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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 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). Specifically, we tested for associations 
between standardized multilocus heterozygosity (sMLH) and endoparasite infections, and examined 
how these relationships varied with animal age, sex and environmental context (e.g., seasonality). We 
used three approaches: a cross-sectional approach focusing on 103 individuals sampled at a single time 
point, a longitudinal approach focusing on 25 naturally infected individuals sampled over 12 months, and
an experimental approach in which 15 individuals were cleared of their parasites and parasite re-
accumulation was tracked over 12 months. We found that the presence of heterozygosity-parasite asso-
ciations varied with study design and context. Cross-sectional patterns varied with environmental con-
text, whereas the longitudinal analysis revealed host trait-specific HFCs, and the experiment
established a causal link between heterozygosity and parasitism. Overall, our longer-term study
approaches indicated that higher levels of heterozygosity are associated with lower parasite burdens,
underscoring the value of longitudinal and experimental approaches for detecting HFCs in wild
populations.
© 2025 Australian Society for Parasitology. Published by Elsevier Ltd. All rights are reserved, including

those for text and data mining, AI training, and similar technologies.
1. Introductio n

Across a wide range of organisms, traits related to performance 
or fitness such as reproductive success, birth rate, body size, rate of 
development, survival, and parasite susceptibility have all been
linked to measures of individual genetic variability, or heterozy-
gosity (Acevedo-Whitehouse et al., 2005; Buzan et al., 2020;
Charpentier et al., 2008; Coltman et al., 1999; Haanes et al.,
2013; Ryder et al., 2010; Slate et al., 2000; Slate and Pemberton,
2002). These so-called heterozygosity-fitness correlations (HFCs) 
can arise for three main reasons. First, in instances where HFCs
are driven by processes such as inbreeding, the measure of genetic 
variability is expected to reflect a reduction in genome-wide
heterozygosity and an increase in the expression of deleterious
alleles (general effect hypothesis, (Hansson and Westerberg,
2008; Szulkin et al., 2010)). Alternatively, HFCs may occur if the 
chosen markers are in genes that have direct effects on fitness (di-
rect effect hypothesis, (David, 1998)), or if they are linked with 
genes under selection (local effect hypothesis, (David, 1998; 
Hansson and Westerberg, 2008; Lynch et al., 1995)). Because HFCs 
can reflect patterns of selection in nature, it is essential to under-
stand how frequently they occur and what mechanisms drive
observed patterns in natural populations.

While our understanding of the underlying mechanisms caus-
ing HFCs has improved (Acevedo-Whitehouse et al., 20 05;
Brambilla et al., 2018; Mitchell et al., 2017a; Portani er et al.,
2019; Szulkin et al., 2 010), the biological significance of these pat-
terns is still under intense debate, in part, because the detectability
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arasite

https://doi.org/10.1016/j.ijpara.2025.104763
mailto:katherine.worsley-tonks@pasteur.fr
mailto:vanessa.ezenwa@yale.edu
https://doi.org/10.1016/j.ijpara.2025.104763
http://www.sciencedirect.com/science/journal/00207519
https://www.elsevier.com/locate/ijpara


Katherine E.L. Worsley-Tonks, S.L. Lance and V.O. Ezenwa International Journal for Parasitology xxx (xxxx) xxx

 

of HFCs is notoriously inconsistent (Hulse et al., 2023; Martin et al.,
2021). For example, a meta-analysis of HFCs in wild and domestic 
animal populations found that although correlations arise fre-
quently, the associations tend to be weak and often differ from
one population or taxon to the next (Chapman et al., 2009). The 
authors of the study suggested that discrepancies in detecting 
HFCs might relate to the context under which individuals are sam-
pled, such as differences in the environment. In support of this 
hypothesis, several studies suggest that environmental context is 
an important determinant of the strength and detectability of
HFCs, however, the type of environment necessary to detect asso-
ciations is highly inconsistent. For example, in some instances
HFCs were only detected under stressful conditions (e.g. limited
resources, habitat disturbance) (Brock et al., 2015; Ferrer et al.,
2016; Lesbarrères et al., 2005; Marr et al., 2006), while in others, 
HFCs were observed when conditions were favorable (Annavi 
et al., 2014; Harrison et al., 2011). In addition to environmental 
context, non-genetic characteristics of individuals, or life history 
context, might also influence the detectability of HFCs. For exam-
ple, some studies suggest that HFCs might only be detected for
individuals of a certain age (Judson et al., 2018) or sex (Arct 
et al., 2017; Rioux-Paquette et al., 2011). Study design can also 
affect detectability of HFCs, if for example, the sample size is small
or few genetic markers are used to quantify heterozygosity
(Chapman et al., 2009). These findings emphasize that a focus on 
both environmental and life history context may be central to 
understanding which mechanis ms influence the occurrence of
HFCs in natural populations, and that study design may also be
influential in detecting patterns.

