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Abstract

Variability in host resistance or tolerance to gées is nearly ubiquitous, and is of key significa

in understanding the evolutionary processes shadmpstparasite interactions. While ample
research has been conducted on the genetics dltedvarden in livestock, relatively little has hee
done in free-living populations. Here, we investigghe sources of (co)variation in strongyle
nematode faecal egg count (FEC) and body condii@able Island horses, a feral population in
which parasite burden has previously been showegatively correlate with body condition. We
used the quantitative genetic “animal model” toensthnd the sources of (co)variation in these
traits, and tested for impacts of an importantigbgtadient in habitat quality on the parameter
estimates. Although FEC is significantly heritathé= 0.43 + 0.11), there was no evidence for
significant additive genetic variation in body citimh (h? = 0.04 + 0.07), and therefore there was
also no significant genetic covariance betweertluetraits. The negative phenotypic covariance
between these traits therefore does not deriveipally from additive genetic effects. We also
found that both FEC and body condition increasefeast to west across the island, which
indicates that the longitudinal environmental geadlis not responsible for the negative phenotypic
association observed between these traits. Thesalsa little evidence to suggest that quantitative
genetic parameters were biased when an individladagion along the island’s environmental
gradient was not incorporated into the analysiss Tésearch provides new and important insights
into the genetic basis and adaptive potential cdgite resistance in free-living animals, and
highlights the importance of environmental heteragy in modulating host-parasite interactions

in wild vertebrate systems.
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1. Introduction

Parasites can have wide-ranging and influentiabictgoupon the dynamics and evolution of host
populations (Tompkins and Begon, 1999; Watson, ROlds is the case with gastrointestinal
nematodes, common and abundant parasites whiatt affeide range of host species, both wild
and domestic (Hoberg et al., 2001). Within domespbiecies, genetic variation in parasite burden
has been the subject of considerable study. Thigphmarily been to assess the potential for
selective breeding, increasingly of interest duevitespread anthelmintic resistance (Kaplan and
Vidyashankar, 2012; Stear and Murray, 1994). Howesgbclinical disease caused by
gastrointestinal nematodes is also ubiquitous Id populations (Hoberg et al., 2001). These
infections can have a number of detrimental effeatsndividuals, including reductions in body
condition due to reduced feed intake and alterattordigestion and metabolism (Fox, 1997; Stien
et al., 2002), increased stress hormone levels géotuet al., 2010; Pedersen and Greives, 2008),
and consequently reduced survival and fecundityt(@m et al., 1999; Gulland et al., 1993; Gunn
and Irvine, 2003; Murray et al., 1997; Stien et2002). Therefore, these parasites can represent a
significant selection pressure for free-living ptations, and establishing the genetic basis to
variation in parasite burden is vital for estabhghthe evolutionary consequences. Furthermore, in
areas of evolutionary theory, genetic variationgsistance to parasites holds significant
implications. For example, an additive genetic §&siparasite resistance is a key assumption in
models of host-parasite co-evolution (Sorci etl97), sexual selection (Hamilton et al., 1990),
and life-history evolution (Mgller, 1997).

Studies examining variation in parasite infectiotensity have revealed that it varies
significantly between individuals and is often Highggregated among population subgroups or
over time (Shaw et al., 1998). Some of the intarasid extrinsic factors influencing this variation,
including sex, age, reproductive status, and hiafpitality have been well established (Fox, 1992;
Poulin, 1996; Wilson et al., 2002; Wood et al., 20However, there has been limited work

examining the role of genetics in underpinningwtlial variation in infection intensity under



natural conditions and genetic covariation witheottraits (but see Brown et al., 2013; Coltman et
al., 2001; Hayward et al., 2014; Smith et al., 198@nzel et al., 2015), despite its importance for
understanding the evolution of host responsesrasgesm. This is likely due to the challenges of
implementing the appropriate analyses in wild systeand the complex interplay of processes
affecting covariation among phenotypic traits. Evample, (co)variation may be maintained by
trade-offs (Cotter et al., 2004; Stearns, 1989jhéncase of parasite burden, individuals must
balance the costs of greater resistance (prevemiaction) and/or tolerance (reducing the impact
of infection induced damage), such as increasedlmbt activity, reduced nutrient availability,
and the potential for immunopathology (Colditz, 80Dochmiller and Deerenberg, 2000), against
the cost of being parasitized. Therefore, genegnlyidg variation in parasite-related traits may
also be associated with variation in other fitnedated traits, such as body condition, leading to
genetic correlation. Where this is the case, selecn both traits may maintain variation.
Therefore, studies examining the heritability ofgsite burden in wild populations, as well as
investigating the causes of phenotypic correlatimetsveen parasite burden and fitness-related
traits, such as body condition, will be very impaort for providing a comprehensive understanding
of the evolution of parasite resistance or toleeanahe wild (Lynch and Walsh, 1998).

