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Abstract  

Adverse environmental stimuli (stressors) activate the hypothalamic-pituitary-adrenal (HPA) axis and  

contribute to allostatic load. This study investigates the contribution of environmental stressors and  

life history stage to allostatic load in a migratory population of plains zebras (Equus quagga) in the  

Serengeti ecosystem, in Tanzania, which experiences large local variations in aggregation. We  

expected higher fGCM response to the environmental stressors of feeding competition, predation  

pressure and unpredictable social relationships in larger than in smaller aggregations, and in animals  

at energetically costly life history stages. As the study was conducted during the 2016 El Niño, we did  

not expect food quality of forage or a lack of water to strongly affect fGCM responses in the dry  

season. We measured fecal glucocorticoid metabolite (fGCM) concentrations using an enzyme  

immunoassay (EIA) targeting 11ß-hydroxyetiocholanolone and validated its reliability in captive  

plains zebras. Our results revealed significantly higher fGCM concentrations 1) in large aggregations  

than in smaller groupings, and 2) in band stallions than in bachelor males. Concentrations of fGCM  

were not significantly higher in females at the energetically costly life stage of late  

pregnancy/lactation. The higher allostatic load of stallions associated with females, than bachelor  

males is likely caused by social stressors. In conclusion, migratory zebras have elevated allostatic  

loads in large aggregations that probably result from their combined responses to increased feeding  

competition, predation pressure and various social stressors. Further research is required to  

disentangle the contribution of these stressors to allostatic load in migratory populations.   
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Highlights  

 Validation of an assay for fecal glucocorticoid metabolite measurement in E. quagga  

 Allostatic load of plains zebras is higher in large aggregations  

 Band stallions have significantly higher fecal glucocorticoid levels than bachelors  

 Lactation and late pregnancy did not affect allostatic load   
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Introduction  

  

In vertebrates, the hypothalamic-pituitary-adrenal (HPA) axis is the neuroendocrine pathway by  

which glucocorticoids are released from the adrenal cortex in response to adverse environmental  

stimuli termed stressors (Creel et al., 2013; Hofer and East, 2012; Nelson et al., 2002).  

Glucocorticoids influence the expression of genes and gene pathways with diverse functions  

including those that mobilize energy required for behavioral and physiological responses to stressors  

(Phuc Le et al., 2005; Tung et al., 2012). The term allostatic load encompasses the cumulative  

energetic cost of maintaining homeostasis, fulfilling the physiological costs of daily life that vary with  

life history stage (Stearns, 1992), and costs of responding to environmental stressors (McEwen and  

Wingfield, 2003; Romero et al., 2009). Glucocorticoid (GC) concentrations are considered a useful  

indicator of allostatic load (Goymann and Wingfield, 2004; McEwen and Wingfield, 2003) and a proxy  

measure of the contribution of environmental stressors to allostatic load (e.g. Benhaiem et al., 2013;  

Clinchy et al., 2013; Nelson et al., 2002; Rubenstein and Shen, 2009). Environmental stressors known  

to elevate GC concentrations include conditions when competition for food is high or food  

abundance is low or unpredictable (Chinnadurai et al., 2009; Goymann et al., 2001; Jeanniard du Dot  

et al., 2009; Kitaysky et al., 2010), when predation pressure is high (Bao et al., 2017; Creel et al.,  

2009; Sheriff et al., 2015), when social environments are challenging (Creel et al., 2013; Hennessy et  

al., 2009; Hofer and East, 2012), unstable or unpredictable (Bassett and Buchanan-Smith, 2007;  

Benhaiem et al., 2012; 2013; Goymann et al., 2001; Tung et al., 2012) and when males compete for  

receptive females (Mooring et al., 2006; Pavitt et al., 2015).   

  

In vertebrates the energetic costs of different life history stages vary and transitions between life  

history stages are often marked by glucocorticoid mediated metabolic changes (Crespi et al., 2013;  

McEwen and Wingfield, 2003). In mammals, lactation is the most energetically costly component of  

reproduction for females (Martin, 1984). In large herbivores that produce relatively large precocial  

offspring, late gestation can also be an energetically costly life stage (Fisher et al., 2002).    

