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SUMMARY

In wild and domestic animals, gastrointestinal parasites can have significant impacts on host development, condition,
health, reproduction and longevity. Improving our understanding of the causes and consequences of individual-level vari-
ation in parasite load is therefore of prime interest. Here we investigated the relationship between strongyle fecal egg count
(FEC) and body condition in a unique, naturalized population of horses that has never been exposed to anthelmintic drugs
(Sable Island, Nova Scotia, Canada). We first quantified variation in FEC and condition for 447 individuals according to
intrinsic (sex, age, reproductive status, social status) and extrinsic (group size, location, local density) variables. We then
quantified the repeatability of measurements obtained over a field season and tested for covariance between FEC and con-
dition. FECs were high relative to other horse populations (mean eggs per gram ± SD= 1543·28 ± 209·94). FECs generally
decreased with age, were higher in lactating vs non-lactating females, and unexpectedly lower in males in some part of the
island. FECs and condition were both spatially structured, with patterns depending on age, sex and reproductive status.
FECs and condition were both repeatable. Most notably, FECs and condition were negatively correlated, especially in
adult females.
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INTRODUCTION

Parasites reduce host fitness through a number of
mechanisms including behavioural modifications,
diversion of resources, damage to tissues and the in-
duction of energetically costly immune responses,
with consequent impacts on host population dynam-
ics (Bowman, 2003; Poulin, 2007). While negative
impacts of parasites on host population fitness have
been documented in several studies (Tompkins and
Begon, 1999; Watson, 2013), expectations regarding
the relationship between parasite load and individual
fitness components within populations are unclear
(Sheldon and Verhulst, 1996). In part, this is
because phenotypic relationships between parasite
load and fitness components can take various and
somewhat unpredictable forms in response to both
variation in host energy acquisition (Cressler et al.
2014) and trade-offs between immunity and life

history traits (Sheldon and Verhulst, 1996). As a
consequence, relationships between parasite load
and fitness components in wild populations are
expected to be population-specific (Poulin and
Forbes, 2012), and therefore best understood
through detailed longitudinal individual-based
research (Clutton-Brock and Sheldon, 2010;
Hayward, 2013).
Variation in parasite load among wild animals

generally stems from complex interactions among
intrinsic (e.g. differences in sex, age, immune condi-
tion and genetic makeup) and extrinsic (e.g. expos-
ure to parasites, density of conspecific and habitat
quality) factors. For example, males are generally
more parasitized than females (Poulin, 1996; Zuk
and McKean, 1996; Moore and Wilson, 2002) and
parasite load generally varies with age (Hayward,
2013). Furthermore, within each sex, individuals
that are either dominant or nursing are usually
more parasitized than subordinate and non-nursing
individuals (Lloyd, 1983; Ezenwa et al. 2012;
Habig and Archie, 2015), with these effects po-
tentially varying across ontogeny. Extrinsic environ-
mental and social variables such as local geo-physical
characteristics, host density and group size can also
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influence variance in parasite load (Body et al. 2011;
Rifkin et al. 2012; Patterson and Ruckstuhl, 2013),
in part through effects on levels of exposure to para-
sites, but also via effects on stress and energy
balance. While numerous studies have investigated
the influence of some of these variables in wild
populations, relatively few have done so using
data-rich, long-term individual-based population
studies of vertebrates (but see Hayward et al. 2014
for an excellent example). While challenging to
perform, such studies are essential to quantifying
the relative influence and interaction of intrinsic
and extrinsic variables on (co)variance in parasite
load and fitness components under natural condi-
tions (Clutton-Brock and Sheldon, 2010; Hayward,
2013).
Theory suggests that the relationship between

parasite load and body condition may be hard to
predict in the presence of variation in host energy ac-
quisition because both hosts and parasites can
benefit from an increase in host energy consumption
(Cressler et al. 2014). However, in vertebrates high-
quality diet is usually associated with reduced para-
site load, perhaps because parasites in vertebrate
hosts are energy saturated and mainly regulated by
host immunity (Cressler et al. 2014). In that case, a
negative relationship between condition and parasite
load would generally be expected since individuals
with low parasite load do not have to invest as
much in mounting an immune response and tissue
repair, while individuals in good condition can
invest more heavily in parasite suppression. It is
also commonly thought that parasites reduce host
appetite and in turn impact body condition and
growth rate (Stien et al. 2002). Social interactions
can also affect the relationship between body condi-
tion and parasite load if access to high-quality
habitat is determined by social dominance and
habitat quality covaries with parasite contamination
levels (Altizer et al. 2003; Ezenwa, 2004; Fairbanks
et al. 2012). Subordinate individuals may be forced
to feed in non-optimal, contaminated habitat or al-
ternatively, subordinate individuals may be less sus-
ceptible to infection if contamination is higher in
habitats dominated by higher-ranking individuals
(Fairbanks et al. 2012). While negative relationships
between the prevalence or intensity of parasitism
and indices of body condition have been documen-
ted in numerous studies of vertebrates (e.g. Body
et al. 2011 in roe deer Capreolus capreolus; Irvine
et al. 2006 in red deer Cervus elaphus; Stien et al.
2002 in reindeer Rangifer tarandus; Rubenstein and
Hohmann, 1989 in horses; Schulte-Hostedde and
Elsasser, 2011 in American mink Neovison vison),
the absence of relationship also appears to be
common (e.g. Pilar Valdez-Cruz et al. 2013 in
equids; Vatta et al. 2002 in goats, Scantlebury
et al. 2010 in grey squirrel Sciuris carolinensis;
Moretti et al. 2014 in toads Rhinella icterica;