Context-dependency and study design might be particularly 
important for understanding heterozygosity-parasite correlations 
(HPCs). Parasites often negatively impact the fitness of their hosts
by reducing growth and development rates, body mass, condition,
survival and reproduction (Hillegass et al., 2010; Hurtrez-Boussès
et al., 1997; Sperry et al., 2009; Ujvari and Madsen, 2006), and as 
such, have been the target of many HFC studies (e.g., Acevedo-
Whitehouse et al., 2003; Coltman et al., 1999; Ferrer et al., 2016;
Hawley et al., 2005; Rijks et al., 2008; Voegeli et al., 2012). How-
ever, variable outcomes are common in HPC studies. For example, 
across a range of host-parasite systems, some studies report no
correlation between heterozygosity and different metrics of para-
sitism (Kubacka et al., 2020; Vallender et al., 2012), whereas other 
studies report negative (e.g., Brambilla et al., 2018; Budischak et al.,
2023; Ferrer et al., 2014; Hoffman et al., 2014; Mitchell et al.,
2017b; Townsend et al., 2018) or positive (e.g., Ferrer et al.,
2016; Sutton et al., 2016) correlations. Indeed, even within the 
same host population, HPCs have been reported for some parasites
but not others (Charpentier et al., 2008; Ruiz-López et al., 2012a;
Townsend et al., 2018). Given that fitness consequences of infec-
tion can vary depending on traits of the parasite (Sweeny et al.,
2022) and host (Gkafas et al., 2020; Shaner et al., 2013), as well 
as dynamically over time and across environmental conditions
(Lesbarrères et al., 2005; Sweeny et al., 2022), fluctuations in the 
strength of HPCs in wild populations may be the norm rather than
the exception.

In this study, we tested for context-dependent HPCs using three 
complementary study designs (cross-sectional, longitudinal, and 
experimental) that allowed us to simultaneously examine the 
occurrence, persistence, and causal basis of HPCs. Focusing on a
wild population of Grant’s gazelles (Nanger granti) in Central Kenya
and a group of endoparasites (helminths, protozoa) that commonly
occur in this population (Ezenwa, 2003; Ezenwa et al., 2012), we 
first tested for the occurrence of HPCs in gazelles using samples 
collected from 103 individuals sampled at a single time point
(cross-sectional analysis). Next, we examined the persistence of
these correlations through time using data from 25 individuals that
2

were sampled repeatedly for parasites over a 12-month period 
(longitudinal analysis). In both cases, we examined whether HPCs 
depended on host life-history (sex, age) and environmental (sea-
sonality) context. Finally, we evaluated whether there was a causal 
link between individual heterozygosity and parasitism by testing 
for an effect of individual heterozygosity on the propensity for 
individuals to re-acquire parasites after experimental clearance 
using dat a from 15 individuals (experimental analysis). In general,
we predicted that individual heterozygosity would correlate nega-
tively with parasite infection, with more genetically diverse indi-
viduals hosting fewer parasites or showing slower rates of
parasite re-accumulation. However, we also expected that the
strength of these relationships would vary depending on host
and environmental context as well as study design.
2. Materials and methods

2.1. Study population and sampling

Grant’s gazelles were captured and ear-tagged at the Mpala 
Research Centre (MRC), Laikipia, Kenya (0°17′N, 37°52′ E) in 
August 2009 and June 2011 as part of a long-term study of para-
sitism and host behavior (Ezenwa et al., 2012). At capture, animals 
were sexed and aged, and tissue and fecal samples were collected 
for genetic and parasitological analysis, respectively. To age males,
we took dental impressions of the upper molars and used tooth
wear criteria established by Stelfox et al. (Stelfox et al., 1985)  to
assign age. To age females, we measured horn length and then used 
an equation relating horn length to tooth-wear developed for a 
subset of animals from the same study population (Ezenwa, 
unpublished data). For animals captured in 2011, half (treated 
group) received a subcutaneous injection of the anthelmintic drug 
moxidectin (0.05 ml/kg of Cydectin Long-Acting Injection for 
Sheep, Virbac Animal Health) and the other half (control group)
received saline injections. Animals were randomly assigned to
the treated or control group based on the sequence of capture.
Fecal samples were collected from all animals before treatment
to determine pre-treatment parasite burdens. The moxidectin
treatment provided protection against various strongyle nema-
todes for ∼120 days in both male and female gazelles (Ezenwa 
and Snider, 2016; Worsley-Tonks and Ezenwa, 2015). 

For this study, we genotyped 103 animals sampled across the 
2009 and 2011 capture events. First, we paired these genotypes 
with fecal samples collected at both capture events to perform a 
cross-sectional HPC analysis (n = 103; females = 55, males = 48). 
Next, we used study animals captured in June 2011, that were 
repeatedly re-sampled for feces over a 12-month period, for longi-
tudinal and experimental analyses. The longitudinal analyses 
involved control individuals only (n = 25; females = 17, males = 8) 
and the experimental analysis involved treated individuals only 
(n = 16; females = 9, males = 7). To conduct repeated sampling, 
we monitored and collected fecal samples from individually iden-
tifiable animals 2–3 times per month starting in the weeks follow-
ing capture until June 2012. Cross-sectional fecal samples were 
collected directly from the rectum of captured animals. Other than 
the initial (capture) fecal sample, all samples used for the longitu-
dinal and experimental analyses were collected by observing indi-
viduals defecate and then collecting the sample off the ground 
within 10 min of the defecation event. Given this sampling design, 
some samples were used in multiple analyses. Capture samples 
collected from control individuals and used for cross-sectional
analyses also contributed to the longitudinal analyses. Similarly,
capture samples collected from treated individuals and used for
cross-sectional analyses also contributed to the experimental
analyses.
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2.2. Parasitological analyses

