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A B S T R A C T   

Males and females in sexually dimorphic species show differences in their physiology and behaviour due to 
differences in energetic investment into reproduction and soma. This means that the two sexes may show 
different patterns of parasitism at different times of the year. In this study, we evaluate the abundance of fecal 
eggs and larvae of 5 parasite types (Strongyles, Nematodirus spp., Marshallagia marshalli., Protostrongylus spp. 
lungworms, and Eimeria spp.) in relation to season and sex in Rocky Mountain bighorn sheep (Ovis canadensis). 
We use fecal egg counts (FEC) as a proxy for infection intensity. Parasite FECs differed between male and female 
bighorn sheep and varied with season. We found pronounced fluctuations in fecal egg counts of various parasite 
species in males and females across different seasons and reproductive stages. Strongyle counts were significantly 
higher during late gestation and lactation/summer, and particularly pronounced in males. Nematodirus counts 
were highest during late gestation in females and during the rut in males. Marshallagia counts peaked during late 
gestation in females and during the rut in males. Protostrongylus spp. lungworm counts were highest during late 
gestation in females and in males during lactation/summer and the rut. Eimeria oocyst counts varied across 
seasons, with higher counts in males during the rut and in females during winter and late gestation. Additionally, 
significant differences in Strongyle counts were observed between coursing and tending rams, with tending rams 
exhibiting higher counts. We discuss why the sexes might differ in FECs and suggest that differences between 
FECs of the parasites across seasons may be due to different life cycles and cold tolerance of the parasites 
themselves.   

1. Introduction 

Traditional disease models assume random host contacts, yet para
site intensity often adheres to the 80/20 rule, with a small portion of the 
population driving most infections (Woolhouse et al., 1997; Poulin 
1996a, 1996b), suggesting non-random disease spread (Ferrari et al., 
2010’ Salih et al., 1979; McKenna 1981; Altizer and Oberhauser 1999). 
Seasonality is thought to be one of the factors that contribute to indi
vidual differences in parasite infection intensity (Altizer et al., 2006), via 
host-specific life history trade-offs (Stearns 1992). Seasonal variations in 
parasite infection are common and can result from 1) environmental 
factors, like temperature and precipitation (Nelson and Demas 1996; 
Barber et al., 2016), 2) parasite biology and their adaptation to different 

conditions (Merilä et al., 1995), 3) host biology, including events like 
birthing and lactation in females (Turner et al., 2012), and reproductive 
effort in males (Ezenwa et al., 2012) or 4) host immunity and sex (Poulin 
1996b). 

For instance, in red deer (Cervus elaphus), the intensity of gastroin
testinal helminths (Fasciola hepatica, Elaphostrongylus cervi, and Stron
gyles) peaked in spring and summer but decreased in winter (Albery 
et al., 2018). Similarly, springbok (Antidorcas marsupialis) in Namibia 
exhibited higher infection intensity of Eimeria spp., helminth strongyles, 
and Strongyloides during wetter seasons compared to drier seasons 
(Cizauskas et al., 2015). Furthermore, previous exposure, age, sociality, 
and sex, influence parasite infection intensity and seasonality (Ferrari 
et al., 2010; Patterson and Ruckstuhl 2013; Wesołowska, 2022). Male 
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hosts typically exhibit higher parasite prevalence than females of the 
same species (Poulin 1996b; Schmid-Hempel, 2021). 

For instance, arctic foxes (Vulpes lagopus) show sex-biased dietary 
preferences, with females favouring birds and males consuming rodents 
(Friesen et al., 2015). Male arctic foxes consequently harbour more 
cestodes (Taenia spp. and Echinococcus multilocularis), which are reliant 
on rodents as intermediate hosts. Similarly, behavioural differences can 
drive parasite prevalence. For example, bachelor Grant’s gazelles 
(Nanger granti) exhibit lower helminth parasite infection and reduced 
territorial behaviour compared to reproductively active males (Ezenwa 
and Snider 2016). Certain rodent species (Apodemus agrarius, Apodemus 
flavicollis, and Myodes glareolus) display male-biased flea infestations, 
possibly due to larger male territories (Kowalski et al., 2015). European 
bat species (Spinturnix spp.) exhibit female-biased mite parasitism, 
attributed to maternity roost crowding (Christe et al., 2007), illustrating 
behaviour-driven exposure in a segment of the population. 

Physiological disparities, like sex hormones, also affect parasite 
infection (Klein 2004; Zuk and McKean 1996). Testosterone, for 
instance, may have immunosuppressive effects, as evidenced by higher 
ectoparasite abundance in testosterone-injected male barn swallows 
(Hirundo rustica) and increased nematode infection in 
testosterone-treated male red grouse (Lagopus lagopus scotica) (Saino 
et al., 1995; Mougeot et al., 2006). Iteroparous females investing in 
reproduction would, on the other hand, trade off their energy between 
immune function and body condition versus reproductive costs during 
gestation, birthing, and lactation; i.e., shown for Trichostrongylus retor
taeformis in rabbits Oryctolagus cuniculus (Cattadori et al., 2005), or 
Dall’s sheep, Ovis dalli dalli, for whom infection intensity with Mashal
lagia marshalli was significantly higher in pregnant than yield ewes and 
those in poorer body condition (Aleuy et al., 2018). Sex hormones, often 
linked to reproductive states, can lead to differences in sex-specific im
munity and susceptibility to parasites (i.e., summary in Schmid-Hempel, 
2021). However, the interactions between testosterone, corticosterone, 
behaviour and parasite prevalence are complex. For example, in Grant’s 
gazelles (Nanger granti)), the relationship between parasites and host 
testosterone levels varied depending on the parasite but were also 
mediated by changes in behaviour (Ezenwa et al., 2012). 