Davidson et al. 2015 in moose Alces alces). Thus,
more research on the link between parasite load
and body condition in vertebrates seems warranted.
Horses are ubiquitously parasitized by a diversity

of gastrointestinal parasitic nematodes (Lichtenfels
et al. 2008). Of particular interest are strongyle
species, which are known to cause severe pathologic
issues (Nielsen et al. 2010a, b). In addition to gener-
ally hindering digestive function, larvae of large
strongyle species such as Strongylus vulgaris create
internal lesions by migrating through organs while
the synchronised mass emergence of cyathostomins
(small strongyle) encysted larvae can result in
deadly larval cyathostominosis (Love et al. 1999).
Patterns of infection by strongyle nematodes in do-
mestic horses have been studied extensively due to
their importance to equine health (e.g. Osterman,
2005; Nielsen et al. 2010b; Carstensen et al. 2013;
Flanagan et al. 2013; Wood et al. 2013). However,
most of these studies were conducted on horses
that have been exposed at one point or another to an-
thelmintic drugs and therefore do not depict
‘natural’ interactions between horses and parasitic
strongyle communities. In addition, the combin-
ation of veterinary care, shelter and controlled diet
limits opportunities to study the impacts of gastro-
intestinal parasites on performance and life history
in domestic horses. In fact, while the pathogenic
effects of equine strongyles are well established, evi-
dence for (any) subclinical effects from high stron-
gyle abundance in domestic horses remains
equivocal (Fog et al. 2011). In contrast, in a study
of feral horses from Shackelford Banks (North
Carolina, USA), Rubenstein and Hohmann (1989)
documented a clear negative relationship between
body condition and the number of gastrointestinal
parasite eggs per gram (EPG) of feces. This study
highlighted the potential of feral horse populations
for investigating the relationships between gastro-
intestinal parasites and fitness-related traits in un-
managed populations of animals, as well as testing
hypotheses relevant to the management of gastro-
intestinal parasites in horses.
We examined inter-individual variation in gastro-

intestinal parasite load in the large feral horse popu-
lation of Sable Island National Park Reserve, Nova
Scotia, Canada. The population, which is the
subject of a long-term individual-based monitoring
programme initiated in 2008, has been unmanaged
since 1960 and was never exposed to anthelmintic
drugs. As such, it offers a unique opportunity to
study natural variation in strongyle infections and
their fitness correlates in horses. First, we explored
how gastrointestinal parasite load [estimated by
strongyle fecal egg count (FEC)] and body condition
varied with intrinsic (sex, age, reproductive status,
social status) and extrinsic (group size, location,
local density) variables over a 2-month period in
summer of 2014. To assess how reliable FEC and
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body condition scores were across the sampling
period, we estimated repeatability for both traits
within a single summer period. Finally, we tested
for the presence of a correlation between FEC and
body condition. In line with the literature, we
expected FEC to be higher in males (Poulin, 1996;
Zuk and McKean, 1996; Turner and Getz, 2010),
to decrease with increasing age (Relf et al. 2013;
Wood et al. 2013), and to increase with increasing
group size and local density (Rifkin et al. 2012;
Patterson and Ruckstuhl, 2013). In contrast, we
expected body condition to decrease with increasing
density (Bonenfant et al. 2009). Because horse
habitat quality decreases from west to east on Sable
Island [forage quality and access to freshwater
(Contasti et al. 2012; Rozen-Rechels et al. 2015)],
we expected horses to be in better condition and
less parasitized in the west after having accounted
for the potential effect of density. Because dominant
band stallions need to invest considerable energy
into maintaining their social status (Habig and
Archie, 2015) and can have depressed immune
responses due to increases in testosterone (Ezenwa
et al. 2012), we expected dominant band stallions
to have higher FECs than bachelors. Due to the
energy demands associated with producing and
raising a foal, females are expected to reduce the
energy allocated to immunity (Lloyd, 1983;
Barger, 1993; Sheldon and Verhulst, 1996), and so
we expected lactating females in Sable Island’s re-
source limited environment to have higher FECs
and lower body condition than non-lactating
females (Festa-Bianchet et al. 1998; Clancey et al.
2012). Finally, we expected parasite load to increase
with decreasing body condition.

MATERIALS AND METHODS

Study area and population

Sable Island National Park Reserve (43°55′N; -60°00′
W) is a vegetated sandbar located 275 km southeast of
Halifax, Nova Scotia (Fig. 1). It is 49 km long and
1·3 km wide at its broadest point. The climate is tem-
perate oceanic with warm summers and cool, wet
winters. Topography is characterized by sandy
beaches, rolling heath meadows and sand dunes that
reach heights of up to 30 m. The island’s vegetation
is dominated by marram grass (Ammophila breviligu-
lata), sandwort (Honckenya peploides), beach pea
(Lathyrus maritimus), and heath-type plants. There
are several permanent freshwater ponds located in
the western and central parts of the island which
cover <1% of the island’s surface area. The availabil-
ity of freshwater as well as vegetation quality
decreases from west to east (Contasti et al. 2012;
Rozen-Rechels et al. 2015). Introduced to the island
in the mid-1700s, the horses are now the island’s
only terrestrial mammals (apart from very limited

human presence). While removals and supplementa-
tion occurred periodically over the last centuries, the
population became legally protected from human
interference in 1960 and has been unmanaged since
then (Christie, 1995). From 2008 to 2014, population
size ranged from 380 individuals (in 2008) to 559
individuals (in 2013). In September 2014 there were
552 horses on the island.

Data collection

Population monitoring and life history. Population
and life history data collection began with a partial
census in summer 2007. From 2008 onward, system-
atic yearly ground censuses were performed during
the mid-late breeding season (July–September).
Daily walking censuses focused on 1 of 7 sections,
allowing complete coverage of the island in 1 week.
The location of bands, bachelor groups and lone
individuals were recorded to within 5 m using a
hand-held Global Positioning System (GPS). At
each encounter, several photographs were taken in
addition to information on sex, age (foal, yearling,
2–3 years old or adult), coat colour and any other
distinguishing features (e.g. leg and face markings,
scars, etc.). Band membership (when applicable), re-
productive status of females (lactating or not lactat-
ing, based on the presence or absence of a foal) and
the social status of males (dominant band stallion,
subordinate band member or bachelor) were also
recorded. Photographs and observations made in
the field were used to confirm the identity of each
horse.
While the exact age of older individuals cannot be

determined in the field, we were able to accurately
age horses using birth records from the start of the
research program in 2007 (and inferred to be 2006
for yearlings observed in 2007). Historical records
and age determination using tooth cementum indi-
cate that Sable Island horses can live beyond 20
years, but that very and few individuals live past
this age (3·5% of females live into the age 18+
category; 5·4% of males; Welsh, 1975). For the ana-
lyses presented herein, due to our length of study,
age could only be considered as a continuous variable
ranging from 0 to 9, with 9 including horses aged 9+
years (i.e. animals born in 2005 or earlier).

