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Multiple helminth species commonly co-occur within mammals and their interactions may negatively affect the
survival and breeding success of their hosts. However, it has been difficult to prove competition or mutualism
between co-infesting helminths in field studies of wild mammals. The sinus cavities of European polecats
(Mustela putorius) can be parasitised by the trematode Troglotrema acutum and the nematode Skrjabingylus nasi-
cola and both helminths can co-occur within hosts. While both parasites can damage the host’s bone structure
and cause severe pathologies, their impact on host body condition is unclear. It is also unknown whether both
parasites interact and how this might affect cranial damage and host body condition. We examined 515 fresh
polecat skulls for the presence of both helminths and measured the hosts’ amount of kidney perirenal fat as a
measure of body condition. Our results demonstrated that, in addition to a host-intrinsic fixed factor (sex) and
random factors accounting for spatial and temporal stochasticity, the helminths influenced each other’s presence.
Infestation with T. acutum increased the probability of catching S. nasicola with increasing age of the host, while
males already infested with S. nasicola were more likely to become infested with T. acutum than females infested
with the nematode. While we speculate that both effects resulted from parasite-induced behavioural alterations
(increased foot consumption), it is not clear why, in the latter case, this effect would be stronger in males than
females. We showed that the abundances of both parasites had significant positive effect on the likely presence of
skull damage and a significant negative effect on the predicted presence of kidney fat. Given the evolutionary
arms race that both host-parasite systems have undergone, it appears unlikely that either helminth played a
significant factor in the population decline of the polecat in Europe.

1. Introduction

Most free-living organisms are simultaneously infected by more than
one species of parasite (Petney and Andrews, 1998; Hoarau et al., 2020).
The interactions of different parasite species within a single host can
have important impacts on their epidemiology as well as on host fitness
(Graham, 2008). On the one hand, parasites sharing the same host may
compete for resources or be impacted by cross-reactive immune de-
fences, while, on the other hand, they may benefit from an immune
system dysfunction induced by one of the parasites (Behnke, 2008).

* Corresponding author.
** Corresponding author.

While the effects and effect size can differ substantially between sys-
tems, co-infesting parasites are likely to influence the abundance, dis-
tribution and dynamics of each other (Pedersen and Fenton, 2007;
Graham, 2008). The effect of the interaction of multiple parasites is also
likely to have an important impact on the severity of symptoms in the
host, its body condition and fitness, thus influencing its population dy-
namics (Tompkins and Begon, 1999; Pedersen and Fenton, 2007).

In mammals, chronic helminth infestations can negatively affect the
survival and breeding success of individual hosts (Murray et al., 1997;
Albon et al., 2002; Gunn and Irvine, 2003). In addition, it is common for
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multiple helminth species to co-occur within a host (Poulin, 2001;
Chaisiri and Morand, 2021) and their interactions may have important
consequences for disease severity, especially if increasing the intensity
of parasitism (Petney and Andrews, 1998; Maceda-Veiga et al., 2016).
However, in contrast to laboratory studies, it has been hard to prove
competition or mutualism between co-infesting helminths in field
studies of wild hosts (Poulin, 2001), maybe as a result of co-occurring
helminth parasites not being numerous enough to affect a competitor
or of their differing resource use (Poulin, 2001; Behnke, 2008). Those
field studies that did provide evidence for helminth interactions did not
control for host biology and external factors that may influence species
associations and/or did not analyse the impact of the interaction on the
hosts’ life history traits and body condition (Lello et al., 2004; Portolés
et al., 2004; Behnke et al., 2009; Chaisiri and Morand, 2021).

The nasal and frontal sinus cavities of European carnivores can be
parasitised by two different genera of helminths: digenean trematodes of
the genus Troglotrema and nematodes of the genus Skrjabingylus. Trog-
lotrema acutum occurs in western, central and southern Europe. Euro-
pean polecats (Mustela putorius) are the definitive host of the parasite,
but other carnivores can become accidental hosts (Koubek et al., 2004;
Heddergott et al., 2015). After the trematode’s eggs are shed via the
faeces, freshwater snails of the genus Bythinella act as first intermediate
hosts. Polecats and other carnivores become infested through the
ingestion of anurans that contain metacercariae (Vogel and Voelker,
1978). Skrjabingylus nasicola, a common, cosmopolitan parasite of
mustelid species of the genera Mustela and Neovison (Anderson, 2000;
Heddergott et al., 2015), is particularly prevalent in polecats (Hansson,
1968; Shimalov and Shimalov, 2002; Torres et al., 2008; Miiller and
Heddergott, 2009a). The infective stages of S. nasicola develop in
terrestrial gastropods, with mouse-like rodents, shrews, amphibians and
reptiles acting as paratenic hosts (Anderson, 2000).

Both T. acutum and S. nasicola can damage the bone structure of their
hosts’ cranium (Fig. 1; Hansson, 1968; Vogel and Voelker, 1978; Hed-
dergott et al., 2015). The destruction caused by T. acutum to polecat
skulls can be particularly severe, leading to bone perforations that can
converge and lead to exposure of the frontal sinus and nasal cavity. The
remaining bones can be distended and sponge-like in appearance
(Lehmensick, 1942; Vogel and Voelker, 1978; Kierdorf et al., 2006;
Heddergott et al., 2021). While in least weasels (M. nivalis) and stoats
(M. erminea) the skull lesions caused by S. nasicola are comparably se-
vere (Hansson, 1968; King, 1977), the pathology of S. nasicola in pole-
cats appears to be relatively mild, with changes characterised by
unevenly thinned bone tissue and in smaller lateral and/or dorsal bulges
around the frontal sinus (Hansson, 1968).

