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Abstract
For grazing herbivores, dung density in feeding areas is an important determinant of 
exposure risk to fecal-orally transmitted parasites. When host species share the same 
parasite species, a nonrandom distribution of their cumulative dung density and/or 
nonrandom ranging and feeding behavior may skew exposure risk and the relative 
selection pressure parasites impose on each host. The arid-adapted Grevy's zebra 
(Equus grevyi) can range more widely than the water-dependent plains zebra (Equus 
quagga), with which it shares the same species of gastrointestinal nematodes. We 
studied how the spatial distribution of zebra dung relates to ranging and feeding be-
havior to assess parasite exposure risk in Grevy's and plains zebras at a site inhabited 
by both zebra species. We found that zebra dung density declined with distance from 
water, Grevy's zebra home ranges (excluding those of territorial males) were farther 
from water than those of plains zebras, and plains zebra grazing areas had higher 
dung density than random points while Grevy's zebra grazing areas did not, suggest-
ing a greater exposure risk in plains zebras associated with their water dependence. 
Fecal egg counts increased with home range proximity to water for both species, 
but the response was stronger in plains zebras, indicating that this host species may 
be particularly vulnerable to the elevated exposure risk close to water. We further 
ran experiments on microclimatic effects on dung infectivity and showed that fewer 
nematode eggs embryonated in dung in the sun than in the shade. However, only 5% 
of the zebra dung on the landscape was in shade, indicating that the microclimatic ef-
fects of shade on the density of infective larvae is not a major influence on exposure 
risk dynamics. Ranging constraints based on water requirements appear to be key 
mediators of nematode parasite exposure in free-ranging equids.
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1  |  INTRODUC TION

Host density is a central determinant of the rate of parasite trans-
mission in classic epidemiological models (reviewed in Dobson, 
1990). For fecal-orally transmitted parasites, high host density raises 
transmission rates by intensifying the common use of the same hab-
itat. Many models assume a straightforward relationship between 
host density and transmission probability, implicitly or explicitly as-
suming random defecation and feeding behavior within home ranges 
(Grenfell et al., 1987). However, both host defecation and feeding 
behavior can be decidedly nonrandom, altering exposure risk. For 
example, territorial hosts often use latrines, concentrating their 
dung in small areas, typically at the territorial periphery (Brashares 
& Arcese, 1999; Klingel, 1972), whereas most feeding is likely to 
occur well within territory boundaries. Exposure risk for fecal-orally 
transmitted parasites would therefore more accurately be approxi-
mated by the density of infective feces in feeding areas than by host 
density.

Host species that are closely related are the likeliest to harbor the 
same parasite species (Poulin, 2010). For relatively generalist para-
sites like helminths, several host species may transmit to one another, 
raising both infection prevalence and intensity as more host species 
share the same habitat (Ezenwa, 2003). In such cases, their cumula-
tive dung density becomes the relevant factor for transmission, and 
interspecific differences in defecation or feeding behavior may then 
put some species at higher exposure risk than others (Ezenwa, 2004a, 
2004b; VanderWaal et al., 2014). This principle may also apply to dif-
ferent classes of conspecifics, distinguished by factors such as age, 
sex, reproductive status, body condition, or other factors that affect 
where individuals range and feed. In the present paper, we explore 
whether intra- and interspecific spatial niche partitioning can skew 
exposure risk to fecal-orally transmitted parasites among hosts.

