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Direct and indirect costs 
of parasitism preceding 
a population decline of an Arctic 
ungulate
Eleanor R. Dickinson 1*, Chinyere Nwafor‑Okoli 1, Sylvia L. Checkley 1, Brett Elkin 2, 
Marsha Branigan 3, Emmanuel Serrano 4 & Susan J. Kutz 1

Parasites negatively affect the fitness of ungulate hosts directly, and in wild ungulates, these effects 
may be synzootic with other stressors, such as limited nutritional resources. In the Arctic, muskoxen 
(Ovibos moschatus) occur in a highly seasonal environment and must rely on finite energetic resources 
for survival and productivity. We investigated the costs of gastrointestinal nematodes on the body 
condition and reproductive status of 141 muskoxen, on Banks Island, Canada, when the population 
was at a peak in numbers and density. Using a Partial Least Squares Path Modelling approach, we 
found that high adult nematode abundance was associated with lower body condition, and high 
parasite abundance was associated with female reproduction including the indirect effect through 
on body condition (n = 87). These findings suggest that individuals prioritize energetic reserves for 
reproduction over parasite defence. In fall 2003, a severe icing event that restricted access to forage 
was associated with high overwinter mortality of muskoxen and a population crash. Through direct 
and indirect costs of parasite infection on body condition and reproduction, the high abundance of 
parasites may have contributed to the effects of this extreme weather event. Understanding the 
mechanisms in which parasites impact fitness can help explain the ecological drivers of ungulate 
populations and predict the interactions between the environment and populations.

Keywords  Reproduction, Body condition, Ovibos moschatus, Marshallagia marshalli, Teladorsagia 
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Parasites are important components of ecosystems that can have significant effects on the health of wildlife 
populations1–3. While some parasites are virulent and have direct deleterious effects on body condition4, oth-
ers have a low or more subtle impact5–7. Gastrointestinal parasites can make individuals more vulnerable 
to nutritional or environmental stressors8,9, while environmental variation and stressors can increase host 
susceptibility10,11. At times of low food availability, more energy may be allocated to growth and survival than to 
reproduction due to the reproduction-survival trade-off9. Therefore, in systems where nutritional resources are 
finite, the impacts of parasites on reproduction and survival may be especially important.

Muskoxen (Ovibos moschatus) are culturally important to Indigenous peoples in the Arctic12 and are a key 
component of the tundra ecosystem as one of the few large-bodied herbivores13,14. As a non-migratory species, 
muskoxen experience pronounced seasonal and inter-annual variation in the availability and quality of forage15,16. 
Population eruptions followed by dramatic declines have occurred in muskox populations in multiple locations 
across the Arctic17–21, yet there remain significant knowledge gaps in our understanding of the drivers of muskox 
population change22–24. Muskoxen rely heavily on fat reserves built up through the vegetation growth period as an 
energy reserve during the winter15,25 with limited forage being linked to reduced pregnancy rates and survival16,26. 
Gastrointestinal nematodes (GINs), present in all wild ruminants, have an energetic cost for their hosts and may 
contribute to the energetic challenges muskoxen face7.
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The Banks Island muskox population in the Inuvialuit Settlement Region (Northwest Territories), Canada, 
was the largest in the world in the 1990s, and constituted almost one third of the world’s muskoxen population27. 
This population increased from relatively few animals in the 1950s to 68,500 non-calf animals in the late 1990s 
and early 2000s17,28,29. By the mid-1980s, 3-year-old cow productivity and calf survival, important indicators of 
demographics, had decreased17,29,30. Although the population continued to grow until the late 1990s and early 
2000s, it subsequently declined following a severe icing event in 2003–2004 and further decline was associated 
with disease epidemics in 2011–201222,31,32.

Our aim was to determine whether gastrointestinal parasite abundance was associated with body condi-
tion and reproduction in Banks Island muskoxen during the population peak and discuss the potential role of 
parasites in population dynamics. The objectives of this work were to; (1) describe the gastrointestinal parasite 
fauna of muskoxen on Banks Island, and (2) determine the association of gastrointestinal parasites on muskox 
body condition, reproduction and fetus characteristics. We hypothesized that high parasite abundance would be 
negatively associated with body condition. These costs would also negatively impact the likelihood of pregnancy 
in female muskoxen and the size of their fetuses. Finally, due to the high energy requirements of lactation and 
potential trade offs between nutrition and parasite defence, we hypothesized that lactating females would have 
a higher parasite abundance.