In contrast to the widespread S. nasicola, T. acutum appears to have a
more discontinuous distribution, its occurrence being usually associated
with the presence of the snails that act as first intermediate hosts (Vogel
and Voelker, 1978; Koubek et al., 2004). Nevertheless, T. acutum and
S. nasicola can co-occur in polecats. Miiller and Heddergott (2009a)
found a co-infestation in 26 out of 211 polecats from a study area in
central Germany where Bythinella compressa probably acted as first in-
termediate host of T. acutum. Little is known about the nature of the
cranial damage resulting from a co-infestation with both helminths,
other than Miiller and Heddergott (2009a) not noticing any obvious
difference in cranial damage between infestations with T. acutum and a
joint T. acutum/S. nasicola infestation (see also Fig. 1). Vogel and
Voelker (1978) reported that T. acutum mainly, but not exclusively,
parasitised the sinus frontalis of polecats, while, according to Hansson
(1968), S. nasicola mainly occurred in conchae within the lateral nasal
parts. It is therefore not clear whether, in case of co-infestation, both
parasites have a numerical effect on each other and whether an inter-
action impacts cranial damage and body condition.

Despite their relatively severe pathology, the clinical impact of the
cranial helminths is not entirely clear. While individuals infested with
T. acutum can be in good physical condition (Miiller and Heddergott,
2009a; Duscher et al., 2015), some authors state the presence of
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Fig. 1. Dorsal views of European polecat (Mustela putorius) skulls with or
without infestations of the cranial helminths Skrjabingylus nasicola and Troglo-
trema acutum. (a) Skull of a non-infested one-year-old male. (b) Skull of a three-
year-old male with lesions in the frontal bone resulting from an infestation with
T. acutum. (c) Lesions in both postorbital processes and the rear of the frontal
bone of a skull of a two-year-old male infested with both parasites. (d) Lesion in
the right postorbital process of a skull of a two-year-old male infested with both
parasites. (e) Skull of a three-year-old female with lesions in both postorbital
processes resulting from an infestation with S. nasicola. (f) Lesions in both
postorbital processes and the frontal bone of a skull of a four-year-old female
infested with both parasites. (g) Skull of a two-year-old female infested with T.
acutum that is characterised by large perforations in the frontal bone and
exposure of the frontal sinus and the nasal cavity. (h) Skull of a four-year-old
male with perforations in and distensions of the frontal bone resulting from
an infestation with T. acutum. (i) Skull of a five-year-old male characterised by
multiple perforations and distended and sponge-like appearance of the bones
across the whole of the frontal dorsal cranium.

T. acutum can lead to behavioural alterations and loss of locomotory
abilities (Kierdorf et al., 2006; Huck and Weber, 2015). Koubek et al.
(2004) even stated that T. acutum infestation may have had a significant
negative impact on the population density of polecats in the Czech Re-
public. Similarly, a number of authors have suggested that S. nasicola
had a negative impact on the body condition of stoats in Russia and even
negatively affect the species’ population dynamics in the country (King,
1977 and references therein). However, subsequent studies on the stoat
and the American mink (N. vison) did not confirm a negative impact of
the nematode on host body condition (King, 1977; King and Moody,
1982; Santi et al., 2006; Hawkins et al., 2010; Santi and Paker, 2012;
Heddergott et al., 2015). Finally, working on fresh skulls, Miiller and
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Heddergott (2009a) did not notice any obvious impact of infestation
with T. acutum and/or S. nasicola on polecat body condition.

While the polecat is widely distributed across Europe, its distribution
range and population densities declined in a number of European
countries in recent decades (Croose et al., 2018). Threats to the species
include direct persecution, secondary poisoning, accidental mortality
from car collisions, habitat loss and competition with alien species
(Croose et al., 2018). It is currently listed on Annexe V of the EC Habitats
and Species Directive and Appendix III of the Bern Convention. Given
the potential clinical impact of the cranial helminths, it is necessary to
assess thoroughly their effect on the body condition of the polecats. This
is especially relevant for cases of co-infestation with both parasites.

Working on a large number of fresh polecat skulls collected from
central and western Germany, we therefore aimed to answer the
following questions: (1) what is the prevalence of co-infestation with
both parasites within the hosts? We hypothesise that the co-infestation is
limited to geographic foci that correspond to the presence of a suitable
first intermediate host for T. acutum. (2) Does sex and age of the host
affect the presence/abundance of the helminths, either when occurring
individually or concurrently? (3) Is there evidence for an interaction
between both parasites, with the presence/abundance of T. acutum
affecting the presence/abundance of S. nasicola and vice versa? We
hypothesise that, because of niche specialisation, there will be little
interaction between the two. (4) Does the presence of cranial helminths
have an impact on the body condition of polecats and does the simul-
taneous presence of both parasites change the severity of the parasites’
clinical impact?

Sample size
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2. Materials and methods
2.1. Ethics statement

All animals were road-killed or legally harvested. No animal was
killed with the aim of providing samples for this study.