As large-bodied, wide-ranging, bulk-feeding grazers (all factors 
that can increase parasitism; Arneberg et al., 1998), equids host fecal-
orally transmitted gastrointestinal nematodes (GINs) of a striking di-
versity compared to other ungulates (Bowman, 2003) and compared 
to other mammals of similar body size (Morand & Poulin, 1998). Two 
closely related zebra species—the plains zebra (Equus quagga) and 
the Grevy's zebra (Equus grevyi)—overlap in range in central Kenya 
and carry the same set of GIN species but share few with other sym-
patric ungulates (Titcomb et al., 2020; Tombak et al., 2021). The vast 
majority of the GIN species equids carry are strongyle nematodes, 
which have a distinct egg morphology (Foreyt, 2001) but their eggs 
cannot be identified to genus or species level without the use of ge-
netic analyses. Plains zebras have been found to exhibit higher fecal 
egg counts (FECs) than Grevy's zebras (Rubenstein, 2010). While 
FECs give only a rough estimate of relative adult worm burdens in 
equids (Krecek et al., 1987; Matthee et al., 2000; Nielsen et al., 2010; 
Scialdo et al., 1982; Scialdo-Krecek et al., 1983; Wambwa et al., 
2004), this interspecific difference may indicate that plains zebras 
experience higher exposure to GINs.

Plains zebras generally need to drink every day (Fischhoff et al., 
2007; Rubenstein, 2010), while Grevy's zebras are more arid-adapted 

and drink only every three to five days except during early lactation 
(Becker & Ginsberg, 1990; Ginsberg, 1989). Grevy's zebras should 
thus be able to range much farther from water holes and to graze 
in areas plains zebras and other more water-dependent ungulates 
cannot reach. Because water holes serve as attraction points, we 
expect that dung would be more concentrated in proximity to water 
(Titcomb et al., 2021) and that plains zebras would be constrained 
to feed in areas with higher dung density. Active fecal avoidance 
(choosing to feed on grass swards uncontaminated with dung) is un-
likely to be of great influence on exposure risk in zebras. Fecal avoid-
ance is not typical of horses, zebras, or other equids in large pastures 
or under free-ranging conditions (Lamoot et al., 2004; Silveira, 2019), 
and horses readily choose feces-contaminated swards if they offer 
even slightly more food than uncontaminated swards (Fleurance 
et al., 2005). However, the density of infective larvae produced in 
dung may be spatially variable with potential to skew exposure risk 
between host species with different ranging patterns. Ambient tem-
perature, rainfall, and evaporation rates are used to predict rates of 
survival and development of free-living nematode stages (e.g., the 
GLOWORM-FL model; Rose et al., 2015), but microclimatic condi-
tions, such as sun exposure, may override these conditions measured 
at a larger scale to produce spatial heterogeneity in exposure risk. 
Experiments have shown equine strongyles to be generally heat-
resistant and desiccation-susceptible until the third (infective) larval 
stage, when they develop a hard cuticle and become desiccation-
resistant and heat-susceptible. However, heat-sensitivity was tested 
only for temperatures up to 38°C and data are lacking on desiccation 
susceptibility for strongyle eggs (Nielsen et al., 2007). Here, we ex-
pand on these experiments to understand microclimatic effects on 
strongyle egg development in a semi-arid, tropical habitat.

The objectives of the present paper are threefold: (1) to inves-
tigate the potential skew in exposure risk that ranging behavior im-
poses on hosts at the interspecific level, and (2) at the intraspecific 
level, and (3) to test whether microclimatic effects on infective larval 
density may further skew exposure risk. We determined how dung 
density was distributed with respect to water and related this to 
ranging and feeding patterns in the arid-adapted Grevy's zebra and 
the mesic-adapted plains zebra. We then assessed how the proxim-
ity of home ranges to water compared between the species and be-
tween sexes, and how this proximity affected nematode egg counts 
in feces. We also studied the susceptibility of nematode eggs to heat 
and desiccation and their likelihood of developing into infective lar-
vae through field experiments and determined rates of feeding in 
sun and in shade for the two zebra species.

2  |  MATERIAL S AND METHODS

2.1  |  Study site

We conducted our study at Mpala Ranch, Laikipia District, Kenya 
(190 km2, 00°17′N, 36°53′E, elevation = 1700–2000 m), a private 
ranch and conservancy that spans a transition from black cotton soil 
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with high clay content in the southwest to red sandy loam soil to 
the northeast in a semi-arid savanna ecosystem (Young et al., 1997). 
We focused this study on the southern portion of Mpala, an area 
of about 100 km2 (Figure S1). The rains are roughly bimodally dis-
tributed over the year with peaks around April–May and October–
November and, in some years, an additional peak around July. 
The average annual rainfall for the past decade is 630 mm (Mpala 
Research Centre; Caylor et al., 2018).