Materials and methods
Study site
We studied the muskox population on Banks Island, Northwest Territories, Canada, which is the fourth largest 
(70,000 km2) and most western island in the Canadian Arctic archipelago. The population peaked at 68,585 ± 6972 
non-calf muskoxen and a density of 97.2 muskoxen per 100 km2 in 2001 (a year after this study)29. There is one 
community on this island, Ikaahuk (or Sachs Harbour), which had a population of 138 people in 1999. Residents 
of the community harvested muskoxen for subsistence, guided sport hunts and commercial harvests for export17. 
Commercial harvests, conducted by the Sachs Harbour Hunters and Trappers Committee and Inuvialuit Devel-
opment Corporation, occurred annually on Banks Island between 1980 and 2013, and provided employment 
and income for the community20. Biological samples were collected annually from these harvested animals by 
biologists in the Government of the Northwest Territories.

To assess parasite diversity and costs, additional samples were collected from 144 muskoxen (n = 89 females, 
54 males) during November 1999. This is at a time that follows the principal period (August to October) of 
body condition gain for muskoxen and is at a time when females with sufficient energy reserves are expected 
to still be lactating33,34. The abomasum, feces and the left kidney with surrounding fat were collected from each 
individual and frozen until analysis. As a measure of body condition, the left kidney and its fat were processed 
to calculate the Kidney Fat Index (KFI)35,36. The sex of individuals was recorded, and age class (calf, yearling, 
2-year-old, 3-year-old, and 4-year-old +) was determined by experienced biologists through tooth eruption and 
horn development as described by Henrichsen and Grue37. Reproduction of females was derived by experienced 
biologists by visually assessing the uterus for a fetus and expressing the udder for milk. Lactation was defined 
as whether an animal was producing milk, regardless of quantity, i.e. lactating (no = 0, yes = 1). Reproductive 
status (i.e. pregnancy status) was defined as whether a fetus was present (no = 0, yes = 1). Fetal characteristics 
were measured using the length and weight of the fetus as a proxy for fetus size, and fetus sex was defined as 
whether the fetus was male or female.

Parasitological procedures
Initial analysis of abomasa and faeces was done in Inuvik at Government of the NWT’s wildlife laboratory. The 
abomasal contents were emptied into a 4 L beaker and the mucosal surface was washed three times under slowly 
running water into the beaker, which was then brought to a total volume of 1.5 L. The solution was mixed well 
and two 10% (150 mL) subsamples were taken, which were then washed through a #400 sieve. The sieve contents 
were collected and 10% formalin was added to make 100 ml. Two 5% subsamples (5 ml each) were later extracted 
from one 100 ml solution per sample, and all larvae and adult parasites were quantified. The remaining 90 ml were 
examined to quantify adult parasites only. Washed abomasa were frozen at − 20 °C until they could be digested. 
These were digested in 1.5 L of a pepsin and hydrochloric acid solution (0.8% pepsin, 2% HCl, 0.85% NaCl) 
maintained at 37 °C and agitated until all the tissue was digested38. Two 10% aliquots of the digestion solution 
(100 ml) were taken and preserved in 10% formalin. Two 5% (5 ml) subsample were taken from each aliquot and 
examined to quantify larvae. Adult nematodes were identified to species level according to published descrip-
tions of morphological characteristics, including reproductive structures, synlophe and esophageal valve and 
quantified39–44. Identification of the larvae was not done to the developmental stage nor species taxonomic rank.

Fecal samples were frozen upon collection and eggs and oocysts of gastrointestinal parasites were quantified 
using a modified double centrifugation Wisconsin sugar flotation technique45. Eggs and oocysts were identified 
to family or genus based on morphology and counted46. Eggs that have typical strongyle-type morphology may 
belong to several different genera. However, they were assumed to primarily represent Teladorsagia boreoarcticus, 
the most common abomasal nematode in muskoxen47. Forty-five fecal samples could not be examined in Inuvik 
and were transported to The University of Saskatchewan, Saskatoon for examination.

Parasite abundance was defined as the number of adult nematodes of each species present in the abomasum 
(T. boreoarcticus and M. marshalli), the number of larvae in the lumen and mucosa of the abomasum, and the 
number of parasite eggs or oocysts of each species counted in feces which included nematodes, protozoa and 
cestoda (Strongyle sp., Nematodirus spp., M. marshalli and Eimeria spp.).
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Statistical analysis
All analyses were conducted using R software version 4.1.248. Seven animals were excluded from analysis due to 
missing information. Univariate comparisons were performed to determine sex, age and reproductive effects on 
body condition and parasite abundance. Unpaired Student’s t-tests were used for the normally distributed variable 
body condition, KFI, Wilcoxon tests were used for the non-normally distributed variables of parasite abundance, 
and ANOVA tests were used for the grouped variable, age class. To visualize the relationship between parasite 
abundance and body condition, a linear regression was used including a fixed effect of reproductive status and 
lactation status. Model residuals were checked for normality and homoscedasticity.