2.2. Sampling of hosts and parasites

Between 1985 and 2016, we collected fresh skulls from 515 (327
males, 188 females) European polecats that had a complete body and
were sufficiently well-preserved to allow to test for the presence of
cranial helminth parasites (Fig. 2). After recording the sex of the animal,
carcasses were stored at —20 °C until dissection. A total of 89 polecat
carcasses were collected in the North German Plain ecoregion (Fig. 2).
The remaining 426 animals originated from the Low Mountain Mittel-
gebirge ranges in central Germany, where T. acutum and S. nasicola are
known to co-occur (Miiller and Heddergott, 2009a). The samples
included the 211 animals investigated by Miiller and Heddergott
(2009a). In order to be able to account for spatial autocorrelation (see
Material and Methods 2.4), we also recorded the origin of each sample
relative to major landscape unit (Fig. 2), subunits of the
above-mentioned ecoregions that were defined on the basis of terrain,
soils, climate, hydrology and vegetation (Meynen and Schmithiisen,
1953-1962).

After removing all tissue and blood in a cold-water bath, we followed
the methods by Miiller and Heddergott (2009b) to test for the presence
of trematodes and nematodes. The skull was held against a light source,
and its interior was inspected through the foramen magnum. Skulls with
S. nasciola infestations were identified based on the presence of dark
discolored areas in the right and left postorbital process. The parasites

Fig. 2. Geographic origin of the skulls of the European polecat (Mustela putorius) analysed in this study. The size of the pie charts is indicative of the number of skulls
analysed per locality and the contents of the pie charts are indicative of the infestation status of the corresponding animals. SKJ: Skrjabingylus nasicola, TRO:
Troglotrema acutum. The numbers are indicative of the major landscape unit of origin of the samples.
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were removed by opening a small aperture with a 2-mm drill bit in the
side of the postorbital process (Heddergott, 2009) and flushing out the
underlying tissue with a water-filled syringe. The nematodes were
stored in 80% ethanol. T. acutum infestations can frequently be diag-
nosed by the presence of lesions in the frontal bone and the postorbital
process. When these lesions were present, the connective tissue was
removed through the lesions using preparation needles and the trema-
todes were flushed out with a syringe. In the absence of bony lesions,
trematodes were flushed out after removing connective tissue with long
pointed preparation needles, reaching the T. acutum attachment sites on
the ethmoid bone via the nasal bone or the foramen magnum.

2.3. Body measurements and organ weights

The age of the polecats in years was determined based on the number
of incremental growth lines in the cementum of an upper-jaw canine
(Ansorge, 1995). A precision sectioning saw (IsoMet® 1000, Buehler;
Esslingen am Necker, Germany) was used to perform two longitudinal
cuts of approximately 4.6 mm length from the central area of the tooth
root. The growth lines were counted under a B1-220A light microscope
(Motic, Wetzlar, Germany) at x 25-50 magnification. We extrapolated
an animal’s age in months by presuming a birth in May (Kristiansen
et al., 2007).

Carcasses were completely thawed, dried and cleaned. Body weight
was measured (+10 g) using digital scales (WSE, Bosche Wagetechnik,
Damme, Germany). Snout-vent length (nose tip to anus) was measured
with a tape measure (£1 cm). The kidneys and the kidney perirenal fat
were weighed (40.01 g) using digital scales (WSE, Bosche Wagetechnik,
Damme, Germany). We added the weight of the left and the right kid-
neys to obtain a single variable. The weight of the fat from the left and
the right kidney we also added up.

2.4. Statistical methods

All the statistical analyses were performed in program R v.4.2.0 (R
Core Team, 2022), and all the generalised linear mixed effects models
(GLMMs) were fit with the glmmTMB package (Brooks et al., 2017). To
check for multicollinearity, we systematically evaluated the variation
inflation factors (VIFs) with the full GLMMs without interactions. We
considered that there was no substantial correlation when VIF values
were <5 (James et al., 2013). To avoid convergence and fitting issues,
and to ease interpretation, we only included two-way interactions. We
considered the year of sampling and the major landscape unit (see
Material and Methods 2.2) as random effects (random intercepts) to
account for inter-annual stochasticity and local spatial autocorrela-
tion/subpopulation effects, respectively. Before conducting model se-
lection for the fixed effects of each GLMM, we evaluated whether
inclusion of random effects improved the model by comparing the
Akaike information criteria (AIC) of models with zero, one, or both
random effects, fit with restricted maximum likelihood (Zuur et al.,
2009).

We then used the dredge() function in the MuMIn v.1.46.0 R package
(Barton, K. 2022. MuMIn: Multi-model inference. https://cran.r-project.
org/package=MuMIn) to calculate AIC for all potential models fit with
non-restricted maximum likelihood, and selected the models which AIC
values were within 2 of that of the model with the lowest AIC. Within
that subset of models, we selected the most parsimonious model and
conducted model averaging using the model.avg() function of the
MuMIn package to evaluate the importance of each predictor. We also
noted how many times each predictor was present in models within the
subset. We tested for overdispersion in the most parsimonious models
(Gelman & Hill, 2007). Some level of overdispersion (dispersion ratio:
1.927) was detected in our logistic regression identifying predictors for
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the presence of skull damage (see Results 3.3). The beta-binomial model
that we used as an alternative failed to converge. We evaluated the
explanatory power of our models using marginal and conditional coef-
ficient of determination based on Nakagawa et al. (2017). When mar-
ginal R > 0.10, we plotted the marginal effects of the most
parsimonious models using the plot model() function of the sjPlot
v.2.8.10 R package (Liidecke, D., 2021. sjPlot: Data visualization for
statistics in social science. https://CRAN.R-project.org/package=sj
Plot). We refrained from systematically plotting models with very
minor explanatory power and focused on those explaining a substantial
part of the observed ecological phenomenon.