2.2  |  Interspecific spatial niche partitioning and 
bias in exposure risk

To determine the relationship between dung density and distance 
from water, we conducted long-distance dung transects, walk-
ing away from water points, counting all zebra dung piles along 
250 m × 6 m transect segments that ran at increasing intervals of 
200-1000 m for up to a total transect length of 4 km. The interval 
between transect segments and the total transect length varied by 
season (see Figure 1, top panel). To capture seasonal variation, 15 
transects were run in the July 2016 wet season, six transects in the 
January 2017 dry season, and three transects, run in duplicate a few 
days apart to verify repeatability, during the March 2017 drought. 
Dung piles usually occur singly, but occasionally zebras defecate on 
top of the dung of another zebra ("over-marking"; Moehlman, 1985); 
whenever we encountered a dung pile roughly twice as large as the 

typical dung pile, it was counted as two dung piles. No large dung 
piles, used by Grevy's zebra territorial males regularly to demarcate 
their territory (Klingel, 1972), were encountered in our transects. A 
negative binomial model was fit with the total zebra dung count in 
each transect segment (excluding those from the second run of du-
plicate transects) as the outcome variable and distance from water 
as the predictor, with data pooled across seasons, using the glm-
mTMB package and model fit was assessed using the DHARMa pack-
age (Brooks et al., 2017; Hartig, 2018).

To compare dung density exactly where plains and Grevy's ze-
bras grazed, we also counted dung piles in short-distance transects 
of 25 m × 2 m, run in March 2017 and June–July 2017 within two 
days after grazing was observed during routine zebra censuses on 
Mpala. We used a Kruskal–Wallis test and a post hoc Dunn's test to 
compare dung density between Grevy's grazing sites (n = 10), plains 
grazing sites (n = 31), and random points generated with QGIS on a 
map of Mpala (n = 27).

To map out home ranges, we conducted targeted zebra cen-
suses by driving systematic loops around Mpala Ranch in two field 
seasons—June–July 2016 and June–July 2018—both of which fell in 
the early dry season although there was unusually high rainfall in 
June 2018. Whenever zebras were seen, we photographed each in-
dividual and recorded the species, group size and composition, GPS 
location, and activity of the majority of group members (namely, 
whether or not they were grazing). Census photographs were pro-
cessed through a stripe-recognition program (Crall et al., 2013; 

F I G U R E  1 Experimental design for each season of egg embryonation field experiments

Season  Treatment 1 Treatment 2 Treatment 3 Treatment 4 

July 2016
[progressively 

harsher 
condi�ons] 

Shade-Wet 
• under a tree 
• on grass 
• moistened daily 

Shade-Dry 
• under a tree 
• on grass 

Sun-Dry 
• in the sun 
• on grass 

Sun-Bare 
• in the sun 
• on bare 

ground 

January 2017
[block design] 

Shade-Wet 
• under a tree 
• on grass 
• moistened daily 

Shade-Dry 
• under a tree 
• on grass 

Sun-Wet 
• in the sun 
• on grass 
• moistened 

daily 

Sun-Dry 
• in the sun 
• on grass 
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Parham et al., 2018) so that individuals in each sighting could be 
identified. For any zebras seen on at least five different days within a 
field season, home ranges were constructed using minimum convex 
polygons (MCPs) and the distances between each MCP centroid and 
the closest water access point were calculated using QGIS software 
(version 3.4.7—Madeira; QGIS Development Team, 2018). We com-
pared these distances for Grevy's and plains zebras using a Wilcoxon 
rank sum test. Here, we refer to the area of habitat used by an ani-
mal as its home range, which for breeding males in Grevy's zebras is 
likely to consist mostly of their territories, although they are known 
to make frequent excursions outside of the territories they defend 
(Ginsberg, 1988).