The association of parasites with body condition and reproduction in muskoxen was examined using a Partial 
Least Squares Path Modelling (PLS-PM) approach using the package “plspm”49. PLS-PM uses parameters that 
have been directly measured, known as manifest variables (MV) to form unobservable latent variables (LV) and 
quantifies the network between them50. This enables assessment of direct and indirect pathways between latent 
variables, as well as the contribution of MV’s to the LV51. A single MV can be used to form an LV. Path coefficients 
(β) and effects determine links between LV’s, while weights,loadings and communality determine the contribu-
tion of a MV to the LV52. The PLS-PM approach allows us to examine the relationships between multiple compo-
nents and works with non-normally distributed data because it does not depend on distributional assumptions.

Three PLS-PM analyses were conducted with the function plspm() to investigate the effects of parasites on 
muskox life history traits using a bootstrapping procedure. The first analysis used all individuals separated by sex 
(n = 86 females, 49 males) to determine the relationship between age, parasite burden and body conditon, had 
three LVs; (i) age class, (ii) parasite abundance and (iii) body condition (KFI) (Fig. 1a). The parasite abundance 
LV consisted of 8 reflective MVs; T. boreoarcticus and M. marshalli adults, lumen and mucosal larvae, Stronglye 
spp., Marshallagia and Nematodirus spp. eggs, and Eimeria spp. oocysts. A group comparison was conducted with 
a global model including all individuals using the function plspm.groups(), allowing us to investigate the effects 
for all individuals and the effects separated by sex50. To determine the relationship between parasite abundance 
and reproduction, a second analysis using only female muskoxen of reproductive age (3 years and older; n = 56) 
was used with five LVs; (i) age class, (ii) lactation status, (iii) parasite abundance, (iv) body condition and (v) 
reproductive status (pregnancy status; Fig. 1b). To determine the relationship with fetus characteristics, a third 
analysis using only pregnant female muskoxen (n = 26) was used with four LVs; (i) age class, (ii) parasite abun-
dance, (iii) body condition and (iv) fetus characteristics (Fig. 1c). Fetus characteristics were defined as fetus size 

Figure 1.   The path models describing; (a) the relationship between age class, parasite abundance and body 
condition using a group comparison between males and females, (b) the relationship between age class, lactation 
status, parasite abundance, body condition and reproduction in female muskoxen, and (c) the relationship 
between age class, parasite abundance, body condition and fetus characteristics in pregnant female muskoxen.
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(fetus length/fetus weight) and fetus sex. Due to low prevalence of eggs or oocysts in pregnant females, fecal egg 
counts were excluded from the third analysis.

Loadings represent the outer model coefficients for each MV, and communalities are squared loadings, which 
represent the amount of variation of the LV explained by the MV50. Average variance extracted (AVE) is used to 
assess the amount of variance captured by the LV and is measured as the mean communality or mean squared 
loadings50. A loading of more than 0.6 was taken to mean that the MV was moderately correlated to its LV, ie. 
more than 0.62 ≈ 36% of the variation in the MV was captured by the LV. An AVE of more than 0.5 was taken 
to mean that the variance of the MVs was adequately captured by the LV, ie. more than 50% of variance was 
explained. Model simplification was conducted by removing MVs with loadings that were poorly correlated to 
the LV, i.e. less than 0.6, or that did not sufficiently contribute to the variance explained by the MVs, i.e. AVE less 
than 0.5. Model quality was additionally validated using redundancy and unidimensionality measures, including 
Cronbach’s Alpha with a threshold of 0.752. Path coefficients (β) indicate the size of the relationship between two 
LVs, calculated by linear ordinary least squares regressions between the LVs. The coefficient of determination 
(R2) is estimated for each LV and goodness of fit is estimated as the average R2 for all of the LV’s. A bootstrap 
validation was used to obtain confidence intervals for evaluating the precision of the PLS parameter estimation 
(e.g. path coefficients, fit indices and total effects).

Ethical approval
Sampling protocols were approved by the Government of NWT, and sampling was conducted in agreement 
with Government of NWT guidelines. None of the samples included in this study were derived from animals 
purposely sourced or killed for the study.

Results
Age, body condition, female reproduction and parasite diversity and intensity were analysed for 135 muskoxen 
(n = 86 females, 49 males; Table 1). In total, 26 adult (3-year-old and above) female muskoxen were pregnant 
(29.0%) and 23 were lactating (26.4%). Only animals 3-year-old and older were reproducing, and only those 
4-year-old and older were both pregnant and lactating.