Parasite infections were assessed from fecal samples. We used 
fecal parasite counts as a proxy for the impact of parasites on hosts 
because the shedding of parasite propagules in host feces typically
reflects a combination of the number, size, and fecundity of the
parasite population within a host (Gasbarre et al., 2001). Moreover, 
for Grant’s gazelles our prior work has linked fecal parasite counts
to various aspects of individual performance (Ezenwa et al., 2012;
Ezenwa and Snider, 2016; Sabey et al., 2024; Worsley-Tonks and
Ezenwa, 2015). We screened fecal samples for five different para-
site taxa that commonly infect Grant’s gazelle: strongyle nema-
todes (Trichostrongylidae), Trichuris spp. (Trichuridae), 
Strongyloides spp. (Strongyloididae), coccidia (Eimeriidae), and
lungworms (Trichostrongyloidea). Lungworms were further distin-
guished into three morphotypes based on tail morphology (Ezenwa 
et al., 2012). For all taxa except lungworms, we used a modification 
of the McMaster egg counting technique to quantify parasite egg or
oocyst output in feces (Ezenwa, 2003). For lungworms, we used a 
modified Baermann method to quantify first stage larvae output
(Forrester and Lankester, 1997). We estimated parasite abundance 
for two dominant parasite types (strongyles and lungworms) as 
the number of eggs or lungworm larvae per gram feces. We esti-
mated parasite richness as the number of different parasite taxa
(and morphological types for lungworms) present in a single
sample.

2.3. DNA extraction and genotyping

We genotyped study animals at 20 microsatellite loci developed 
from individuals in the same population (Worsley-Tonks et al.,
2015). 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, Valen-
cia, CA, USA) according to the 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 (mod-
ified from (Schuelke, 2000)). PCRs were performed in a volume of 
12.5 ll containing 5–10 ng of genomic DNA, 2 lg bovine serum 
albumin, 1.5 mM MgCl2, 1x PCR gold buffer (Applied Biosystems), 
0.36 lM universal dye-labeled primer, 0.04 lM tag labeled primer, 
0.4 lM unlabeled primer, 0.8 mM dNTPs, 4.99 ll 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
(DeWoody, 2005) except that unlabeled primers started with GTTT. 
Alleles were scored and manually verified using GeneMapper v.3.7
(Applied Biosystems).
Table 1 
Sample sizes for nominal host and environmental predictor variables. For the longitudi
individuals and the total number of observations.

Cross-sectional 
(n = 103)

Longitudinal (n = 25 individuals a
observations)

Variable 

Sex • female (55) 
• male (48)

• female (17 individuals; 164 ob
• male (8 individuals, 105 observ

Capture year/
season

• 2009 (47) 
• 2011 (56)

• dry (14 individuals, 82 observa
• wet (25 individuals, 187 observ

Social status N/A N/A

* One individual was removed as it was identified as an outlier by diagnostic tests.

3

Observed and expected heterozygosity at each microsatellite 
locus were calculated using GeneAlEx v. 6.4 (Smouse et al.,
2008). We evaluated each locus for deviations from Hardy-
Weinberg Equilibrium (HWE) and linkage disequilibrium using 
GENEPOP v. 4.2 and accounted for multiple testing using Bonfer-
roni correction. We used the program Micro-Checker (Van 
Oosterhout et al., 2004) to test for null alleles. Of the 20 microsatel-
lite loci initially screened , 8 showed null alleles and were excluded
from further analysis.

We calculated three measures of heterozygosity: standardi zed
multilocus 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
(Amos et al., 2001). Since all three metrics were strongly correlated 
(Pearson’s correlation: P < 0.0001), we focus on sMLH as it quanti-
fies an individual’s multilocus heterozygosity relative to the popu-
lation average across the typed loci (Coltman et al., 1999), and is 
widely used in wildlife HFC studies (Brambilla et al., 2018;
Gkafas et al., 2020; Mitchell et al., 2017b). Finally, given the demo-
graphic structure of Grant’s gazelles in Kenya and potential for
extensive reproductive isolation among populations (Lorenzen 
et al., 2008), we estimated identity disequilibrium across our 
microsatellite markers to understand whether our measures of
heterozygosity reflected potential inbreeding effects (Miller and 
Coltman, 2014). We did this by calculating the g 2 statistic using
the program RMES (David et al., 2007). The g2 depends on the vari-
ance of inbreeding of the population and not locus specific charac-
teristics and when there is no variance in inbreeding (g2 = 0), HFCs
are not expected to arise (David et al., 2007; Szulkin et al., 2010). 

2.4. Statistical a nalysis

For the cross-sectional analyses, we tested patterns of associa-
tion between individual heterozygosity (sMLH) and parasite infec-
tion and examined whether these associations depended on host 
or environmental context using data from individual s sampled at
a single time point (see Table 1 for sample sizes). To do this, we 
ran three models with strongyle abundance, lungworm abundance, 
and parasite richness as separate response variables, and in all 
instances, included sMLH, age, sex, capture year (2009 or 2011), 
and two-way interactions between sMLH and age, sex, and capture 
year as the predictor variables. Capture year was used as a proxy 
for environmental context since rainfall conditions in the months 
preceding the two capture events varied substantially (June–Aug 
2009: mean monthly rainfall = 6.03 mm, range = 5.4–7.3 mm vs. 
April–June 2011: mean = 79.57 mm, range = 69–9 2.4 mm), and
prior rainfall has been shown to have strong effects on gazelle par-
asite burdens at the study site (Shearer and Ezenwa, 2 020). Thus, in 
our analysis, capture year served as an environmental stratum 
given the pronounced rainfall contrasts between periods. We mod-
elled strongyle and lungworm abundance using generalized linear
nal and experimental designs, sample sizes are reported as the number of unique

nd 269 Experimental (n = 15 individuals and 340
observations)

servations) 
ations)