  

In wildlife, measurement of circulating GC usually requires interventions (capture, restraint and  

blood sampling) which can elevate GC, thereby affecting GC measurements (Kersey and Dehnhard,  

2014). Also, pulsatile, episodic or diurnal GC secretion may affect measures of serum glucocorticoid  

levels (Aurich et al., 2015; Kersey and Dehnhard, 2014; Schmidt et al., 2010). Quantification of fecal  

glucocorticoid metabolites (fGCM) dispenses with the need for interventions and provides a  

cumulative fGCM concentration produced during the time of gut passage (Ganswindt et al., 2012;  

Kersey and Dehnhard, 2014; Schwarzenberger, 2007). Although GC responses to stressors are  

commonly measured in terms of fGCM concentrations (Goymann, 2012; Graham and Brown, 1996),  

species specific differences in steroid metabolism requires that an enzyme immune assay (EIA) must  

be validated for the study species to which it is applied (Touma and Palme, 2005). This typically  

involves an experimental adrenocorticotropic hormone (ACTH) challenge conducted on individuals of  

the target species in captivity (Bashaw et al., 2016; Benhaiem et al., 2012).  

  

Most plains zebra (Equus quagga) (hereafter termed zebra) in the Serengeti ecosystem, in East Africa  

(~ 200,000 animals; IUCN, 2017) undertake a biennial migration in response to seasonal patterns of  

precipitation (Maddock, 1979; McNaughton, 1985). At the start of the wet season (in approximately  

November), zebra move from their dry season range in the north and west of the ecosystem through  

a transitional area to the short grass plains in the south-east of the ecosystem (Maddock, 1979),  

where they graze on vegetation containing essential minerals for pregnancy and lactation. As these  



3 
 

minerals only occur in a few ‘hotspots’ elsewhere (McNaughton, 1990) they must be acquired in  

specific areas even though energy requirements can be fulfilled in many areas (MacNaughton and  

Banyikwa, 1995). When the wet season ends in May or early June, zebras leave the arid south-east  

and return to the north and west (Norton-Griffiths et al., 1975) which receives a higher annual  

rainfall than the south-east, and contains sources of surface water in the dry season (Kingdon, 1979).  

These migratory movements result in substantial local variation in the abundance and dispersion of  

zebra (Maddock, 1979; McNaughton, 1985). The dominant grass species and vegetation community  

on the short grass plains differs from those in the long grassland and woodland communities  

(MacNaughton and Banyikwa, 1995).   

  

Plains zebras form stable groups termed family bands that contain one stallion and one to several  

unrelated mares and their subadult offspring. Stable social relationships and strong cohesion  

between females provides the core structure to zebra family bands and the socially dominant female  

in a band typically determines the direction of band movement (Klingel, 1969a, 1969b). Agonistic  

interactions can occur between the female members of one family band and those in another band  

(Klingel, 1969b). Band stallions rarely actively defend mature female band members whereas both  

stallions and bachelors do compete to recruit adolescent mares in estrus  (Klingel, 1969b). Females  

use body posture and olfactory cues to advertise when they are in estrus (Klingel, 1969b). Males  

leave their natal band when between one and four years old (hereafter termed bachelor males) and  

join bachelor groups that have stable membership and stable within group social relationships  

(Klingel, 1969b; Rubenstein, 1986). The stability of bachelor groups is unique among equids  

(Linklater, 2000; Ransom and Kaczensky, 2016). It is thought that bachelor males cannot successfully  

compete for access to receptive females before they are about 4 years old (Klingel, 2013, 2010).  

Females usually leave their natal family band during their first estrus when approximately 13 months  

old and few conceive before they are over two years old (Klingel, 1969a). In the Serengeti ecosystem  

there is a marked birth peak in the wet season which typically occurs on the short grass plains,  

although foals are born throughout the year. Pregnancy lasts 360-396 days, and lactation 7-11  

months (Wackernagel, 1965), with postpartum estrus occurring approximately one week after birth  

(Klingel, 1969a).    

  

In several mammalian species, GC concentrations are elevated when population densities are high or  

are experimentally increased (Boonstra and Boag, 1992; Caslini et al., 2016; Forristal et al., 2012; He  

et al., 2014; Rogovin et al., 2003). Agonistic interactions are typically elevated when competition for  

resources, such as food or mates is increased at higher population densities. Furthermore, for  

animals living in stable groups, the coalescence of groups into large aggregations will lead to a  

decline in the predictability of the social environment. Disentangling the effects of these  

environmental stressors on GC concentrations is problematic. In the Serengeti ecosystem, the  

migratory movements of zebra cause large fluctuations in the number of zebra in different locations  

(Maddock, 1984; McNaughton, 1985) but little is known how aggregation affects GC concentrations  

in migratory zebras.   

