k is number of alleles observed; Ho and He are 

observed and expected heterozygosity, respectively; PI is the probability of identity for each locus, and TD refers to the touchdown 

protocol used for PCR. 

Locus Primer Sequence 5’ --> 3’  Repeat motif Size (bp) N K Ho He PI TD 

Nagr2 F:   * AGATTTCTGGAACTCTCTTGCC 

 

TGC 240-264 24 3 0.125 0.119 0.78 TD 65 

 R:     AAATTGGCAACATCCACTGC         

Nagr5  F:    *TTTAGCTTGAATTAAACCTGCTGC AAAG 169-181 24 3 0.458 0.500 0.3 TD 65 

 R:     AATCCCATGAACGGAGATGC         

Nagr6 F:    *GCAAATTCTTTACCGCTGGC TGC 234-243 24 2 0.458 0.478 0.39 TD 65 

 R:     AATTTGACGGGCAAACAACC         

Nagr8   F:    *TTTCTTTCAGTTCATTCATAGGGC TGC 139-160 24 4 0.375 0.647 0.19 TD 65 

 R:     ACCTGGTGAGCTGCTATGGG         

Nagr12  F:    *TCTTGTTTCTGTGCTTACATTGG TGC 285-351 23 9 0.782 0.827 0.52 TD 65 

 R:     AGCTCTTCTGCTTTCCAGCC         

Nagr13 F:  *AGTCGCATAGGGTCGGACG TGC 248-266 24 3 0.292 0.254 0.58 TD 65 

 R:     ATTCTGGGTTCTGGAGACGC         

Nagr17 F:  * CCACAGGACTATCCCATAAGGC ATGG 208-212 23 2 0.217 0.364 0.47 TD 65 

 R:      CATTCACCTACTCAACCCACCC         

Nagr18† F:  *AAATTAGAATTTCTGTAGCTATGGCG ATCT 245-265 24 5 0.375 0.753 0.10 TD 65 

 R:    CCCTCTATGATGAGGCACTCC         

Nagr20  F:  *CTTCGAAAGAGTTCTCTCTGATGC AATAG 200-210 24 3 0.375 0.362 0.46 TD 65 

 R:    CTGGAATTTCACACCCGTCC         
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Nagr21  F:  *TTGTTCTTCTATTTGGTATCCTATTGC TTC 245-444 24 5 0.333 0.644 0.19 TD 65 

 R:     GAACAGAAACCTGTCCCTTGG         

Nagr22† F:  * CGACATCTTTGTTCTTCTGTAGTGG TCTG 170-227 24 5 0.500 0.681 0.15 TD 65 

 R:      GAGACATGGCTTCTATCCCTGG         

Nagr23  F:  *GGTTCAATGCCCTCCTCTGG TTCC 259-283 24 4 0.458 0.609 0.22 TD 65 

 R:    GAGCCTGTCCCTACAGATCCC         

Nagr24 F:  * CCCTCCTGAAATGTCCTCC TCTG 237 24 1 0.000 0.000 0.10 TD 65 

 R:     GATATTTACTTTGGCACCCTTGG         

Nagr26 F:  *CAACTTCCTATACAGATCCTCTGTTACC ATGG 211-219 24 2 0.208 0.187 0.68 TD 65 

 R:     GCTCATTGTTTCTCCCATAAAGG         

Nagr27 F:  *CACAGAAGACAGAGATGTTAAGTGC TTC 207-261 23 10 0.870 0.846 0.40 TD 65 

 R:    GGAAACCCTTCTGCTTACTAGC         

Nagr28 F:  * CCACCTGCCATGAAAGTTCC ATGG 297 24 1 0.000 0.000 0.10 TD 65 

 R:     GGCTTTGGTAAGTATTGGGTGG         

Nagr29 F:  *TCACCATGCTGCCTTAGACC AAC 253-265 24 3 0.625 0.565 0.28 TD 65 

 R:    GGGAGCTTTGAAATCTAAAGAGG         

Nagr30 F:  *AAGAAACAGGAGTTCAAATATGGG AAGT 114-218 24 4 0.375 0.574 0.26 TD 65 

 R:    GGGTCCCAAAGAGTAGGGC         

Nagr31 F:  * CTGCTGTTCCTGTGAGGGC ATGG 206-214 24 2 0.375 0.353 0.48 TD 65 

 R:     GGTAGAGACATTTAGGGTTAGCTAGGG         

Nagr32 F:  *TTAGACAGGCATCAATCTCTGC ATC 193-203 24 4 0.333 0.640 0.19 TD 65 

 R:    GGTATAGAGCAAGCACTTAACTCG         

Nagr33 F:  *CAGACTGAAGTCTTTCCCACCC AAC 402-417 24 4 0.625 0.666 0.18 TD 65 
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* indicates CAG tag (5‟-CAGTCGGGCGTCATCA -3‟) label;  

† indicates significant deviations from Hardy-Weinberg expectations after Bonferroni correction. 

 

 R:    GGTCTCCCAGATAGCATCCC         

Nagr35 F:  *GGTTTGCACAGAGTAGGACACG TGC 233-263 23 4 0.565 0.575 0.24 TD 65 

 R:     GTGCTGTGATTTGTTGCTGC         

Nagr36 F:  *TTCTTTCTTCCTATCTGCCTGC ATCT 203-223 24 4 0.542 0.532 0.32 TD 65 

 R:     GTTTGGCCTCCAAATAGAGC         

Nagr38† F:  * CTTTATAGCAAGTCCACCGAAGG TGC 271-305 24 4 0.125 0.666 0.18 TD 65 

 R:      TCCTAGGTTGCAGTCCCTGG         

Nagr40† F:  * AAGGGTATGTTGTGCCGC TGC 255-276 23 4 0.261 0.598 0.23 TD 65 

 R:      TCTGCTGCTATTTGGATATTTAGAGG         

Nagr41 F:  *CCACAAACAGTCAGGCACG AAAG 220-244 24 4 0.833 0.727 0.12 TD 65 

 R:    TCTTAACTGTTACTGCCTTCATCTCC         

Nagr42 F:  *TGGGAAGAGAGTGTGGATGC ATGG 304-348 24 4 0.417 0.563 0.25 TD 65 

 R:     TCTTTGGTAGATGAAGAGATACATGG         

Nagr44 F:  *TGCTATGTGTTTGACATTGTGC ATGG 374-390 19 4 0.632 0.691 0.15 TD 65 

 R:    TGTTGAGAACTGGCTAATGACG         

Nagr45† F:  * TATGCATGCTCAAGGTTGCC AAAC 309-313 24 2 0.000 0.330 0.5 TD 65 

 R:      TTCCAGGTCCTACCTCCTAAGC         

Nagr48 F:  *GGATGTGACTGAAACCCTGG ATGG 354-362 24 3 0.583 0.617 0.22 TD 65 

 R:    TTTCTCATGGATTGCCTCCC         