Extrinsic variables. We considered each indivi-
dual’s location, local density, and group size as ex-
trinsic variables. These variables were estimated
each year during the summer. Because equine stron-
gyle nematodes can take multiple months to develop
into sexually mature worms (although some small
strongyles can complete their life cycle within a
few weeks) (Khan et al. 2015), and because an
animal’s current body condition is generally deter-
mined by abiotic and biotic conditions experienced
in the preceding months (Reading and Clarke,
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1995), we considered environmental conditions
experienced in the previous year (2013) rather than
those observed during the 2014 field season. 2013
and 2014 variables were not included in the same
models due to high collinearity, though it is worth
noting that including 2014 instead of 2013 variables
did not alter our conclusions (data not shown).
Location, which is correlated with horse habitat
quality on Sable Island (Contasti et al. 2012;
Rozen-Rechels et al. 2015) and might influence ex-
posure risk (strongyle larvae density), was calculated
as the median longitude from census surveys. Local
density was estimated as the number of individuals
(excluding foals) within 8000 m of an individual’s
summer centroid location divided by the vegetated
surface area within this buffer which is the area
used by horses for foraging (see Marjamäki et al.
2013 for further details). Group size was estimated
as the mean number of individuals (excluding
foals) present in an individual’s band or bachelor
group during the summer of 2013.

Strongyle FECs. Sable Island horses are infected
by a large diversity of gastrointestinal para-
sites. Necropsies performed in the early 1970s iden-
tified a tapeworm (Paranoplocephala mamillana),
Parascaris equorum, 2 large strongyle (S. vulgaris
and Strongylus equinus) and at least 9 cyathostomins
(small strongyle) species (Welsh, 1975). Because the
prevalence of species other than strongylids is gener-
ally low [Welsh (1975) and our own observations],
we limited our analyses to strongyle species.
Strongyle abundance was estimated by counting
the number of eggs present in fecal samples (FEC).
Because strongyle species cannot be differentiated
based on egg morphology, our index represents an
aggregate of all species present. FEC is a common
non-invasive approach for estimating gastrointes-
tinal parasitic nematode abundance in vertebrates
(Raynaud, 1970; Turner and Getz, 2010). While
strongyle FECs are known to be influenced by para-
site life cycles and fecundity (Keymer and Hiorns,
1986; Nielsen et al. 2010b), they have nonetheless
been shown to approximate total strongyle burden
in horses (Nielsen et al. 2010b).

We collected freshly passed feces from the 22th of
July to the 7th of September 2014, either opportun-
istically during daily census surveys, or by observing
specific horses until they defecated. In total, we col-
lected 670 samples from 447 yearling and adult indi-
viduals, for an average of 1·5 ± 0·69 samples per
individual (mean ± 1 standard deviation, SD).
Foals were not considered in this study because
they were generally too young to harbour a popula-
tion of sexually mature strongyle nematodes (i.e.
they all had very low FEC). Fecal samples were
stored individually in tied-up nitrile gloves and
whenever possible placed into a cooler containing
ice packs immediately following collection (464
samples out of 670; the remaining samples were
kept at ambient temperature for up to 7 h). Once
in the laboratory, all samples were stored in a
cooler filled with ice packs until conducting FECs
on the same day.
We performed strongyle FECs using a modified

McMaster protocol. For each sample, we homoge-
nized 4 g of feces and 26 mL of Sheather’s sugar so-
lution (specific gravity of 1·27) in an 88 mL paper
cup for 2 min using a tongue depressor. We then
filtered the mixture through a funnel lined with
cheesecloth into a second cup, mixed vigorously
using a tongue depressor and immediately loaded
in two 0·15 mL chambers of a McMaster slide
(Chalex Corp., USA). After allowing eggs to float
to the surface for at least a minute, we then
counted strongyle eggs using a compound micro-
scope. The number of EPG of feces was obtained
by multiplying the total number of eggs observed
by 25 (Sellon and Long, 2013).
The temperature at which fecal samples are stored

and the time elapsed between sample collection
and the FEC can bias results (Nielsen et al. 2010a).
Specifically, at warm temperatures eggs may hatch
before they can be counted, resulting in a down-
wardly biased FEC (Nielsen et al. 2010a).
Strongyle FEC in horses is also known to show
strong seasonality (e.g. Wood et al. 2013), which
needs to be accounted for when present. To test
for the presence of biases resulting from storage con-
dition and seasonality, we modelled FEC as a func-
tion of storage temperature (i.e. whether samples
were stored with icepacks in the field or not), time
of collection, Julian date and their interaction (see
Appendix 1 for details). As we found no evidence
for FEC to be influenced by storage condition,
time of collection or Julian date we did not consider
these variables any further.

Body condition. We assessed body condition of
horses from photographs using the index of Carroll
and Huntington (1988). This index ranges from
zero (very poor condition) to five (obese), with half
points awarded when different regions of the body
vary in score (Carroll and Huntington, 1988). The

Fig. 1. Map of Sable Island, Nova Scotia, Canada.
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score reflects the amount of subcutaneous fat depos-
ition on the hips, ribs and spine of the animal. A total
of 1607 condition scores we obtained for the 447
individuals for which FECs were conducted, for an
average of 3·6 ± 0·9 times per individuals (mean ± 1
SD). All condition scores were estimated in the
laboratory after the field session by a single trained
observer (L. Debeffe). Scores were only estimated
when numerous clear photographs of the hips, ribs
and spine were available. When obtaining repeated
measurements (scores on different days for the
same horse), the scorer was blind to previous mea-
surements. Note also that members of the same
band were generally not scored one after another.
Joint FEC and condition estimates (i.e. measured
on the same date) were obtained on 405 occasions
from 322 individuals.