N/A 

tions) 
ations)

N/A 

• bachelor (2 individuals; 20 observations) 
• nursery (8 individuals; 149 observations)* 
• territorial (5 individuals; 171 observations)

move_t0005
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models (GLMs) with negative binomial distributions and modelled 
parasite richness using a linear model (LM). To allow for potential
non-linear relationships, we inspected residual diagnostic plots
using the ‘‘DHARMa” R package (Hartig and Hartig, 2017) and 
when curvature was evident, replaced linear terms with natural 
splines for the relevant predictors (specifically age for the cross-
sectional and longitudinal analyses and number of days post treat-
ment for the experimental analysis of parasite abundance). Finally,
since our microsatellite locus screening tests identified 3 out of 12
loci that deviated from HWE (see Results), and such loci can influ-
ence the strength or direction of HFCs (Luikart et al., 2008), we esti-
mated sMLH with and without HWE-deviant loci and re-ran our 
models with these different estimates to understand the influence 
of inclusion vs. exclusion of deviant loci on our results. Overall, 
exclusion of HWE-deviant loci had only minor effects on the results
across analyses. We report models based on all 12 loci in the main
text and results for the inclusion/exclusion tests are shown in
Tables S1.

For the longitudinal analyses testing for longer-term persis-
tence of HPCs, we used the same model structure as in the cross-
sectional analyses except that we fitted generalized (strongyle 
and lungworm abundance) or linear (parasite richness) mixed-
effect models (G/LMMs) including animal ID as a random effect
to account for repeated sampling of individuals through time
(see Table 1 for sample sizes). Also, instead of using year as a proxy 
for variation in environmental context, we used the season (wet vs. 
dry) during which a fecal sample was collected. Sampling months 
were coded as wet or dry based on rainfall records from the study 
site (wet: mean monthly rainfall = 136.4 mm, range = 77.5–239.7
mm [July-Nov 2011, April-May 2012]; dry: mean = 79.44 mm,
range = 0–39.9 mm [Dec 2011-March 2012, June 2012]). We used
a similar inclusion/exclusion analysis approach to evaluate the
effects of HWE-deviant loci on longitudinal model results (see
Table S2). 

Finally, for the experimental analyses exploring whether indi-
vidual heterozygosity was a driver of variation in parasitism, we 
tested for an effect of sMLH on parasite re-accumulation and abso-
lute parasite abundance after anthelmintic treatment. For this set
of analyses, we focused solely on strongyle nematodes given the
targeted effect of the drug treatment we employed and evidence
of strong effects of treatment on this group of parasites (Ezenwa 
and Snider, 2016; Worsley-Tonks and Ezenwa, 2015). To capture 
the speed at which an individual experienced parasite recovery 
after treatment, we used parasite re-accumulation quantified as 
the difference between an individual’s strongyle egg count at each 
observation and its original egg count at capture as a response vari-
able. To capture absolute changes in parasite abundance over time 
we used strongyle abundance as a response variable. We modelled 
parasite re-accumulation using a LMM and parasite abundance
using a GLMM. For both models, sMLH, time since treatment (in
days), and the interaction between sMLH and time since treatment
were included as key predictor variables. We also included group
size and social status (female, bachelor male, or territorial male)
as covariates in the model since these factors have been previously
shown to affect the re-accumulation of strongyle nematodes in
gazelles (Ezenwa and Snider, 2016; Ezenwa and Worsley-Tonks,
2018). Model diagnostics identified one individual as a significant 
outlier in both the re-accumulation and abundance models, so this 
individual was dropped from the models which changed the sam-
ple size from 365 observations on 16 unique individuals to 340
observations on 15 unique individuals. Models with the outlier
included and results from HWE-deviant loci inclusion/exclusion
tests are shown in Tables S3 and S4. 

All statistical analyses were performed in R version 4.3.1, and 
results were considered significant at P ≤ 0.05. GLMs and GLMMs
were run using the ‘‘glmmTMB” package (Brooks et al., 2017) and 
4

LMs and LMMs were run using the ‘‘lme4” package (Bates, 2007; 
R Core Team, 2021). Post-hoc analyses were performed using 
‘emtrends’ and ‘contrasts’ functions in the ‘‘lsmeans” R package
(Lenth, 2016). All model diagnostics, including outlier analyses, 
were performed using the ‘‘DHARMa” package.
3. Results 

3.1. Heterozygosity patterns

Heterozygosity was calculated for 103 gazelles. Of 20 
microsatellites screened, 8 had null alleles and were excluded from 
HPC analyses. After Bonferroni correction, three of the twelve
remaining loci (i.e., Nagr29, Nagr33, and Nagr35) deviated signifi-
cantly from HWE (Table 2). Only one pair of loci showed significant 
linkage disequilibrium (Nagr44-Nagr48 ), and both loci were
retained in downstream analyses (Table 2). Average observed and 
expected heterozygosity were 0.644 (SD = 0.183) and 0.641 
(SD = 0.181), respectively. There was evidence of identity disequi-
librium, with g2 significantly different from 0 (g2 ± SD = 0.0325 ± 0.
015668), indicating the presence of variance in inbreeding.
3.2. Heterozygosity and parasite infection

