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ARTICLE INFO ABSTRACT

Keywords: Parasite burdens are known to vary seasonally in wildlife, and rainfall is one key aspect of seasonality that has
Helminth been linked to parasitism in a range of systems. Rainfall can have immediate effects on parasitism rates by
Nematod.e affecting parasite survival and movement in the environment, or it can have delayed effects by affecting host
Seasonality susceptibility to parasites through changes in host body condition or immune function. In this study, we ex-
Ezlzrgﬂl amined how helminth infection in a wild ungulate (Grant's gazelle, Nanger granti) is impacted by seasonal
Nanger granti changes in rainfall. We looked at how the burdens of three helminth parasites varied in relation to current

(immediate effect) and prior (delayed effect) rainfall by comparing parasite fecal egg and larval counts to rainfall
0, 1, and 2 months prior to parasite sampling. We found burdens of all three parasites to be negatively associated
with rainfall, and that delayed effects were stronger than immediate effects. Our findings implicate rainfall as a
driver of seasonal variation in infection and suggest one important mechanism may be through delayed effects

on host susceptibility.

1. Introduction

Seasonality is a well-known driver of variation in parasitism in host
populations (Altizer et al., 2006; Turner and Getz, 2010). Seasonal
changes in rainfall, temperature, and food availability can affect the
intensity or prevalence of parasitism in a number of ways, including
through changes in host susceptibility (Cattadori et al., 2005; Lass and
Ebert, 2006), or changes in host exposure mediated by seasonal varia-
tion in host behavior (Nilssen, 1997; Petri¢ et al., 2011) or parasite
development and survival (Farooq et al., 2012; Zamora-Vilchis et al.,
2012). Interactions between hosts and helminth parasites, many of
which spend a portion of their life cycle in the environment, are par-
ticularly interesting to study in the context of seasonality. For example,
since both temperature and rainfall affect the development, behavior,
and survival of helminths in the environment (Stromberg, 1997), sea-
sonal variation in these factors can strongly influence between-host
transmission (Morgan and van Dijk, 2012).

Rainfall is one aspect of seasonality that is predicted to have strong
effects on helminth parasitism (Turner and Getz, 2010). These effects
can come about in several ways. First, variation in rainfall can change
host susceptibility by altering resource quantity and quality, driving
changes in body condition (Marshal et al., 2008) and immunity (Fair
and Whitaker, 2008), both of which can influence susceptibility to in-
fection. Specifically, low rainfall and associated declines in food

resources might lead to a gradual loss of body condition or immune
function (Fair and Whitaker, 2008; Marshal et al., 2005, 2008). As a
consequence, we might expect reduced rainfall to correlate with a re-
latively delayed increase in parasite loads. Second, rainfall could alter
host exposure to parasites by driving changes in host behavior or the
survival and density of free-living parasite stages in the environment. In
the case of host behavior, high seasonal rainfall could result in hosts
aggregating in areas with ephemeral patches of green vegetation
(Bohrer et al., 2014; Fryxell, 1991), increasing host exposure to parasite
transmission stages in resource hotspots. In the case of parasite devel-
opment, high rainfall levels may improve the survival and development
of parasites in the environment (O'Connor et al., 2007, 2008), also in-
creasing host exposure to infectious parasite stages. However, in con-
trast to rainfall effects on host susceptibility, we might expect the
parasite survival-related exposure effects of rainfall to be more im-
mediate, and for higher rainfall to correlate with a relatively rapid in-
crease in parasite exposure and associated burden (O'Connor et al.,
2008). It is also possible that exposure-related effects of rainfall could
be somewhat delayed and negative. This is because higher rainfall in-
creases plant biomass, which may reduce the density of parasite
transmission stages in the environment, lowering parasite-host en-
counter rates (Grenfell, 1992). However, there is very little support for
this idea in tropical climates, where parasite densities in pasture tend to
increase during rainy periods (Waruiru et al., 1998, 2001).
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To better understand links between seasonality and parasite infec-
tion, in this study we examined the temporal relationship between
rainfall and helminth parasitism in a free-ranging ungulate (Grant's
gazelle, Nanger granti) inhabiting a seasonally variable environment.
Specifically, we tested the relative importance of delayed versus more
immediate effects of rainfall on parasitism rates in male gazelles by
determining the timescale at which rainfall best predicted parasite in-
fection. Parasitism could either correlate immediately with current
rainfall or show a delayed response better predicted by prior rainfall.
We expected that if rainfall effects on host susceptibility was the major
seasonal driver of variation in parasitism, a delayed, negative associa-
tion between rainfall and parasite burden would be the best supported
model of parasitism. Conversely, if rainfall effects on host exposure was
the major seasonal driver, a more immediate, positive association be-
tween rainfall and parasite burden would be the best supported model.
We also expected that host traits might influence the magnitude of any
seasonal response to parasitism. Male Grant's gazelles show pronounced
variation in reproductive status, which is associated with helminth
parasitism. Dominant males who defend territories tend to have higher
helminth parasite burdens than subordinate bachelor males, likely due
to differences in testosterone levels, energy expenditure and exposure
rates (Ezenwa and Snider, 2016; Ezenwa et al., 2012). Given this, we
hypothesized that differences between territorial and bachelor males in
susceptibility and exposure to parasites would interact with rainfall
resulting in a context-dependent seasonal response.