Data analysis

Intrinsic and extrinsic correlates of FEC and body
condition. We used univariate linear mixed
models implemented in the R (R Development
Core Team, 2010) lme4 package (Bates et al. 2015)
to identify variables that significantly covaried with
FEC and body condition at both the population
level and within adults of each sex (4 years old and
older). FECs had a skewed distribution (Fig. A1)
and were therefore log-transformed prior to analysis
[log (X + 25)]. Group (in summer 2013) and horse
identity were included as random effects in all
models to account for repeated measurements. For
the overall population model, fixed effects included
age (fitted as a continuous variable), sex, median lo-
cation in summer (2013) (standardized to a mean of 0
and standard deviation of 1), group size (in summer
2013), local density (in summer 2013) and their two-
way interactions. For body condition, fixed effects
also included date (with 1st January as day 0) as
well as corresponding two-way interactions.
Sex-specific models were the same as the model

just described, but instead of the variable ‘sex’
they included a reproductive (females) or social
status (males) variable. Female reproductive status
was categorized as either ‘lactating’ or ‘not lactating’
during summer 2014. Male social status was categor-
ized as either ‘dominant band stallion’ or ‘bachelor’.
To ensure that individuals were of reproductive age,
we only included individuals of more than 3 years
old in these analyses. These individuals are hereafter
referred to as ‘adults’. We tested for non-linear
relationships between dependent and independent
variables by fitting cubic splines with generalized
additive models implemented in the R mgcv
package (Wood, 2011).
We fitted the global models described above,

as well as all simpler models, using the R
AICcmodavg package (Mazerolle, 2015). The best
overall and sex-specific models were then selected

using the Akaike Information Criterion corrected
for small sample size (AICc), which reflects the
best compromise between model precision and ac-
curacy (Burnham and Anderson, 2002; Symonds
and Moussalli, 2011). According to the rule of parsi-
mony, we selected the simplest model within 2 AICc
of the top model (Burnham and Anderson, 2002).
We also calculated evidence ratio (ER) and AICc
weights (AICcWts) as a measure of the likelihood
that a given model was the best among the set of
fitted models. Using the sum of the AICcWts
(termed the predictor weight), we estimated the rela-
tive importance of each variable and interactions
according to Symonds and Moussalli (2011). The
predictor weight can be interpreted as being equiva-
lent to the probability that the predictor is a compo-
nent of the best model.

Repeatability of FEC and body condition. We
tested for the repeatability of FEC and body condi-
tion scores for the entire population, as well as for
adults of each sex separately, using univariate
linear mixed models and restricted maximum likeli-
hood implemented in ASReml 3·0 (Gilmour et al.
2009). Specifically, phenotypic variance (Vp) was
partitioned into permanent variation among indivi-
duals (Vind), groups (Vgroup) and residual variance
(Ve) by fitting individual ID and group as random
effects. Repeatability was then calculated as Vind/
Vp, where Vp =Vind +Vgroup +Ve. Significance of
Vind and Vgroup was tested using likelihood ratio
tests. For hypotheses involving parameters on the
boundary of parameter space, such as variances,
the theoretical asymptotic distribution of the likeli-
hood ratio is a mixture of χ2 variates, where the
mixing probabilities are 0·5, one with 0 degrees of
freedom and the other with 1 degree of freedom
(Self and Liang, 1987; Gilmour et al. 2009).
P-values from χ2 tests with 1 degree of freedom
were therefore divided by 2. The number of indivi-
duals, records, and individuals with repeated records
included in these analyses are presented in Table A2
in the Appendix.
Repeatability was first estimated by only includ-

ing mean trait values as fixed effects. As commonly
done in the quantitative genetics literature, we also
estimated repeatability conditional on intrinsic and
extrinsic causes of intra- and inter-individual varia-
tions (Wilson, 2008; Wilson et al. 2010). For FEC,
these included sex, age, location on the island and
the two-way interactions between age and location
and sex and location. For body condition these
included age, location on the island, sex, scoring
date and the two-way interactions between age and
location, sex and age, and sex and scoring date.

Covariation of FEC and body condition. We
used bivariate linear mixed models in ASReml
to estimate phenotypic covariance (COVp) and
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correlations (rp) between FEC and body condition
where COVp =COVind + COVgroup + COVe and
rp ¼ COVp=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VPFEC þVpcondition

p� �
. As for repeatabil-

ity, these were estimated using models including
trait means only, as well as with models that
included known intrinsic and extrinsic sources of
variation as fixed effects. The significance of covari-
ance components was determined using likelihood
ratio tests.

Ethics statement

Sampling was performed under University of
Saskatchewan Animal Care Protocol 20090032 in
compliance with guidelines of the Canadian
Council on Animal Care, and Parks Canada
Agency Research and Collections Permit SINP-
2013-14314. Note that raw data are available upon
request.

RESULTS

Strongyle FECs

The mean number of eggs per gram (EPG) ± 1 SD
was 1543·28 ± 1209·94 (Nsample = 670, Nhorse = 447,
range = 0 to 9200; see Table A2 in Appendix for
details on each subsample). Non-linear relationships
were observed between age and FEC, location and
FEC and age and body condition (see Table A3 in
Appendix). In all cases, non-linear relationships
appeared to be well approximated by second-order
polynomials and so these were used.