  

This study assesses the impact of life history stage and environmental stressors on the allostatic load  

of migratory zebra. Energetically costly life history stages should increase allostatic load hence we  

expect higher fGCM levels in females during late pregnancy and lactation than in mature females in  

other life stages. As stallions aim to prevent estrus females in their band from mating with rival males  

(either bachelor males or other band stallions) and they also compete for estrus females in other  

family bands, we predict higher fGCM concentrations in family band stallions than in bachelors. We  
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also consider the impact of three environmental stressors (feeding competition, predation pressure  

and an unpredictable social environment) on fGCM concentrations. We expect the highest fGCM  

response to these three stressors to occur in the largest category of zebra aggregations. More  

specifically we expect: 1) feeding competition to increase with aggregation size in adult animals; 2)  

predation pressure to increase when numerous predators, particularly ‘commuting’ spotted hyenas  

(Crocuta crocuta) are attracted to large aggregations of prey (Hofer and East, 1995, 1993). More  

specifically we expected predation pressure to be most pronounced in large aggregations in all age  

and sex categories, and for predation pressure to be similar in medium and small aggregations; 3) the  

negative effect of unpredictable social relationships to increase as the size of zebra aggregations  

increase. Strong social bonds between mature band females, mothers and their offspring, and males  

within bachelor groups should to some extent buffer zebra against this social stressor, at least in  

small and medium aggregations.   

  

Materials and Methods  

  

Study site and sample collection   

This study was conducted in the Serengeti NP, Tanzania, during the months of January-March, May- 

July and October 2016. In 2016, an El Niño climatic event resulted in above average rainfall in the  

Serengeti NP and an extension of rain into the dry season.   

  

Zebras were sampled in two distinct habitat categories: the short grass plains in the south, and long  

grass, open woodland savannah in the center of the park (henceforth termed woodland boundary).  

Fecal samples were collected opportunistically, together with information on age, sex and  

reproductive state for sampled individuals, habitat type (short grass plains or woodland boundary)  

and the aggregation of zebras in the area. Zebra abundance within approximately 500 m in all  

directions of the research vehicle was estimated and categorized within three easily determined  

aggregation categories: small (≤50 zebras), medium (>50 and ≤200 zebras), and large (>200 zebras).  

In total 270 fecal samples were collected (in large N=124, medium N=67, small N=79 aggregations of  

zebras). Following Klingel (1969b) we scored the age of animals in three categories: adult, subadult  

and foal using withers height and pelage (see fig. 1). Reproductive state in adult females was visually  

assessed in three categories (fig. 1): (i) lactating - mares accompanied by a suckling foal; (ii) late  

pregnant – mares with a conspicuously enlarge abdomen, indicating the presence of a large fetus and  

presumably >6th month of pregnancy; (iii) other - mares in neither of these two states, including  

earlier stages of pregnancy, and mares in estrus. Adult males were categorized as family stallions or  

bachelors (fig. 1). Definitions of each respective age class and reproductive state are shown in table  

1.   

  

 Figure 1  
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Age and reproductive categories in plains zebra. (A) Left to right: mature female, subadult, foal, as  

assessed by withers height. (B) Late-pregnant mare, with enlarged abdomen.   

  

Fecal samples were collected opportunistically immediately after deposition from individuals within  

approximately 150 m. Care was taken to avoid soil contamination. To control for unequal distribution  

of fGCM in a fecal bolus, material was collected from several remote parts of each bolus then pooled  

and thoroughly mixed. The sample was immediately stored on ice in the field up to 8 hours and  

subsequently frozen for storage and shipment on dry ice until extraction at the Leibniz Institute for  

Zoo and Wildlife Research, Berlin (IZW). One sample was excluded from the final analysis due to a  

uterine prolapse in the respective mare after recently giving birth, as injuries and subsequent  

inflammation have been shown to lead to elevated fGCM levels in wildlife (Ganswindt et al., 2010).  

  

Table 1   

Categories of plains zebra by age class, sex, and reproductive state. Foals and subadults were  

combined in the age category termed juveniles.   

Age Sex Reproductive state  Definition 

foal  

not 

determined 

not  

applicable 

withers height less than 80% of a mature individual  

subadult  

not smaller than 80% of the withers height of an adult but not 

fully grown regarding overall body mass; residual patches of long 

brownish ‘foal fur’ on the back 

mature  

Male 
bachelor   in a group with other males (adults and/or subadults) 

family stallion  in a group with 1 or more mares (and offspring) 

Female 

late pregnant  
distended abdomen larger than well-nourished individuals, typical 

‘pear shape’ 

lactating  mare with foal  

other no observable evidence of pregnancy and no associated foal 

  

  

Aggression rates between adult males  

To assess the rate of overt male-male agonistic interactions, males (bachelors and stallions) were  

observed from the research vehicle during a total observation period of 123h 43 min (66h 51min  

focused on stallions; 56h 52min focused on bachelor males). Low level approach-retreat interactions  

(displacements) lacking aggressive behaviors were not recorded. The animals being scanned for  

aggressive behaviors were changed at 10 min intervals. Play chases and play fights among bachelor  

males within a group and play fights initiated by a subadult male with the stallion within a family  

group were not recorded. We only recorded incidences of aggression that involved higher speed  

chases and aggressive behaviors such as kicking and biting.   