2. Materials and methods
2.1. Animal capture and longitudinal sampling

As part of a long-term study on reproductive behavior and para-
sitism, male Grant's gazelles (Nanger granti) were captured at the Mpala
Research Center (MRC), Kenya (0°17°N, 37°52’ E) in 2009 and 2011
(Ezenwa and Snider, 2016; Ezenwa et al., 2012), and given unique color
ear tags for identification. To track variation in helminth infection over
time, fecal samples were collected from individually identified males
for parasitological analysis. All samples were collected within 30 min of
observing an individual defecate and stored on ice prior to transport to
the laboratory for processing. Parasitological analyses were performed
on the day of sample collection. Since half of the animals captured in
2011 were treated with an anthelmintic drug to clear their nematode
infections (Ezenwa and Snider, 2016), these individuals were excluded
from analysis. Overall, we used data on 499 fecal samples collected
from 31 males (average no. samples/male = 16; range: 1-68) over a
45-month period.

2.2. Parasitological analysis

Gastrointestinal nematode egg output in host feces was quantified
using a modification of the McMaster fecal egg counting technique
(Ezenwa, 2003). In addition, lungworm larvae output was quantified
using a beaker-modified Baermann technique (Forrester and Lankester,
1997). Immature stages of five distinct parasite types were dis-
tinguished, including strongyle nematode eggs, Trichuris spp. eggs, and
first-stage larvae of three lungworm morphotypes (Ezenwa et al., 2012).
For small ruminants, the time from host ingestion of parasite infective
stages to the production of eggs or larvae by adult worms is typically
2-4 weeks for strongyles (Mehlhorn, 2016), 7-12 weeks for Trichuris
(Baker, 2007; Kaufmann, 1996; Mehlhorn, 2016) and 4-5 weeks for
Protostrongylid lungworms (Mehlhorn, 2016). We used fecal egg and
larval counts as a proxy for the number, size, and fecundity of the adult
worm population (i.e. burden) within a host (Gasbarre et al., 2001).

2.3. Statistical analyses

To test for associations between parasite burden and rainfall at the
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time of sampling or in the months prior to sampling, we compiled the
following data for each fecal sample that was collected: parasite burden
(strongyle egg count, Trichuris egg count, and total lungworm larvae
count), male reproductive status (territorial or bachelor) and age at the
time of sample collection, total rainfall (mm) for the month in which
the sample was collected (Ry), total rainfall for the month prior to
sample collection (R..;), and total rainfall two months prior to sample
collection (R.5). The three different rainfall measures were used to test
whether current (immediate effect) or prior (delayed effect) rainfall was
more strongly associated with parasite burden. The 0-2 month rainfall
time scales were selected to coincide with known time lags for the
production of eggs or larvae following host ingestion of parasite in-
fective stages (Mehlhorn, 2016). Annual rainfall in the study area
ranged from ~320 to 1020 mm during the study period (2009-2012),
with rainfall measures obtained from an archival MRC database (Caylor
et al., 2017). Reproductive status was assigned as territorial (T), ba-
chelor (B), or unknown (U), based on an assessment of male behavior,
spatial location, and group composition as described in Ezenwa et al.
(2012). Finally, male age in years, estimated using tooth wear (Ezenwa
et al., 2012), was included in all analyses to account for any potential
effects of male age on parasite infection.