Intrinsic and extrinsic correlates of FEC

Individual FEC was best described by the model in-
cluding sex, age, location and two-way interactions
between sex and location, and age and location (see
Table A4a in Appendix for details on model selec-
tion). Note that for this model selection, as well as
all other ones (below), the variables included in the
selected model, had the highest predictor weights
(Table 1). Individual FEC for females of reproduct-
ive age (i.e. of more than 3 years old) were best
described by the effects of reproductive status and
an interaction between age and location (see
Table A4b in Appendix for details on model selec-
tion). FECs for adult males (i.e. of more than 3
years old) were best predicted by age, location,
local density, social status, and interactions
between age and location, local density and social
status, age and social status, and location and social
status (see Table A4c in Appendix for details on
model selection).
Patterns of FECs were spatially structured accord-

ing to the age and sex of individuals. On the east side
of the island, middle-aged horses (between 3 and 6
years old) had higher FECs, while on the west

side, younger individuals (less than 4 years old)
had higher FECs, especially in females (Table A6
in Appendix, Fig. 2a and b). In both sexes, FECs
were higher in the centre of the island. However,
in females FECs were higher in the east than in the
west, while in males it was the opposite (Table A6
in Appendix, Fig. 2c). For both adult females and
males, FECs were related to reproductive or social
status. Within males, dominant band stallions inha-
biting in the centre of the island had higher FECs
than those occupying the west or east sections,
while bachelors inhabiting the extreme ends of the
island had higher FECs, especially in the west
(Fig. 3b). Local density affected dominant band stal-
lions and bachelors differently: while dominant band
stallions showed an increase of FECs with increasing
local density, bachelors showed the reverse trend
(Fig. 3c). Overall, FECs were higher for dominant
band stallions compare with bachelors, but this
difference decreased over the summer. In both
social categories, FECs were higher in younger indi-
viduals (Fig. 3a). Finally, nursing females had
higher FECs than non-nursing females whatever
their age or location on the island (Table A6
in Appendix; predicted log-transformed EPG±
SE for nursing females and non-nursing females:
7·56 ± 0·22 and 6·95 ± 0·24).

Intrinsic and extrinsic correlates of body condition

In order to analyse the covariation between FEC and
body condition the same model selection procedure
described above was performed for body condition
(see Table A5 in Appendix for details on model se-
lection). At the population level (i.e., for males and
females combined), body condition was best pre-
dicted by sex, age, location, scoring date, as well as
two-way interactions between sex and age, age and
location, and sex and scoring date (Table A5a in
Appendix). For adult females, body condition was
best described by scoring date and the interaction
between reproductive status and location, while for
adult males, it was best described by location and
interactions between social status and age, and
social status and scoring date (Table A5b and c in
Appendix).
As with FEC, body condition was spatially struc-

tured, with patterns depending on age and sex.
Young males and females (i.e. <3 years old) both
had higher body condition scores in the centre of
the island; while females older than 5 had higher
body condition scores towards the tips of the island
(Table A6 in Appendix, Fig. 4a and b). Body condi-
tion of adult males increased from east to west
(Table A6 in Appendix). With the exception of
2-year olds, body condition scores were higher for
males than for females. In males, body condition
scores increased with age until 6 years old and
decreased thereafter. In females, middle-aged
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Table 1. Predictor weights calculated as the sum of the Akaike weights for each model in which that variable
appeared. Six datasets were used: strongyle fecal egg count (FEC) and body condition (BC) and for all
individuals, adult females only and adult males only. Variables retained in the selected model are in bold. For
the sex-specific datasets the variable ‘status’ (reproductive status for females and social status for males)
replaced the variable ‘sex’.

Predictor

Dataset

FEC all FEC adult females FEC adult males BC all BC adult females BC adult males

Age 1·00 1·00 0·99 1·00 0·70 0·95
Sex or status 0·90 1·00 0·96 1·00 1·00 1·00
Location 1·00 1·00 1·00 1·00 1·00 1·00
Density 0·53 0·66 0·86 0·82 0·73 0·79
Group size 0·58 0·57 0·49 0·73 0·71 0·85
Date of scoring – – – 1·00 1·00 0·95
Group size : Density 0·13 0·14 0·11 0·17 0·15 0·44
Group size : Age 0·06 0·05 0·05 0·29 0·06 0·16
Group size : Location 0·14 0·17 0·08 0·20 0·29 0·51
Group size : Sex or status 0·21 0·14 0·14 0·27 0·26 0·24
Density : Age 0·07 0·18 0·13 0·16 0·17 0·11
Density : Location 0·10 0·09 0·19 0·25 0·20 0·22
Density : Sex or status 0·15 0·31 0·74 0·31 0·20 0·30
Age : Location 1·00 0·82 0·60 0·92 0·24 0·19
Age : Sex or status 0·24 0·14 0·71 1·00 0·08 0·61
Location : Sex or status 0·72 0·30 0·78 0·43 0·96 0·60
Group size : Date – – – 0·24 0·24 0·45
Density : Date – – – 0·54 0·37 0·34
Location : Date – – – 0·38 0·32 0·32
Age : Date – – – 0·12 0·53 0·12
Sex or status : Date – – – 0·87 0·55 0·85

Fig. 2. Strongyle fecal egg count (FEC, expressed as the log-transformed number of eggs per gram of feces) in Sable
Island horses (Nhorse = 447, Nsample = 670) as a function of (A, B) the interaction between age and location in the previous
year for males and females, respectively; (C) location on the island in the previous year (standardized UTM; lower values
for western coordinates) with age set to its mean value. Isoclines and the grey shading in (A) and (B) represent the predicted
FEC, with FEC increasing along the light to dark grey gradient. In (C) the solid and dashed lines depict relationships
predicted by the selected model and their 95% confidence intervals, respectively.
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individuals had the lowest condition scores
(Table A6 in Appendix, Fig. 4c) and body condition
decreased over the field season (Table A6 in
Appendix, predicted body condition ±SE for males
and females, respectively: 2·87 ± 0·04 and 2·41 ±
0·04 on the 22th of July, 2·86 ± 0·04 and 2·27 ±
0·04 on the 10th of September). Nursing females
had lower body condition scores than non-nursing
females except in the west end of the island, where
body condition scores were comparable between
nursing and non-nursing females (Table A6 in
Appendix, Fig. 5). Adult males between 4 and 7
years old had similar body condition scores regard-
less of their social status; however body condition
of dominant band stallions decreased sharply after
7 years old (Table A6 in Appendix; Fig. 6a).
Across the sampling period, bachelor male body
condition increased, whereas dominant band stallion
body condition decreased (Table A6 in Appendix;
Fig. 6b).