In comparison to studies of domestic animals, shglthe evolutionary effects of parasites
under field conditions holds significant challenges example in gathering relatedness and
phenotypic data for large numbers of wild individud he quantitative genetic “animal model”
revolutionised such studies by making it possiblattlise all the information contained in complex
natural pedigrees and to control for a varietyrofienmental factors when decomposing
phenotypic variation into additive genetic and ott@mponents (Kruuk, 2004). Nevertheless,
challenges remain in avoiding confounding facterd accounting for the bias that can be induced
when space use is heterogeneous across individioidlpartially overlaps with kinship. Recently,
particular focus has been on the ways that speffetts can confound (co)variance estimates when

relatives use space similarly. However, studiegate that have incorporated spatial effects into



guantitative genetic analyses have yet to readnaansus. Some have illustrated significant
impacts on estimates (Stopher et al., 2012; VanJBegd and McCleery, 2002), whilst others
suggest this impact may be smaller than previotslyght (Germain et al., 2016; Regan et al.,
2017). This lack of clarity on the influence of 8pheffects may suggest they are population-
specific. Further investigation is warranted toedetine their role and to provide more reliable
estimates for quantitative genetic parameters id populations.

Here, we use data from the long-term individualdoestudy of Sable Island horses to
understand whether genetic differences betweenlésnaae associated with variation in the burden
of gastrointestinal nematodes and body conditioa.algo investigate the negative correlation
between nematode burden and body condition thabées previously shown for females in this
population (Debeffe et al., 2016) to try to undamnst whether this negative phenotypic correlation
is driven by a negative genetic correlation betwibese traits. When conducting these analyses, we
also use data on individual space use to bettezrgtahd the environmental determinants of
variation in parasite burden and body conditior Bmensure that any similarities between relatives

in their space use were accounted for when estigngtiantitative genetic parameters.

2. Materials and methods

2.1. Sudy site and population

Sable Island is situated in the Atlantic Ocean, RmSsoutheast of Halifax in Nova Scotia, Canada
(43°55'N; -60°00'W) (Figure 1). The island, a 48 kong emergent sandbar, has a breadth of 1.25
km at its widest point, with an overall area of pgimately 32 krfi. The island’s north and south
sides comprise of parallel sandy beaches, whiled¢hé&e consists of a mature dune ecosystem. At
the eastern and western tips of the island arensgseof sand running for 2-6 km. A habitat
gradient occurs across the island with greatedawéity of freshwater, and important forage
species, in the west compared to the east (Comtiasti, 2012). Permanent freshwater pools occur
in the west and centre of the island, while ataastern end the horses obtain water from temporary

pools when available, or by digging down to theexn&hble when these disappear (Rozen-Rechels
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et al., 2015). Vegetation covers approximately thirel of the island, and consists primarily of
marram grass, beach pea, sandwort and variousldedtpecies.

Horses were first introduced to the island in thd-&v00s, and have since been
permanently free-ranging (Christie, 1995). Occaalidmrther introduction and removal of
individuals has occurred since, but, after govemnpeotection in 1960, the population has lived
independently of human interference. The horsetharenly terrestrial mammals present on the
island and so live entirely free from predation amdr-specific competition, excluding the
potential space competition with the large breegiogulation of grey seals. The mating system of
feral horses is characterised by female-defencgggol, in which males protect groups of females
with which they monopolize breeding opportunitiegklater et al., 1999). The social structure of
Sable Island horses consists of bands of breeddigiduals (Stallion, unrelated mares, offspring
and occasional subordinate males) and bachelopgrauunmated males. Both male and female
offspring disperse from their natal bands (Wel€v3), but dispersal between nonadjacent
subdivisions of the island appears uncommon (Letas., 2009), potentially resulting in relatives
being clustered in space to some degree.