Analyses were performed using linear (LMM) and generalized linear
(GLMM) mixed models with measures of parasite burden as the re-
sponse variables. Fixed predictor variables included one of the three
measures of rainfall, male reproductive status, age, and the interaction
between rainfall and reproductive status. Interaction effects between
rainfall and reproductive status were included in the models to account
for potential differences in the parasite response to rainfall of males
with differing reproductive status. A random effect (individual ID) was
also included in each model to account for repeated sampling of in-
dividuals over time. We used a model comparison approach to assess
which hypothesis about parasite-rainfall relationships had the strongest
support. Six distinct models were compared for each response variable,
including models with (n = 3) and without (n = 3) rainfall-re-
productive status interactions: Model 1, concurrent rainfall
[X ~ R + RS + AGE + R, x RS + (1|ID)]; Model 2, one-month
delayed rainfall [X ~ Ry; + RS + AGE + R; X RS + (1|ID)]; Model
3, two-month delayed rainfall [X ~ Rep + RS + AGE + Rg
2 X RS + (1|ID)]; Model 4, concurrent rainfall without interaction
[X ~ R; + RS + AGE + (1|ID)]; Model 5, one-month delayed rainfall
without interaction [X ~ R.; + RS + AGE + (1|ID)]; and Model 6,
two-month delayed rainfall without interaction [X ~ Rg
2 + RS + AGE + (1|ID)]. Models were compared using Akaike's
Information Criteria (AIC), and the model with the lowest AIC score and
at least = 2 AIC units lower than the next best model was selected as
the model with greatest support (Burnham and Anderson, 2002).

Strongyle egg and lungworm larval counts were log-transformed for
analysis. Model residuals were visually inspected to assess model va-
lidity (Zuur et al., 2009). Since Trichuris was present in only ~20% of
samples, data for this parasite were converted into categorical (pre-
sence/absence) values for binomial analysis. All analyses were per-
formed in R v. 3.5.1 (R Development Core Team, 2018) with the
packages glmmTMB (Brooks et al., 2017) and bbmle (Bolker and R
Development Core Team, 2017).

3. Results

Of the six models of strongyle egg count that we compared, the one
including rainfall measured two months prior to parasite sampling (R..
») and an interaction between rainfall and reproductive status received
the most support (Table 1; see Table S1 for details on all six strongyle
models). Lagged rainfall was significantly and negatively associated
with strongyle egg count (LMM: estimate * standard error [se]:
—0.0031 = 0.0006, p < 0.0001; Fig. 1a). Furthermore, although
reproductive status was not significantly associated with strongyle
count (estimate *+ se: 0.0184 = 0.0569, p = 0.747), there was a
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Table 1
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A comparison of models with different rainfall-related predictor variables (R;: rainfall in the month of sample collection, R.;: rainfall 1 month prior to sample
collection, Ry.»: rainfall 2 months prior to sample collection) explaining variation in helminth parasitism in Grant's gazelles. The model with the most support (lowest
AIC score) for each parasite appears in bold. K refers to the number of parameters in each model. RS = reproductive status.

Model Formula Shape K AIC A AIC
Strongyles (N = 499) log(x) ~ Re.2 + RS + AGE + R¢yXx RS + (1]ID) Linear 6 310.6 0.0
log(x) ~ Re2 + RS + AGE + (1]ID) Linear 5 313.8 3.2
log(x) ~ Re1 + RS + AGE + Ry; x RS + (1]ID) Linear 6 341.8 31.2
log(x) ~ Re1 + RS + AGE + (1|ID) Linear 5 352.0 41.4
log(x) ~ R, + RS + AGE + (1]ID) Linear 5 358.5 47.9
log(x) ~ R, + RS + AGE + R, x RS + (1|ID) Linear 6 360.5 49.9
Lungworms (N = 451) log(x+1) ~ Re.o + RS + AGE + Ry2X RS + (1|ID) Linear 6 557.2 0.0
log(x+1) ~ Re» + RS + AGE + (1|ID) Linear 5 557.8 0.6
log(x+1) ~ R.; + RS + AGE + (1|ID) Linear 5 563.4 6.3
log(x+1) ~ R, + RS + AGE + (1|ID) Linear 5 563.4 6.3
log(x+1) ~ Re; + RS + AGE + Ry; x RS + (1]ID) Linear 6 564.1 6.9
log(x+1) ~ R, + RS + AGE + R, x RS + (1|ID) Linear 6 565.4 8.3
Trichuris (N = 499) x ~ Re2 + RS + AGE + (1|ID) Binomial 4 481.5 0.0
X ~ Rez + RS + AGE + Rexx RS + (1]ID) Binomial 5 481.7 0.2
x ~ Rer + RS + AGE + (1]ID) Binomial 4 490.5 9.0
x ~ R, + RS + AGE + R, X RS + (1]ID) Binomial 5 490.5 9.1
x ~Rep + RS + AGE + Re; X RS + (1|ID) Binomial 5 492.5 11
x ~ R + RS + AGE + (1|ID) Binomial 4 494.0 12.5

significant interaction between rainfall and reproductive status
whereby strongyle counts declined more steeply with increasing rainfall
in bachelor males compared to territorial males (estimate =+ se:

0.0015 =+ 0.0007, p = 0.022; Fig. 1a). Age was not a significant
predictor of strongyle count (estimate * se: —0.0065 + 0.0187,
p = 0.729).