  

EIA validation and fGCM extraction  

We validated an enzyme-immunoassay (EIA) based on an antibody against 11- 

hydroxyetiocholanolone (Pribbenow et al., 2014) for zebra. We obtained fecal samples from an ACTH  

challenge experiment conducted in 2011 on two captive zebras (one mare, one stallion) at the  

National Zoological Gardens of South Africa, Pretoria (Fourie, 2012; Périquet et al., 2017). The  

animals were immobilized and moved to the zoo’s veterinary hospital for the experiment, and were  

housed there in separated, adjoining enclosures. After 9 and 10 days, respectively, each animal was  

again anesthetized and received an intramuscular injection of a synthetic correlate to  
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adrenocorticotropic hormone (1 IU/kg SYNACTHEN DEPOT; tetracosactide, Novartis, South Africa).  

Fecal samples were collected from 30 hours before, to two days after SYNACTHEN administration.  

Fecal glucocorticoid metabolites were extracted as described in Périquet et al. (2017)  and stored at - 

20 °C (Ganswindt et al., 2002) until shipment to the IZW. Respective fGCM concentrations of the  

ACTH challenge experiment are reported as ng/g of dry weight (dw). We calculated baseline fGCM  

levels by using an iterative process excluding all peaks which were defined as greater than the  

mean+1.5 SD (de Bruin et al., 2014).  

  

From wild zebras, sample aliquots of 0.5 g wet weight (ww) were extracted with 4.5 ml methanol  

(90%) by shaking for 30 min. Samples were centrifuged at 3000 rpm for 15 min, and 0.5 ml of the  

supernatant diluted 1:1 with water for the subsequent EIA. Resulting fGCM concentrations are  

reported as ng/g ww.  

  

Statistical analysis  

To examine the contribution of potential environmental (including social) stressors and life history  

stages to fGCM concentrations in zebras in the Serengeti ecosystem, we fitted general linear models  

with log-transformed fGCM concentrations as the response variable. We fitted separate models for  

adult mares, adult males and juvenile animals (i.e. foals and subadults), respectively. We included in  

our models the following predictors: to test for the effects of aggregation we included a categorical  

measure of aggregation size (large, medium and small); to examine for effect of life history stages we  

included the two reproductive states for adult males (bachelor males and stallions associated with  

band females) and three reproductive states for adult females (lactation, late pregnancy and other)  

and two age classes (foal and subadult) for juvenile animals; to test for potential habitat effects,  

which might affect feeding competition, we included the two main habitat types (short grass plains  

and woodland boundary).   

  

To assess the statistical significance of the predictor variables we used F-tests to compare the full  

model to reduced models in which the respective predictor was removed. Significant differences  

between predictor variables were analyzed post-hoc by a Tukey’s Multiple Comparison of Means  

test. Visual inspections of all models indicated no obvious violations of assumptions of normality and  

homogeneity of error variances. Inspection of variance inflation factors (all below 1.80) did not  

indicate any problem of multicollinearity in any of the models. As zebras constantly roam and sites  

where feces were collected were frequently changed, the probability of repeated sampling of any  

one individual was considered negligible. Statistical analyses were performed in R version 3.2.5 (R  

Development Core Team, 2016). The variance inflation factor was calculated using the R package  

‘car’ version 2.1-4 (Fox and Weisberg, 2011). The significance threshold was set at an α-level of  

p<0.05. To quantify effect sizes of the predictors we calculated partial eta-squared (η2), which  

quantifies the proportion of variation explained by this predictor, while partialling out the effects of  

the other predictors (Muller & Peterson, 1984). To quantify effect sizes in pairwise post-hoc tests, we  

calculated Cohen’s d, which quantifies the difference in means normalized by the pooled standard  

deviation (Cohen, 1988). These measures were computed using the heplots v1.3-4 (Fox et al., 2009),  

and lsr v0.5 packages (Navarro, 2015).  
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Results  

  