2.2. Data collection

Systematic yearly ground censuses of the horselatigpubegan in 2008, following a pilot study in
2007. These occur each summer between July andrSiet, the mid-late breeding season for the
horses. The island is divided into seven sectiaith, at least one section censused daily, allowing
the whole island to be covered in a week. Adjasestions of the island are not censused on
consecutive days to avoid collecting larger amoohtata for individuals whose home ranges
overlap section boundaries. Thus, we do not cardigtcover the island in an east-west or west-
east direction. Over the course of the field seafunisland is therefore covered multiple times,
ensuring all horses are recorded and multiple mreasnts are taken for each individual. During
each census, horses are approached on foot apdshien of bands or lone individuals are

recorded to the nearest five metres using GPS.ardsars take multiple photographs of each horse



and note individual sex, coat colour, age and astynguishing features to allow individual
identification. They also record band membershigh f@male reproductive status (presence or
absence of foal). We determine horse age usingdsdor each individual born after the start of
research in 2007. Any individuals born before ttagtf research are grouped and assumed to
belong to a different age category. Therefore,@attage as a factor with values ranging from 0 to

10, where 10 corresponds to all individuals borB006 and earlier.

2.3. Faecal egg count

Sable Island horses are parasitised by a rangastfogntestinal nematodes, and strongyle species
are the primary parasites within mature individy&@lsbeffe et al., 2016). We therefore restricted
our analysis to large (strongylids) and small (bgatomins) strongyle species. We used faecal egg
counts (FEC) to study between-individual variatioistrongyle burden. FEC is a common measure
of strongyle burden, reflecting the abundance ochgites following host attrition at the larval and
adult stage, which is relatively consistent overdiwithin individuals (Debeffe et al., 2016;
Scheuerle et al., 2016).

We collected faeces when freshly passed, eithenwpgortunistically presented, or by
observing individuals until defecation. We storadhgles in tied-up nitrile gloves and, where
possible, immediately in a cooler containing iceksa Following transport to the laboratory, we
stored all samples in a cooler or fridge until FE&se taken on the same day. Previous analysis
has shown that time of collection and storage da do not influence FEC (Debeffe et al.,
2016), therefore these factors were not includemhynanalyses. Strongyle species cannot be
identified by egg morphology (Campbell et al., 199berefore counts reflect an aggregate of all
species. We used a modified McMaster protocol tontstrongyle eggs in the collected faeces. In a
paper cup, we homogenised four grams of faeces2@itimL of Sheather’s sugar solution using a
tongue depressor. We then filtered this mixturedgh a cheesecloth-lined funnel into a separate
cup, mixed the solution again, and loaded it imto thambers of a McMaster slide (Chalex Corp.,

USA). We then allowed two minutes for the eggdaatfto the surface before counting each slide
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using a compound microscope. To scale this upds pgr gram (EPG) of faeces, we multiplied the
total by 25. We do not consider foals (age <1 ybacause, given that horse strongyle species take
several months to produce eggs following initidkation (Lyons et al., 2011), FECs are primarily
zero.

2.4. Body condition measurements

We measured female body condition from photograysinsg a five-point scale, ranging from
emaciated to obese, developed by Carroll and Hgiatm(1988). The score provides a proxy for
the subcutaneous fat levels on the spine, hipsibadScores were only assigned when multiple
clear photographs were available, and the scorsilad to previous measurements. When
separate body regions differed in score, half goivere awarded (see Debeffe et al. 2016 for
details). Because we only have faecal egg couoits females between 2014 and 2016, we also
restricted analyses of body condition to data oleiin these years.

