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Summary

1. Social rank can profoundly affect many aspects of mammalian reproduction and 

stress physiology, but little is known about how immune function is affected by 

rank and other socio-ecological factors in free-living animals.

2. In this study we examine the effects of sex, social rank, and reproductive status 

on immune function in long-lived carnivores that are routinely exposed to a 

plethora of pathogens, yet rarely show signs of disease.

3. Here we show that two types of immune defenses, complement-mediated 

bacterial killing capacity (BKC) and total IgM, are positively correlated with 

social rank in wild hyenas, but that a third type, total IgG, does not vary with 

rank.

4. Female spotted hyenas, which are socially dominant to males in this species, 

have higher BKC, and higher IgG and IgM concentrations, than do males.

5. Immune defenses are lower in lactating than pregnant females, suggesting the 

immune defenses may be energetically costly.

6. Serum cortisol and testosterone concentrations are not reliable predictors of 

basic immune defenses in wild female spotted hyenas.
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7. These results suggest that immune defenses are costly and multiple 

socioecological variables are important determinants of basic immune defenses 

among wild hyenas. Effects of these variables should be accounted for when 

attempting to understand disease ecology and immune function.
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Introduction

Traditional immunology has made great strides in understanding immune function by 

performing experiments on animals whose diet, pathogen exposure and social interactions 

are all tightly controlled. However, the vertebrate immune system evolved in a complex, 

unpredictable, and resource-limited environment. Over the past few decades, a diverse group 

of scientists and health professionals have become increasingly interested in understanding 

immune function in an evolutionary ecological context. This has proven extremely difficult, 

at least in part due to the double-edge nature of immunity. For example, reduced investment 

in immune defenses can lead to pathogen-induced host morbidity or mortality, whereas 

overactive immune defenses can cause immunopathology or may divert energy from growth 

and reproduction (Svensson et al. 1998; Raberg, Graham & Read 2009). In light of the costs 

and benefits of immune defenses, quantification of immune defenses is most revealing when 

the samples are obtained from animals in their natural habitat (Brock et al. 2013). A major 

limitation to understanding immune function in the wild is the lack of long-term data sets 

that include measures of immune function and socio-ecological variables, which can shed 

light on within-group variation in immune function.

Social hierarchies in non-human animals, and socioeconomic status in humans, are 

associated with skewed resource distribution, variation in health, and varying levels of stress 

(reviewed in Sapolsky 2005; Cavigelli & Chaudhry 2012). High-ranking individuals often 

enjoy the highest priority of access to food resources, which are important for immune 

function in a wide range of taxa, including northern bobwhites (Colinus virginianu) 

(Lochmiller, Vestey & Jon 1993) tree lizards (Urosaurus ornatus) (French, Johnston & 

Moore 2007), zebra finches (Taeniopygia guttata) (Love et al. 2008), and tobacco 

hornworms (Manduca sexta) (Diamond & Kingsolver 2011). Here we investigate the effects 

of social rank and other socioecological variables on measures of immune function in wild 

spotted hyenas (Crocuta crocuta) (Fig. 1).

Spotted hyenas are known to survive exposure to pathogens such as rabies, canine distemper 

virus, and anthrax (East et al. 2001; Harrison et al. 2004; Lembo et al. 2011), making them a 

particularly interesting species in which to study immune function. To address the 

hypothesis that high-ranking individuals exhibit higher levels of immune defenses in nature, 

we used a 25-year data set to analyze relationships among social rank, sex, hormone 

concentrations, reproductive status, and immune function in wild hyenas. Hyena societies, or 

clans, may contain up to 130 individuals, and clans are rigidly structured by linear rank 
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relationships that are stable over time (Frank 1986; Holekamp et al. 2015). Within each clan 

social rank is learned during the first several months of life, with the cubs assuming ranks 

immediately below those of their mothers, and thus dominance is not determined by size or 

fighting ability (Kruuk 1972; Holekamp & Smale 1993; Smale, Frank & Holekamp 1993; 

Smith 2010). Females remain in their natal clan for life, whereas males emigrate to a new 

clan after puberty (Smale, Frank & Holekamp 1993). Immigrant males assume the lowest 

rank in the clan, such that even juvenile natal hyenas of both sexes are dominant to 

immigrant adult males. Males move up in rank only when new males join the clan and 

assume lower ranks, but immigrant males never attain ranks higher than natal individuals.