Few studies have explored the relationship between host sex, 
reproductive status and seasonal parasite infection variation in marked 
individuals over multiple seasons and years, despite established roles of 
host sex in parasite prevalence and transmission (i.e., Ferrari et al., 
2010; Hayward et al., 2022; Sweeny et al., 2022). Here, we investigate 
the pattern of parasite abundance of five parasites in male and female 
bighorn sheep; Strongyles, Nematodirus spp., Marshallagia marshalli, 
Protostrongylus spp., and Eimeria. We compare the parasite abundance 
(via fecal egg counts; FECs) of individual bighorn sheep throughout 
different seasons over a total of 29 months. We hypothesize that parasite 
FECs will differ between seasons, due to differences in parasite and host 
biology. We also hypothesize that the pattern of parasite abundance will 
be different between males and females, due to differences in their 
reproductive schedules. Because winter is the coldest period of the year 
and includes the pre-rut, rut, and early gestation, we expect to see higher 
levels of fecal egg counts in males due to energetic demands of mating 
and hypophagia (Pelletier and Festa-Bianchet 2006). On the other hand, 
late spring and summer include energetically demanding late gestation 
and early lactation for females. Therefore, we expect fecal egg outputs to 
be higher for females, compared to males in the late gestation and 
lactation period, but higher for males than females during the rutting 
season and winter. Lastly, we predict that fecal egg counts will be 
affected by age, with younger animals and very old animals having the 
highest counts, because of naivety or senescence in their respective 
immune responses. A study on wild Soay sheep (Ovis aries), for example, 
has shown a clear decline in circulating anti-bodies against a highly 
prevalent nematode (Teladorsagia circumcincta, a strongyle nematode), 
linked to low survival (Froy et al., 2019). 

2. Methods 

2.1. Study area and animals 

The study was conducted in Sheep River Provincial Park, in south
western Alberta, Canada (50.63◦ N, 114.38◦ W) on a population of 
Rocky Mountain bighorn sheep. At the time of the study, the sheep 
population included approximately 35 resident rams (>2 years of age) 
and 80+ ewes. Lambs are caught a few months after birth (September to 
November) and are individually marked with coloured and numbered 
ear tags (Festa-Bianchet 1988). Thus, over 90% of sheep were individ
ually marked. Temperatures in the study area range from − 30 to +30 ◦C 
with average temperatures in July around 16◦. Elevations in the park 
vary between 1400 and 1600 m above sea level. 

2.2. Fecal collection 

Fecal samples were collected from focal male and female bighorn 
sheep, aged 1–18 (oldest male 14), within the park from May 2016 to 
November 2018 for a total of 29 months; except for males in December, 
due to rut-induced hypophagia (Pelletier and Festa-Bianchet 2006) that 
almost halts fecal production in males. We were also unable to collect 
any fecal samples from females between June and September as they 
spent these months in the alpine areas, outside their winter range. In
dividual male and female bighorn sheep were followed within Sheep 
River Provincial Park and fecal samples were collected at least twice a 
month from each individual if possible. We were able to collect fecal 
samples from 90 individually marked sheep. For some individuals we 
only had one fecal sample while others were sampled up to 13 times over 
the period of the study (samples per ID: mean ± SD = 4.45 ± 2.70). 

We collected samples from the same individuals repeatedly so that 
we could follow the seasonal changes in parasite infection intensity 
within an individual. Individual hosts differ in the number of eggs/ 
larvae/oocysts shed in the feces, i.e., the fecal egg count (FEC). For the 
purpose of this exercise, we assume that FEC correlates with parasite 
burden (directly or indirectly), as the true intensity can otherwise only 
be measured by terminal sampling to recover adult parasites. This 
assumption is based on several studies that have found strong correla
tions between infection intensities and parasite burden, for example, 
both McKenna (1981) and Cabaret et al. (1998) showed that strongyle 
counts in feces were strongly correlated with adult worm burdens in 
domestic sheep (Ovis aries), as did Rehbein and Hamel (2022) with 
Protostrongylus rufescens lungworm burdens in domestic sheep. Simi
larly, Seivwright et al. (2004) found that fecal egg counts provide a 
reliable measure of Trichostrongylus tenuis (strongyle) infection in
tensities in red grouse (Lagopus lagopus scoticus). 

When encountering sheep, observers remained at least 50 m away 
from them to minimize disturbance. The most common way to collect 
fecal samples was to wait for all the sheep to bed down. Once they had 
settled down, a laying association map was drawn, with each ear-tagged 
individual’s spot and key landmarks noted to help identify the exact 
location of each sheep. Once the herd moved, an assistant was directed 
to the location where each sheep had been bedded. Fecal samples were 
only collected if found in the spots identified in the laying associations 
and that could unequivocally be attributed to the individual. The second 
most common fecal sample collection method was observing sheep 
defecate while they were standing or moving and then collecting the 
samples once the animals had moved on. The sample was only collected 
if there was no fecal contamination of other individuals nearby. The 
total number of known-age individuals sampled was 88 animals (M =
47; F = 41), with most individuals having been sampled at least twice, 
resulting in a total of 390 fecal samples. 

Each fecal sample was collected in a separate, individually tagged, 
zip-lock bag. Once samples were in the bag, the air was pushed out to 
ensure that the eggs did not continue to develop, since hatching, 
development, or death of parasite eggs can negatively affect fecal 
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analysis (Nielsen et al., 2010). Fecal samples were stored in a cooler box 
with an icepack to ensure that the temperature remained relatively cool 
and consistent. The fecal samples were removed from the cooler as soon 
as possible (15 min–2 h) and stored in a refrigerator at 4 ◦C (Nielsen 
et al., 2010; Sengupta et al., 2016). 