2.5. Pedigree information

We used a pedigree constructed from observatiatal ahere maternal links were inferred from
observations of foal suckling behaviour and patgmnvas inferred as the stallion of the band a mare
belonged to in the year prior to foaling. The peeefeatures 1012 individuals with 693 maternal
links and 574 paternal links, where a link referan inferred parentage. When the pedigree was
pruned to contain only links informative for theatysis of FEC, there were 200 maternities (123
unique mothers), 161 paternities (84 unique fa)h86full siblings, and 208 half siblings. In the
case of body condition there were 204 materniti@d Uniqgue mothers), 164 paternities (87 unique
fathers), 36 full siblings, and 211 half siblind$ie use of social information to assign pedigree
relationships may influence quantitative geneti@peeter estimates; however, studies suggest that
results from analyses using social pedigrees ketylto be relatively robust (Charmantier and
Réale, 2005; Firth et al., 2015). We do not yetvktioe degree of error in Sable Island horse
paternity assignments, though research on othalrtierse populations suggests that dominant

stallions may sire between 50% (Gray et al., 2@I2) 85% (Kaseda and Khalil, 1996) of offspring.
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Therefore, it is possible that the use of a gemttiigree, if available, would be associated with a
small change in parameter estimates.

2.6. Satistical analyses

To ensure that residuals from analyses of FEC appeded a normal distribution we log
transformed FEC (measured as eggs per gram ofspesieg In(FEC+25) in all analyses. Though
it is clear that a body condition index cannot sributed normally in reality, visual inspectiof o
model residuals showed a reasonable approximatiar@Gaussian distribution. We therefore
assumed Gaussian errors for body condition as well.

We estimated genetic and environmental (co)variaoogponents by fitting univariate and
bivariate animal models using ASReml-R (Butlerlgt2007) in R version 3.4.1 (R Development
Core Team, 2008). In univariate models we includediom effects to partition the phenotypic
variance (\p) into additive genetic ()), permanent environmental 9, and residual variances
(VR). In bivariate animal models we also estimatedaithditive genetic (CO)), permanent
environmental (COWg), and residual (CON covariances between FEC and body condition.
Debeffe et al(2016), using a subset of the data used here,eshtivat FEC decreased with age and
was higher in lactating females. As a result, agkraproductive status were included as fixed
effects in both the univariate and bivariate animablels. Female age was included as a ten-level
factor and reproductive status as a two-level fagtith foal or without foal). Only females aged
three years or over reproduced, with the propomifoiemales producing a foal remaining relatively
consistent from age three to eight, before dediiiigee Fig S1). Year (three level factor) and dulia
date of measurement (covariate) were also incladdiked effects to account for temporal
variation (see Fig S2-S6 for plots of the raw dataoss all considered fixed effects).

We assessed the significance of the additive ges#Bcts using likelihood ratio tests,
assuming the test statistic was distributed as%05@ix ofy? distributions with zero and one
degrees of freedom (Self and Liang, 1987). Sinyilasle used likelihood ratio tests to assess the

significance of covariance terms, comparing a madwedre the covariance was estimated with a



model where the covariance was fixed at zero.isidhAse we usedyg distribution with one
degree of freedonwe calculatedheritability (i) as Va/Vp, where \bexcludes fixed effect
variances, and the genetic correlatias) és:

COVAtraitl,traitz

VVatrait1 XV atraitz
2.7. Spatial effects
Sable Island is a particularly tractable systemwliich to account for location effects as the long,
thin nature of the island means it can effectilmymodelled as a one-dimensional system running
from west to east. We used the median longitudeevaf each individual’'s annual sightings as an
estimate of the centre of each individual’'s rangedian within-summer band movements have
been previously estimated as 2.06 km [Manning.eR@ll5]), and scaled these estimates to have a
mean of zero and standard deviation of one prianedysis. We included location as a covariate
and compared models including and excluding looaiounderstand whether incorporating spatial

effects influenced quantitative genetic parameters.

3. Results

Our dataset consisted of 930 faecal egg counts #females (range of number of observations
per individual = 1-11, median = 3), and 2479 meeswaf body condition (range of number of
observations per individual = 1-21, median = 10)1fr260 females, all aged at least one year. FEC
ranged from 0 to 9575 eggs per gram (mean = 158802= 1314.47), whilst body condition
scores ranged from 0.5 to 4 (mean = 2.48, SD 9)0IB%76 cases (214 females) a horse’s FEC
and body condition were measured on the same day.