Social rank determines priority of access to food at kills, so the highest-ranking hyenas 

enjoy the greatest quantity and quality of food from carcasses (Tilson & Hamilton 1984; 

Frank 1986; Engh et al. 2000; Smith et al. 2008). The highest-ranking females in a hyena 

clan start breeding at the youngest ages, experience the shortest interbirth intervals, wean 

their cubs at the youngest ages (Holekamp, Smale & Szykman 1996), and have the lowest 

circulating glucocorticoid levels when not lactating (Goymann et al. 2001).

Here we quantified three general measures of immune function in a wild spotted hyena 

population that has been intensively and continuously studied since 1988: in vitro serum 

bacterial killing capacity (BKC), total serum immunoglobulin G (IgG), and total serum 

immunoglobulin M (IgM). A bacterial killing assay provides a functional measure of the 

capacity of serum to kill bacteria, and serum BKC is mediated primarily by the complement 

system (Liebl & Martin 2009). Complement-mediated BKC is maintained in the absence of 

infection and functions as a preventative defense (Ricklin et al. 2010), but is briefly up-

regulated upon pathogen recognition (Carroll 1998). IgG is an important acquired immune 

defense that can be produced in large quantities in response to infectious pathogens. IgG in 

all mammals studied to date consists of several subclasses (e.g. IgG1), which can have 

highly diverse antigenic specificity that is largely the result of individual immunological 

history; it remains unknown which IgG subclasses exist in spotted hyenas. IgG is 

particularly effective against pathogens that might be re-acquired later in life, and 

measurement of total serum IgG concentration represents a basic tool for evaluating 

infection status and abnormalities in immune function (Barnard, Behnke & Sewell 1996; 

Curno et al. 2009). IgM is important for early stage defense against pathogens during 

primary exposure, and for removal of dead host cells (Baumgarth, Tung & Herzenberg 

2005). The important and diverse roles that complement and immunoglobulins play in host 

defense permit them to serve as reliable indicators of immune function in wild animals. 

Furthermore, non-cellular protein components of the immune system, such as 

immunoglobulins and complement, are accessible in peripheral blood, and they are more 

stable during handling and sample storage than are cellular components of the immune 

system (Mollnes, Garred & Bergseth 1988).

Our first goal in this study was to determine whether our three measures of immune function 

(i.e., BKC, IgM, and IgG) vary with sex in wild spotted hyenas. Higher levels of immune 

defenses in females than males have been observed in other mammals (reviewed in Libert, 

Dejager & Pinheiro 2010), and it is hypothesized that females can increase fitness by 

investing in immunity to extend their reproductive lifespan (Rolff 2002). Furthermore, 
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because female spotted hyenas rank above immigrant males, if rank is important for immune 

function, then females should have higher levels of immune defenses than males. Second, 

we directly tested whether immune defenses vary with social rank among hyenas of both 

sexes. If immune function is affected by dietary quality in wild hyenas, then we expected to 

observe higher immunoglobulin concentrations and superior BKC in high- than low-ranking 

hyenas. Third, previous research suggests that energetic resources may be traded off between 

immune defenses and reproduction (French, Johnston & Moore 2007; Graham et al. 2010) 

or that resource acquisition may be lower during some stages of reproduction than others 

(Bashir-Tanoli & Tinsley 2014). Therefore we inquired whether immune defenses were 

reduced in females during lactation, which is the phase of mammalian reproduction known 

to incur the highest energetic costs (Gittleman & Thompson 1988). Finally, because certain 

steroid hormones have been found to have complex interactions with immune function 

(reviewed in Sapolsky 2005), we inquired whether immune measures varied with serum 

concentrations of cortisol and testosterone.

Materials and Methods

STUDY POPULATION

Behavioral observations of individually identifiable wild spotted hyenas were collected from 

1988–2012 as part of a long-term study in the Maasai Mara National Reserve in Kenya; 

samples used in this study were collected between 1996–2009. Data documenting wins and 

losses as outcomes of agonistic interactions were extracted to generate rank matrices that 

were updated on an annual basis (Holekamp & Smale 1993; Smale, Frank & Holekamp 

1993). To account for temporal variations in clan size and minimize the number of predictor 

variables tested, here we used relative rank instead of absolute rank. Relative rank for 

females was calculated using the following formula: (absolute rank - # of ranked females) / 

(maximum rank - # of ranked females), which assigned ranks from zero to one for lowest 

and highest ranked for each year, respectively; females and males are ranked separately. Our 

analyses of rank focus primarily on females because female ranks are highly stable over long 

periods of time, whereas male ranks change radically when males disperse from their natal 

clans.