Table 1.   Summary of the demographic, reproduction and parasite infection data for all muskoxen sampled 
on Banks Island, Northwest Territories. Mean Kidney Fat Index (KFI) with standard error (SE) is reported as 
the measure of body condition. Abomasal parasite abundance is measured by the number of adults, and fecal 
parasite eggs are measured in eggs (or oocysts) per gram (EPG).

Variable Total (n = 135) Females (n = 86) Males (n = 49) Comparison

Age n n n

Calf (0 years) 22 11 11

Yearling (1 year) 19 9 10

2 years 20 10 10

3 years 32 23 9

4 + years 42 33 9

Body condition Mean (± SE) Mean (± SE) Mean (± SE) Student’s t-test

KFI 0.99 (± 0.33) 1.05 (± 0.33) 0.88 (± 0.31) t = 3.09, P = 0.0025

Reproduction % of adults (n = 56)

% Pregnant 45.6 (n = 26)

% Lactating 40.4 (n = 23)

% Pregnant and Lactating 17.5 (n = 10)

% Not Pregnant 54.4 (n = 30)

Abomasal parasite abundance Prevalence % (95% CI) Median (range) Median (range) Wilcoxon test

T. boreoarcticus adults 94.2 (0.87–0.98) 305 (10–9520) 1045 (20–10,690) W = 1673, P = 0.016

M. marshalli adults 85.5 (0.78–0.92) 120 (10–2020) 200 (10–1710) W = 1679, P = 0.015

Nematodirus spp. adults 8.0 (0.04–0.15) 10 (10–60) –

Lumen larvae 97.1 (0.91–0.99) 12,600 (1200–57,100) 14,650 (2600–68,800) W = 2086, P = 0.93

Mucosal larvae 90.6 (0.84–0.96) 5600 (200–40,600) 8300 (6000–36,600) W = 1475, P < 0.01

Fecal parasite eggs Prevalence % (95% CI) Median (range) Median (range) Wilcoxon test

Strongyle spp. 33.3 (0.24–0.43) 0.63 (0.25–46.50) 0.63 (0.25–5.75) W = 2056, P = 0.47

Marshallagia spp. 55.1 (0.45–0.65) 1.50 (0.25–12.00) 2.50 (0.25–11.75) W = 0.56, P < 0.001

Nematodirus spp. 72.5 (0.63–0.81) 1.75 (0.25–18.00) 8.50 (0.25–48.80) W = 1673, P = 0.015

Moniezia spp. 1.5 (0.00–0.07) – 0.63 (0.50–0.75)

Eimeria spp. 94.5 (089–0.98) 120.00 (1.50–500.00) 154.00 (9.50–1000.00) W = 1971, P = 0.27
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Parasite diversity and intensity
Teladorsagia boreoarcticus and Marshallagia marshalli were present in the abomasa at a high prevalence of 
94% (95% CI = 0.79–1.12) and 85% respectively (95% CI = 0.71–1.02). Infection intensity of T. boreoarcticus 
was higher than M. marshalli. The intensity of adult nematode infections (median) was significantly higher in 
male muskoxen compared to females of all ages for both T. boreoarcticus and M. marshalli (Table 1). Nematode 
intensities were highest in yearlings and decreased with age for both T. boreoarcticus (F = 56.41, df = 4, P < 0.001) 
and M. marshalli (F = 13.87, df = 4, P < 0.001) (Fig. 2). The prevalences of lumen and mucosal larvae were high, at 
97.1% and 90.6%, respectively. Male muskoxen had higher intensities of mucosal larvae than female muskoxen, 
but there was no significant difference in lumen larvae intensity (Table 1).

Parasite eggs found in the fecal samples were strongyle type (presumably primarily T. boreoarcticus based on 
abomasal examination), Marshallagia sp., Nematodirus spp., and Moniezia sp., and Eimeria spp. oocysts. Fecal 
egg counts (FEC) were higher in male muskoxen for Marshallagia sp. and Nematodirus spp., but not for strongyle 
type eggs and Eimeria spp. oocysts (Table 1). Moniezia sp. eggs were only detected in two male muskoxen at 
low intensity (< 1 eggs per gram) and this parasite was not included in any further analysis. FEC for all parasite 
species were higher in calves and yearlings and decreased with age: Strongyle type (F = 3.73, df = 4, P = 0.007), 
Marshallagia sp. (F = 10.96, df = 4, P < 0.001), Nematodirus spp. (F = 47.67, df = 4, P < 0.001) and Eimeria spp. 
(F = 8.62, df = 4, P < 0.001) (Fig. 2).