ACTH challenge and EIA validation  

For the animals subjected to the ACTH challenge experiment, the respective fGCM baseline  

concentrations were 1,403 ng/g dm (male), and 844 ng/g dm (female). The 11- 

hydroxyetiocholanolone EIA showed fGCM peaks at 27, 42, 47, and 48 hours post-injection in the  

stallion, and after 29 hours in the mare (fig. 2). A return to baseline levels could not be determined in  

the stallion, but was found in the mare after 42 hours. Maximum peak levels of 2,440 ng/g (42 hours  

post-injection) and 1,385 ng/g corresponding to a 183% and 164% increase above baseline were  

reached in the male and the female, respectively. The ACTH stimulated increase in fGCM levels  

suggests that the fecal metabolites traced by the assay are adequate indicators of adrenal activity in  

zebras. Thus the 11ß-hydroxyetiocholanolone EIA was used for further analyses. Mean inter-assay  

variance was 14.3%, based on four control samples.  

  

Figure 2  

ACTH challenge experiment on captive plains zebras. Course of fecal glucocorticoid metabolite  

(fGCM) concentrations (ng/g dry weight) in fecal samples collected during a period spanning 29 hours  

before to 48 hours after the administration of ACTH (hour 0) applying an enzyme immunoassay  

based on an antibody against 11-hydroxyetiocholanolon in a zebra stallion and a zebra mare,  

respectively. The horizontal line indicates the calculated individual baseline fGCM concentrations.  

  

  

  

fGCM levels in wild adult plains zebra males  

In adult males (N=87), the size category of aggregation was a significant predictor of fGCM levels  

(p=0.007; table 2, fig. 3). Post-hoc tests revealed significantly higher fGCM concentrations in males in  

large aggregations than in medium aggregations (p=0.032, table 3), and in large than small  
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aggregations (p=0.012). The difference in fGCM concentrations between males in medium and small  

aggregations was not significant. Life history stage was significantly positively correlated with fGCM  

concentrations in adult males (p=0.018) with significantly higher fGCM levels in band stallions than in  

bachelors (fig. 4). The size of the effect of reproductive state in males was less (η2=0.08) than that of  

aggregation (η2=0.12, table 2). Habitat type had no significant effect on fGCM concentrations  

(p=0.143, table 2). The aggressive interaction rate among males was 0.04 per hour (5  

interactions/123 hours 43 min). All interactions were initiated by band stallions, and targets included  

one band stallion, and four bachelor males.   

   

fGCM levels in wild adult plains zebra females  

In adult females (N=136) the size category of aggregation significantly affected fGCM levels (p<0.001;  

table 2). The post-hoc tests revealed significantly higher fGCM levels in large than in medium  

aggregations (p<0.001, table 3), and in large than in small aggregation (p<0.001, fig. 3), whereas the  

difference between medium and small aggregations was not significant. In adult females, we did not  

detect a statistically significant effect of life history stage (lactating, in late pregnancy, and mares in  

neither of these two states) (p=0.759, table 2). No statistically significant differences were detected  

between habitat types (p=0.083, table 2).  

  

fGCM levels in wild juvenile plains zebras  

In juvenile zebras (N=46) fGCM concentrations were significantly affected by the size category of  

aggregation (p=0.009; table 2), being significantly higher in large than in medium aggregations  

(p=0.009; table 3, fig. 3) whereas differences between large and small, and medium and small  

aggregations were not significant. Concentrations of fGCM were not significantly affected by  

categories of age (p=0.952, table 2) or habitat type  (p=0.060, table 2).   

  

Table 2  

Results of general linear models that assess the effects of aggregation, reproductive state, and  

habitat type on fecal glucocorticoid metabolite concentrations (fGCM) in adult male, adult female  

and juvenile zebras (subadults and foals), respectively, and values for degrees of freedom (df),  

sample size (N), and partial eta-squared (η2). Significant effects in bold.  

 Category  Independent variable df F 
partial  

η
2
  

p  

Adult males 

N=87 

Aggregation 2 5.19 0.12 0.007  

Reproductive state 1 5.82 0.08 0.018  

Habitat 1 2.19 0.03 0.143  

Adult females 

N=136 

Aggregation 2 19.99 0.24 <0.001  

Reproductive state 2 0.28 0.004 0.759  

Habitat 1 3.06 0.02 0.083  

Juvenile 
N=46 

Aggregation 2 5.22 0.20 0.009  

Age class 1 0.004 <0.001 0.952  

Habitat 1 4.07 0.09 0.060  

  
  
  
  
Table 3  
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Results of post-hoc tests (Tukey’s Multiple Comparison of Means) that were used to assess the  

effects of aggregation size on fGCM levels. Significant effects in bold. Values for Cohen’s d are also  

provided.  

post-hoc tests        

 Aggregation Estimate 
Std.  