Female hyenas were considered to be adults at 36 months or on the date they conceived their 

first litter, whichever came first (Swanson, Dworkin & Holekamp 2011). Briefly, age and 

birthdates (+/− 7 days) were assigned to cubs based on their appearance and behavior (i.e. 

pelage, size, motor coordination) at the time that we first observed them above ground at the 

den (Holekamp & Smale 1990; Holekamp, Smale & Szykman 1996). The age of immigrant 

males was estimated (+/− 4.9 month) using methods described in Van Horn, McElhinny and 

Holekamp (2003). Conception dates and reproductive states were calculated by subtracting 

the 110 day gestation period from parturition dates (Kruuk 1972). Two samples that were 

collected within nine days of parturition were removed from our data set due to major 

physiological and immunological changes, including decreased IgG and IgM levels and 

inhibition of complement activity associated with parturition (Smith et al. 1979; Bischof 

1981; Klobasa et al. 1985; Markowska-Daniel, Pomorska-Mól & Pejsak 2010; Herr, Bostedt 
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& Failing 2011); the two samples had BKCs that were nearly 4 standard deviations below 

the mean and had large influence on analyses involving bacterial killing capacity.

SAMPLE COLLECTION

Wild spotted hyenas were immobilized with tiletamine-zolazepam (6.5mg/kg Telazol; Fort 

Dodge Animal Health, Fort Dodge Iowa) in a plastic dart fired from an air rifle (Telinject 

Inc., Saugus, California) (Holekamp & Sisk 2003). All immobilizations and sample 

collection methods were approved by the MSU Institutional Animal Care and Use 

Committee (AUF # 07/08-099-00). Briefly, whole blood was collected from the jugular vein 

of anesthetized hyenas, allowed to clot at ambient temperature, centrifuged, and the sera 

were frozen in liquid nitrogen (−196°C). Samples were transported to MSU on dry ice and 

then stored at −80°C.

LABORATORY METHODS

BKC was determined using a method similar to that used by Flies et al. (2015). We assessed 

the effects of freezing, heating, and filtering serum samples on BKC, and a full description 

of the methods and validation of the bacterial killing assay used here is presented in the 

online Supporting Information (Figs S1 and S2). Total IgG and IgM were measured using a 

sandwich ELISA and reagents described by Flies et al. (2012). We used competitive binding 

ELISA kits for cortisol (Neogen #D402710) and testosterone (Neogen #D402510) according 

to the manufacturer’s instructions (See Supporting Information for additional 

methodological details).

STATISTICAL ANALYSIS

We used version 3.0.3 of the software package R (R Development Core Team 2014) to 

create linear models for assessing relationships between response and predictor variables. 

Because no single model is a perfect representation of nature, we used an approach that 

involved information theoretic multimodel inference rather than choosing a single best 

model (Burnham & Anderson 2002; Moore & Borer 2012). Using this approach we 

specified our predictor variables in the full model, and explored all possible subset models 

for each dependent variable (Moore & Borer 2012). The full set of candidate models for 

each response variable were ranked according to Akaike’s information criteria corrected for 

small sample size (AICc) (Burnham & Anderson 2002). Models that had a difference in 

AICc value of less than 2 (ΔAICc < 2) from the model with the lowest AICc value were 

considered to be equally acceptable (Burnham & Anderson 2002). We used the ‘MuMIn’ 

package in R to produce weighted averages of regression parameter coefficients, 95% 

confidence intervals, and p-values for each input variable in models with ΔAICc < 2, 

hereafter referred to as the “top models”. In cases where there was only one top model, we 

report the results directly from the linear model, rather than weighted averages.

As we had multiple samples from many individuals, we used linear mixed-effect models 

with individual identity as a random effect in our analyses of sex, female rank, and female 

reproductive status. All mixed models were run using the ‘lme4’ package in R (R 

Development Core Team 2014). We used linear models for analysis of immigrant male rank, 

as there was only one individual for which we had two samples; we used only the first 
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sample from this individual for these analyses. For the analysis of sex, we used BKC, total 