2.3. Parasite extraction and counts 

The Modified Wisconsin Double Centrifugation method was used to 
concentrate parasite eggs and oocysts from the fecal pellets. We followed 
the Standard Operating Procedure – 3, from the Alberta CWHC Parasi
tology Lab (WCVM Parasitology diagnostic techniques handbook, 2002) 
with the modification of using 4 g of fecal sample and two layers of 
cheesecloth to strain the fecal solution. The egg/oocyst count data were 
divided by the weight of the fecal sample in grams, to calculate the 
number of eggs/oocysts per gram of feces (EPG). After processing the 
samples, egg counts were done using a microscope (10 × 10 for ocular 
objective = 100 power) in the lab, or the nearby R. B. Miller Research 
Station. All samples were processed within 5 days of collection, well 
within the 8 days recommended (Crawley et al., 2016). In total, sheep 
feces had the following parasite eggs/oocysts and larvae: proportion of 
samples (prop) with strongyles = 0.81, Nematodirus spp. (prop = 0.79), 
Marshallagia marshalli (prop = 0.86), Protostrongylus spp. Lungworms 
(prop = 0.70), Eimeria spp. (prop = 0.74), Moniezia (prop = 0.20) and 
Trichiurus (prop. = 0.08). As few individuals were detected with Mon
iezia or Trichiurus, we did not analyse the counts of either parasite. 

2.4. Seasons and reproductive status 

Since it was not always possible to resample individuals every two 
weeks, the year was divided into four distinct, biologically meaningful 
seasons: Jan–March = Winter/early gestation, April–June = late gesta
tion/early lactation, July–October = lactation/summer, November and 
December = rut (Fig. 1). The pre-rut is from October to mid-November 
when males mostly fight for dominance (image of two rams fighting) 
(Fig. 1). The rut takes place in late November and December (image of 
ram with ewe) and is the only time of the year when adult males and 
females are in the same groups (Fig. 1). Gestation lasts from December to 
late May or early June (image of lone ewe) (Fig. 1). Lactation is from 
June till late November (image of ewe with lamb) (Fig. 1). Females 
mostly stay in the alpine area from June to September/October. 

Data on the reproductive status of each individual was collected for 
each year of the study. Male reproductive (mating) tactics were assigned 
based on rut observations, while female reproductive state was assessed 
based on the presence of swollen udders and suckling lambs. All females 
older than 1 year were assumed to be pregnant, while those that did not 
have lambs with them when they came back from the alpine area in 
September/October were labeled as not lactating. Female reproductive 
status is strongly temporally correlated with season: females are preg
nant in winter and give birth in late May early June, followed by a period 
of lactation into October/November. To distinguish between reproduc
tive types, female reproductive status was divided into either pregnant, 
lactating, or non-lactating and male reproductive status was divided into 
those males who employed the tending or coursing tactic during the rut, 
as these tactics have different costs associated with them, with tending 
being more costly than coursing (i.e., in Himalayan tahr (Hemitragus 
jemlahicus) (Forsyth et al., 2005)). We checked if non-lactating and 
lactating females differed in their parasite FECs. However, we only had 
parasite counts for lactating females between September and December. 
At this time of the year, there were no significant differences in parasite 
counts between non-lactating and lactating females (all parasite com
parisons; p > 0.05). We thus only report on effects of mating tactic in 
males on parasite shedding. 

2.5. Statistical analyses 

The fecal egg count data followed a negative binomial distribution, 
was heavily overdispersed, and zero-inflated (Denwood et al., 2008; 
Chipeta et al., 2014). Furthermore, the variance was not equal to the 
mean for any of the parasite species, and we thus used a negative 
binomial distribution family for all further analyses. All statistical 
models were run in the programming language, R, (R Core Team, 2023), 
using the statistical packages, ‘glmmTMB’ (Brooks et al., 2017) and 
‘DHARMa’ (Hartig 2019), emmeans (Lenth et al., 2018), and ‘ggplot2’ 
(Wickham 2016). 

For each parasite, a generalised linear mixed effects model (GLMM) 
was fit as follows:  

glmmTMB(Parasite_name ~ Sex + Age + Season + Sex:Season +(1|ID), 
ziformula = ~1, family = nbinom2, data = AllData, REML = FALSE).   

We evaluated the significance of the fixed effects by sequentially 
dropping the fixed terms from the full model and using likelihood ratio 
tests to compare the nested models. We first tested the sex:season 
interaction, before then testing the significance of the main effects. If the 
interaction was significant then we did not test the constituent main 
effects directly - as the interaction is conditional on them being present. 
For strongyles, the sex:season interaction was non-significant (α = 0.05) 
and was dropped from the final model, but for all other parasites, the 
interaction term was significant and was maintained. When the inter
action was significant, we carried out post-hoc contrasts of the marginal 
means to compare the sex and status groupings, using the emmeans 
package (Lenth et al., 2018), reporting the significance of the overall 
interaction effect as well as that of specific contrasts. Because of the 
large number of potential contrasts, we focussed on the within-sex 
contrasts across seasons and the between-sex contrasts within seasons 

Fig. 1. Schematic of the reproductive biology and seasons of bighorn sheep. 
The blue circle represents the entire year, where the top is December, 3 o’clock 
March, 6 o’clock June, 10 o’clock October etc. The grey quarter circle repre
sents the season Jan–March = Winter/early gestation; the dark green quarter 
circles represent the season from April–June = late gestation/early lactation; 
the light green line represents the season between July and October, which is 
also representing lactation/summer; and the brown line is representing 
November and December, or the rutting season. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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(and not the between-sex contrasts across seasons). All contrasts are in 
Appendices A1-5. While age was not significant in any of the models, we 
left it in the models as we had predicted a priori that it would affect 
parasite counts and we wanted to provide an estimate for its effect in 
each case, conditional on season and sex. 