Error 
t 

Cohen’s 

d 
p  

Adult males 

small  large 0.294 0.11 2.93 1.23 0.012  

medium large  0.309 0.11 2.93 0.97 0.032  

small  medium  0.015 0.11 0.13 0.01 0.990  

Adult females 

small  large 0.363 0.07 5.36 1.32 <0.001  

medium large  0.367 0.07 5.06 1.11 <0.001  

small  medium  0.004 0.08 0.05 0.12 0.999  

Juvenile 

small  large 0.270 0.12 1.94 1.09 0.138  

medium large  0.378 0.14 3.10 1.15 0.009  

small  medium  0.107 0.15 0.72 0.09 0.751  

  

  

  

Figure 3  

The effect of aggregation category on fGCM concentrations (ng/g ww) in adult male, adult female  

and juvenile plains zebras. Boxes indicate 2nd and 3rd quartiles, center lines indicate median values,  

upper (and lower) whiskers extend to the highest (and lowest) value that is within 1.5 times the  

inter-quartile range. Data points beyond the end of the whiskers are plotted as open dots. Filled dots  

indicate the predicted mean effects of aggregation by the respective linear model.  
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 Figure 4   

Effect of reproductive state on fGCM concentrations (ng/g ww) in adult male plains zebras (bachelors  

and stallions). Boxes indicate 2nd and 3rd quartiles, center lines indicate median values. Upper (and  

lower) whiskers extend to the highest (and lowest) value that is within 1.5 times the inter-quartile  

range. Data points beyond the end of the whiskers are plotted as open dots. Filled dots indicate the  

mean predicted effect of reproductive state by the linear model.   
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Discussion  

  

In this study we measured fGCM concentrations in zebra to assess the contribution of life history and  

environmental stressors to allostatic load in the migratory population in the Serengeti ecosystem.  

The results of an ACTH challenge experiment on two captive zebras show that an 11- 

hydroxyetiocholanolone EIA is appropriate for the measurement of fGCM concentrations in this  

species. Following ACTH administration, fGCM concentrations increased above baseline  

concentrations by 183% and 164% in the male and the female, respectively. Results were presented  

per gram dry matter and assuming a moisture content in feces of about 50 % (Ndlela and Schmidt,  

2016), fGCM concentrations in the captive animals before the ACTH challenge (fig. 2) were  

considerably above those obtained from zebra in the Serengeti ecosystem (fig. 3) when adjusted for  

wet weight. This might be related to both captive zebras being moved from their social group and  

housed individually in adjoined enclosures for the time of the experiment, which in domestic horses  

can significantly increase fGCM concentrations (Yarnell et al., 2015).  

  

Our findings revealed that fGCM concentrations were significantly elevated in zebra in the Serengeti  

ecosystem when they gathered in large aggregations (> 200 zebra), and this response was apparent  

in all age and sex categories and life history stages (table 2, fig. 3). Aggregation had a larger effect  

than any other predictor on allostatic load in adult male, adult female and juvenile zebra (table 2).  

This result was expected, as all three environmental stressors (feeding competition, predator  

pressure, and an unpredictable social environment) should have their strongest impact when zebras  

occur in large aggregations. Our results most likely represent the GC response of individuals to more  

than one stressor but it is difficult to disentangle the contribution of potential stressors to fGCM  

concentrations measured in free-ranging wildlife (Creel et al., 2013). Even so we use differences in  

the predicted and observed patterns of fGCM concentration in our age and sex categories to  

tentatively interpret our findings.  

  

We found that fGCM concentrations of stallions associated with bands of females were significantly  

higher than those of bachelor males (fig. 4). This result is consistent with our prediction that the  

allostatic load of stallions should have a larger component induced by the social environment than  

that of bachelor males. Band stallions have to maintain their long-term social bonds with the female  

band members and challenge bachelor males that attempt to approach them (Fischhoff et al., 2009;  