3.1. Heritability estimates

We found evidence for a significant additive gemeffect on FEC (W = 0.39+ 0.11 x2(0,1)=

15.56,P < 0.001; Table 1), equating to an estimated Halityaof 0.43 ¢ 0.11). The permanent
environment effect accounted for a much smalled, ron-significant, portion of the total variance

(Vpe=0.12% 0.09;)(2(0,1): 2.08, P = 0.07). In contrast, for female bodyditon we found
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evidence for significant permanent environmentaff¢Vee = 0.12+ 0.02;)(2(0,1): 28.10P<
0.001), but no evidence for significant additivengc effects ({ = 0.01+ 0.02,)(2(0,1): 0.34,P =
0.28).

An individual’s median annual location was a sfigaint predictor of both FEC and body
condition (FECBiocation=-0.17 (£ 0.05P <0.001; body conditiorfiocation= -0.07 (+ 0.02P
<0.001), indicating that values of both traits @éased from west to east (Figure 2). Incorporating
location as a fixed effect was associated with yigitg change in estimated variance components
for either trait (Table 1). The estimated heritipibf FEC decreased from 0.48 (+0.11) to 0.43
(x0.11), whilst, the estimated heritability of bodgndition decreased from 0.05 (+0.07) to 0.04
(x0.07) when location was included. Similarly, frermanent environment components showed
little change, increasing slightly from 0.1 (x Ot@)0.13 (x 0.1) in the case of FEC and, remaining
at 0.37 (£ 0.07) in the case of body condition.
3.2. Covariation between FEC and condition
As in Debeffe et al(2016), we found a significant negative phenotyurelation between body
condition and FEC §r=-0.41 0.09x2(df=1)= 16.03,P <0.001). As expected, in the absence of
genetic variation for condition, we found no sigraiht genetic covariance between body condition
and FEC (x = -0.14 % 0.59x%q=1= 1.61,P = 0.20). We also found no evidence for a sigaific
permanent environmental covariangg$r-0.94 + 3.20X2(df=1): 1.67,P = 0.20), as expected given

that Ve for FEC was not significantly different from zero.

4. Discussion

In this study, we assessed the basis of (co)vaniati FEC and body condition in females of an
unmanaged ungulate population. Previous work angbpulation demonstrated that these traits
vary significantly between individuals and are rtegdy correlated at the phenotypic level
(Debeffe et al., 2016). Here, we have further shidven (i) intensity of infection is significantly

heritable, but body condition is not, (ii) thatdhack of significant heritability for body condit

11



precludes any significant genetic correlation betwvie two traits and ii) that the negative
phenotypic correlation is primarily driven by unkmo environmental factors not captured by the
island’s west-east environmental gradient.

We estimated a heritability of 0.43 for strongyleQ; when location effects were accounted
for. There have been relatively few studies exangitihe heritability of parasite burden in wild or
naturalised mammal populations and, to our knowdedg provide only the second estimate of
heritability for this trait in equids, and the fiite an unmanaged horse population. Our estimate is
significantly higher than those found by Koéret al. (2015) in pure-bred Arabian horses. Koetas
al. showed an increase in heritability with ageyéweer, both the estimate for young horses (0.04 +
0.02) and older ones (0.21+0.04) was markedly Idian found in this study. Similarly, our
heritability estimate is markedly higher than esties of strongyle FEC from studies of St. Kilda
Soay sheep, another feral ungulate populationni@uoitet al. (2001) estimated a heritability of
between 0.11 and 0.14 for FEC in female Soay sheaeist Beraldi et al. (2007) found no
evidence for genetic variation in adult strongyled=in that population.

Research has illustrated that heritabilities tende higher when environmental conditions
are favourable (Charmantier and Garant, 2005) tlaa@fore we would expect lower heritability
estimates for traits measured in populations sgchadle Island horses where food, water, and
shelter are often scarce. Nevertheless, our héityadstimate for FEC falls within the range o80.
to 0.4 that is commonly expected for FEC in doneespiecies (Sonstegard and Gasbarre, 2001).
However, comparingtfor FEC obtained in different studies is compléchby differences in FEC
measurement technique and precision, which infleeasidual variance and hendeds well as
models used to generate estimates (Wilson, 20@8)nEtance, we must acknowledge that our
heritability estimated may be upwardly biased byioability to account for maternal effects. Due
to a lack of data, models including a maternalatfferm would not converge, and thus we were
unable to estimate the additive genetic variantax atcounting for maternal effects. Indeed, there

is some evidence that maternal characteristic$, asenaternal age (Hayward et al., 2010), affect
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offspring parasite burdens and other quantitatereegic studies of FEC in wild animals have
shown that maternal effects can account for a sogmt portion of the phenotypic variance and
their inclusion can be associated with a decraafieei size of the additive genetic component
(Coltman et al., 2001). However, models excludiagnings (the group in which any maternal
effects are expected to be greatest) provided airagdtimates to models in which they were
included (results not shown).