For males, we also fitted an additional model for each parasite that 
compared the FEC of individuals that adopted the tending or coursing 
tactic during the rut. The model structure was the same as above, but 
with on a single fixed categorical factor defining the mating tactic. These 
models were fitted to 223 counts from male faecal samples (n = 47 
males). 

3. Results 

3.1. Strongyles 

Season (χ2 = 129.19, df = 3, p < 0.001) and sex (χ2 = 32.34, df = 1, p 
< 0.001) each significantly affected strongyle fecal egg counts as main 
effects, while age did not (χ2 = 0.03, df = 1, p = 0.86; Table 1). The 
interaction between season and sex was not significant (χ2 = 2.06, df =
3, p = 0.56). 

During the rut and the following early gestation/winter months fecal 
egg counts were very low for both sexes (November–March) while both 
males and females had significantly higher strongyle counts during the 
late gestation and lactation/summer seasons (Fig. 2a, Appendix A1). 
Males had significantly higher strongyle counts than females in all 
seasons except during winter/early gestation. (Fig. 2a–Appendix A1). 
The mating tactic males (reproductive status in figure) employed during 
the rut significantly affected their fecal strongyle egg counts with 
tending rams having higher egg counts than coursing rams (Estimate =
0.61, SE = 0.20, χ2 = 8.50, df = 1, p = 0.004; Fig. 3). 

3.2. Nematodirus 

Season and sex significantly affected Nematodirus fecal egg counts in 
an interaction (χ2 = 28.44, df = 3, p < 0.001), while age had no effect 
(χ2 = 0.11, df = 1, p = 0.74; Table 2). 

In females the Nematodirus fecal egg counts were highest during the 
late gestation/spring season and significantly lower during the rutting 
and winter (Fig. 2b–Appendix A2). Males seemed to shed the highest 
number of eggs during the rut and the lowest during the late gestation 
season, but none of these means were signficantly different 
(Fig. 2b–Appendix A2). There were signficant differences in Nem
atodirus counts between the sexes in the late gestation and rut season: 
while females had significantly higher counts in late gestation, males 

had significantly higher counts of Nematodirus during the rutting season 
(Fig. 2b–Appendix A2). 

The mating tactic males employed during the rut did not affect their 
fecal Nematodirus egg count (Estimate = − 0.13, SE = 0.26, χ2 = 0.24, df 
= 1, p = 0.63). 

3.3. Marshallagia 

Season and sex significantly affected fecal Marshallagia fecal counts 
in an interaction (χ2 = 36.50, df = 3, p < 0.001), while age had no effect 
(χ2 = 2.34, df = 1, p = 0.13; Table 3). 

Female fecal egg counts of Marshallagia were significantly higher 
during late gestation/spring (April–June) compared to lactation (lowest 
after returning from the alpine areas September/October), the rut or 
winter (Fig. 2c–Appendix A3). Males had significantly higher Marshal
lagia egg counts during the rut than during the late gestation season 
(Fig. 2c–Appendix A3). Females shed significantly higher numbers of 
Marshallagia eggs in their feces compared to males during the late 
gestation period, while males had higher egg counts during lactation and 
the rut. There was no difference between the sexes in winter 
(Fig. 2c–Appendix A3). The mating tactic males employed during the rut 
did not affect their fecal Marshallagia egg count (Estimate = − 0.15, SE =
0.20, χ2 = 0.57, df = 1, p = 0.45). 

3.4. Protostrongylus spp. lungworms 

Season and sex significantly affected fecal Protostrongylus spp. 
lungworm egg counts in an interaction (χ2 = 49.89, df = 3, p < 0.001), 
while age had no effect (χ2 = 0.46, df = 1, p = 0.50; Table 4). 

Female fecal egg counts of Protostrongylus spp. lungworms were 
significantly lower during lactation/summer than during late gestation, 
the rut or winter (Fig. 2d–Appendix A4). The Protostrongylus spp. lung
worm fecal egg count of males was significantly lower during late 
gestation/early lactation compared to the rut and winter 
(Fig. 2d–Appendix A4). The sexes only differed in Protostrongylus spp. 
lungworm egg counts during late gestation and lactation. While females 
had significantly higher counts during late gestation, males had higher 
counts during lactation/summer (Fig. 2d–Appendix A4). The mating 
tactic males employed during the rut did not affect their fecal Proto
strongylus lungworm egg/larvae count (Estimate = − 0.69, SE = 0.54 χ2 

= 1.67, df = 1, p = 0.20). 

3.5. Eimeria 

Season and sex significantly affected fecal Eimeria spp. oocyst counts 
in an interaction (χ2 = 16.95, df = 3, p < 0.001), while age had no effect 
(χ2 = 0.48, df = 1, p = 0.49; Table 5). 

Females had significantly higher fecal Eimeria oocyst counts in late 
gestation compared to lactation/summer or the rut (Fig. 2d–Appendix 
A5), but higher counts during the rut and winter than during lactation/ 
summer, when there were no Eimeria oocysts found in feces. Males had 
the highest Eimeria counts during the rut compared to winter and the 
lactation/summer, with hardly any Eimeria oocysts found during the 
lactation season (Fig. 2e–Appendix A5). Males had significantly higher 
fecal Eimeria occyst counts than female during the rut, whereas there 
were no significant sex differences in other seasons. (Fig. 2e). The 
mating tactic males employed during the rut did not affect their fecal 
Eimeria oocyst count (Estimate = − 0.26, SE = 0.23, χ2 = 1.29, df = 1, p 
= 0.25). 

4. Discussion 

Our study showed that host sex and season explained differences in 
parasite infection intensity for all five parasite groups. Seasonal trends 
varied between the sexes and with the parasite type, with all models, 
except for strongyles, showing a significant interaction term of season 

Table 1 
GLMM estimates, standard errors (SE), Z, and p-values for the effects of age, sex, 
season on strongyle fecal egg counts. Sex (M) indicates estimates for males 
compared to females. Late gestation/early lactation is the reference category for 
seasonal comparisons. Significant p-values are bolded, while near-significant p- 
values are in Italics. Zero-inflation intercept ±SE = − 3.09 ± 0.56, z = − 5.51, p 
< 0.001. Estimates are provided on the [log]-link scale.  