Repeatability and covariation

The repeatability of FEC and body condition scores
was estimated by partitioning phenotypic variance
into within- and among-individual components

(Table 2). When ignoring intrinsic and extrinsic
sources of variation, repeatability of FEC (±1 SE)
ranged from 0·72 ± 0·04 at the population level to
0·83 ± 0·03 when only considering adult males.
Repeatability of body condition was relatively
lower, ranging from 0·44 ± 0·09 in adult males and
adult females to 0·57 ± 0·03 at the population level.
In general, repeatability point estimates were only
marginally reduced when conditioned on known
sources of intrinsic and extrinsic variation (Table 2).
Group identity in the previous year (2013)

explained a small but statistically significant
amount of variation in both FEC and body condition
at the population level when only fitting trait means
as fixed effects (Table 2). In contrast, group ID
explained a relatively large proportion of variation
in body condition when only considering adult
females (approximately 30%). However, phenotypic
variation attributed to group effects was reduced and
no longer statistically significant in all cases once
known sources of intrinsic and extrinsic variation
were accounted for.
We observed significant negative phenotypic co-

variance between FEC and body condition at the
population level (Fig. 7) as well as within adult
females, but not in adult males (Table 3). In

Fig. 3. Relationship between strongyle fecal egg count (FEC, expressed as the log-transformed number of eggs per gram
of feces) and social status, age, location and local density in adult males (>3 years old, Nhorse = 153, Nsample = 242).
(A) Effect of age for each social category with location and density in the previous year set to their mean values. (B) Effect
of location in the previous year (standardized UTM; lower values for western coordinates) on dominant stallions and
bachelors with age and local density in the previous year set to their mean values. (C) Effect of local density in the previous
year on dominant stallions and bachelors with age and location on the island in the previous year set to their mean values.
The solid and dashed lines depict relationships predicted by the selected model and their 95% confidence intervals,
respectively.
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general, fitting fixed effects in addition to trait means
to account for known sources of variation did not
influence covariance and correlation estimates

(Table 3). When including all relevant fixed effects,
the phenotypic correlations at the population
level and within adult females were −0·184 ± 0·044
and −0·333 ± 0·081, respectively. Decomposing
covariances into within and among individual com-
ponents highlighted stronger negative correlations
between repeatable components of variance (rind,
−0·289 ± 0·063 and −0·526 ± 0·101) coupled with
an absence of significant correlation between resi-
duals (re).

DISCUSSION

We quantified variation in strongyle nematode egg
shedding, as measured by FECs, in a naturalized
population of horses with no history of exposure to
anthelmintic drugs, and then explored the repeat-
ability and covariation between FEC and body con-
dition. Compared with previously published studies
on domestic horses, the unmanaged Sable Island
horse population appeared to shed high numbers
of strongyle eggs (mean and range of eggs per
gram:1543·28, [0–9200] reported in this study; com-
pared to 442, [0–3750] in Flanagan et al. 2013; NA,
[0–2420] in Carstensen et al. 2013; 711, [0–2900] in
Pilar Valdez-Cruz et al. 2013 and 1244, [0–9730] in
Nielsen et al. 2010b).

Fig. 4. Relationship between body condition and sex, age, location on the island and scoring date (Nhorse = 447,Nsample =
1607) based on the prediction of the selected model. Panels (A, B) represent the two-way interaction effect between age and
location on the island in the previous year (standardized UTM; lower values for western coordinates) for males and
females, respectively; in (A) and (B) the isoclines and the grey shading represent the predicted condition score, with
condition increasing along the light to dark grey gradient. Panel (C) represents the effect of age for each sex with location
and scoring date set to their mean value; the line represents the relationship predicted by the selected model; dashed lines
represent the 95% confidence interval around the predicted values.

Fig. 5. Relationship between body condition and location
on the island in the previous year (standardized UTM;
lower values for western coordinates) for each
reproductive status and with scoring date sets to its mean
value for adult females (Nhorse = 125, Nsample = 439); the
line represents the relationship predicted by the selected
model; dashed lines represent the 95% confidence interval
around the predicted values.
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Both intrinsic (sex, age, reproductive status, social
status) and extrinsic (group size, location, local
density) factors were shown to affect FECs and
body condition in the Sable Island horse population.
Contrary to expectations (Poulin, 1996; Moore and
Wilson, 2002), and the hypothesis that testosterone
acts as an immune-suppressor (Ezenwa et al. 2012),
males did not consistently display higher FECs
than females. Females had higher FECs than males
in the east, but the trend was reversed in the west
(Fig. 2c). Still, patterns within each sex were consist-
ent with expectations. As commonly observed in
other species (Lloyd, 1983; Barger, 1993; Houdijk,
2008) such as bighorn sheep Ovis Canadensis
(Festa-Bianchet, 1989) and European rabbit
Oryctolgaus cuniculus (Cattadori et al. 2005),
nursing females had higher FECs than non-
nursing females. Higher FECs in nursing females
may be due to higher worm abundance and/or
higher worm fecundity in response to host immune
relaxation (Connan, 1976). Higher parasitism in
nursing females potentially mediates costs of repro-
duction (Williams, 1966) in Sable Island’s resource
limited environment, and having access to good
quality resources to maintain immunocompetence
would be important for mitigating this cost
(Hutchings et al. 2002). This appeared to be
the case, as lactating females in the west part of
the island, which has better forage and access to per-
manent freshwater ponds, generally had higher body
condition scores than those in the east. Alternatively,
as in the St Kilda Soay sheep population (Hutchings
et al. 2002), nursing females may use the habitat
differently and differ in their ranging behaviour to
sustain higher energy and water demands in a way
that increases exposure to gastrointestinal parasite
larvae (i.e. by grazing in habitat with higher larvae
densities) (Ezenwa, 2004). A similar pattern was
observed in males, with dominant band stallions
having higher FECs than bachelors. This pattern