Parasite infection and body condition
Body condition (i.e. KFI) was inversely related to parasite infection intensity for both male and female muskoxen 
(Fig. 3). For the PLS-PM model for all individuals describing body condition using parasite abundance and 
individual age, the goodness of fit was 0.45 and the model explained 25% of the variation in body condition and 
retained T. boreoarcticus and M. marshalli adults, Marshallagia and Nematodirus spp. eggs (Fig. 3; Tables 2, 3). 
Parasite abundance generally decreased with age class, and body condition decreased with increasing parasite 
abundance. Age class did not have a significant direct effect on body condition. In the group comparison, there 
were no significant differences between the male and female models for the effects between age and parasite 
abundance (t1,32 = 1.08, P = 0.14), parasite abundance and body condition (t1,32 = 0.11, P = 0.47), and age and body 
condition (t1,32 = 0.76, P = 0.22).

Parasite infection and reproduction
Females were less likely to be pregnant if they had higher parasite infection intensity (T. boreoarcticus, W = 281, 
P < 0.001; M. marshalli, W = 260, P < 0.001). Additionally, females that were lactating likely have higher parasite 

Figure 2.   Age and sex specific parasite abundance of adult abomasal nematodes; (a) T. boreoarcticus and (b) 
M. marshalli, and parasite eggs or oocysts in feces measured by eggs per gram (EPG); (c) Strongyle type, (d) 
Nematodirus spp., (e) Marshallagia, and (f) Eimeria spp. in muskoxen.
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Figure 3.   The path model describing the relationship between age class, parasite abundance and body 
condition for male and female muskoxen. The grey boxes show the retained manifest variables and the open 
circles show the latent variables (LVs). β is the path coefficient, while R2 represents how much variation of the 
LV was explained by the preceding LVs.

Table 2.   Direct, indirect and total effects between latent variables in the final PLS-PM explaining 
body condition in muskoxen. Standard error (SE) and 95% confidence intervals (CI) were estimated by 
bootstrapping. Star (*) indicates a significant effect.

Relationship Direct Indirect Total SE 95% CI

Females

 Age—> Parasites − 0.65 − 0.65 0.053 − 0.75 − 0.54*

 Age—> Body condition 0.19 0.17 0.37 0.086 0.18 0.52*

 Parasites—> Body condition − 0.26 − 0.27 0.14 − 0.55 − 0.0063*

Males

 Age—> Parasites − 0.77 − 0.76 0.036 − 0.85 − 0.69*

 Age—> Body condition 0.096 0.37 0.37 0.11 0.24 0.68*

 Parasites—> Body condition − 0.49 − 0.49 0.14 − 0.78 − 0.22*

Table 3.   The manifest variable (MV) loadings for the parasite abundance latent variable (LV) in the PLS-PM 
analyses describing the effect of parasite infection intensity on muskox body condition, reproduction and fetus 
characteristics, including the 95% confidence intervals. The asterisk shows the MVs retained in the final model. 
Cronbach’s Alpha and average variance extracted (AVE) were calculated using the retained MVs.