2.3  |  Intraspecific spatial niche partitioning and 
bias in exposure risk

We related ranging behavior to parasitism among individuals of 
each species. During zebra home range censuses in the 2016 and 
2018 field seasons, we collected fresh dung samples opportunisti-
cally from all individuals from which we obtained home range data 
to measure FECs. We used a modified McMaster salt flotation tech-
nique with a 3 g subsample taken from fecal samples homogenized 
in a plastic bag, and with a minimum detection level of 50 eggs/gram 
(Ezenwa, 2003; Herd, 1992). Fecal egg counts are crudely related to 
adult worm burden in equids (Nielsen et al., 2010), and we expected 
FECs to be negatively related to the distance of a zebra's home range 
centroid from water. After plotting the data, we tested simple lin-
ear and nonlinear (negative exponential) models with the centroid 
distance from water as the predictor variable and the mean FEC for 
that individual during the field season as the outcome variable and 
reported results from the better-fitting model, as assessed with Q-Q 
plots, for each species. To incorporate a test of an interspecific dif-
ference in FEC, we additionally ran a linear model on the full dataset 
with FEC as the outcome variable and centroid distance from water, 
species, and their interaction as the predictor variables.

2.4  |  Microclimatic effects on bias in exposure risk

2.4.1  |  Frequency of shade in feeding and 
defecation sites

We wished to determine whether Grevy's and plains zebras differed 
in how often they grazed in the shade (i.e., under a tree), because 
we expected dung in the shade to be more infectious and interspe-
cific differences in exposure risk may arise from the microclimate at 
feeding sites. In January 2017, 61 scan samples with activity noted 
every 3 min over a 30-min session were obtained on individual ze-
bras of both species encountered during censuses (Altmann, 1973). 
When grazing, we noted whether the animal was in the shade or 
the sun. We ran Wilcoxon rank-sum tests to compare the two spe-
cies in the proportion of grazing time spent in the sun. To determine 

the proportion of zebra dung piles in the shade vs. the sun, we used 
data from our long-distance transects run in January 2017, when it 
was recorded whether each dung pile was found in sun or shade 
(see Section 1; counts from the second replicate were used because 
slightly more dung was spotted in the second replicate for two of the 
three transects).

2.4.2  |  Embryonation experiments

Lastly, we expected dung in the shade of a tree to be more infective 
than dung in the sun because of the milder temperature and lower 
evaporation rates in shade, promoting nematode egg survival and 
development (Nielsen et al., 2007). We collected the entire pile of 
fresh feces from several zebras of both species and for each sample, 
we thoroughly massaged the dung in a bag to homogenize the eggs 
within it. We extracted a subsample of 3  g to conduct initial egg 
counts via the modified McMaster technique. We rolled the rest of 
the sample into five balls of the same size as zebra fecal pellets (or 
horse pellets). We arranged these in a tight ring in the field, with each 
ring composed of balls of the same sample and subjected to one of 
four treatments. Two sets of experiments were run, one in July 2016 
(the wet season), testing a series of progressively harsher conditions 
(under a tree, on grass, and moistened daily with three spritzes from 
a water bottle; under a tree, on grass; in the sun, on grass; in the 
sun, on bare ground), and another in January 2017 (the dry season) 
using a block design to test the effects of sun/shade and moisture 
(under a tree, on grass, and moistened daily as above; under a tree, 
on grass; in the sun, on grass, and moistened daily; in the sun, on 
grass; Figure 1). The experiments in the wet season were run in two 
back-to-back sessions for six days each and with five replicates per 
treatment in each session, while the dry season experiments were 
run in one intensive session over five days, with ten replicates per 
treatment. In the dry season experiments, we were able to take mul-
tiple FEC measures for each sample, producing a minimum detection 
level of 17 eggs/g, and the average FEC was used for each sample.