3.2.1. Cross-sectional analysis
Parasite infections were common in the study population and 

individual heterozygosity explained significant variation in cross-
sectional patterns of parasitism. Of 103 gazelles sampled in 2009 
and 2011, 100 % were infected with strongyles, 96 % were infected 
with lungworms, and on average, individuals were infected with 4
(range: 1–6) different parasite taxa. Our models testing for associ-
ations between parasitism and individual heterozygosity revealed
a main effect of sMLH on parasite richness in which parasite rich-
ness declined with sMLH (Fig. 1A), and significant sMLH × capture 
year interaction for strongyle and lungworm abundance (Table 3). 
For strongyles, parasite abundance decreased with sMLH in the 
wet year (2011: estimate = −0.25, z = −1.94, p = 0.05), while there 
was no relationship between sMLH and parasite abundance in the
dry year (2009: estimate = 0.18, z = 1.51, p = 0.13; Fig. 1B). For lung-
worms the pattern was the opposite; parasite abundance 
decreased with sMLH in the dry year (2009: estimate = −0.45, 
z = − 2.08, p = 0.04), while there was no relationship in the wet year
(2011: estimate = 0.16, z = 0.82, p = 0.41; Fig. 1C).

3.2.2. Longitudinal analysis
Using the same underlying model structure as the cross-

sectional analyses but focusing on 25 individual gazelles sampled 
repeatedly over a 12-month period (mean [range] number of sam-
ples per individual = 11 [1–25]), we found that individual 
heterozygosity interacted with host traits to predict significant 
variation in parasite abundance, but not parasite richness (Table 4). 
First, sMLH interacted with sex to predict strongyle abundance, 
with abundance decreasing with increasing sMLH in males 
(estimate = −0.71, z = −7.29, p < 0.001), but not females ( esti-
mate = 0.07, z = 0.95, p = 0.34; Fig. 2A). Second, sMLH interacted 
with age to predict variation in both strongyle and lungw orm
abundance (Table 4). For strongyles, patterns of association 
between sMLH and age differed by age class, however, none of 
these relationships were statistically significant (age group 
6.75 years: estimate = 0.1, z = 1.08, p = 0.28; age group 5.67 years: 
estimate = 0.02, z = 0.29, p = 0.77; age group 4.6 years: estimate =
−0.04, z = −0.45, p = 0.65; Fig. 2B). For lungworms, abundance 
decreased with increasing sMLH in older individuals (age group 
6.75 years: estimate = −1.18, z = −4.1, p < 0.001; age group 
5.67 years: estimate = −0.5, z = −2.24, p = 0.03; Fig. 2C), but did

move_t0010
move_f0005
move_t0015
move_t0020
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Table 2 
Characteristics of the 12 microsatellite loci used to calculate heterozygosity-parasite correlations. Na, number of alleles; Ho, observed heterozygosity; He, expected 
heterozygosity; HWE, Hardy-Weinberg equilibrium. The frequencies of null alleles were estimated using the Brookfield 1 estimator in Micro-Checker.

Locus N Na Ho He HWE Null alleles 

Nagr 12 102 13 0.775 0.84 0.09 0.03 
Nagr 13 102 4 0.235 0.227 1 0.01 
Nagr 20 103 8 0.476 0.501 0.26 0.03 
Nagr 23 101 6 0.624 0.675 0.77 0.03 
Nagr 27 103 15 0.883 0.876 0.6 −0.01 
Nagr 29 102 10 0.784 0.813 <0.05 0.02 
Nagr 32 102 5 0.627 0.662 0.04 0.03 
Nagr 33 103 4 0.553 0.473 <0.05 −0.05 
Nagr 35 102 6 0.902 0.703 <0.05 −0.12 
Nagr 36 103 5 0.583 0.561 0.14 −0.01 
Nagr 44 97 7 0.639 0.709 0.75 0.04 
Nagr 48 103 4 0.65 0.648 0.71 −0.003

Fig. 1. Relationship between standardized multilocus heterozygosity (sMLH) across 12 microsatellite loci and measures of parasitism in a cross-sectional sampling of Grant’s 
gazelles: (A) parasite richness by sMLH; (B) strongyle abundance by sMLH and capture year (brown line: dry year (2009), green line: wet year (2011)); and (C) lungworm
abundance by sMLH and capture year (brown line: dry year (2009), green line: wet year (2011)). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
not change with sMLH in younger individuals (age group 4.6 years: 
estimate = −0.33, z = −1.15, p = 0.23; Fig. 2C).

3.2.3. Experimental analysis
Finally, we used an anthelmintic drug treatment experiment to 

explore the role of individual heterozygosity as a driver of parasite 
re-infection risk. Focusing on 15 gazelles who received treatment 
and were sampled over 12-months (mean [range] of samples col-
lected per individual = 23 [3–43]), we found that heterozygosity
was a significant predictor of both the speed at which individuals
re-accumulated parasites and absolute parasite abundance after
treatment (Table 5). Specifically, sMLH interacted with time since 
treatment such that individuals with lower sMLH values re-
accumulated strongyles faster than those with higher sMLH values 
(sMLH 0.51: estimate = 0.6, t = 14.14, p < 0.001; sMLH 0.91: esti-
mate = 0.34, t = 12.82, p < 0.001; sMLH 1.18: estimate = 0.17,
5

t = 4.1, p < 0.001; Fig. 3A). Likewise, there was a main effect of 
sMLH on strongyle abundance in which individuals with higher
sMLH values maintained lower strongyle abundances following
treatment (Fig. 3B). Similar results were found with the larger 
dataset with the outlier included (Table S4).