Manifest variable

Male and female body 
condition

Female body condition and 
reproduction Fetus characteristics

Loading 95% CI Loading 95% CI Loading 95% CI

T. boreoarcticus adults 0.75* 0.66 0.84 0.88* 0.66 0.96 0.86* − 0.26 0.98

M. marshalli adults 0.63* 0.51 0.75 0.89* 0.71 0.96 0.95* − 0.30 0.98

Lumen larvae − 0.0011 − 0.20 0.23 0.53 0.15 0.76 0.54 − 0.43 0.90

Mucosal larvae − 0.034 − 0.24 0.23 0.29 − 0.16 0.63 0.12 − 0.46 0.89

Stronglye type eggs 0.47 0.24 0.63 0.44 0.20 0.71

Marshallagia eggs 0.77* 0.66 0.85 0.70* 0.28 0.93

Nematodirus spp. eggs 0.72* 0.63 0.79 0.57* 0.15 0.87

Erimeria spp. oocysts 0.58 0.43 0.70 0.31 − 0.18 0.65

Cronbach’s Alpha 0.73 0.70 0.85

AVE 0.55 0.60 0.51
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infection intensity of T. boreoarcticus (W = 549, P = 0.070) but not M. marshalli (W = 597, P = 0.18; Fig. 4). Preg-
nant individuals had higher KFI compared to not pregnant individuals (T. boreoarcticus, F53,54 = 10.03, P = 0.0026; 
M. marshalli, F53,54 = 11.34, P = 0.0014), and lactating individuals had lower KFI compared to individuals that 
were not lactating (T. boreoarcticus, F53,54 = 9.64, P = 0.0031; M. marshalli, F53,54 = 10.51, P = 0.0026; Fig. 5). For 
the second PLS-PM analyses for adult female muskoxen, goodness of fit was 0.37 and the model explained 35.9% 
of variation in reproduction. Parasite MV’s retained in the model included T. boreoarcticus adults, M. marshalli 
adults and Marshallagia and Nematodirus spp. eggs (Table 3). The loading for Nematodirus spp. eggs was below 
the threshold, but the variable was retained due to acceptable Cronbachs Alpha and AVE values. Body condition 
(i.e. KFI) decreased with increasing parasite abundance and, when body condition was lower, individuals were 
less likely to be pregnant (Table 4, Fig. 6). The observed effect of parasites on reproduction was significant when 
including the indirect effect through body condition (Table 4, Fig. 6). Individuals that were lactating were more 
likely to have higher parasite infection intensities and lower body condition (Table 4, Figs. 4, 6).   

Effect on fetus size and sex
In the 24 pregnant muskoxen, 19 individuals were infected with T. boreoarcticus and ten were infected with 
M. marshalli. Parasite infection intensity in pregnant muskoxen was generally low for both T. boreoarcticus 
(median = 30) and M. marshalli (median = 25) adult nematodes. In the fecal samples, only three individuals 
had Marshallagia eggs, two had strongyle type eggs and ten had Nematodirus spp. eggs. For the PLS-PM model 
including fetus characteristics, goodness of fit was 0.26 and the model explained 12.5% of variation in fetus 
characteristics. There was no effect of age, parasite infection intensity and body condition on fetus size (KFI, 
F20,21 = 0.27, P = 0.61; T. boreoarcticus, F20,21 = 0.54, P = 0.47; M. marshalli, F20,21 = 0.0025, P = 0.96) or fetus sex 
(KFI, t = − 0.32, P = 0.75; T. boreoarcticus, W = 69, P = 0.90; M. marshalli, W = 69.5, P = 0.93; Fig. 7; Table 5). The 
model retained both T. boreoarcticus and M. marshalli adult nematodes (Table 3). 

Discussion
We have described the gastrointestinal parasite fauna of muskoxen, and the associated direct and indirect costs on 
muskox fitness during a population peak, which preceded a substantial population decline. The parasite diversity 
reported here was typical of that described for muskoxen47,53. It was dominated by Teladorsagia boreoarcticus, a 
common abomasal nematode of muskoxen in the North American Arctic44,47. Marshallagia marshalli, another 
commonly reported abomasal nematode of muskoxen, was also abundant. The occurrence of M. marshalli in 
muskoxen is more variable and it is generally less abundant than T. boreoarcticus47,54,55. The intestinal parasites 
detected through the fecal egg counts, Nematodirus spp. (nematode), Eimeria spp. (protozoan) and Moniezia sp. 
(tapeworm), have been frequently reported in muskoxen47. The parasite intensities and age class relationships 
were typical of that seen for the parasite taxa in northern and Arctic ungulates1,56,57. Lower exposure and ingestion 
rates by calves, and arrested development typical of Teladorsagia, and perhaps Marshallagia, may account for the 
lower intensity in calves followed by the peak abundance in yearlings when hypobiotic larvae mature47,58,59. In 
contrast, Nematodirus spp. and Eimeria spp. develop directly and are common in young ungulates47,60.

We found a direct negative association between parasitism and body condition in muskoxen and an effect 
of parasitism on female reproduction. Females were more likely to be pregnant if they had lower parasite infec-
tion intensities, which included a direct effect and an indirect effect through the negative effect of parasites on 
body condition. While the costs of parasitism have not previously been explored in muskoxen, the link between 

Figure 4.   Association between median adult parasite intensity and adult female muskox reproductive status, 
pregnancy and lactation, for adult abomasal nematodes: (a) Teladorsagia boreoarcticus or (b) Marshallagia 
marshalli.
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reproduction, body condition and parasite abundance has been found in other studies, e.g. caribou55,57, Svalbard 
reindeer61,62, and Dall’s sheep (Ovis dalli dalli)1. Similar to the findings reported in this study, M. marshalli has 
previously been associated with body condition and reproduction in caribou and Dall’s sheep1,57. However, 
an association between T. boreoarcticus and host fitness has not previously been demonstrated in caribou or 
reindeer55,57. This is likely because this parasite species is generally present at low prevalence and intensity in 

Figure 5.   The relationship between body condition, measured by Kidney Fat Index, and adult abomasal 
nematode abundance of Teladorsagia boreoarcticus (a, b) and Marshallagia marshalli (c, d) in female muskoxen 
when individuals are either pregnant (a, c) or lactating (b, d).