Every day, we removed a ball from each ring for egg counts, gen-
erating separate FECs for eggs that were still unembryonated (with-
out a visible worm inside) and eggs that were embryonated (with a 
small unhatched worm visible inside). Each day, we calculated the 
number of embryonated or unembryonated eggs relative to the initial 
egg count for each sample and computed the area under the curve 
as the number of unembryonated eggs fell and the number of em-
bryonated eggs rose and subsequently fell over time using the AUC 
function in the DescTools R package (Signorell et mult. al., 2019). We 
measured the surface temperature of dung at several time points in 
the day for each treatment using a laser gun in the dry experimental 
season. We ran a generalized least squares (GLS) model to determine 
the effect of moistening, shade, and hour of the day, as well as the 
interaction between the latter two, on surface temperatures with 
a weighted identity function. Temperature and relative humidity at 
Mpala Research Centre were compared for the two experimental 
field seasons using Wilcoxon rank sum tests (Caylor et al., 2017).
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R Studio version 1.0.143 was used for all statistical analyses 
(R Core Team, 2018), and we set alpha to 0.05 for determining 
significance.

3  |  RESULTS

3.1  |  Interspecific spatial niche partitioning and 
bias in exposure risk

Our long-distance dung transects revealed that dung density de-
creased nonlinearly with distance from water (negative binomial 
model: p < .01, est = −0.036, Z = −2.78, N = 62 transect segments; 
Figure 2). Counts from corresponding segments of duplicated tran-
sects were well correlated, suggesting high repeatability in the long-
distance transects (p <  .001, F = 60.28, adj.R2 =  .82). In total, we 
detected 887 dung piles on these long-distance transects (or 1015, 
counting replicate transects).

In 2016, we mapped the home ranges of 16 Grevy's zebras, 
all of which were in unstable groups (mean of 18.1  sightings per 

individual, SE  =  ±2.5) and 20 plains zebras in 18  stable groups 
(mean =  11.4  ±  1.4  sightings). In 2018, we mapped those of 12 
Grevy's zebras in six stable groups (12.3 ±  2.7  sightings) and five 
plains zebras in one stable group (10 sightings). Grevy's and plains 
zebras overlapped in range on transitional soil near the middle of 
Mpala but their home ranges extended out largely in different direc-
tions, Grevy's zebras to the red soil in the east and plains zebras to 
the black cotton soil in the southwest (Figure S1).

Home range centroids were marginally farther from water 
points for Grevy's zebras than for plains zebras (W = 454, p = .065, 
NGZ = 28, NPZ = 25). However, unlike breeding plains zebra males, 
which form stable groups with females, Grevy's zebra males com-
pete to hold territories close to water because it attracts females 
(Rubenstein, 1986). Accordingly, when Grevy's zebra males were 
excluded, we found that the centroids of Grevy's zebras were sig-
nificantly farther from water than plains zebras (W = 134, p < .01, 
NGZ females + juveniles = 15, NPZ = 25; Figure 2). Dung counts from short-
distance transects within plains zebra grazing areas were signifi-
cantly higher than at random points in the landscape, while dung 
counts in Grevy's zebra grazing areas did not differ from background 

F I G U R E  2 Dung density decreases with distance from water (top panel) as do FECs for both Grevy's and plains zebras the farther their 
home range centroids lie from water (bottom panel). Horizontal boxplots represent the distribution of home range centroids from water
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levels. Grevy's zebra grazing sites had marginally fewer dung piles 
than plains zebra grazing sites (Kruskal–Wallis χ2 = 20.9, p <  .001, 
partial statistics from Dunn's post hoc test: Grevy's-Plains Z = −2.08 
adj.p = .074, Grevy's-Random Z = 1.18, adj.p = .24, Plains-Random 
Z = 4.53, adj.p < .0001, NGZ = 10, NPZ = 31, NRandom = 27). A total 
of 421 dung piles were counted across all short-distance transects.