Strongyles Estimate Std 
Error 

Z p-value 

Intercept 3.03 0.20 14.90 <0.0001 
Age − 0.00 0.02 − 0.18 0.86 
Sex (M) 1.11 0.18 6.33 <0.0001 
Season  - Lactation/summer  

- Rutting season  
- Winter/early 

gestation 

0.31 0.16 − 1.93 0.054 
− 2.04 0.23 − 8.96 <0.0001 
− 2.79 0.25 − 11.51 <0.0001  

Random Effect Variance SD   

Individual ID (n = 88) 0.21 0.46    
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and sex, indicating that the relative abundance of egg counts between 
males and females differed at different times of the year for most par
asites. We will thus discuss the differences in fecal parasite prevalence 

from the model-predicted marginal means and their associated con
trasts. Strongyle infection intensity was higher for both sexes in the 
seasons of late gestation and lactation, than during the rut or winter/ 
early gestation season when counts were very low. In general, the 
strongyle fecal egg count was higher in males than in females, except for 
winter when there was a trend for males to have higher counts. Within 
males, strongyle counts were higher in tending rams than in coursing 

Fig. 2. Seasonal differences in fecal egg counts in female (blue) and male (red) bighorn sheep. Point intervals display the mean count ±95% confidence intervals as 
predicted by generalised linear mixed effects models. Seasons are: Late gestation (Late gestation/early lactation between April to June); Lactation/summer (between 
July and October); Rut (November and December); Winter (Winter/early gestation from January to March). Parasites are a) Strongyle; b) Nematodirus; c) Mar
shallagia; d) Protostrongylus lungworm; e) Eimeria. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 3. Differences in mean and standard error in strongyle counts between 
males that use the coursing or tending mating tactic. Point intervals display the 
mean count ±95% confidence intervals as predicted by the generalised linear 
mixed effects model. 

Table 2 
GLMM estimates, standard errors (SE), Z, and p-values for the effects of age, sex, 
season, and the interaction sex:season on Nematodirus fecal egg counts. Sex (M) 
indicates estimates for males compared to females. Late gestation/early lacta
tion was the reference category for seasonal comparisons. Significant p-values 
are bolded. Zero-inflation intercept ±SE = − 3.04 ± 1.02, z = − 3.00, p = 0.03. 
Estimates are provided on the [log]-link scale.  

Nematodirus Estimate SE Z-value p-value 

(Intercept) 2.76 0.21 12.96 <0.001 
Age − 0.01 0.21 − 0.34 0.74 
Sex (M) − 0.92 0.21 − 4.50 <0.001 
Season  - Lactation/summer  

- Winter/early gestation  
- Rutting season 

− 1.07 0.30 − 3.59 <0.001 
− 1.23 0.30 − 4.10 <0.001 
− 1.32 0.26 − 5.07 <0.001 

Sex (M): Lactation/summer 1.29 0.37 3.51 <0.001 
Sex (M): Rutting season 1.76 0.44 4.01 <0.001 
Sex (M): Winter/early gestation 1.58 0.47 3.32 <0.001  

Random Effect Variance SD   

Individual ID (n = 88) 0.20 0.44    
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rams. None of the other parasite types were impacted by the reproduc
tive status of the rams. Age was not a significant predictor of fecal egg 
counts in any of the five parasite types evaluated. 

Female bighorn sheep had the highest fecal egg counts during the 
late gestation/early lactation season, except in Protostrongylus spp 
lungworms which remained high during the rut and winter. Males on the 
other hand had the highest fecal egg counts and higher than females for 
Nematodirus, Marshallagia and Eimeria during the rut season. The peak in 
Protostrongylus lungworms was during winter and in strongyles during 
lactation which coincides with the pre-rut. These result hint towards a 
possible trade-off between immunocompetence and reproductive costs 
assuming that for females, late gestation, and for males, the rut, are the 
costliest seasons in terms of reproductive effort. Our results are very 
similar to those found by Pelletier et al. (2005), for Protostrongylus larvae 
counts in bighorn sheep. That we found similar correlations with sex and 
season for several other parasite types, notably Nematodirus. Marshal
lagia, and to a certain extend also Eimeria, reinforces the idea of parasites 
taking advantage of the host’s energetic costs being channeled towards 
reproductive effort rather than immunity (Albery et al., 2021; Nordling 
et al., 1998). 

The one parasite where we observed a totally different pattern is 
strongyles which are almost absent in the fecal counts in both sexes 
during the rut and winter seasons. Strongyle eggs have been shown to 
need relatively high temperatures to hatch (Rossanigo and Gruner 1995; 
Hoar 2012) and they are relatively easily damaged by freezing (Foreyt 
1986; Wharton and Allan, 1989). The few eggs found in feces in the 
winter season may thus reflect selection against egg shedding by the 
parasite under unfavourable conditions for larval development. In 
reindeer (Rangifer tarandus) a similar difference between Marshallagia 
being more prominent in winter and strongyles being more prominent in 
summer has been described by Irvine et al. (2000). 

The differences in fecal egg counts/infection intensity of parasites 
between the sexes, reproductive states and over the seasons could be 
explained by the differences in host biology and parasite abundance, as 
well as parasite biology (Sweeny et al., 2022). Sweeny et al. (2022), for 
example, also found that nematode prevalence (particularly strongyles) 
in Soay sheep changed according to season, with reproductive status, 
and age. Strongyles egg counts were highest in spring and summer and 
primarily in adults (Sweeny et al., 2022). 