Due to the absence of T. acutum records from the North German Plain
region, we used a chi-square test to test for differences in the prevalence
of both parasites in these two major ecoregions (North German Plain,
Mittelgebirge ranges). Then, we sought to identify predictors for the
presence of both parasites by performing a logistic regression to inves-
tigate the (fixed) effects of sex, age (in months), month of sampling, as
well as presence of the other parasite on the presence of either T. acutum
or S. nasicola. Next, we aimed to predict parasite abundance and used
the same predictors, with count instead of presence. Initial analysis
showed the count data (number of parasites present in skulls) to have an
excess of zero counts, to be over-dispersed and to have a variance to
mean ratio much greater than 1. We also assumed that the zeros resulted
from two processes, and thus, that we had structural zeros in our dataset
(some animals never encountered the parasite). Based on all these
considerations, we used a zero-inflated negative binomial model (ZINB;
Faraway, 2016), which has two parts, a negative binomial count model
and a logit model for predicting structural zeros. Due to the absence of
T. acutum records from the North German Plain region, we performed
the analysis identifying predictors for the presence and abundance of
both parasites only with animals sampled in the Mittelgebirge ecoregion.
Based on the complete dataset, we performed a logistic regression to test
for the effects of sex, age, month of sampling, as well as abundance of the
parasites, on the presence of damage to the skulls, defined as the pres-
ence of lesions in the frontal bone and the postorbital process.

In line with other studies on mammals (Lajeunesse and Peterson,
1993; Bonino and Bustos, 1998; Serrano et al., 2008), we used the
weight of the kidney perirenal fat (kidney fat for short hereafter) of the
polecats as proxy for their body condition. However, rather than using
an index (e.g., weight of the kidney fat/weight of the kidneys), we fol-
lowed Serrano et al. (2008) in using the weight of the kidney fat as an
untransformed response variable in our modelling approach, while
using snout-vent length (which better correlated with kidney fat weight
than body or kidney weight) as a predictor variable. We used the same
predictors as in the skull damage model. We considered the complete
data set for this analysis, which, again, was characterised by a large
number of zeros for kidney fat weight. Given the continuous nature of
the data, we used a zero-altered gamma (ZAG) model, which is a mixture
(hurdle) model with two components, one using a logistic regression to
describe the probability of kidney fat being observed and another one
using a gamma generalised linear model to analyse the non-zero positive
continuous data (Zuur and Leno,2016). We performed a Kolmogor-
ov-Smirnov test to confirm that the non-zero continuous data followed a
gamma distribution. Due to persistent convergence problems, we
omitted interactions involving the variables ‘month of sampling’,
‘snout-vent length’ and ‘age (in months)’, with the exception of the
interaction of the variables ‘age (in months)’ and ‘sex’, from the full
model. We plotted the logistic regression part of the ZAG model after
generating predictions using the ggpredict() function of the ggeffects v.
0.16.0 R package (Liidecke, 2018). Further information on structure of
the data relative to the years of the study can be found in Table S1.
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3. Results
3.1. Presence of the parasites and co-infestations

An infestation with T. acutum was diagnosed in 158 out of 515
(30.7%) of the analysed polecats, while S. nasciola nematodes were
recovered from 208 animals (40.4%). All animals infested with
T. acutum originated from the Mittelgebirge ranges (37.1% of all animals
from this ecoregion) and there was a significant difference between the
two ecoregions in T. acutum infestation rates (y? = 45.89, df = 1, P <
0.001). We identified S. nasicola in 41 of the 89 polecats (46.1%)
sampled in the North German Plain and in 167 of 426 animals (39.2%)
sampled in the Mittelgebirge ranges. There was no significant difference
in nematode prevalence between the two ecoregions (% = 1.17, df = 1,
P = 0.279). Ninety-two of the 426 animals sampled in the Mittelgebirge
ranges (21.6%) were infested with both parasites. The difference be-
tween ecoregions in the prevalence of co-infestation was significant (y?
=21.95,df =1, P < 0.001).

Since VIF values were <3 in all full GLMMs (without interactions)
throughout the study, our models did not have multicollinearity issues

Table 1

Logistic regression identifying predictors for the presence of the cranial hel-
minths in (a) Troglotrema acutum and (b) Skrjabingylus nasicola in European
polecats from the Mittelgebirge ecoregion. Results are presented for the most
parsimonious model identified after model selection. In the initial model, we
included sex, age (in months), presence of the other parasite and month of
sampling as fixed factors, while including the year of sampling and major
landscape unit of origin as random effects (random intercepts). We only included
two-way interactions.