3.2  |  Intraspecific spatial niche partitioning and 
bias in exposure risk

We collected 297 fecal samples from 36 zebras in the 2016 field 
season and 112 samples from 17 zebras in the 2018 field season 
(mean  =  7.7  samples/zebra, range  =  2 to 19  samples). All fecal 
samples contained strongyle eggs (prevalence was 100%). The re-
lationship between fecal egg counts and the distance from home 
range centroids to water was negative for both species. While a 
linear regression fit the data for plains zebras, the pattern was bet-
ter described by an exponential decay model (p < .001, F = 18.45, 
adj.R2 =  .42, N = 25). For Grevy's zebras, FEC was best predicted 
by a linear model (p  <  .05, slope =  −0.49, F  =  4.93, adj.R2  =  .12, 
N  =  28; Figure 2). Overall, FECs were similar in plains zebras 
(mean = 1744 eggs per gram or “epg,” SD = 910) and Grevy's ze-
bras (mean = 1738 epg, SD = 654). However, when the two species 
were compared using a linear model, species had the greatest ef-
fect on FECs (plains zebras had higher FECs than Grevy's zebras; 
slope = 1244.5, p < .05) and the species x centroid distance inter-
action was also significant (plains zebras had a steeper response 
than Grevy's zebras; slope = −1.53, p < .01), while the centroid dis-
tance effect on FECs became marginally significant (slope = −0.49, 
p = .053; model adj.R2 = .26, p < .001, F = 7.06; likely due to highly 
variable FECs close to water in the pooled data; Figure 2). A plot of 
the best-fit models for each species clarified these patterns, reveal-
ing that when home ranges are close to water, plains zebras have 
higher FECs than Grevy's zebras, but that as FECs for both species 
decrease with greater distance from water, those of plains zebras 
decrease more rapidly and converge with those of Grevy's zebras 
(Figure 2).

3.3  |  Microclimatic effects on bias in exposure risk

3.3.1  |  Frequency of shade in feeding and 
defecation sites

Grevy's zebras spent a greater proportion of their grazing time in 
shade than did plains zebras (W = 245, p < .05, N = 16 Grevy's and 
45 plains zebra scan samples). The proportion of grazing time each 
species spent in shade (37% for Grevy's and 14% for plains) differed 
from the proportion of dung found in shade (only 5%, or 7 out of 
128 dung piles), a mismatch indicating that defecation and feeding 
behavior cannot both be randomly distributed behaviors for either 
species.

3.3.2  |  Embryonation experiments

The surface temperature of dung was much higher in the sun than in 
the shade (W = 3939, p < .001, NShade = 235, NSun = 231; sample size 
represents the number of measurements taken in each treatment), 
and both shade and moistening reduced temperature significantly 
(GLS shade estimate = −23.9, SE = 0.92, t = −26.0, p < .001, moisten-
ing estimate = −2.9, SE = 0.70, t = −4.1, p < .001).

We found a strong effect of shade on embryonation. The area 
under the curve for proportion of initial egg count embryonated 
over time was greater for all samples in a shade treatment than in 
a sun treatment (W = 325, p < .05, NShade = 40, NSun = 40; Figure 
S3). The area under the curve was also higher in all samples in the 
dry season than in the wet season (W = 915, p < .001, NDry = 24, 
NWet  =  80). We found that the number of unembryonated eggs 
plummeted on day 1 (dry season) or day 2 (wet season), concur-
rently with an increase in embryonated eggs, suggesting that most 
eggs either died (and disintegrated enough that they were not de-
tectable by salt flotation) or embryonated within the first couple of 
days of deposition (Figure 3). The effect of shade on the propor-
tion of eggs embryonating was higher in the dry season (Figure 3), 
most likely because of the lack of humidity (W = 32791, p < .001, 
N  =  154 humidity measurements in the January dry season, 266 
in the July wet season; mean relative humidity was 60.63% ± 1.25 
in July, and 37.21% ± 1.51 in January). However, the proportion of 
the initial egg count that embryonated was higher in January than 
in July, regardless of treatment, in part due to earlier embryona-
tion onset (Figure 3). While mean temperature did not differ be-
tween experimental seasons (19.66°C in January vs. 19.38°C in 
July; W = 19563, p =  .44, sample sizes the same as for humidity 
measurements), daily temperature fluctuations were more variable 
in the dry season (Figure S2), a condition associated with earlier 
embryonation in other nematodes (Saunders et al., 2002).