In contrast to FEC, we found that body conditiorswat significantly heritable. This was a
result of effectively no additive genetic variatioather than due to higher environmental variance.
Nevertheless, the large proportion of variancelatted to the permanent environment term
indicates that non-(additive) genetic differencesaeen individuals lead to significant between-
individual variation in body condition. This vatiiai is likely to derive from many sources. For
example, diet or weather conditions during earlyetlgoment (Lindstrém, 1999), the degree of
coinfection (Jolles et al., 2008), variation in gutrobiota (Hayes et al., 2010; Vrieze et al.,@01
stress (Ould and Welch, 1980), or foraging behaviplutchings et al., 2003) may all have long-
term influences on body condition. As such, belhtg to model individual body condition
trajectories may shed more light on the heritaboit body condition score in this population.
However, unfortunately, data limitations mean we @rrrently unable to do so.

There are a number of potential causes for thedéskgnificant additive genetic variation
in body condition that we have shown here. Firsifd closely linked with fitness are expected to
have lower heritability as strong selection erodmsance (Merilda and Sheldon, 1999). Condition is
often used as a proxy for fitness (Barnett et28l15) and, as a component of individual quality in
Sable Island horses, condition has been shownhkanlith reproductive success (Debeffe et al.,
2017). Therefore, it is possible that strong s@admposed by the harsh conditions on Sable
Island has eroded the additive genetic varianceddly condition in this population. However, our
result contrasts to other studies of wild populaithat have found significant additive genetic

variation in body condition (e.g. Gosler and Harp@00; Merila et al. 2001; Jensen et al. 2003),
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and where the additive genetic variation in conditnas actually been found to be higher in low
guality environments (Merila et al., 1999). Secaalthough body condition scores, such as the one
we have used here, have been shown to correldidavitontent in horses (Gentry et al., 2004;
Henneke et al., 1983), there has been substaetialte surrounding the reliability of indirect
measures of body condition (Green, 2001; Schultstétinle et al., 2005). Therefore, it is possible
that analyses using more direct measures of boahpasition, for example, by modelling weight
conditional on skeletal size, would give differeaesults. We must also acknowledge that although
our heritability estimate for body condition wad s@nificantly different to zero, this may arise
because we were unable to estimate a small addginetic component with the accuracy
necessary to reach statistical significance. Naie#is, such a result would still support our
conclusion that the heritability of body conditiswvery low.

As expected, due to the lack of significant addifijenetic variance in body condition and
of significant permanent environmental varianc€HC, we found no significant genetic or
permanent environmental correlation between bodylition and strongyle FEC. All correlations
were negative indicating that individuals with higEC tended to have lower body condition, but
our result suggests that the negative phenotyprelation reported by (Debeffe et al., 2016), and
that we have also reported here, is largely driweenvironmental factors because we found no
evidence for a significant genetic correlation.ndiigh we acknowledge that our ability to
accurately partition genetic and environmental sesiof covariation was limited. We are also not
yet able to assess the direction of the causatignat comes to the environmental covariance
between FEC and body condition. Indeed, the assacibetween body condition and FEC is likely
to be bidirectional (Koski and Scott, 2001). Foaele, depending on their energy reserves, for
which condition is a proxy, hosts may regulate libgy invest in resistance, relative to self-
maintenance (Houston et al., 2007; Warburton eR@ll6). Therefore, individuals in good
condition may invest more into reducing infectiotensity than those with low reserves. Similarly,

high FEC reduces body condition, which in turn @ithe ability of the host to fight parasites,
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thus increasing FEC and further reducing condif@eildomenico et al., 2008). To distinguish
between these would require experimental manipuiafisuch as food supplementation or parasite
treatment.