4. Discussion 

HFCs are widely used to explore the effects of inbreeding in nat-
ural populations, however, across studies, observed patterns of 
association are highly inconsistent (Acevedo-Whitehouse et al .,
2006; Fox and Reed, 2011; Martin et al., 2021). One primary 
hypothesis for these inconsistencies is that correlations are gene r-
ally weak (Chapman et al., 2 009), but other reasons may be differ-
ences in the fitness-related traits examined, study subject 
characteristics, environmental conditions, or study design
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Table 3 
Generalized linear (strongyle abundance, lungworm abundance) and linear (parasite richness) models showing main and interaction effects of sMLH ( standardized multilocus
heterozygosity) on three measures of parasite infection assessed in Grant’s gazelles sampled at a single time point.

Response variable Predictor variable Cross-sectional analysis 
n = 103 individuals

Est. SE z/ 

Strongyle abundance (intercept) 7.45 0.15 51.23 − 
sMLH 0.26 0.16 1.66 0.53 
age 0.17 0.08 2.12 0.03 
sex (male) −0.13 0.16 −0.81 0.42 
capture year (2011) −0.29 0.16 −1.78 0.08 
sMLH × age −0.15 0.1 −1.55 0.12 
sMLH × sex (male) −0.16 0.17 −0.92 0.36 
sMLH × capture year (2011) −0.43 0.17 −2.49 0.01 

Lungworm abundance (intercept) 7.79 0.24 32.28 − 
sMLH −0.5 0.29 −1.69 0.6 
age 0.56 0.2 2.85 0.008 
sex (male) −0.17 0.26 −0.67 0.48 
capture year (2011) −2.16 0.26 −8.37 <0.001 
sMLH × sex (male) 0.1 0.29 0.35 0.73 
sMLH × age 0.18 0.18 1.01 0.31 
sMLH × capture year (2011) 0.61 0.27 2.24 0.03 

Parasite richness (intercept) 4.03 0.19 21.18 − 
sMLH −0.005 0.19 −0.02 0.04 
age 0.21 0.11 2.03 0.04 
sex (male) 0.25 0.21 1.16 0.26 
capture year −0.09 0.21 −0.45 0.62 
sMLH × sex (male) −0.16 0.21 −0.78 0.44 
sMLH × age −0.1 0.11 −0.91 0.37 
sMLH × capture year (2011) −0.25 0.22 −1.16 0.25

Table 4 
Generalized (strongyle abundance, lungworm abundance) and linear (parasite richness) mixed models showing main and interaction effects of sMLH (standardized multilocus
heterozygosity) on three measures of parasite infection assessed in Grant’s gazelles sampled repeatedly over 12 months.

Response variable Predictor variable Longitudinal analysis 
n = 25 individuals and 269 parasite count observations

Est. SE z/ 

Strongyle abundance (intercept) 5.19 0.33 15.66 − 
sMLH −0.04 0.23 −0.19 <0.001 
age (spline, df = 2) 77.76 <0.001 
sex (male) −0.09 0.11 −0.84 0.08 
season (wet) −0.009 0.09 −0.1 0.9 
sMLH × age (spline, df = 2) 6.91 0.03 
sMLH × sex (male) −0.78 0.12 −6.42 <0.001 
sMLH × season (wet) −0.07 0.1 −0.81 0.42 

Lungworm abundance (intercept) 7.16 1.3 5.48 − 
sMLH 2.5 0.84 2.99 0.001 
age (spline, df = 4) 6.42 0.17 
sex (male) 1.09 0.38 2.89 0.001 
season (wet) 0.43 0.1 4.43 <0.001 
sMLH × sex (male) 0.26 0.4 0.64 0.52 
sMLH × age (spline, df = 4) 21.99 <0.001 
sMLH × season (wet) 0.007 0.1 0.07 0.94 

Parasite richness (intercept) 3.66 0.16 22.35 − 
sMLH −0.19 0.17 −1.13 0.68 
age 0.03 0.09 0.31 0.95 
sex (male) 0.42 0.25 1.68 0.08 
season (wet) 0.34 0.1 3.42 <0.001 
sMLH × sex (male) 0.1 0.24 0.43 0.66 
sMLH × age 0.05 0.07 0.76 0.45 
sMLH × season (wet) 0.13 0.1 1.28 0.2
(Annavi et al., 2014; Chapman et al., 2009; Ferrer et al., 2016;
Pujolar et al., 2006; Shaner et al., 2013; Szulkin et al., 2007). In 
our study, we combined cross-sectional, longitudinal, and experi-
mental approaches to explore the occurrence and drivers of HPCs 
in a wild population of Grant’s gazelles. While we found evidence
of relationships between heterozygosity and parasite burdens,
6

these patterns varied depending on environmental context, host 
traits, and study design. In the cross-sectional analyses, environ-
mental context emerged as an important modifier of HPCs, 
whereas for the longitudinal analyses host traits were key modi-
fiers. Nevertheless, by experimentally removing strongyle nema-
todes, we established a causal link between individual
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Fig. 2. Relationship between standardized multilocus heterozygosity (sMLH) and measures of parasitism in a longitudinal sampling of Grant’s gazelles: (A) strongyle 
abundance by sMLH and sex (red line: females, blue line: males); (B) strongyle abundance by sMLH and age; (C) lungworm abundance by sMLH and age. For panels (B) and
(C), the three age lines represent low, medium, and high age quantiles (i.e., the 15th, 50th, and 85th percentiles). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 5 
Linear mixed models showing main and interaction effects of sMLH (standardized multilocus heterozygosity) on strongyle re-accumulation and abundance in Grant’s gazelles
sampled repeatedly for 12 months following an anthelmintic treatment.