In Eimeria, temperature sensitivity is very variable. They sporulate 
relatively rapidly in the environment and tend to be important livestock 
pathogens, especially for caves/lambs in the early summer (Foreyt 1990; 
Rind and Brohi, 2001; Yan et al., 2021). However, the ideal temperature 
ranges from 24 to 32 ◦C. At these temperatures, most species sporulate 
within 5 days (Engidaw et al., 2015). Given the large range of temper
ature tolerance of oocysts, there may be differences in oocyst production 
based on the species (Kutz et al., 2012). It’s likely a reflection of the 
parasite’s behaviour, biology, or environmental conditions, that leads to 
the very low numbers of oocysts found in the feces of both sexes during 
the lactation season, something that needs to be researched in more 
depth, under experimental conditions. 

As mentioned above, Marshallagia and Nematodirus spp. fecal egg 
counts were significantly higher in late gestation for females, compared 
to the other seasons, and higher in males than females during the rut and 
winter. Both Nematodirus spp. and Marshallagia marshalli may have 
escaped temperature limitation due to tolerance of very low tempera
tures, (van Dijk and Morgan, 2008; Hoar 2012), despite some heat re
quirements during development from the egg to infective larval stages 
(Aleuy et al., 2020, Aleuy et al., 2023). The same may be true for Pro
tostrongylus spp. lungworms whose larvae (L1 stage) can tolerate very 
low temperatures (Cabaret et al., 1991). This could give the parasite the 
freedom to be most active at times when hosts are most restricted in 
terms of energy expenditure (i.e.; trading off immunocompetence and 
reproductive effort). For example, energy demands can be 300% that of 
normal maintenance during lactation (Randolph et al., 1977 or Prentice 
and Prentice 1988). In bighorn sheep, birthing and lactation take place 

Table 3 
GLMM estimates, standard errors (SE), Z, and p-values for the effects of age, sex, 
and season on Marshallagia fecal egg counts. Sex (M) indicates estimates for 
males that are compared to females. Late gestation/early lactation was the 
reference category for seasonal comparisons. Significant p-values are bolded. 
Zero-inflation intercept ±SE = − 3.10 ± 0.68, z = − 4.57, p < 0.001. Estimates 
are provided on the [log]-link scale.  

Marshallagia Estimate SE Z-value p-value 

(Intercept) 2.23 0.16 13.76 <0.001 
Age 0.03 0.02 1.54 0.12 
Sex (M) − 0.74 0.16 − 4.70 <0.001 
Season  - Lactation/summer  

- Rutting season  
- Winter/early gestation 

− 1.07 0.25 − 4.30 <0.001 
− 0.62 0.24 − 2.60 0.009 
− 0.58 0.21 − 2.77 0.006 

Sex (M): Lactation/summer 1.48 0.30 4.92 <0.001 
Sex (M): Rutting season 1.46 0.36 4.07 <0.001 
Sex (M): Winter/early gestation 1.15 0.37 3.06 0.002  

Random Effect Variance SD   

Individual ID (n = 88) 0.09 0.31    

Table 4 
GLMM estimates, standard errors (SE), Z, and p-values for the effects of age, sex 
and season on Protostrongylus spp lungworm fecal egg counts. Sex (M) indicates 
estimates for males compared to females. Significant p-values are bolded. Late 
gestation/early lactation was the reference category for seasonal comparisons. 
Applying a zero-inflation parameter did all data points did not improve model fit 
so it was not included. Estimates are provided on the [log]-link scale.  

Protostrongylus lungworms Estimate SE Z-value p-value 

(Intercept) 4.04 0.35 11.69 <0.001 
Age 0.03 0.04 0.68 0.50 
Sex (M) − 2.53 0.35 − 7.30 <0.001 
Season  - Lactation/summer  

- Rutting season  
- Winter/early gestation 

− 3.25 0.45 − 7.15 <0.001 
0.09 0.44 0.21 0.84 
− 0.20 0.39 − 0.52 0.60 

Sex (M): Lactation/summer 4.04 0.57 7.14 <0.001 
Sex (M): Rutting season 1.86 0.66 2.81 0.005 
Sex (M): Winter/early gestation 2.51 0.72 3.51 <0.001  

Random Effect Variance SD   

Individual ID (n = 88) 0.89 0.94    

Table 5 
GLMM estimates, standard errors (SE), Z, and p-values for the effects of sex, age, 
season and reproductive status on Eimeria spp. lungworm fecal egg counts. Sex 
(M) indicates estimates for males compared to females. Late gestation/early 
lactation was the reference category for seasonal comparisons. Zero-inflation 
intercept ±SE = − 2.57 ± 0.35, z = − 7.28, p < 0.001. Near-significant p- 
values are in Italics and significant ones are bolded. Estimates are provided on 
the [log]-link scale.  

Eimeria Estimate SE Z-value p-value 

(Intercept) 6.71 0.20 33.54 <0.001 
Age − 0.02 0.02 − 0.70 0.49 
Sex (M) − 0.39 0.20 − 1.95 0.051 
Season  - Lactation/summer  

- Rutting season  
- Winter/early gestation 

− 9.94 1.04 − 9.53 <0.001 
− 0.97 0.37 − 2.64 0.008 
− 0.37 0.25 − 1.46 0.14 

Sex (M): Lactation/summer 2.29 1.11 2.06 0.039 
Sex (M): Rutting season 1.61 0.53 3.00 0.003 
Sex (M): Winter/early gestation − 0.48 0.50 − 0.95 0.34  

Random Effect Variance SD   

Individual ID (n = 88) 0.19 0.43    
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during the non-winter months, with the majority of birthing between 
late May to early June and lambs being mostly weaned by November 
(Festa-Bianchet 1988). 