Negative correlations between gastrointestinalctnde intensity and condition have been
shown in other wild populations including red déerine et al., 2006) and reindeer (Stien et al.,
2002). However, to our knowledge, no one has inyat&td the genetic or environmental basis of
this correlation. There has been a study examitnagovariance between FEC and body size (both
body mass and hindleg length) in Soay sheep intwthiey found that parasite resistance was
positively genetically correlated with body sizeo(tthan et al., 2001). This suggested that there
was no trade-off between parasite resistance asdnbrphometric trait, and instead that
individuals with lower FEC tended to reach largedysizes. Similarly, another study in the Soay
sheep system found no evidence for a trade-off étvparasite tolerance and body weight
(Hayward et al., 2014). Further studies investigathe basis of phenotypic correlations between
measures of parasite resistance/tolerance angdtmated traits, such as body condition and body
size, will be necessary to provide a complete wtdading of the evolution of traits in natural
populations. As more data become available foSdgle Island horse population we will be able to
better disentangle the determinants of phenotygietations, such as that between FEC and body
condition.

By incorporating information on individual horsecédions, we have shown that both FEC
and body condition tend to decrease from west $b @&aoss the island. Thus, the environmental
gradient across the island generates a posititreerrghan a negative, covariance between the two
traits. The western end of Sable Island providéebaccess to water and forage species relative to
the east, and population density in these ardagh®r (Contasti et al., 2012). Therefore, the
location effects on body condition may be causedifigrences in food availability or energy
expended in efforts to obtain water (Contasti gt28l12; Rozen-Rechels et al., 2015). The

environmental gradient across the island is alsglito explain the association between individual
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location and FEC. The higher density of faecesestern areas and the fact that the developmental
success of nematodes is higher when soil moissunggh (Van Der Wal et al., 2000) may mean
that there is a higher larval density and increasfttion pressure in the west compared to the
east. The fact that inbreeding is also higher éwtlest (Lucas et al., 2009) and that reduced
heterozygosity may increase susceptibility to pegagColtman et al., 1999) might also contribute
to the location trend in FEC. Overall, our restltsher suggest that the Sable Island horse
population is significantly influenced by spati@tbrogeneity in the environment and that the
strong environmental gradient is likely to influenthe dynamics of host-parasite interactions.

Location effects on feral horse parasite burdenedrby variation in salinity, have been
found in other populations (Rubenstein and HohmafAB89), but only a small number of studies
have considered location effects when conductirantiiative genetic analyses (e.g. van der Jeugd
& McCleery, 2002; Stopher et al., 2012, Regan e8Il 7; Germain et al2016). In agreement
with recent studies (Regan et &017; Germain et al2016), we found that including location
effects had little impact on estimates of addityemetic variation. Bias is expected when the
environment is heterogeneous and there is natlpgatry because under these conditions relatives
are likely to experience similar environmental atinds (Regan et 312017). As discussed above,
the environment on Sable Island is highly hetereges, but given that both males and females
disperse it is likely that there is little natalilppatry in this population (Welsh, 1975). Therefoit
is perhaps unsurprising that we found very lithamge in our (co)variance estimates when we
accounted for individual location. Nonetheless, rdsilts from previous quantitative genetic
analyses where information on individual spacehasebeen incorporated have been very
inconsistent. As a result, further studies likesowrill be necessary to better understand the hits t
may be induced when spatial effects cannot or ar@accounted for.

Our results provide insight into the potential figture evolutionary change in the Sable
Island horse population. Additive genetic variatismequired for traits to respond to selectiord an

therefore our results suggest that faecal egg cbuhnot body condition, will be able to evolve

16



under selection in this population. The populatevel impacts of nematodes have been attributed
to their impacts on body condition (e.g. Irvineaet2006). Therefore, despite genetic variation in
FEC, if the population is limited in its ability #volve higher condition, this may prevent
adaptation to reduce the impacts of these subaliméections. However, it is also possible that th
key impacts of strongyle nematodes in this popaoagict through other mechanisms, for example,
reduced reproductive ability or susceptibility ther diseases. Independently of the consideration
of parasites, the lack of ‘evolvability’ for bodprdition may mean that if environmental conditions
deteriorate on the island, for example due to dinthange, this may present a challenge to
population persistence.