may reflect the energetic costs associated with dom-
inance behaviours including vigilance and band
defence, as well as the immunosuppressive effects
associated with high testosterone levels (Habig and
Archie, 2015). The later seems possible given that
dominant band stallions are known to have higher
testosterone levels than bachelors on Sable Island
(S. Medill, unpublished data).
As expected, FECs decreased with age in both

sexes. This result supports the hypothesis that im-
munity acquisition shapes FEC (Turner and Getz,
2010). Alternatively, decreases in FECs with age
may be due to the selective disappearance of heavily
infected individuals. In contrast to several other
species (Santín-Durán et al. 2008; Hayward et al.
2009; Body et al. 2011), we did not observed an in-
crease in FECs in older (senescent) individuals. This
may not be observable in our dataset because indivi-
duals aged 9 years or older were pooled together.
An individual’s location during the previous

summer was found to be an important predictor of
both FEC and condition with higher FECs found
in the western part of island. Forage quality and
access to water decrease along a west–east gradient
on the island (Contasti et al. 2012; Rozen-Rechels
et al. 2015), and median location probably acts as a
proxy for these variables. Further analyses would
be needed to better understand which particular
factors are driving these relationships. We can
speculate that the extreme difference in water avail-
ability between the west and the east part of the
island might play a role in parasite ova viability
through the landscape and contamination levels.
Indeed, the west part is characterized by the pres-
ence of permanent freshwater ponds surrounded by
pasture where numerous bands congregate, while
in the east horses must drink at self-excavated
wells (Rozen-Rechels et al. 2015).
While density did not explain FEC patterns at the

population level, FECs unexpectedly decreased as

Fig. 6. Relationship between body condition and social status, age, location on the island and scoring date for adult males
(Nhorse = 153, Nsample = 573) based on the prediction of the selected model. Panel (A) represents the effect of age for each
social status with location and scoring date set to its mean value; the line represents the relationship predicted by the
selected model; dashed lines represent the 95% confidence interval around the predicted values. Panel (B) represents the
effect of scoring date for each social status with location and age set to its mean value.
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Table 2. Number of individuals, number of individuals with multiple phenotypic records (in parenthesis), number of observations, number of observations for
individuals with multiple phenotypic records (in parenthesis), and raw trait means for strongyle fecal egg count (log transformed) and body condition in Sable Island
horses. Phenotypic variances after having accounted for fixed effects (Vp) as well variance attributed to variation among horses (Vind), groups (Vgroup) and variation
within individuals (Ve) were estimated using linear mixed models. The proportion of phenotypic variation attributed to permanent variation among individuals
(repeatability, ind2 =Vind/Vp) and group identity (group2 =Vgroup/Vp) are also presented. Results are from models including only trait mean as a fixed effect or
additional fixed effects identified using model selection (see text for details). Standard errors generated by ASReml are presented in parentheses. Statistical sign-
ificance of Vind and Vgroup was tested using likelihood ratio tests.

Trait Dataset
Fixed
effects ind. obs mean (sd) Vp Vind Vgroup Ve ind2 group2 e2

FEC All
individuals

Mean only 447 (178) 670 (401) 7·05 (0·87) 0·78 (0·05) 0·56 (0·05)*** 0·05 (0·03)* 0·17 (0·02) 0·72 (0·04) 0·06 (0·04) 0·29 (0·03)

Adult males Mean only 153 (72) 242 (161) 6·81 (0·76) 0·59 (0·07) 0·49 (0·07)*** 0 (–) 0·10 (0·02) 0·83 (0·03) 0 (–) 0·21 (0·04)
Adult
females

Mean only 125 (48) 183 (106) 6·93 (1·08) 1·14 (0·14) 0·88 (0·14)*** 0 (–) 0·26 (0·05) 0·77 (0·05) 0 (–) 0·32 (0·07)

Condition All
individuals

Mean only 447 (446) 1607 (1606) 2·58 (0·45) 0·20 (0·01) 0·11 (0·01)*** 0·02 (0·01)*** 0·069 (0·003) 0·57 (0·03) 0·08 (0·03) 0·44 (0·02)

Adult males Mean only 153 (153) 573 (573) 2·84 (0·36) 0·13 (0·01) 0·06 (0·01)*** 0 (–) 0·07 (0·01) 0·44 (0·05) 0 (–) 0·62 (0·05)
Adult
females

Mean only 125 (124) 439 (438) 2·39 (0·52) 0·28 (0·03) 0·12 (0·03)*** 0·09 (0·03)*** 0·06 (0·01) 0·44 (0·09) 0·32 (0·10) 0·32 (0·04)

FEC All
individuals

Mean +
othersa

447 (178) 670 (401) 7·05 (0·87) 0·59 (0·04) 0·40 (0·04)*** 0·02 (0·02) 0·17 (0·02) 0·68 (0·04) 0·03 (0·03) 0·22 (0·02)

Adult males Mean +
othersa

153 (72) 242 (161) 6·81 (0·76) 0·48 (0·06) 0·38 (0·06)*** 0·004 (0·026) 0·10 (0·02) 0·78 (0·06) 0·01 (0·05) 0·17 (0·03)

Adult
females

Mean +
othersa

125 (48) 183 (106) 6·93 (1·08) 0·83 (0·10) 0·57 (0·11)*** 0 (–) 0·27 (0·05) 0·68 (0·07) 0 (–) 0·23 (0·05)