Similar to strongyles, models with rainfall measured two months
prior to sampling (R..») received the most support for explaining var-
iation in lungworm larval counts (Table 1). Models with and without a
rainfall-reproductive status interaction received equal support
(Table 1). Here, we report the interaction model, which was the top
model (see Table S2 for details on all six lungworm models). Lagged
rainfall was significantly and negatively associated with lungworm
count (LMM: estimate = se: —0.0020 = 0.0008, p = 0.0081;
Fig. 1b). Territorial males had significantly lower lungworm counts
than bachelor males (estimate =+ se: —0.2318 =+ 0.0329,
p = 0.0042), and there was no interaction between rainfall and re-
productive status (estimate * se: 0.0014 = 0.0009, p = 0.1059;
Fig. 1b). Age was not a significant predictor of lungworm count (esti-
mate *+ se: 0.0361 = 0.0329, p = 0.2722).

As we observed for both strongyles and lungworms, the model with
rainfall measured two months prior to sampling (R,.») received the most
support for explaining variation in Trichuris egg presence (Table 1). As

(b)

Strongyle Count (log[x])
Lungworm Count (log[x+1])

with lungworms, models with and without a rainfall-reproductive
status interaction received equal support (Table 1). Here, we report the
non-interaction model, which was the top model (see Table S3 for de-
tails on all six Trichuris models). Lagged rainfall was significantly and
negatively correlated with Trichuris egg presence (binomial GLMM:

estimate = se: —0.0105 = 0.0029, p = 0.0003; Fig. 2). However,
neither reproductive status (estimate = se: —0.1612 =+ 0.3150,
p = 0.6089), nor age (estimate =+ se: —0.0089 = 0.1090,

p = 0.9351) were significantly associated with Trichuris egg presence.

4. Discussion

Seasonality, and particularly rainfall, can be an important driver of
variation in parasite exposure and susceptibility. We found that, in free-
ranging Grant's gazelles, patterns of infection for three different hel-
minth parasites were best predicted by prior, rather than concurrent,
rainfall. Specifically, rainfall levels two months prior to parasite sam-
pling were better predictors of variation in strongyle egg and lungworm
larval counts and Trichuris egg presence than either concurrent rainfall
or rainfall levels one month prior to sampling. Moreover, in all cases,
the relationship between delayed rainfall and parasite measures was
negative. These patterns suggest that in our system rainfall likely im-
pacts parasite infection primarily through changes in host susceptibility

Reproductive Status
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Fig. 1. Relationship between rainfall measured two months prior to parasitological sampling (R..) and (a) strongyle nematode egg and (b) lungworm larval counts.
Dashed lines represent territorial males and solid lines represent bachelor males. Lines are predicted values (with 95% confidence intervals) from linear mixed
models. Points represent raw data (triangles = territorial males, circles = bachelor males).
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Fig. 2. Relationship between rainfall measured two months prior to para-
sitological sampling (R..2) and the probability of Trichuris egg presence. Points
(triangles = territorial males, circles = bachelor males) and the line (with 95%
confidence intervals) are predicted values from a binomial generalized linear
mixed model.

not exposure. In addition, we also found that the strength of the asso-
ciation between rainfall and parasite burden differed by host re-
productive status for at least one parasite type, suggesting that the
magnitude of rainfall-associated changes in parasitism can vary de-
pending on key host traits. Our results support the importance of de-
layed effects of rainfall as a driver of seasonal variation in parasite
infection.