In this study, we considered the variation in, aadariation between, FEC and body
condition in a horse population living independemf human interference. Our results show the
presence of significant additive genetic variatiomnesistance, which is an important assumption in
models othost-parasite co-evolution (Sorci et, 4997), sexual selection (Hamilton et 4990),
and life-history evolution (Mgller, 1997). This tdtsis also of interest for those involved in
selective breeding, because it suggests that ialikence of anthelminthic drugs, a significant
degree of variation occurs for resistance in holseghermore, our findings show that body
condition, a proxy for fitness, has low geneticiagon within this population. This has potential
implications for the evolution and survival of ths®lated population. This work provides a number
of avenues for future research. For example, tebahderstand the evolutionary potential of
parasite resistance or tolerance in wild populatidarther studies examining the strength of
selection on parasite burden and the trade-ofisd®t measures of parasite burden and a wider
range of other traits will be necessary. Furtheemgenome wide association (GWAS) studies

could be used to provide insights into the genetraderlying the variation found.
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Tables

Table 1 Univariate analysis of body condition and FECrisiace components for strongyle faecal
egg count (log-transformed) and body conditioneiméle Sable Island horses. Results shown from

analyses where location was and was not includedfiaed effect. Phenotypic variance is shown

after fixed effects were accounted for and is etu#he sum of additive genetic variance\V

permanent environmental variance-f/and residual variance ). Narrow sense heritability th

was calculated as¥Wp p® is equal to & Vpand fis Vr/Ve. Standard errors are shown in
parentheses. Significance of additive genetic arthpnent environment components were

calculated using likelihood ratio tests. *P<0.05«0.01, ***P<0.001

Trait Location Vp Va Ve Vg h? pe’ r?
included

FEC No 0.931 0.445 0.089 0.396 0478 0.096 0.426

(EIrI;’G+25) (0.066)  (0.116) (0.086) (0.022) (0.105) (0.095) (0.034)
ik

FEC Yes 0.897 0.385 0.117 0.395 0429 0.130 0.441

(Elr|]DG+25) (0.063)  (0.112) (0.087) (0.022) (0.108) (0.098) (0.034)
ok

Body No 0.318 0.017 0.118 0.183 0.054 0.371 0.575

condition (0.015)  (0.023) (0.025) (0.006) (0.072) (0.074) (0.028)

sk
Body Yes 0.310 0.011 0.116 0.183 0.037 0.373 0.590
condition (0.015)  (0.021) (0.024) (0.006) (0.068) (0.071) (0.028)

*k%
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Table 2 Bivariate analysis of body condition and FEC. mitgpic covariances (CQY, additive
genetic covariances (CQY, permanent environmental covariances (GE¥nd residual
covariances (CON) are shown from models with and without locatioaluded as a fixed effect.
Phenotypic covariances and correlations come fradats with individual identity (not associated
with the pedigree) as the only random effect. Gati@ns are also provided and standard errors are
shown in parentheses.

Location COVp COV, COVpe COVR lp I I'pe R
included
Yes -0.113 -0.076 -0.040 -0.067 -0.41¢ -0.141  -0.939 -0.226

(0.030) (0.060) (0.054) (0.016) (0.092) (0.590) (3.203) (0.050)
No' -0.094 -0.007 -0.056 -0.068 -0.326 -1.000 -0.842 -0.229

(0.031) (0.049) (0.047) (0.016) (0.095) (6.947) (1.249) (0.050)

Tmodel did not converge normally and thus estimsaleaild be treated with some caution.
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Figure legends

Figure 1: Map of Sable Island, Nova Scotia, Canada, showtggosition relative to the Canadian
mainland and the predominant land cover types.

Figure 2: Predictedrelationship between an individual's annual locatand a) faecal egg count
(measured as the natural logarithm of eggs per @Ed®) + 25) and b) body condition. Location is
scaled to a mean of 0 and standard deviation thiekefore O represents the centre of the island
with -2 at the far west and 2 at the far east. fithed line comes from the full univariate animal
model in each case. In both cases, overlap betpeiaits is represented by darker point colour. In
2b. points have been jittered along the y axisaseevisualisation.
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Highlights

1. Strongyle faecal egg count and body condition are negatively correlated in Sable
Island horses

2. Strongyle faecal egg count is heritable (h” = 0.43 + 0.11) but body condition is not (h?

=0.04 £0.07)

The phenotypic correlation is not primarily genetically derived

4. The island’s environmental gradient is not the source of the phenotypic correlation
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