(@) T. acutum

Fixed effects Estimate s.e. z value p value
(Intercept) —6.049 1.617 —3.740 <0.001
Presence of S. nasicola 1.211 0.469 2.581 0.010
Age 0.049 0.009 5.399 <0.001
Sex-Male —0.067 0.391 —0.172 0.863
Presence of S. nasicola* Sex—Male 1.560 0.658 2.370 0.018
Random effects Variance

Year 0.396

Major landscape unit 12.309

Residual 3.290

marginal R% 0.139

conditional R%: 0.823

Dispersion ratio: 0.614

(b) S. nasicola

Fixed effects Estimate s.e. z value p value
(Intercept) —0.246 0.286 —0.860 0.390
Presence of T. acutum 0.306 0.483 0.632 0.527
Age —-0.017 0.009 —-1.861 0.063
Sex-Male —0.618 0.236 —2.623 0.009
Presence of T. acutum*Age 0.046 0.013 3.434 <0.001
Random effects Variance

Year 0.086

Major landscape unit 0.168

Residual 3.290

marginal R% 0.204
conditional R*: 0.261
Dispersion ratio: 0.940

In the case of the continuous predictor variable (Age), the logistic regression
coefficient gives the change in the log odds of prevalence for a one-unit increase.
In the case of the categorical variable (Sex, Presence of the other parasite), the
logistic regression coefficient gives the change in the log odds of prevalence
when considering males and co-infestation relative to females and infestation
with a single parasite, respectively.
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(Table S2). When trying to identify predictors for the presence of T.
acutum in the Mittelgebirge ranges, we included both random effects in
the analysis and our model selection procedure led to 13 equivalent
models based on AIC (Table S3). According to the most parsimonious
model, older polecats were significantly more likely to be infested with
T. acutum and infestation with S. nasicola led to an increased probability
of infestation with T. acutum (Table 1). Moreover, there was a significant
interaction between the sex of the host and the presence of the nematode
(Table 1), as males infested with S. nasicola had an increased probability
of T. acutum infestion relative to females that were also infested by the
nematode (Fig. 3). The terms of the most parsimonious model were
included in the 12 equivalent models, lending support to its relevance as
a representative of the subset of best models (Table S3). However, model
averaging only confirmed the significance of the interaction between the
sex of the host and the presence of the nematode (Table S3). The large
conditional R? of 0.823 and the relatively low marginal R of 0.139 of
the most parsimonious model indicates that while our model accounts
for a lot of variation associated with spatiotemporal stochasticity and
autocorrelation, it had relatively low power to predict accurately the
presence of T. acutum based on our fixed effects predictors.

When trying to identify predictors for the presence of S. nasicola in
the Mittelgebirge ranges we included both random effects in the analysis
and our model selection procedure led to five equivalent models based
on AIC (Table S4). According to the most parsimonious model, females
were significantly more likely to be infested with S. nasicola than males.
Also, there was a significant interaction between the age of the host and
the presence of the trematode (Table 1, Fig. 3). The probability of
becoming infested with S. nasicola increased with age, but only if the
host was already infested with T. acutum (Fig. 3). Conversely, the risk of
becoming infested with S. nasicola decreased with age for those animals
that were not infested with T. acutum. Model averaging confirmed the
significance of both predictors and the terms of the most parsimonious
model were included in the four equivalent models (Table S4). The
marginal R? of 0.204 indicated that the most parsimonious model had
satisfactory power to predict the presence of S. nasicola and the condi-
tional R? of 0.261 suggested a limited influence of the random effects on
the variation in the data.

3.2. Infestation intensities

After comparing the AIC of models with zero, one, or both random
effects, we included only the major landscape unit in the ZINB model
predicting the number of T. acutum and no random factor when pre-
dicting the number of S. nasicola. Both models performed poorly in
predicting the abundance of either parasite based on our fixed predictors
of sex, age, sampling month and the abundance of the other parasite
(T. acutum marginal R*: 0.002, S. nasicola marginal R?% 0.063). In
contrast, given its large conditional R? of 0.764, our model predicting
the number of T. acutum accounted for a lot of variation associated with
spatial stochasticity and autocorrelation.

3.3. Skull damage

No random factor was included in the model used to predict to
occurrence of skull damage. Our model selection procedure led to 11
equivalent models based on AIC (Table S5). According to the most
parsimonious model, both the abundance of T. acutum and S. nasicola
were a significant predictor of skull damage (Table 2). Moreover, there
was a significant interaction between the abundance of S. nasicola and
the sex of the host, as in females fewer nematodes were needed to in-
crease the probability of skull damage than in males (Fig. 4). Model
averaging confirmed the significance of both predictors and of the
interaction and the terms of the most parsimonious model were included
in the 10 equivalent models (Table S5). Relative to the models for
presence and abundance, the most parsimonious model of skull damage
had rather high explanatory power (marginal R%: 0.516).
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Table 2

Logistic regression identifying predictors for the presence of damage to the skull
caused by the cranial helminths Troglotrema acutum and Skrjabingylus nasicola in
European polecats. Results are presented for the most parsimonious model
identified after model selection. In the initial model, we included sex, age (in
months), abundance of T. acutum, abundance of S. nasicola and month of sam-
pling as fixed factors. We only included two-way interactions.