IgG, and total IgM as the response variables, and sex, age, the number of months the serum 

samples were stored at −80°C, and minutes from darting to sample collection as predictor 

variables in the full models; this resulted in 20 candidate models derived from the full model 

for each response variable, inclusive of the null model and all possible combinations of one, 

two, three, or four predictor variables and an interaction between sex and age. In our 

analysis of reproductive status we included only females that were either pregnant or 

lactating. Adult female spotted hyenas in our study clans are nearly always either pregnant 

or lactating, and occasionally are both pregnant and lactating simultaneously. In our dataset 

we had three adult females of unknown reproductive status, and two adult females had not 

yet become reproductively active (age > 36 months but never pregnant), and thus were not 

included in our analysis. We tested for an interaction between rank and reproductive status 

and included serum cortisol and testosterone concentrations as covariates in our models of 

reproductive status, which resulted in 20 candidate models. Before performing linear 

regressions using the ‘stats’ package in R, all continuous variables were standardized by 

centering and dividing by the standard deviation to allow comparisons across tests and to 

reduce the effects of potentially collinear predictor variables (Gelman 2008; Schielzeth 

2010; Grueber et al. 2011). See the online Supporting Information for details of model 

diagnostics and figure creation.

Results

SEX, AGE, AND IMMUNE DEFENSES

In our analysis of differences in immune function between females (n = 56 samples from 38 

individuals) and males (n = 39 samples from 36 individuals) we found that serum from 

females had higher BKC (p < 0.001), total IgG (p = 0.030), and total IgM (p = 0.002) than 

did serum from males (Fig. 2). Age, latency to blood collection after darting, and years in 

frozen storage were not significant predictors of any of the immune measures tested here 

(Tables 1 and S1, Figs S3 and S4). Additionally, we had serum cortisol and testosterone 

concentrations for 53 adult hyenas (females: n = 37 samples from 29 individuals; males: n = 

16 samples from 15 individuals). Analysis of this subset again showed that sex was a strong 

predictor of BKC (p = 0.022) and IgM (p = 0.015), but sex was not a significant predictor of 

IgG (p = 0.115) when cortisol and testosterone concentrations were included as covariates. 

Neither cortisol nor testosterone was significantly related to any of our immune measures (p 

> 0.176 in all cases), but there was a trend for an interaction between sex and cortisol in the 

IgG analysis (Tables S2 and S3).

RANK, REPRODUCTIVE STATUS, AND IMMUNE DEFENSES

When we assessed the relationship between social rank, reproductive status, hormones, and 

immune function in adult females (n = 32 samples from 25 individuals), we found that 

serum BKC (p = 0.016) and total serum IgM (p = 0.021) were both positively correlated 

with social rank (Fig. 3). However, total serum IgG was unrelated to rank in adult females (p 

= 0.176) (Fig. 3). We found that total IgG and total IgM concentrations were significantly 

higher in 18 pregnant than in 14 lactating females (IgG: p = 0.019; IgM: p = 0.012) (Fig. 4). 

There was also a trend toward greater BKC in pregnant than lactating females (p = 0.093) 
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(Fig. 4). We found no interaction effects between rank and reproductive status, and there 

were no strong correlations (p < 0.1) between our immune defense measures and the 

hormones we quantified (Tables 2 and S4). Although samples collected from females of 

unknown reproductive status (n = 3) and females that were neither lactating nor pregnant at 

the time of sample collection (n = 2) were not included in the analysis of reproductive status 

and rank, we performed an additional analysis of rank and immune defenses that included 

these samples, and again we found the rank was a strong predictor of BKC (p = 0.002) and 

IgM (p = 0.003), but was not correlated with IgG (p = 0.455) (Fig. S5, Tables S5 and S6). 

Age, cortisol, and testosterone were not correlated with immune defenses in these models (p 

> 0.1 in all cases), and we found no evidence of interaction effects between rank and age, 

rank and cortisol, or rank and testosterone. Additionally, we tested for an association 

between rank, age, and immune defenses in 16 immigrant males and found the male rank 

was inversely correlated with IgG (p = 0.01) (Fig. S6, Tables S7 and S8), but this 

relationship was largely driven by a single low-ranking male with a high IgG titer (p = 0.289 

when the individual was removed from the analysis). We found no associations between 

male rank and IgM or BKC (Fig. S6, Tables S7 and S8).

Discussion

SOCIAL RANK AS A PREDICTOR OF IMMUNE FUNCTION

It has been well-established that rank affects many aspects of the biology of spotted hyenas, 

including fitness (Holekamp, Smale & Szykman 1996; Swanson, Dworkin & Holekamp 

2011), energy expenditure (Mills 1990; Boydston et al. 2003), and telomere length (Lewin et 
al. 2015), but prior to this study it was unknown whether rank affects their immune function. 