4  |  DISCUSSION

We found evidence for interspecific differences in exposure risk 
to fecal-orally transmitted parasites between zebras with different 
degrees of water dependence. Home ranges of plains zebra groups 
were closer on average to water points than those of Grevy's ze-
bras, except for male Grevy's zebras, which compete to establish 
territories close to water. Dung density decreased with distance 
from water and was higher in areas plains zebras used for grazing 
than in random areas, whereas Grevy's zebras grazed in areas with 
dung density on par with that generally found on the landscape. 
Our results indicate that plains zebras experience a higher risk of 
exposure to gastrointestinal nematodes than do Grevy's zebras, 
particularly female and juvenile Grevy's zebras. While we assumed 
that dung density is highly correlated with the density of infective 
larvae on the landscape, this should be confirmed in future studies 
using counts of infective larvae in grass clippings. Further, our data-
set included no lactating Grevy's zebra females with young foals, 
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which have been shown to drink as frequently as plains zebras and 
to restrict their ranging closer to water than other Grevy's zebras 
(Ginsberg, 1988; Rubenstein, 1986, 1994). Lactating Grevy's zebras 
are therefore likely to have increased exposure risk and future stud-
ies incorporating variation introduced by female reproductive status 
would add useful nuance to our understanding of host–parasite dy-
namics in wild equids.

The key role that proximity to water plays in host–parasite dy-
namics in this system was further supported by our comparison 
of parasitism at the intraspecific level; FECs declined the farther 
an individual's home range lay from water, irrespective of species. 
Surface water serves as an attraction point for many species, and its 
effects on concentrating animals, their feces, and/or intermediate 
hosts and vectors, promoting parasite transmission, have been seen 
in many studies, including on red deer (Vicente et al., 2006), big-horn 
sheep (Whiting et al., 2009), and the willow tit and crested tit (Krama 
et al., 2015). Such effects were recently demonstrated for a suite 
of herbivore species in our study area, with a particularly strong 
increase in parasite exposure risk close to water for elephants and 
cattle (Titcomb et al., 2021). Zebra dung density was not shown to 
change with distance from water, but this was based on 150-m long 
transects; our study builds on this to show that, when measured at a 
greater spatial scale, zebra dung density declines with distance from 
water up to about a kilometer away. Similar dynamics may be pro-
duced by other attraction points on the landscape, many of which 
may also draw in multiple species, such as carcasses (Gonzálvez 
et al., 2021), flower patches visited by various pollinators (Graystock 
et al., 2015), or stopover sites for migratory birds (Emmenegger et al., 
2018). However, using this principle to understand transmission dy-
namics in a multi-host, multi-parasite system requires considerable 
knowledge of the study system and host–parasite dynamics for each 
member of the transmission network (Streicker et al., 2013).

The infectivity of dung, and not just its density, is also an im-
portant influence on exposure risk. Our embryonation experiments 
showed that nematodes embryonate with higher probability in the 
shade than in the sun. However, only a very low proportion of zebra 
dung on the landscape (5%) was in shade, making the microclimatic 
effects of shade unlikely to be highly influential on exposure risk dy-
namics. Our field embryonation experiments contributed to gaps in 
our understanding of the microclimatic conditions that favor stron-
gyle nematode development. Previous experiments found that add-
ing stochasticity to smooth daily temperature cycles led to earlier 
embryonation onset in nematodes (Saunders et al., 2002), and our 
results further indicated that greater extremity in temperature fluc-
tuations may hasten embryonation. Daily temperature fluctuations in 
our dry season field experiments were higher than in the wet season 
(SI2) and were more than twice the amplitude trialed by Saunders 
et al. (2002) in the laboratory. Some nematodes (e.g., Nematodirus 
battus) require cooling before an increase in temperature to embryo-
nate (van Dijk & Morgan, 2010). If extreme fluctuations in tempera-
ture reduce the survival probabilities of the unembryonated egg, a 
rapid embryonation and development strategy to reach the infective 
stage sooner may pay off. Further, previous studies have not tested 
whether equine strongyle eggs are resistant or susceptible to desic-
cation (Nielsen et al., 2007). Moistening dung had a negligible effect 
on embryonation rates in our experiments, suggesting resistance to 
desiccation, but we did not measure moisture levels inside the dung 
balls. Equine strongyle eggs have been reported to be heat-resistant 
but have only been tested in the laboratory at temperatures of up 
to 38°C (Nielsen et al., 2007). Our dung piles in the sun treatments 
reached surface temperatures well above this temperature. The 
strong effect of sun on embryonation and the great difference in tem-
perature between dung in the sun and shade suggests that in tropical 
areas, strongyle eggs in the field may effectively be heat-sensitive.