Table 4.   Direct, indirect and total effects between latent variables in the final PLS-PM explaining reproduction 
in female muskoxen. Standard error (SE) and 95% confidence intervals (CI) of the total effect were estimated 
by bootstrapping. Star (*) indicates a significant effect.

Relationship Direct Indirect Total SE 95% CI

Age—> Lactation 0.50 0.50 0.12 0.28 0.72*

Age—> Parasites − 0.26 0.18 − 0.078 0.14 − 0.28 0.24

Age—> Body condition − 0.17 − 0.17 0.085 − 0.35 − 0.021*

Age—> Reproduction 0.33 − 0.051 0.28 0.13 0.0094 0.54*

Lactation—> Parasites 0.37 0.37 0.13 0.16 0.65*

Lactation—> Body condition − 0.38 − 0.096 − 0.48 0.095 − 0.63 − 0.28*

Lactation—> Reproduction − 0.24 − 0.24 0.090 − 0.46 − 0.11*

Parasites—> Body condition − 0.26 − 0.26 0.093 − 0.44 − 0.086*

Parasites—> Reproduction − 0.17 − 0.10 − 0.27 0.11 − 0.50 − 0.097*

Body condition—> Reproduction 0.38 0.38 0.16 0.071 0.67*
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these ungulate species, whereas it is the dominant abomasal nematode in muskoxen47. Although Nematodirus 
spp. are widespread intestinal parasites, the costs in wild ungulates are unknown47. Our results suggest that 
Nematodirus spp. may contribute to the cost of parasitism and targeted studies on intestinal parasitism could 
explain these effects.

Parasites may have differing effects depending on their life history strategies and relative abundance in the 
host population57,62,63. In this study we found similar effects of both species of adult abomasal nematodes despite 
differences in overall abundance and life history strategies. The peak period of larval exposure and parasitism by 
adult T. boreoarcticus is during the summer where vegetation growth and resource intake is highest for muskoxen. 
The costs of developing larvae and adult parasitism at this time may affect the ability of individuals to build energy 
reserves47. Conversely, adult intensities of M. marshalli peak during the winter when muskoxen are experiencing 
limited forage and possibly cold-induced energetic stress16,64. Thus, both parasite species have potentially additive 
effects on host fitness through differing timing of infestations dependant on parasite life-history strategies47,65.

Parasites may also impact hosts differently depending on the conditions of the host population, including 
environmental dynamics and individual characteristics8. Male-biased parasitism is common in wild ungulates 
and has been linked to high testosterone and the physiological costs of rutting5,66. Although we did not find a 
significant effect of sex on the relationship between parasites and body condition, our results suggest there may 
be subtle effect of increased parasite infection intensity in males. Infection intensity in pregnant females was 
lower than both non-pregnant females and males, suggesting that reproduction is suppressed in females facing 
high parasite infection intensities because they are less likely to have enough energy reserves required to sup-
port reproductive costs15,16,25,26,61. Parasites generally impact ungulates through the energetic burden that they 
impose, which can have additional effects such as reduced feeding rates, which futher exascerbates nutritional 
imbalance6,7. The effect of parasites may be augmented when the nutritional status of the host is compromised 
because energy reserves may be traded off between body condition, immunity and reproduction8,67,68. This can 
impact energy reserves that are important for survival during the winter, maintenance of pregnancy and lacta-
tion early the following spring15,25.

Higher energetic costs have been attributed to lactation compared to pregnancy in mammals69–71. We found 
that lactating female muskoxen were more likely to have higher parasite infection intensities and lower body con-
dition than females that were not lactating. Due to the costs associated with lactation, lactating females will have 
had a higher energetic demand since parturition, making them more vulnerable to parasites and depleting their 
energy reserves. Our results showed that lactating females had a larger range of parasite infection intensities than 
pregnant females, which generally had low infection intensities. Prior reproduction (i.e. lactating females) may 
impact subsequent fecundity (i.e. pregnant females), because females may not have sufficient energy reserves for 
future reproduction71,72. Females may only become pregnant if they have low infection intensities. Additionally, 

Figure 6.   The path model describing the relationship between female age class, parasite abundance, lactation, 
body condition and reproductive status in female muskoxen. The grey boxes show the retained manifest 
variables and the open circles show the latent variables (LVs). β is the path coefficient, while R2 represents how 
much variation of the LVs were explained.
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survival of females may be compromised by reproduction due to the energetic investment of lactation71. These 
effects are likely to be exacerbated by the costs of parasites and the associated energetic demands for females.