Fixed effects Estimate s.e. z value p value
(Intercept) —2.848 0.336 —8.483 <0.001
T. acutum abundance 0.032 0.006 5.523 <0.001
S. nasicola abundance 0.254 0.039 6.490 <0.001
Sex-Male 0.461 0.387 1.190 0.234
S. nasicola abundance* Sex-Male —0.151 0.042 -3.625 <0.001
marginal R% 0.516
Dispersion ratio: 1.927
o [ 2 H 40
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Fig. 4. Marginal effects plot of logistic regression model predicting the pres-
ence of skull damage as a function of sex of the host, the abundance of
S. nasciola and a selection of T. acutum abundances. The colour of the 95%
confidence interval corresponds to the T. acutum abundance of the same colour.
The plot is based on the most parsimonious model identified after model se-
lection (see Table 2). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Marginal effects plot of a logistic regression
model predicting the presence (a) of T. acutum as a
function of sex of the host and the presence/absence
of S. nasicola, the other parasite, (b) of S. nasciola as a
function of sex of the host and (c¢) of S. nasciola as a
function of age of the host and the presence/absence
of T. acutum. The 95% confidence intervals are shown
as error bars or in grey. The plots is based on the most
parsimonious model identified after model selection
(see Table 1).

Age (months)

Table 3

Zero-altered gamma model identifying predictors for the weight of the kidney
perirenal fat of the polecats. The model has two parts, one (a) using a gamma
generalised linear model to analyse the non-zero positive continuous data and a
second part (b) using a logistic regression to describe the probability of kidney
fat being observed. Results are presented for the most parsimonious model
identified after model selection. In the initial model, we included sex, age (in
months), abundance of T. acutum, abundance of S. nasicola, month of sampling
and snout-vent length as fixed factors, while including the year of sampling and
major landscape unit of origin as random effects (random intercepts). We only
included two-way interactions.

(a) Generalised linear model coefficients (gamma with log link)

Coefficients Estimate s.e. z value p value
(Intercept) —1.609 0.561 —2.870 0.004
S. nasicola abundance 0.005 0.003 1.662 0.097
Sex-Male —-0.211 0.105 —2.004 0.045
Month of sampling —0.015 0.009 —1.748 0.080
Snout-vent length 0.009 0.001 6.494 <0.001
(b) Zero hurdle model coefficients (binomial with log link)

Coefficients Estimate s.e. z value p value
(Intercept) 6.702 1.915 3.501 <0.001
T. acutum abundance —0.032 0.014 —2.188 0.029
S. nasicola abundance —0.077 0.024 -3.215 0.001
Sex-Male 1.367 0.401 3.412 <0.001
Snout-vent length —0.022 0.005 —4.350 <0.001
Random effects Variance

Year 0.023

Major landscape unit 0.017

Residual 0.430

marginal R% 0.155
conditional R* 0.227
Dispersion estimate: 0.430

3.4. Body condition

Both random factors were included in the ZAG model used to predict
to occurrence and abundance of kidney fat. Our model selection pro-
cedure led to 20 equivalent models based on AIC (Table S6). According
to the most parsimonious model (Table 3) snout-vent length (i.e. body
size) was the most significant predictor of both the presence of kidney fat
(Fig. 5a) and of the amount of kidney fat (Fig. 6). While, when kidney fat
was present, larger animals were likely to have larger amounts of it,
larger animals were less likely to have kidney fat at all (Table 3). In-
creases in the abundances of both T. acutum (Fig. 5b) and S. nasicola
(Fig. 5¢) significantly reduced the probability of the presence of kidney
fat. Males were more likely to have kidney fat (Fig. 5d). However, if
kidney fat was present, females were likely to have larger amounts of it
than males of similar size (Fig. 6). Model averaging confirmed the sig-
nificance of all predictors and the terms of the most parsimonious model
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Fig. 6. Marginal effects plot of the gamma generalised linear model of the Zero-
altered gamma model, predicting kidney fat weight as a function of snout-vent
length and sex of the host. The colour of the 95% confidence interval corre-
sponds to the sex of the same colour. The plot is based on the most parsimo-
nious model identified after model selection (see Table 3). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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were included in the 19 equivalent models (Table S6). The marginal R?
of 0.155 indicated that the most parsimonious model had relatively low
power to predict the presence of kidney fat and the conditional R? of
0.227 suggested a limited influence of the random effects on explaining
the variation in the data.

4. Discussion

While multiple helminth species commonly co-occur within mam-
mals, it has been hard to prove competition or mutualism between co-
infesting helminths in field studies of wild mammals. Here we
examine fresh skulls of 515 German polecats for the presence of the
trematode Troglotrema acutum and the nematode Skrjabingylus nasicola.
These helminths, which can co-occur within the skulls of European
polecats, can damage the host’s bone structure and cause severe pa-
thologies. Our results demonstrated that, in addition to a host-intrinsic
fixed factor (sex) and random factors accounting for spatial and tem-
poral stochasticity, the helminths influenced each other’s presence We
further showed that the abundances of both parasites had significant
positive effect on the likely presence of skull damage and a significant
negative effect on the predicted presence of kidney fat. However, we did
not find any evidence for co-infestation changing the severity of the
parasites’ clinical impact.

Our results clearly showed that co-infestation with T. acutum and
S. nasicola in polecats is not widespread across Germany, as the presence
of the trematode was limited to the Low Mountain Mittelgebierge
ecoregion. This finding is in line with other studies that showed the
trematode to be patchily distributed within its European range (Vogel
and Voelker, 1978; Koubek et al., 2004; Miiller and Heddergott, 2009a).
The absence of T. acutum from the North German Plain ecoregion is in
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line with freshwater snails of the genus Bythinella acting as first inter-
mediate host of the parasite. All five species of Bythinella snails known to
occur in Germany (Gloer and Zettler, 2005) are cold-stenotherms that
are restricted to springs and spring-fed brooks in mountain ranges at
altitudes between 500 and 1500 m a.s.l. (Feldmann, 2001; Benke et al.,
2009; Stratz and Kittel, 2011). The dependence of T. acutum on a
patchily distributed first intermediate hosts is also likely why spatial
autocorrelation explained a lot of variation in models predicting the
presence and infestation intensities of T. acutum.