Condition All
individuals

Mean +
othersa

447 (446) 1607 (1606) 2·58 (0·45) 0·16 (0·01) 0·08 (0·01)*** 0·005 (0·005) 0·070 (0·003) 0·52 (0·04) 0·04 (0·03) 0·35 (0·02)

Adult males Mean +
othersa

153 (153) 573 (573) 2·84 (0·36) 0·12 (0·01) 0·04 (0·07)*** 0 (–) 0·07 (0·01) 0·38 (0·05) 0 (–) 0·56 (0·04)

Adult
females

Mean +
othersa

125 (124) 439 (438) 2·39 (0·52) 0·20 (0·02) 0·11 (0·03)*** 0·02 (0·02) 0·07 (0·01) 0·57 (0·11) 0·11 (0·11) 0·24 (0·03)

a The complete list of fixed effects is presented in Table 1.
*P< 0·05, **P< 0·01, ***P< 0·001.
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density increased in bachelor adult males, while the
reverse was found in dominant stallions. We can
speculate that these differences may result from
social behaviour differences between the two
groups. The pattern seen in dominant band stallions
probably reflects the higher stress of maintaining
a band in high density (and competitive) areas.
The results in bachelors is less intuitive, and may
indicate that bachelor males inhabiting densely
populated areas may either be less stressed than
individuals living with fewer conspecifics, perhaps
as a result of sociality, and/or generally be more
immunocompetent.
Few studies have investigated the repeatability of

FEC in horse populations (Wood et al. 2013). In
contrast with Wood et al. (2013) who observed
very low repeatability for FEC in British horse
populations, our FECs where highly repeatable
(Table 2). This difference is likely due to the fact
that Wood et al. (2013) studied repeatability across
seasons and years while we focussed on a single
season. The absence of temporal variation in FECs
over the 2 months during which our study was con-
ducted (see Appendix 1 for details) means that our
repeatability estimates likely mainly reflected meas-
urement error. In contrast, repeatability estimates
obtained over several seasons and years will be
influenced by changes in parasite number, fecundity
and species composition. Though we only had
repeated FECs measurements for 178 of the 447
sampled horses, the high repeatability observed in
these individuals suggests that our FEC estimates
are generally accurate.
Repeatability of body condition scores was notice-

ably lower than those for FECs (Table 2). As we do
not expect condition to vary considerably within

Fig. 7. Phenotypic relationship between strongyle fecal
egg count (FEC, expressed as the log-transformed number
of eggs per gram of feces) and body condition (Nhorse =
322, Nsample = 405). The line represents the relationship
predicted by a model including body condition as a fixed
effect and horse identity as a random effects.
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individuals over a 2-month periods, this result sug-
gests that measurement error was greater for body
condition than FEC. Another notable difference
between the repeatability of the 2 traits was that
only body condition scores were similar among
adult females of the same band (note that there is
usually only one adult male present in each band,
limiting power to detect such an effect in that sex).
This suggests that habitat selection and access to
resources have important impacts on female body
condition. Alternatively, it may reflect differences
in the quality of females that different males can
acquire and maintain.
Demonstrating the negative impacts of parasites

in unmanipulated free-living populations can be
challenging (Tompkins and Begon, 1999). Body
condition, which is often linked with fitness in
ungulates (Barnett et al. 2015), was found to be
negatively related to FEC. However, while the asso-
ciation was significant at the population level, it
appeared to come mostly from a strong association
in adult females (phenotypic correlation between
FEC and condition =−0·333 ± 0·081 in adult
females compared with −0·062 ± 0·074 in adult
males; Table 3). A female horse has to trade-off
available energy between growth, maintenance,
immune function and, in the case of sexually
mature mares, reproductive effort (Sheldon and
Verhulst, 1996). The stronger relationship between
FEC and body condition in adult females compared
with adult males may reflect differences in trade-offs
between the sexes. However, it could also be that our
body condition index did not correlate well with
energy reserves in males. Specifically, males are gen-
erally more muscular than females, and it could be
that our visual index of body condition, when
applied to males, mainly captured variation in mus-
culature. Links between FEC and body condition
have been found in other mammals (Stien et al.
2002; Yoseph et al. 2005; Irvine et al. 2006; Body
et al. 2011), including horses (Rubenstein and
Hohmann, 1989). These associations could stem
from the fact that a high parasite burden can
reduce body condition, or conversely, a lower body
condition can predispose an individual to a higher
parasite burden. Given its link with body condition
in females, and the expectation that condition is
related to future survival or reproduction, parasite
load is likely to be under negative directional selec-
tion in females. We might also speculate that given
the high overall FEC found in the population and
the negative relationship between FEC and body
condition, parasitism might be a limiting factor for
Sable Island horses. However, further work will be
needed to confirm these presumptions and assess if
any such effects scale up to influence population dy-
namics. In the future, it would also be valuable to
assess the extent to which changes in condition
over time predict changes in parasitism or the

reverse and how these relate to social and reproduct-
ive status.
This study documents a complex interplay

between intrinsic and extrinsic variables in deter-
mining individual variation in FECs in a natural
population, with potentially important impacts on
parasite transmission and population dynamics.
Understanding disease processes in natural popula-
tions is crucial in the context of an increase in infec-
tious diseases (Jolles and Ezenwa, 2015), and as
noted by Jolles and Ezenwa (2015), wild ungulates
are particularly good models for such research
because they are a diverse and broadly distributed
group of species, but also because they are closely
related to domestic animals. Research on feral popu-
lations of farm animals or closely related species can
benefit from well-developed toolbox such as
genomic tools (Miller et al. 2012), while in return
provide information that may be difficult to study
in domestic animals. For example, in addition to im-
proving our understanding of host–parasites interac-
tions in the wild, our study offered a rare glimpse of
how parasitism covaries with body condition in
horses in the absence of confounding effects such
as shelter, anthelmintic treatment and nutritional
supplementation. Future studies on Sable Island
could contribute much to our understanding of
long-term relationships among FEC, body condi-
tion and other effects of parasite infections.
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