F I G U R E  3 Proportion of initial egg 
count that embryonated (orange) or 
remained unembryonated (blue) in the 
shade vs. sun treatments for the wet and 
dry season embryonation experiments

Shade Sun

D
ry S

eason
W

et S
eason

0 1 2 3 4 5 0 1 2 3 4 5

0.0

0.5

1.0

1.5

0.0

0.5

1.0

1.5

Day

P
ro

po
rti

on
 o

f I
ni

tia
l F

ae
ca

l E
gg

 C
ou

nt
 (F

E
C

/T
ot

al
 In

iti
al

 F
E

C
)

Unembryonated

Embryonated



8 of 10  |     TOMBAK et al.

Consistent discrepancies in exposure risk between related hosts 
may lead to diverging evolutionary trajectories in the host–parasite 
arms race as optimal immune strategies vary with the rate of in-
fection. For example, Grevy's zebras appear to produce more im-
munoglobulin A (IgA), a molecule that may act to provide greater 
resistance and/or tolerance (in the form of tissue repair) to gastroin-
testinal nematodes, than do plains zebras (Tombak et al., 2020). This 
suggests an interspecific divergence in immune investment strategy 
and may in fact be an alternative explanation (or an additional expla-
nation, along with lower exposure risk) for the lower FECs reported 
in Grevy's zebras (Rubenstein, 2010). In addition, the present study 
found that the FEC response to distance from water was shallower 
and more linear for Grevy's zebras than for plains zebras, suggest-
ing a potentially reduced sensitivity to exposure risk in the Grevy's 
zebra. A lower vulnerability to GINs would be a hopeful state of 
affairs for the endangered Grevy's zebra, whose distribution in the 
past few decades has shifted into much greater sympatry with the 
plains zebra (Moehlman, 2002; Rubenstein et al., 2016), and there-
fore into areas with greater zebra dung density. The establishment 
of artificial water holes has been linked to population crashes of 
arid-adapted ungulates, such as the sable antelope in South Africa's 
Kruger National Park, in response to an influx of mesic-adapted her-
bivores and predators (Harrington et al., 1999). Our findings sug-
gest an increase in parasite exposure risk may accompany these 
challenges and adds support to management practices that maintain 
habitat heterogeneity and arid habitat refugia in the interest of pre-
serving biodiversity.

Our study demonstrates that host density and exposure risk 
to parasites do not always have a straightforward relationship. 
Neither defecation nor feeding and ranging behavior were ran-
domly distributed on the landscape, but were associated with 
proximity to water and suggested interspecific differences in 
exposure risk. The findings highlight water dependence as an im-
portant consideration for comparisons of parasite pressure on re-
lated hosts with divergent requirements for surface water, such 
as sable antelope and East African oryx, Grant's and Thomson's 
gazelles, or the greater kudu and common eland (Kihwele et al., 
2020). In many cases, the extent to which parasite species are 
shared between sympatric host species is unknown. Even then, 
an understanding of host behaviors that shape exposure risk may 
help to predict the vulnerabilities of each host (Altizer et al., 2003; 
Barron et al., 2015).
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