Here we show that rank is a strong predictor of immune defenses in wild spotted hyenas, but 

that neither age nor circulating hormone concentrations were significantly associated with 

any of the immune defenses that we quantified. In many species glucocorticoids and 

testosterone suppress aspects of immune function, but other cases have been documented in 

which one or both of these hormones augment immune function (Roberts, Buchanan & 

Evans 2004; Martin, Weil & Nelson 2006), so perhaps it is not surprising that we found no 

association between either testosterone or cortisol and our measures of immune function.

Prior research with both mammals and birds suggests that dominant individuals can 

experience faster recovery from wounds, infection, and disease than subordinates 

(Lindström 2004; Hawley et al. 2007; Archie, Altmann & Alberts 2012). However, rarely 

are the immunological mechanisms identified that mediate these health benefits. The 

positive correlations we observed here among rank, BKC, and IgM are consistent with the 

hypothesis that dominant hyenas maintain the highest levels of first line immune defenses, 

such as IgM and complement, operating to prevent disease and to permit fast recovery when 

infection does occur. In primates, early response to infection is a major determinant of 

disease outcome (Estes et al. 2008), and dietary restriction or malnourishment is often 

associated with reduced immune function, increased frequency of infection, and higher rates 

of chronic infection than those observed among individuals with nutrient-rich diets 

(Cunningham-Rundles, McNeeley & Moon 2005; Afacan, Fjell & Hancock 2012).
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One of the primary mediators of the superior fitness enjoyed by high-ranking hyenas is their 

higher priority of access to food. Although we did not specifically quantify food intake in 

this study, previous studies have firmly established that high-ranking hyenas have better 

access to food resources in the spotted hyena societies studies here (Frank 1986; Smith et al. 
2008), and we hypothesize that better access to food may have contributed to the higher 

levels of immune defenses found in high-ranking individuals. Energetic and nutritional 

resources are likely important for both complement and antibody production, as complement 

proteins and antibodies can each comprise more than ten percent of serum protein (Maes et 
al. 1995; Brock et al. 2013). A critical component of BKC, the complement protein C3, is 

produced by adipocytes and its production is significantly increased in response to dietary 

lipids (Maslowska et al. 1997). This is one potential mechanism through which nutritional 

status might mediate the rank-related variation in the immune measures reported here for 

hyenas.

Differences in pathogen exposure is another potential mediator of the relationship between 

rank and immune defenses observed here. In order to procure food, mates, and enhanced 

social position, high-ranking individuals in many species exhibit higher rates and intensities 

of aggressive behavior than do their low-ranking counterparts (Smith, Memenis & 

Holekamp 2006; Creel et al. 2012), and higher rates of aggression and social contact in turn 

may lead to higher stress, greater risk of injury, and increased pathogen exposure (Sands & 

Creel 2004; Rimbach et al. 2015). Conversely, low-ranking individuals may be the target of 

more aggression than high-ranking individuals, and thus could have higher stress, injury 

risk, and pathogen exposure. Previous research in hyenas and rodents suggests that higher 

pathogen exposure results in elevated IgG levels (Hooijkaas et al. 1984; Bos et al. 1989; 

Haury et al. 1997; Devalapalli et al. 2006; Flies et al. 2015), but that pathogen exposure is 

not correlated with serum BKC in hyenas (Flies et al. 2015). If rank is driving pathogen 

exposure then we would expect rank to be either positively or negatively correlated with 

IgG, but not correlated with BKC. We detected no evidence of an association between 

female rank and IgG, whereas we found a significant correlation between female rank and 

BKC, suggesting energetic resource allocation is more likely than pathogen exposure to 

mediate the relationship between rank and immune function observed here.