Response variable Predictor variable Experimental analysis 
15 individuals and 340 parasite count observations

Est. SE T/ 

Strongyle re-accumulation (intercept) −0.1 0.44 −0.22 − 
number of days post-treatment 0.36 0.03 13.84 <0.001 
social status (N) 0.65 0.49 1.31 − 
social status (T) −0.27 0.51 −0.53 0.05 
sMLH 0.36 0.17 2.14 0.06 
group size 0.003 0.03 0.08 0.93 
sMLH × number of days post-treatment −0.16 0.02 −6.8 <0.001 

Strongyle abundance (intercept) 2.05 0.64 3.21 − 
sMLH 0.21 0.4 0.53 0.04 
number of days post-treatment (spline, df = 4) <0.001 
social status (N) −0.46 0.53 −0.85 − 
social status (T) −0.32 0.54 −0.6 0.67 
group size −0.02 0.04 −0.52 0.6 
sMLH × number of days post-treatment (spline, df = 4) 2.57 0.63
heterozygosity and parasite infection risk, showing that more 
heterozygous individuals acquired fewer strongyles, at a slower 
rate, after treatment. In combination, our findings highlight the
important, but complex role of individual heterozygosity in modu-
lating parasite burdens in wildlife. Furthermore, because we found
7

significant variance in inbreeding as measured by identity disequi-
librium, our estimates of heterozygosi ty and the observed HPCs
may reflect genome-wide effects (Miller and Coltman 2014).

One clear pattern that emerged from our comparison of study 
designs was that cross-sectional analyses were more likely to yield
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Fig. 3. Relationship between (A) strongyle re-accumulation over time (in days); and (B) strongyle abundance and standardized multilocus heterozygosity (sMLH). For panel
(A), the three sMLH lines represent low, medium, and high sMLH quantiles (i.e., the 15th, 50th, and 85th percentiles).
environmentally stratified HPCs, with slopes differing between dry 
(2009) and wet (2011) years. This is consistent with other cross-
sectional HFC studies exploring environmental effects (Annavi 
et al., 2014; Lesbarrères et al., 2005). By contrast, longitudinal anal-
yses, which capture both within and among-individual variation in 
parasite loads revealed host trait-specific HPCs (sex and age) that 
were not detected in the cross-sectional analyses. These findings
suggest that given well-known environmental variation in host-
parasite interactions (Gorsich et al., 2014; Paull and Johnson,
2018), cross-sectional HPC studies are more sensitive to the timing 
of parasite sampling, while longitudinal studies, which are able to 
average over the environmental variability, are better at revealing 
the possible role of life-history context in shaping HPCs. This con-
clusion is in line with ecological research showing that cross-
sectional ‘snapshot’ samples are highly contingent on environmen-
tal conditions at the time of sampling, whereas sampling of indi-
viduals through time better separates within-individual life-
history effects from among-individual and environmental variation
(Clutton-Brock and Sheldon, 2010). 

The cross-sectional HPCs observed in our study were all nega-
tive in direction. Parasite richness was negatively associated with 
heterozygosity, suggesting that more heterozygous individuals 
support few parasites at any given time, a pattern that has been
detected in other wildlife systems (e.g., raccoons Procyon lotor
(Ruiz-López et al., 2012b)). Strongyle and lungworm abundance 
were also negatively correlated with heterozygosity but these pat-
terns were modified by rainfall seasonality. Strongyles decreased 
with heterozygosity in the wet year but not the dry year, and vice
versa for lungworms. Rainfall is known to affect gazelle parasite
dynamics at our site (Ezenwa, 2004b; Shearer and Ezenwa,
2020), thus it is not surprising that differences in rainfall between 
years modulated HPCs. The difference between parasite taxa in 
whether HPCs were detected in the dry year vs. the wet year likely
reflects differences in the ecology of these parasites. Lungworms
have gastropod intermediate hosts (Shearer and Ezenwa 2020) 
which are typically more concentrated on high quality vegetation, 
which during dry periods may also be favored by gazelles, increas-
ing their exposure to lungworms in the environment. Under such 
conditions, individuals with lower heterozygosity may be less able 
to control infections yielding a stronger negative HPC in the dry 
season. This idea is consistent with the ‘‘greater stress” hypothesis,
which posits that harsh or energetically demanding conditions
(e.g., drought) magnify inbreeding-depression phenotypes, so indi-
viduals with lower heterozygosity are less able to mount and sus-
tain effective anti-parasite defenses, possibly making negative
8

HFCs more evident under stressful conditions (Ferrer et al., 2016;
Forcada and Hoffman, 2014; Szulkin and Sheldon, 2007). By con-
trast, strongyles have direct life cycles and the persistence and dis-
persal of free-living stages are enhanced in moister conditions
(O’Connor et al., 2006; Shearer and Ezenwa, 2020; Stromberg,
1997). Consequently, gazelle contact rates with strongyles may 
be higher during the wet season and heterozygosi ty-linked differ-
ences in infection rates may be more apparent in the wet season.