Low virulence parasites can affect fetus size through delayed conception or fetal development due to subop-
timal nutrition to the fetus and can be associated with fetus sex due to sex-dependant fetal energetic costs51,73–75. 
We did not find any association between parasite burden and fetus development or sex. Although this suggests 
that there may not be an association between parasite burden and fetus characteristics, the data available for 
pregnant females is not adequate to support a conclusion. The pregnant females generally had the lowest parasite 
burdens found in this study, and our sample size of pregnant females was relatively small, even though PLS-PM 
models can handle small sample sizes76. Additionally, the lack of association found with fetal size may be due to 
the time of sampling, which occurred in November and was early in muskox fetal development.

Figure 7.   The effect of adult abomasal nematode infection intensity of Teladorsagia boreoarcticus or 
Marshallagia marshalli on fetus characteristics in pregnant female muskoxen including fetus size (weight divided 
by length) (a, b), and fetus sex (c, d).

Table 5.   Direct, indirect and total effects between latent variables in the PLS-PM explaining fetus 
characteristics in pregnant female muskoxen (n = 24). Standard error (SE) and 95% confidence intervals (CI) 
were estimated by bootstrapping. Star (*) indicates a significant effect.

Relationship Direct Indirect Total SE 95% CI

Age -> Parasites − 0.051 − 0.051 0.37 − 0.81 0.61

Age -> Body condition 0.020 0.020 0.095 − 0.25 0.073

Age -> Fetus characteristics − 0.32 0.014 0.31 0.39 − 0.66 0.68

Parasites -> Body condition − 0.39 − 0.39 0.34 − 0.70 0.33

Parasites ->  Fetus characteristics − 0.27 − 0.050 − 0.22 0.21 − 0.53 0.27

Body condition -> Fetus characteristics − 0.13 − 0.13 0.28 − 0.56 0.52
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At the time of this study, the population of muskoxen on Banks Island was the largest in the world17,20,27,32. 
A severe icing event during winter 2003–2004 resulted in a thick layer of ice across the landscape that restricted 
access for muskoxen to winter forage31,77. The population subsequently declined by more than 30% by 2005 and 
to 50% of its 2001 peak by 2010. This decline was largely attributed to winter mortality directly associated with 
the icing event and sustained multigenerational effects of malnutrition on reproduction and survival20,26,31. Stud-
ies on Soay sheep (Ovis aries) have demonstrated how parasitism can exacerbate the effects of severe weather 
events and food shortage, leading to higher mortality rates of heavily infected hosts8. The high population 
density of muskoxen in the late 1990s and early 2000s, and high levels of parasitism, may have increased their 
vulnerability to the icing event. Thus, parasites may play a role in population declines associated with restricted 
access to forage. Weather events, such as the icing event of 2003 and 2004, are becoming more common due 
to climate change, increasing the urgency of understanding and mitigating their impacts77, and understanding 
how parasite dynamics may shift78.

Ungulate population dynamics, especially for species in extreme environments such as the Arctic, are sensitive 
to multiple stressors from their biological and physical environment, and from their relationships with humans79. 
Therefore, observing relatively small effect sizes or explained variance is likely when multiple stressors are not 
accounted for6,80. The cross-sectional nature of this study and low variation explained in the modelling approach 
means that causality or directionality of relationships must be interpreted with caution. However, longitudinal 
experimental studies in Rangifer sp. where reindeer body condition improved after anthelmintic treatment62, 
supports a causal nature to this relationship despite low effect sizes. Additionally, the directionality assigned 
between variables, required by the PLS-PM approach, was based on the strongest expected effect based on known 
interactions between parasites and hosts. However, the direction of these effects may be reciprocal rather than 
unidirectional and could be interpreted as such.

We have demonstrated a strong link between parasitism, body condition and reproduction in an Arctic 
ungulate using a cross-sectional study. Climate change is occurring in the Arctic at an accelerated rate, mean-
ing that species are facing increasing stressors81. This includes shifting phenology and weather events which 
are impacting the accessibility and quality of forage77,82,83. If energetic resources are limited, for example during 
increasingly frequent icing events, reproducing females will be vulnerable to higher parasite burdens while also 
having fewer energy reserves for subsequent reproduction and survival. Additionally, climate change may have 
significant effects on host-parasite dynamics and the costs associated with parasitism, with consequences for 
population dynamics and ecosystem function6,78. Understanding the mechanisms in which nutritional resources 
and parasites influence wildlife populations will contribute to a holistic understanding of ungulate population 
dynamics and ecosystem health.

Data availability
Data and code is available via https://​github.​com/​ERDic​kinso​n0/​muskox_​paras​ites.
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