A peri-parturient rise in parasite egg counts has also been reported in 
domestic sheep (for example in West African Dwarf sheep (Agyei et al., 
1991) and in Bulkhi sheep (Chaudhry et al., 2009) where infection in
tensity in females increases during the first few weeks before and after 
birthing. We did not sample females during late pregnancy and early 
lactation as they migrated into the alpine and remained in inaccessible 
areas during this time. Therefore, given the patterns present in other 
ungulates, it is possible that maximum fecal egg counts in females were 
missed in our study. During the first couple of years of their life, all 
lambs and yearlings stay in nursery groups with their mothers (Ruck
stuhl 1998). During this time, the lambs and yearlings are naïve po
tential hosts for parasites. Thus, Armour (1980) posited that infection 
intensity during non-winter months in females could increase as some of 
these eggs and larvae could establish within the newly born lambs and 
yearlings. However, in this study, age was not a significant factor 
explaining variation in parasite infection intensity, and we did not 
sample lambs. 

Conversely, the winter season is expected to be more costly for males 
since this includes the pre-rut, rut, and post-rut periods when males 
spend most of their energy establishing dominance hierarchies and 
mating. The pre-rut is costly for males because of an increase in social 
interactions to establish their hierarchy (Geist 1971; Pelletier and 
Festa-Bianchet 2006), while the rut is costly since the males are either 
engaged in mate guarding or trying to secure mating opportunities with 
a guarded estrous female (Hogg 1984). Courting and mate guarding are 
energy-expensive activities. Males often forego food consumption to 
maximize mating success by searching for estrus females or guarding 
females (e.g., bighorn sheep,– Pelletier et al., 2009; Alpine chamois, 
Rupicapra rupicapra, – Willisch and Ingold, 2007; long-tailed macaques, 
Macaca fascicularis, – Girard-Buttoz et al., 2014; isopods, Lirceus fonti
nalis, – Sparkes et al., 1996). To meet the demands of mating costs, males 
may reallocate resources from immune function to mating and thus have 
higher fecal egg counts and parasite loads in winter, compared to 
non-winter. Parasites of animals living in temperate locations such as 
mountain ungulates may have evolved to tolerate a high range of tem
peratures in an attempt to infect females and males at different times of 
the year when the host’s defences are weakened (Irvine et al., 2000), or 
their energy demand is highest. 

In a study on FECs in red deer, Albery et al. (2018) found that some 
nematodes may decrease egg production during winter, due to the eggs’ 
low over-winter survival, rather than being indicative of a reduced 
parasite burden in the hosts. This seems consistent with the results found 
in our study. The female bighorn sheep of our study population migrate 
to the mountains to give birth towards the end of May, while the adult 
males remain in Sheep River Provincial Park (Ruckstuhl 1998). We 
speculate that higher elevations and lower ambient temperatures during 
these birth migrations could mean that strongyle eggs would struggle to 
develop. 

It would be interesting to explore host behaviours and how they 
could affect parasite prevalence and burden. It is not unreasonable to 

speculate that females might migrate to the alpine to avoid predation, as 
was suggested for Dall’s sheep (Rachlow and Bowyer 1998) and para
sites, but further research is needed to test the idea that females might 
migrate to colder areas to avoid parasites. A strong indication for a 
parasite avoidance mechanism is that while females had very high 
parasite egg counts in late gestation, these counts dropped to relatively 
low numbers at the time they were back at lower elevations in 
September to October (lactation season) while male fecal egg counts did 
increase from late gestation to lactation with the already mentioned 
exception in Eimeria counts. 

Finally, this study showed several significant correlations between 
the FECs of different parasite groups with interactions between sex and 
season. Interestingly, when calculating correlation coefficients for the 
different parasite pairs, we found a negative correlation between 
strongyles and Protostrongylus spp. lungworm larvae (r = − 0.14, p <
0.001), which could potentially indicate parasite competition, but again 
it is unclear whether this is a causal relationship or a mere correlation. 
More research is needed to look at interactions of different parasite 
groups within a single host and its sex biases. 

In conclusion our results show strong indications that parasites are 
able to target host reproductive effort by increasing reproduction during 
the time of maximal energy need of their host, targeting male and female 
hosts accordingly. Further, different parasite life-history dictates and 
limits season of egg/larvae shedding. Finally, we argue that it is possible 
that female seasonal migration may have a positive effect on parasite 
reduction. 
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Appendix A1. Seasonal contrast for fecal prevalence of strongyle parasite eggs in bighorn sheep. The interaction between sex and season 
was not significant, so all contrasts apply to both males and females. Given are the contrast estimates, standard errors (SE), t ratios and 
p-values. Significant terms are bolded and near significant ones in italics. All contrasts are provided on the [log]-link scale  

Seasonal Contrasts for Strongyles Estimate SE t ratio p-value 

Gestation-Lactation − 0.31 0.16 − 1.93 0.22 
Gestation-Rut 2.05 0.23 8.96 <0.0001 
Gestation-Winter 2.80 0.25 11.15 <0.0001 
Lactation-Rut 2.36 0.25 9.29 <0.0001 
Lactation-Winter 3.11 0.28 11.32 <0.0001 
Rut-Winter 0.75 0.31 2.42 0.075 
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Appendix A2. Seasonal and sex contrast for fecal prevalence of Nematodirus parasite eggs in bighorn sheep. Given are the contrast 
estimates, standard errors (SE), t ratios and p-values. Significant terms are bolded and near significant ones in italics. All contrasts are 
provided on the [log]-link scale  