Klingel, 1974, 1969b), as our limited results on male-male aggressive interactions show. Band  

stallions can also be challenged by stallions from other family bands (Klingel, 1969b). In contrast,  

bachelors do not maintain relationships with females, and have more opportunity to decide which  

zebras they interact with, challenge and avoid. Although behavioral differences between stallions  

and bachelors provide a plausible interpretation of our findings, more research is required to  

establish whether the high allostatic load of band stallions is primarily due to challenges by other  

male competitors (Goymann and Wingfield, 2004), rather than other activities, such as the defense  

of band members against attacks by predators (Kruuk, 1972). In domestic horses, reproductive  

function can be modulated by the social environment, and a change from non-breeding to breeding  

status coincides with a significant increase in androgen concentrations (McDonnell and Murray,  

1995). However, in free-ranging equids, including zebras, bachelors are not necessarily  

reproductively inactive, as they do compete for access to receptive females. In fission-fusion groups  

of giraffe (Giraffa camelopardalis), male dominance is based on age and size, hence older larger  

males are socially dominant over younger smaller ones. In single sex groups, older dominant males  

have lower fGCM levels than younger ones, whereas in mixed sex group the reverse is true (Wolf et  
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al., 2018), suggesting that when females are present, dominant males are more challenged by the  

presence of other males than when females are absent.  

  

Lactation is an energetically demanding life history stage (Costa et al., 1986; Houston et al., 2007;  

Landete-Castillejos et al., 2002) and lactating females may resort to resource allocation trade-offs  

when their intake of food is insufficient to sustain lactation (Archie et al., 2014; East et al., 2015;  

Festa-Bianchet, 1989; Hamel and Côté, 2009). In species, such as zebra, that produce precocial  

offspring, the total mass of the contents of the uterus carried by a pregnant near-term female is  

roughly equivalent to 15% of the mother’s body mass (Smuts, 1976), and this may also increase  

maternal allostatic load. Despite this, we found no evidence for fGCM concentrations being elevated  

in late-pregnant and lactating females (Table 2). This agrees with findings in domestic horses, where  

fGCM levels of mares did not differ between reproductive state, presumably because lactating  

females increased their food intake and decreased their time spent alert and socializing (York and  

Schulte, 2014). Endocrine adjustments which up-regulate the efficiency of protein, glucose and lipid  

metabolism, and decreases plasma leptin concentrations thereby promoting feed intake during the  

peripartum period may also help prevent energy deficits during lactation in horses (Arfuso et al.,  

2016; Heidler et al., 2003). Comparable behavioral and metabolic adjustments might also occur in  

zebras, but for these to prevent energy deficits, female zebras should have access to sufficient forage  

to permit an increase in food intake before resorting to the mobilization of energy from fat reserves.  

Our study period coincided with El Niño climatic conditions in the Serengeti ecosystem, hence there  

was an abundance of forage and zebras probably also had larger than normal fat reserves. In more  

typical years (i.e. longer dry seasons, and reduced growth of forage), fat reserves of females are  

probably more limited and females at energetically costly life history stages may experience periods  

when their energy intake is insufficient and this may be reflected in elevated fGCM concentrations.   

  

Theoretically, animals that join a group can benefit from the ‘dilution effect’ and the ‘many eyes  

effect’(Elgar, 1989; Rubenstein, 1978) . The dilution effect suggests that an individual’s risk of  

predation should decrease with increasing group size and hence that its fGCM concentration should  

be lowest in large aggregations and highest in small aggregations. Similarly the ‘many eyes effect’  

also suggests that fGCM concentration should be lowest in large aggregations because of the  

reduced vigilance and increase foraging. Our results do not support these expectations. Alternatively,  

when predators can detect prey more easily and their foraging efficiency is higher in large  

aggregations of prey than in smaller groupings (Taylor, 1979), then predators are drawn to areas  

containing large aggregations of prey. This idea predicts higher predation pressure in areas  

containing large aggregations of zebra than those with either medium or small aggregations. Lions  

(Panthera leo) and spotted hyenas  are the main predators of zebra in the Serengeti ecosystem  

(Grange et al., 2004). Lions predominately hunt within the territory held by their pride, hence the  

predation pressure exerted by a pride of lions is mostly limited to its territory whereas nomadic male  

lions hunt over far larger areas (Schaller, 1972). The spotted hyena is the most numerous large  

carnivore in the Serengeti ecosystem (Hofer and East, 1995), and in the Serengeti NP this species has  

a unique long distance foraging behavior (termed commuting). Even though spotted hyena clans hold  

territories, individual clan members regularly conduct short-term, long distance (approximately 100  

km round trip) foraging excursions to areas holding high densities of migratory herbivores (Hofer and  

East, 1993). Spotted hyenas are coursers that hunt solitarily or in small groups (East and Hofer, 2013;  

Kruuk, 1972), and clans are typically large containing approximately 60 adult animals (East et al.,  

2003). Although both, lions and spotted hyenas contributed to predator pressure on zebra during our  

study (Clinchy et al., 2013) we suggest that the large number of spotted hyenas, including both  
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member of local clans and intruding commuters (Hofer and East, 1993) probably exerted the main  

predator pressure on zebras in large aggregations, thereby contributing to the elevated allostatic  

load of zebras in large aggregations.   