We found that helminth burdens were uniformly negatively asso-
ciated with prior rainfall. This result suggests that rather than high
rainfall increasing exposure to parasites, and therefore parasite bur-
dens, either immediately or with some delay, that it is low rainfall that
gradually increases host susceptibility increasing parasite burdens. The
focal helminths examined in this study can develop from an ingested
egg or larvae to egg-producing adult in as little as 2-7 weeks
(Mehlhorn, 2016). Thus, relatively immediate effects of rainfall on host
exposure would be expected to appear at the 0-1 month time lags.
However, the uniformly strong support for a 2 month time lag suggests
a more delayed change in helminth burden that is not due to immediate
effects on parasite exposure. We propose that this effect may be caused
by gradual changes in host susceptibility. Mechanistically, low rainfall
reduces food availability and nutrient quantity and quality (Marshal
et al., 2005), which likely leads to reductions in host body condition
(Marshal et al., 2008) or immune function (Fair and Whitaker, 2008)
and associated increases in host susceptibility to nematode infection
(Coop and Kyriazakis, 1999). This reasoning is supported by Holmes
(1993), who showed that sheep fed higher protein diets had sig-
nificantly lower Haemonchus contortus burdens than those with low
protein diets following repeated exposure to infection, and by evidence
that rainfall is positively associated with crude protein levels in wild
ungulate diets (Marshal et al., 2005). Furthermore, our results parallel
those of Ezenwa (2004), who in the same system as our study, found
that six out of nine wild ungulate species examined had higher stron-
gyle nematode burdens during a period of sustained low rainfall
(drought). Indeed, studies across a range of mammal host species have
documented similar patterns, reporting that hosts had higher strongyle
nematode loads during dry compared to wet seasons (e.g. western
gorillas; Masi et al., 2012), or in dry versus wet years (e.g. elephants;
Thurber et al., 2011). Overall, our findings implicate rainfall as a key
driver of changes in host susceptibility to helminth infection. However,
data on rainfall-associated changes in host body condition and immune
function, and the effects of these changes on parasitism, are needed to
clarify the mechanistic basis of the rainfall-parasitism association we
describe.

An alternative explanation for the delayed negative effect of rainfall
on parasitism could be a lagged decrease in parasite exposure. If
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rainfall-driven vegetation growth leads to decreased parasite density in
the environment, hosts could encounter parasite transmission stages
less frequently following periods of plant growth after rainfall (Grenfell,
1992). However, there is little empirical support for this idea, and
several studies have found that the density of parasite transmission
stages actually increases in the days (Amaradasa et al., 2010) and
months (Waruiru et al., 2001) following higher rainfall. For this reason,
we think that a delayed reduction in parasite exposure following rain-
fall is an unlikely explanation for the patterns we observed. Never-
theless, more work is needed to fully understand the mechanisms un-
derlying the patterns we describe in this study.

Interestingly, a number of studies have reported the opposite rain-
fall-parasite pattern to what we describe here, where rainfall is posi-
tively associated with parasite measures with some delay. Thus, a de-
layed positive effect of rainfall on parasite exposure seems plausible
under some circumstances. For example, Turner and Getz (2010) found
that the intensity and presence of strongyle nematode infections were
greater during wet periods, 1-2 months after rainfall peaked, for four
different ungulate species in Etosha National Park, Namibia. This op-
posite rainfall-parasite pattern may be explained by the effects of ex-
treme environmental conditions on the relative importance of exposure
versus susceptibility effects of rainfall on parasitism. For example,
under extreme environmental conditions such as in arid regions like
Etosha National Park (mean annual rainfall: ~200-500 mm; Turner and
Getz, 2010), limited rainfall may strongly suppress dry season parasite
transmission (Jacquiet et al., 1995), increasing the relative importance
of rainfall in enabling host exposure via effects on parasite develop-
ment, survival, and movement in the environment (Amaradasa et al.,
2010; Waruiru et al., 1998, 2001).

Finally, we also found that the relationship between rainfall and
parasite burden varied by male reproductive status for one parasite,
strongyles. Specifically, strongyle egg counts in territorial males were
less affected by rainfall when compared to bachelor males. A likely
mechanism by which rainfall reduces parasite load is through in-
creasing host diet quality and decreasing susceptibility. For bachelors,
when rainfall increases, greater access to high quality food might have a
direct protective effect against parasites. But for territorial males, in-
creases in rainfall may have less of an effect on susceptibility for several
reasons. For example, physiological factors linked to immunosuppres-
sion, such as high testosterone levels (Ezenwa et al., 2012; Foo et al.,
2017), the energy involved in territory defense (Ezenwa and Snider,
2016), or increased stress hormone levels (Berger et al., 2005) may
explain why territorial males benefit less than bachelor males from
increases in rainfall in terms of parasite loads. Improved forage quality
may not be sufficient to compensate for these costs of reproduction in
territorial males, or territorial males may spend too much time on
territory defense to take full advantage of higher quality forage. This
differential parasite response of territorial and bachelor males to rain-
fall suggests that host life-history plays a key role in modifying how the
environment influences parasitism.

Overall, our study supports the importance of rainfall as a driver of
seasonal variation in parasitism. While the mechanisms by which
rainfall can influence parasite infection in free-ranging animals are
diverse, our results suggest that one key pathway by which rainfall may
affect parasite infection is via the delayed effects of low rainfall on host
susceptibility. We also show that host life history can modify relation-
ships between infection and environmental conditions. Further research
is needed to better characterize how the various pathways linking
rainfall and parasitism interact and under which general conditions
rainfall should have immediate vs. delayed or positive vs. negative ef-
fects on parasitism.
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