Seasonal Contrasts for Nematodirus Sex Estimate SE t ratio p-value 

Gestation-Lactation F 1.07 0.30 3.59 0.002 
Gestation-Rut F 1.23 0.30 4.11 0.0002 
Gestation-Winter F 1.32 0.26 5.07 <0.0001 
Lactation-Rut F 0.16 0.37 0.43 0.97 
Lactation-Winter F 0.25 0.34 0.73 0.89 
Rut-Winter F 0.09 0.34 0.26 1.00 
Gestation-Lactation M − 0.21 0.22 − 0.97 0.77 
Gestation-Rut M − 0.53 0.32 − 1.65 0.35 
Gestation-Winter M − 0.26 0.40 − 0.64 0.92 
Lactation-Rut M − 0.32 0.36 − 0.88 0.81 
Lactation-Winter M − 0.04 0.44 − 0.10 1.00 
Rut-Winter M 0.28 0.48 0.58 0.94  

Season Sex Contrast Estimate SE t ratio p-value 

Gestation F-M 0.92 0.21 4.50 <0.0001 
Lactation F-M − 0.37 0.33 − 1.10 0.27 
Rut F-M − 0.84 0.42 − 2.03 0.043 
Winter F-M − 0.66 0.45 − 1.47 0.14  

Appendix A3. Seasonal and sex contrast for fecal prevalence of Marshallagia marshalli parasite eggs in bighorn sheep. Given are the 
contrast estimates, standard errors (SE), t ratios and p-values. Significant terms are bolded and near significant ones in italics. All 
contrasts are provided on the [log]-link scale  

Seasonal Contrasts for Marshallagia Sex Estimate SE t ratio p-value 

Gestation-Lactation F 1.07 0.25 4.30 <0.0001 
Gestation-Rut F 0.62 0.24 2.60 0.047 
Gestation-Winter F 0.58 0.21 2.77 0.030 
Lactation-Rut F − 0.45 0.30 − 1.48 0.45 
Lactation-Winter F − 0.49 0.28 − 1.75 0.30 
Rut-Winter F − 0.04 0.27 − 0.16 1.00 
Gestation-Lactation M − 0.41 0.17 − 2.45 0.071 
Gestation-Rut M − 0.84 0.27 − 3.12 0.010 
Gestation-Winter M − 0.57 0.31 − 1.82 0.27 
Lactation-Rut M − 0.43 0.29 − 1.48 0.45 
Lactation-Winter M − 0.16 0.33 − 0.47 0.97 
Rut-Winter M 0.27 0.38 0.71 0.89  

Season Sex Contrast Estimate SE t ratio p-value 

Gestation F-M 0.75 0.16 4.70 <0.0001 
Lactation F-M − 0.74 0.27 − 2.71 0.007 
Rut F-M − 0.72 0.34 − 2.13 0.034 
Winter F-M − 0.40 0.35 − 1.14 0.26  

Appendix A4. Seasonal and sex contrast for fecal prevalence of Protostrongylus lungworm parasite eggs/larvae in bighorn sheep. Given 
are the contrast estimates, standard errors (SE), t ratios and p-values. Significant terms are bolded and near significant ones in italics. All 
contrasts are provided on the [log]-link scale  

Seasonal Contrasts for Protostrongylus Sex Estimate SE t ratio p-value 

Gestation-Lactation F 3.25 0.46 7.15 <0.0001 
Gestation-Rut F − 0.09 0.44 − 0.21 1.00 
Gestation-Winter F 0.20 0.39 0.52 0.95 
Lactation-Rut F − 3.34 0.53 − 6.26 <0.0001 
Lactation-Winter F − 3.05 0.51 − 5.93 <0.0001 
Rut-Winter F 0.29 0.48 0.61 0.93 
Gestation-Lactation M − 0.78 0.34 − 2.34 0.091 
Gestation-Rut M − 1.95 0.50 − 3.90 0.0007 
Gestation-Winter M − 2.31 0.60 − 3.84 0.0008 
Lactation-Rut M − 1.52 0.56 − 2.10 0.16 
Lactation-Winter M − 1.5229 0.65 − 2.33 0.092 
Rut-Winter M − 0.35 0.70 − 0.52 0.96  

Season Sex Contrast Estimate SE t ratio p-value 

Gestation F-M 2.53 0.35 7.30 <0.0001 

(continued on next page) 
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(continued ) 

Season Sex Contrast Estimate SE t ratio p-value 

Lactation F-M − 1.51 0.53 − 2.86 0.005 
Rut F-M 0.67 0.63 1.06 0.29 
Winter F-M 0.02 0.68 0.03 0.98  

Appendix A5. Seasonal and sex contrast for fecal prevalence of Eimeria parasite oocysts in bighorn sheep. Given are the contrast 
estimates, standard errors (SE), t ratios and p-values. Significant terms are bolded and near significant ones in italics. All contrasts are 
provided on the [log]-link scale  

Seasonal Contrasts for Eimeria Sex Estimate SE t ratio p-value 

Gestation-Lactation F 9.94 1.04 9.53 <0.0001 
Gestation-Rut F 0.97 0.37 2.64 0.043 
Gestation-Winter F 0.37 0.25 1.46 0.46 
Lactation-Rut F − 8.97 1.08 − 8.29 <0.0001 
Lactation-Winter F − 9.57 1.06 − 9.06 <0.0001 
Rut-Winter F − 0.60 0.40 − 1.51 0.43 
Gestation-Lactation M 7.64 0.39 19.65 <0.0001 
Gestation-Rut M − 0.64 0.39 − 1.64 0.36 
Gestation-Winter M 0.85 0.43 1.97 0.20 
Lactation-Rut M − 8.28 0.54 − 15.43 <0.0001 
Lactation-Winter M − 6.80 0.56 − 12.00 <0.0001 
Rut-Winter M 1.49 0.55 2.70 0.036  

Season Sex Contrast Estimate SE t ratio p-value 

Gestation F-M 0.39 0.20 1.95 0.052 
Lactation F-M − 1.90 1.10 − 1.73 0.085 
Rut F-M − 1.22 0.51 − 2.38 0.018 
Winter F-M 0.87 0.48 1.81 0.071  
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