Our results suggested that landscape context and inter-annual sto-
chasticity accounted for most of the variation in the model explaining
the presence of T. acutum. Nevertheless, we also found evidence for some
of our fixed terms influencing the presence of the parasites. When pre-
dicting the presence of T. acutum, the most parsimonious model sug-
gested that the age of the host was a significant factor predicting the
presence of the trematode, but this factor was not significant after model
averaging. In the case of S. nasicola, the sex of the host had a significant
impact on the likely presence of the parasite. Female polecats were more
likely to be infested than males. Small rodents and amphibians, which
are common dietary items of polecats (Lodé, 1997), can act as paratenic
hosts of S. nasicola. Most studies based on gut contents found no sig-
nificant difference between the sexes in the frequency of occurrence of
large and small prey (Rzebik-Kowalska, 1972; Weber, 1989; Sainsbury
et al., 2020; but see Brugge, 1977). On the other hand, to meet their
substantial daily food requirement, breeding females are likely to kill a
larger number of small rodents than males (Moors, 1980), thus
increasing their chances of exposure to the parasite. Whatever the pre-
cise mechanism, the simplest explanation as to why females might be
more susceptible to infestation with the nematode than males is that
they consume a larger number of rodent (and amphibian) prey items
than males.

We found evidence for the parasites affecting each other’s presence,
but not necessarily in a straightforward manner. When predicting the
presence of S. nasicola, we showed that infestation with T. acutum
increased the probability of catching S. nasicola with increasing age of
the host. The presence of T. acutum per se did not significantly influence
the presence of the nematode. It is thus unlikely that the interaction
between the parasites resulted from an immune system dysfunction
induced by T. acutum, unless the impairment built up over time. As
discussed above, the probability of infestation with either parasite likely
increases with increased consumption of paratenic hosts. Infection with
T. acutum may thus cause the polecat to increase its food consumption.
While this explanation is rather speculative, there is evidence of cranial
digenean parasites affecting the behaviour of the host species
(Lopez-Rodriguez et al., 2021). Kierdorf et al. (2006) have pointed out
that the skull damage caused by T. acutum (or S. nasicola) can result in
abnormal pressure on the frontal region of the brain and thereby lead to
behavioural alterations. Conversely, we also showed that, in the absence
of a co-infection, the likely presence of S. nasicola infestations decreases
with the age of the host. Given the apparent widespread distribution of
the nematode, it is likely that older animals have encountered the
parasite and thus developed some immune response to the parasite.

We found consistent evidence that males already infested with
S. nasicola were more likely to become infested with T. acutum than
females. While infection with S. nasicola may thus cause male polecats to
increase their food consumption, it is not immediately obvious as to why
this effect would be stronger in males than females, especially since our
models predicted since skull damage to be higher in females (see below).
While the most parsimonious model suggested that the presence of
S. nasicola was a significant factor predicting the presence of the trem-
atode, this was not significant after model averaging. Further research,
including behavioural studies on living animals, is clearly necessary to
gain a better understanding of the causal mechanisms of the interaction
of the parasites.

Our models predicting the number of parasites recovered from a host
performed very poorly, at least as far the fixed predictors (sex, age,
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sampling month, abundance of the other parasite) were concerned.
Polecats are characterised by a pronounced sexual dimorphism in body
size and male skulls are larger and more robust than those of females
(Wolsan, 1993). Adult S. nasicola can vary in length between 6 and 32
mm (Miiller and Heddergott, 2009a) and adult T. acutum between 2 and
4 mm (Vogel and Voelker, 1978; Heddergott et al., 2021). As the male
skull thus offers more physical space for the parasites to spread, it is
perhaps surprising that a model including ‘sex’ as a fixed factor did not
perform better. Other factors that may influence infestation intensity but
that we could not measure include, for example, the effectiveness of the
host’s immune response (McRae et al., 2015) or of the immunomodu-
lation strategy of the parasite (Cooper and Eleftherianos, 2016) as well
as the number of metacercaria or third-stage larvae that were ingested
by the host. Behnke et al. (2005) similarly found that most associations
between the abundances of different helminth species in wood mice
disappeared after accounting for a series of confounding extrinsic and
intrinsic factors. We caution against over-interpreting the results of a
probabilistic model that identifies statistically significant pairwise pat-
terns of species co-occurrence (Veech, 2013) without considering con-
founding factors (e.g. Dallas et al., 2019; Chaisiri and Morand, 2021)
and which may not lead to an understanding of the potentially complex
interactions of parasites.