   

The linear hierarchy amongst adult female members of a band (Klingel, 1972, 1969b) provides a  

predictable social environment for females and their offspring as do established relationships  

between males within stable bachelor groups. However, social relationships between females of  

different bands are not defined (Klingel, 1969b) and hence are less predictable, as are those of  

bachelor males to non-group members. As the size category of zebra aggregations increases, the  

predictability of the social environment is expected to decline which could elevate the GC response  

to this potential stressor. Our results do not fully support this idea as they did not reveal a significant  

increase in fGCM concentrations between small and medium aggregations in adult males, adult  

females or juveniles.   

  

Our results indicate that in adult males both reproductive status and aggregation per se have a  

significant effect on fGCM concentrations, and that the effect of aggregation appears to be larger  

than that of reproductive status (table 2). This suggests that competitive male-male interactions do  

not entirely explain the effect of aggregation on fGCM concentrations in adult males (table 2) and  

that other stressors, such as predator pressure and possibly feeding competition also contribute.  

Even so, there is evidence from other species that aggregation can be stressful. For example, when  

local densities of red deer (Cervus elaphus) are increased by supplementary feeding, fGCM  

concentrations are 31-43% higher than in control areas and this response is not significantly affected  

by aggression rates at feeding sites (Forristal et al., 2012). Furthermore, social instability caused by  

changes in group composition can act as a stressor in feral and domestic horses (e.g. Alexander and  

Irvine, 1998; Nuñez et al., 2014; York and Schulte, 2014) hence the unpredictable social environment  

in large zebra aggregations may contribute to the elevated fGCM concentrations we report for large  

aggregations.   

  

In the wet season, zebras (and other migratory herbivores) migrate south and aggregate on the short  

grass plains to feed on highly nutritious forage  containing essential minerals for pregnant and  

lactating females, and young animals (McNaughton, 1990). Our results reveal a non-significant trend  

for higher fGCM concentrations in both adult females and juveniles (but not adult males) when on  

the short grass plains than in the woodland. This possibly suggests a low degree of feeding  

competition for nutritious forage among adult females and juveniles, even during El Niño climatic  

conditions. This trend might be more pronounced when wet season precipitation is below average.  

In general, feeding competition in large aggregations might increase the energetic costs of foraging  

because zebras probably need to move more often to ingest sufficient food in heavily grazed areas.  

Furthermore, because food intake per bite is likely to be substantially lower when zebras crop short  

sward than long grass, zebras probably move need to more frequently when grazing on the short  

grass plains than in long grass areas.    

  

Zebras are hindgut fermenters that can extract nutrients from low quality, fiber rich vegetation  

(Duncan et al., 1990), but in comparison to many ruminants, they shed more water in their feces  

(Cain et al., 2012; Woodall and Skinner, 1993). Under typical dry season conditions, fGCM  

concentrations would be expected to increase when large aggregations of zebra compete for access  

to declining surface water supplies and the lower nutrient forage available in a typical dry season  

(Fischhoff et al., 2009). However, the El Niño climatic conditions during the current study resulted in  
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increased rainfall, including precipitation during several dry season months. Hence the typical  

adverse effect of the dry season on forage and surface water availability were considerably reduced  

and we found no evidence for the expected increase in fGCM concentrations in their dry season  

habitat. Studies on zebra in Namibia (Cizauskas et al., 2015) and South Africa (Chinnadurai et al.,  

2009) have reported a significant effect of drought-associated change in forage quality on fGCM  

levels in zebras. The El Niño conditions enabled us to measure aggregation associated stress  

independent of drought associated changes.  

  

  

In conclusion, we found that the allostatic load of migratory zebras in large aggregations is  

significantly elevated. This probably represents the combined energetic cost of responses to several  

stressors, including foraging competition, predation pressure and unpredictable social environments.  

The contribution of these stressors to the allostatic load of zebra requires further investigation  

particularly during years when climatic conditions during the dry season are more typical, and during  

wet seasons when precipitation is below average. Significant difference in fGCM concentrations  

between life history stages in adult males and not female also requires further research to establish  

to what extent climatic conditions alter the ability of individuals to fulfill the cost of reproduction in  

this species.  
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