The HPCs emerging from our longitudinal analyses were also 
negative in direction and mediated by both host age and sex. First, 
lungworm abundance was negatively correlated with heterozygos-
ity in older but not younger individuals. Negative HPCs among 
older individuals may simply reflect patterns of acquired immunity
to nematode parasites. Younger individuals are broadly susceptible
to nematode parasites, whereas more variation may exist in older
individuals due to greater variation in immunity and resistance to
infection (Hayward et al., 2011; Stear et al., 1999). Thus, HPCs 
linked to differential susceptibility may be more detectable in 
older age classes because variance in parasite immunity is greater. 
Second, strongyle abundance was negatively correlated with 
heterozygosity in males but not females. Sex-dependent HPCs 
observed in other studies have been explained in the context of 
sex-biases in parasite vulnerability associated with periods of 
stress. For example, in a study of striped dolphins (Stenella coeru-
leoalba) where a negative correlation between lungworm burden
and heterozygosity was observed in females but not males, the
authors suggested that sex-specific stressors such as parturition
or nursing might have uncovered the effects of low heterozygosity
and inbreeding (Gkafas et al., 2020). In gazelles, the negative 
heterozygosity-strongyle correlation we detected in males and 
not females may also reflect sex-specific stressors that increased 
the variance in parasite vulnerability among males. In this system,
territorial males tend to have higher strongyle nematode burdens
than females (Ezenwa, 2004a), and aspects of male reproductive 
behavior and physiology that accompany reproductive investment 
are linked to variation in immune responses and parasite burdens
(Ezenwa et al., 2012; Ezenwa and Snider, 2016). 

Most HFC studies on parasites use cross-sectional or longitudi-
nal study designs to investigate the links between host genetic 
diversity and parasitism. In contrast, experimental studies that 
manipulate infection patterns are rare. However, such experiments 
can provide essential insights. For example, in House finches (Car-
podacus mexicanus) inoculated with the pathogen Mycoplasma gal-
lisepticum under laboratory conditions, heterozygosity was
associated with lower disease severity and stronger immune
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responses suggesting that higher heterozygosity is associated with
better parasite resistance (Hawley et al., 2005). Similarly, in natural 
settings, a study comparing nestling survival between broods of 
great tits (Parus major) experimentally infested versus non-
infested with ectoparasites reported a significant association 
between heterozygosity and nestling survival in the infested
broods but no association in non-infested broods, suggesting that
parasites mediate HFCs and that low heterozygosity can magnify
the severity of parasitism (Voegeli et al., 2012). Here, we found that 
after clearing individuals of their strongyle nematode infections, 
individual heterozygosity was an important predictor of parasite 
re-accumulation and abundance post-treatment. Specifically, indi-
viduals with lower heterozygosity re-acquired parasites faster and 
had higher absolute parasite abundances than individuals with 
higher heterozygosity , suggesting that heterozygosity was associ-
ated with variation in parasite exposure, susceptibility, or both.
Our statistical model accounted for group size and social status,
two factors that contribute to variation in exposure and suscepti-
bility in gazelles (Ezenwa, 2004a; Ezenwa and Snider, 2016;
Ezenwa and Worsley-Tonks, 2018), suggesting an independent 
contribution of heterozygosity. However, more work is needed to 
understand the mechanistic basis for how and why heterozygosity
is linked to variation in parasitism in this system.

While this study advances our understanding of HPCs in the wild 
and underscores the value of exploring these associations across con-
texts and study designs, our work has some limitations. First, although 
we make comparisons across study designs, these comparisons are 
qualitative and are not intended to provide guidance on sampling 
approaches that should be used for exploring HPCs. This is especially 
true given that our sampling approaches were not independent in 
terms of sample composition (i.e., some of the same samples con-
tributed to the cross-sectional and longitudinal and cross-sectional 
and experimental analyses, respectively). Rather our work highlights 
that different sampling approaches can reveal HPCs mediated by dis-
tinct environmental and host contexts. Second, one important area that 
requires further investigation is the contribution of different genetic 
markers to HPCs. Because identity disequilibrium was significant in 
our dataset (g2 > 0), our heterozygosity results are consistent with a
genome-wide (‘‘general effects”) signal of inbreeding. Moreover, the
direction and significance of effects were qualitatively unchanged
when HWE-deviant loci were excluded or included in our HPC models
(Tables S1–S 4), arguing against single or few loci driving observed pat-
terns. Nevertheless, locus-specific effects (‘‘local effects”) can not be
ruled out and merit further exploration (Luikart  et  al., 2008). 

Identifying the circumstances under which individual genetic 
diversity affects fitness is a critical step towards understanding 
how inbreeding can negatively affect natural populations. The role 
of parasitism in HFCs has attracted considerable attention, in part
because of the threat parasites and infectious diseases can pose to
declining wildlife species (Smith et al., 2009), however, our under-
standing of the frequency and strength with which HPCs occur in 
the wild is often challenged by issues of study design. By examin-
ing HPCs at a single time point, over the course of 12 months, and 
through experimental removal of parasites and by accounting for 
host and environmental context, our work demonstrates that the
form of observed heterozygosity-parasite relationships can vary
by study approach and context. Furthermore, our study suggests
that experimental approaches can be a valuable tool for identifying
the consequences of variation in individual genetic diversity for
parasite infection risk in wild populations.
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