Immigrant males, on the other hand exhibited an inverse relationship between IgG and rank 

and no relationship between BKC and rank. However, the rank of immigrant males can 

change dramatically when males emigrate into a new clan in which they occupy the lowest 

rank in the social hierarchy and have poor access to food resources during competitive 

feeding events, so a correlative test between immigrant male rank and immune defenses is 

not well-suited to test the resource trade-off hypothesis. Additionally, the relationship 

between immigrant male rank and IgG was driven largely by the high IgG titer in one low-

ranking individual. Finally, large fluctuations in total IgG may occur due to recent 

infections, and these may mask potential relationships between IgG and socioecological 

variables.
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SEX AND REPRODUCTIVE STATUS AS PREDICTORS OF IMMUNE PERFORMANCE

Most studies of immune function in mammals have found that immune defenses are 

generally higher in females than in males (reviewed in Libert, Dejager & Pinheiro 2010), 

despite females being socially subordinate to males in most mammals. As female spotted 

hyenas outrank all immigrant males, it might be expected that this would lead to a sex-role 

reversal in immune defense levels. Interestingly, in our system the tendency still holds for 

females to exhibit higher immune defense levels than males, despite the sex-role-reversed 

patterns of body size, aggression and dominance seen in this species (Kruuk 1972; Swanson, 

Dworkin & Holekamp 2011). One possible explanation for this was proposed by Rolff 

(2002), who suggested that the higher immune defenses observed in females might function 

to increase reproductive longevity, whereas males are more likely to enhance fitness by 

increasing their mating rates than by investing in immunity.

Our observation that immune defense levels are lower in lactating than pregnant females is 

consistent with a hypothesis suggesting that energy resources are traded-off between 

immune defenses and the energy demands of reproduction (French, Johnston & Moore 

2007; Graham et al. 2010). We found no association between cortisol or testosterone and 

immune function in reproductively active females, but it is possible that other hormones that 

we did not measure, such as oestrogen and progesterone, may affect the relationship 

between reproductive status and immunity. Testing immune defenses in females that were 

neither pregnant nor lactating would be a further test of the resource trade-off hypothesis, 

but as we sampled only two females that were neither pregnant nor lactating, we were 

unable to perform this test. East et al. (2015) recently found that Ancylostoma egg loads 

were higher in lactating that non-lactating female hyenas, and that individuals with high 

social status had lower Ancylostoma egg counts, which also suggests that immune defenses 

may be suppressed during lactation, but that high-ranking individuals may have more overall 

energetic resources and are thus buffered from immunological “trade-offs”. Although these 

data together support the hypothesis that energetic trade-offs may lead to reduced immune 

function during lactation, female mammals also transfer antibodies to offspring via 

colostrum and milk, and this transfer might also have contributed to the differences observed 

here between pregnant and lactating female immunoglobulin concentrations.

In summary, our data show that high-ranking hyenas have stronger immune defenses than 

their low-ranking conspecifics for two of the three immune parameters we tested. 

Furthermore, IgG and total IgM were both lower in lactating than pregnant females, and we 

also observed a trend toward lower BKC in lactating females. These data are consistent with 

the hypothesis that immune defenses are costly, and higher ranking individuals can allocate 

more resources to immune defenses. Our results are similar to those from previous studies 

showing that female mammals often have higher levels of immune defenses than do males; 

which, given the sex-role reversals observed in spotted hyenas, suggests that reproductive 

evolutionary forces as well as contemporary sociological forces both shape immune 

function. Taken together, our results suggest that a thorough understanding of 

socioecological variables may be needed before attempting to understand relationships 

between immunity and specific physiological measurements in gregarious animals.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Spotted hyena (Crocuta crocuta) feeding on the carcass of a giraffe that has been dead for 

three days. Photo by Andrew S. Flies.
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Fig. 2. 
Plots showing standardized comparisons of immune defenses in serum samples from female 

(n = 56 samples from 38 individuals) and male (n = 39 samples from 36 individuals) spotted 

hyenas. Females had significantly higher (a) BKC (p < 0.001), (b) IgG (p = 0. 030), and (c) 

total IgM (p = 0. 002) than males. Total IgG and total IgM were log transformed prior to 

standardization and regression analysis.
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Fig. 3. 
Plots showing standardized relationships between immune defenses and social rank in adult 

female spotted hyenas (n = 32 samples, 25 individuals). Social rank was a positively 

correlated with (a) BKC (p = 0.016) and (c) total IgM (p = 0.021), but rank was not 

correlated with total (b) IgG (p = 0.176). Total IgG and total IgM were log transformed prior 

to standardization and regression analysis.
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Fig. 4. 
Plots showing standardized relationships between immune defenses and reproductive status 

in adult female spotted hyenas (n = 32 samples, 25 individuals). Lactating females had less 

(b) IgG (p = 0.019) and (c) total IgM (p = 0.012) than pregnant females; there was a trend 

for higher BKC in pregnant females than in lactating females (a) BKC (p = 0.093). Total IgG 

and total IgM were log transformed prior to standardization and regression analysis.
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