Our results suggested that the likelihood of the presence of bone
lesions was mainly related to the abundance of either parasites in the
polecat skulls (with no evidence of interactions between the parasites).
The fact that the model was somewhat overdispersed means that the
statistical significance of our estimates should be considered with
caution. Our results appear to contradict Heddergott et al. (2015) who,
focussing on T. acutum, speculated that the presence of skull damage
depended on the duration of infection with the trematode. The thickness
of a skull does appear to have an impact on the likelihood of and type of
skull damage by S. nasicola (Ribas et al., 2012). Working with several
species of mustelids, Hansson (1968) showed that the frequency of
damage increased with decreasing skull size. The fact that female skulls
are less robust than those of males may thus explain that fewer nema-
todes were needed to increase the probability of skull damage in fe-
males. Moreover, since males’ skulls are larger than those of females, the
parasites a likely to be more distributed throughout the sinuses,
decreasing the parasite load and the amount of skull damage per unit
area (see also Hansson, 1968).

We found some evidence for the severity of infestation with
S. nasicola and T. acutum having a detrimental effect on polecat body
condition. The logistic regression used within the ZAG model identified
a significant negative effect of the abundance of both parasites on the
predicted presence of kidney fat. The presence of T. acutum can
reportedly lead to behavioural alterations and loss of locomotory abili-
ties (Huck and Weber, 2015), presumably as a result of abnormal
pressure on the frontal region of the brain resulting from skull damage
(Kierdorf et al., 2006). While the pathology of S. nasicola appears to be
relatively mild in polecats (Hansson, 1968), it is nevertheless conceiv-
able that heavy infestation with the nematode can cause similar prob-
lems. Heavy parasite load could thus reduce hunting efficiency, which in
turn would prevent polecats from accumulating kidney fat. On the other
hand, once kidney fat was present, the abundance of both parasites did
not have an effect on the predicted amount of the fat. It is possible that
the behaviour and fundamental movement skills of a number of heavily
infested animals do not deteriorate or improve sufficiently over time to
permit them to accumulate kidney fat normally.

In animals with kidney fat, both sex and snout-vent length had an
effect on the predicted amount of kidney fat. It is not surprising that
males were more likely to have kidney fat. Breeding females have sub-
stantial daily food requirements (Moors, 1980). As is the case with other
mammals (e.g. Cothran et al., 1987), the percentage of stored body fat is
likely to decrease during pregnancy, and the rate of fat gain decreases
during lactation in polecats. Therefore, it is perhaps a little surprising
that we also predicted females with kidney fat to have larger amounts of
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kidney fat than similarly-sized males. Non-reproducing females and fe-
males outside the reproductive period must therefore gain kidney fat at a
greater rate than males. Similarly, it was surprising to find that larger
animals were less likely to have kidney fat, while in those animals were
kidney fat was present, larger animals were more likely to have larger
amounts of this fat. It is difficult to provide a parsimonious explanation
for these apparently contradictory results. Perhaps larger animals of
both sexes invest more in successful reproduction, while in the case of
non-reproducing animals and of animals outside of the reproductive
period, larger animals are more likely to have larger amounts of kidney
fat. Finally, we did not find any evidence for the interaction of both
parasites having an influence on either the likely presence of kidney fat
or on the predicted amount of kidney fat.

Our results clearly show that both parasites influenced each other’s
presence, albeit in a non-straightforward manner. In contrast to the
present study, most work on helminth communities has been performed
on gastro-intestinal parasites, which may alter their attachment site and
resource use when faced with a competitor (Holmes, 1961; Poulin, 2001;
Stancampiano et al., 2010). This functional response may limit the
impact of the parasites on each other, perhaps explaining the difficulties
in demonstrating interactions between co-infesting helminths in field
studies of wild hosts (Poulin, 2001). Our study may thus be a special case
where the specificity of the attachment site (proximity to brain) and lack
of niche diversification may lead to the described effects.

We found some evidence for the severity of infestation with either
helminth having a detrimental effect on polecat body condition (i.e., on
the predicted presence of kidney fat). We cannot exclude the possibility
that another parasite (or an unmeasured factor) caused the negative
effect on the body condition of the polecats. The available studies on the
parasite fauna of polecats tend to find the prevalence of parasites to be
quite low in this species of mustelid (Hamel et al., 2020). While a
negative impact of S. nasicola on the body weight of infected stoats has
been reported from Russia (King, 1977 and references therein), no other
study found a detrimental effect of S. nasicola in either the polecat
(Demuth et al., 2009) or other species of mustelids (King, 1977; King and
Moody, 1982; Santi et al., 2006; Heddergott et al., 2016). Since these
results were based on the body weight of infected animals, the conclu-
sions cannot be directly compared with ours.

Overall, a high load of either parasite may have a negative impact on
the survival of some polecats. For example, the presence of T. acutum can
lead to behavioural alterations and loss of locomotory abilities in
infested animals (Huck and Weber, 2015). However, it is worth bearing
in mind that our model explaining the presence and abundance of kid-
ney fat had a relatively low explanatory power, suggesting that some
unmeasured factor(s) had a strong influence on body condition. In
addition, we could not assess the influence of the parasite on repro-
ductive output of the host. The host-parasite systems investigated in the
present study are likely to have undergone an evolutionary arms race.
Also, polecats face a plethora of other conservation threats (direct
persecution, secondary poisoning, accidental mortality from car colli-
sions, habitat loss and competition with alien species) that can nega-
tively impact their populations (Croose et al., 2018). While Koubek et al.
(2004) has suggested that T. acutum can have a significant negative ef-
fect on the population dynamics of polecats, based on the present results
it appears unlikely that either helminth was a significant factor in the
recent population decline of the polecat in Europe.
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