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Abstract

Helminth infections in wood mice (n =483), trapped over a period of 26 years in the woods
surrounding Malham Tarn in North Yorkshire, were analysed. Although 10 species of hel-
minths were identified, the overall mean species richness was 1.01 species/mouse indicating
that the helminth community was relatively depauperate in this wood mouse population.
The dominant species was Heligmosomoides polygyrus, the prevalence (64.6%) and abundance
(10.4 worms/mouse) of which declined significantly over the study period. Because of the
dominance of this species, analyses of higher taxa (combined helminths and combined
nematodes) also revealed significantly declining values for prevalence, although not
abundance. Helminth species richness (HSR) and Brillouin’s index of diversity (BID) did
not show covariance with year, neither did those remaining species whose overall prevalence
exceeded 5% (Syphacia stroma, Aonchotheca murissylvatici and Plagiorchis muris). Significant
age effects were detected for the prevalence and abundance of all higher taxa, H. polygyrus and
P. muris, and for HSR and BID, reflecting the accumulation of helminths with increasing host
age. Only two cases of sex bias were found; male bias in abundance of P. muris and combined
Digenea. We discuss the significance of these results and hypothesize about the underlying causes.

Introduction

Several recent studies have emphasized the medium-term stability of helminth communities in
wild rodents living in undisturbed natural ecosystems (Montgomery and Montgomery, 1990;
Haukisalmi and Henttonen, 2000; Bajer et al., 2005; Grzybek et al., 2015a; Knowles et al., 2015;
Behnke et al., 2019), supporting much earlier research conducted in the British Isles, Poland
and in Finland (Elton ef al., 1931; Kisielewska, 1970; Haukisalmi et al., 1988, respectively). In
this context, stability relates to the qualitative and quantitative composition of helminth spe-
cies in component communities ( parasites found in a host population; see Poulin, 1997), and
lack of significant long-term temporal changes in the prevalence and abundance of the dom-
inant species in infracommunities. Historically, the first such studies were carried out by Elton
et al. (1931) in Oxfordshire, England, working predominantly on Apodemus sylvaticus, but
also on sympatric voles, followed by Kisielewska (1970) in Poland who reported on helminth
communities of bank voles over periods spanning 9 years (1953-1961, inclusive). Over a dec-
ade later, Haukisalmi et al. (1988) working in Finland initially conducted studies over a slightly
longer time span, 1977-1987, also in bank voles, and then extended for a further 10 years until
1997 (Haukisalmi and Henttonen, 2000).

Helminths infecting rodents are known to show marked seasonal variation in prevalence
and abundance (Langley and Fairley, 1982; Gregory, 1992; Gregory et al., 1992), both para-
meters usually experiencing some reduction in summer when there is a large influx of
young uninfected animals following the breeding season (Kisielewska, 1970; Tenora et al.,
1979; Abu-Madi et al., 1998; Haukisalmi et al., 1988). However, despite this within-year vari-
ation, dominant helminth species are continuously present in rodent populations throughout
the year and in every year. Although showing some between-year perturbation, when preva-
lence and abundance are measured in the late summer/autumn, relatively little change is gen-
erally recorded from year to year, reflecting the temporal stability of these host-parasite
systems. Rarer species are less predictable, often showing sporadic occurrence with absence
from sampled individuals in some years (Haukisalmi et al., 1988; Behnke et al., 20084,
2008b). In the Finnish studies conducted initially on cyclic and later non-cyclic bank vole
populations, one colonization event was recorded, when Taenia polyacantha was first recov-
ered from sampled bank voles in the mid-1980s (Haukisalmi and Henttonen, 1993) but no
species were lost over the period. In contrast, both such events, loss of species and gain of
new species, were evident in recent studies in Poland, in which non-cyclic bank voles were
assessed for parasite burdens in late summer in three ecologically similar but disparate sites
(Behnke et al., 2001). After the surveys of 1999 and 2002, the dominant species, Syphacia
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petrusewiczi (dominance based on the Berger-Parker dominance
index and evident in all three sites; Behnke et al., 2008a), disap-
peared from the sampled populations, being totally absent also
in subsequent surveys in 2006 and 2010 (Grzybek et al., 2015a),
and even more recently in 2014 and 2018 (unpublished data).
In contrast, another species, Aonchotheca annulosa, was initially
absent in 1999, but became more common and more abundant
in each successive survey, in two of the three study sites that
were monitored. Meanwhile, common species such as
Heligmosomum mixtum and Heligmosomoides glareoli, remained
stable in the population, showing only relatively minor changes
in parameter values over successive surveys. A similar sequence
of four, 4-yearly surveys of helminths in spiny mice (Acomys
dimidiatus) in Egypt, also concluded that the prevalence and
abundance of the dominant species (Protospirura muricola) was
highly predictable and minor perturbations aside, relatively stable
over time (Behnke et al., 2019).

Although the helminth communities of wood mice (A. sylva-
ticus) in the British Isles have been studied and well described
over the years, there are no long-term studies in the literature,
in which populations have been monitored from year to year
over periods exceeding 5 or so years (Elton et al, 1931;
Lewis, 1968; Abu-Madi et al., 1988; Behnke et al., 1999). Here,
exploiting records of helminths identified during the University
of Salford’s annual field course at Malham Tarn Field Studies
Centre in the Yorkshire Dales National Park, we report on the
helminth community of wood mice from woodlands in the
vicinity of the tarn. These data span a period of two and a half
decades, and were always acquired at the same time of year in
early autumn. In this first paper, we describe the depauperate
nature of the helminth communities in these animals and signifi-
cant temporal changes in parameter values, focusing particularly
on unidirectional trends over the period that overlaid the
between-year oscillations. In a subsequent paper, we will explore
the relationship of significant trends in the dominant species to
changes in host demography and locally recorded meteorological
data.

Materials and methods
Study sites

Malham Tarn, Yorkshire, UK (grid reference SD 895673) lies at
an altitude of 376m and is the only upland marl lake in
Britain. The wooded area around the tarn and estate buildings
is relatively small (approximately 20ha including some of the
scrubland around the peripheries of the mature woodland, the lat-
ter currently covering about 15 ha), having been established in the
late-18th century (about 1786), and is surrounded by moorland
dominated by hill sheep farming. Mice were trapped overnight
using baited Longworth traps which were set out for 2 days in
September/October each year from 1993 to 2018. Trapping was
conducted in an area of deciduous woodland approximately 50—
200 m from the shore of the tarn. The sampling effort in each
year was approximately equal, with 80 traps set over two nights
(i.e. 160 trap nights). Previous studies, taken over 2 years at this
same site (Boyce, 2013), have demonstrated that sampling at
this time of the year produced the greatest trapping efficiency.
Using identical trapping regimes, 70% of the annual catch of
A. sylvaticus was recovered during the October sampling period
(autumn) compared to 30% in the winter, spring and summer
sampling periods combined. Although not entirely ideal, given
the limited but not insubstantial trapping effort, we use the num-
ber of mice caught in each year as a proxy for the population
density of wood mice in that year. These data were used to test
the hypothesis that host population density is a key factor in
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explaining abundance and prevalence of one of the helminths
in our study.

Laboratory procedures

Trapped mice were brought back to the study centre and were
euthanized by over-exposure to chloroform, followed by exsan-
guination. The age of mice was estimated by nose to anus length
for all mice. Three age classes were adopted corresponding to nose
to anus lengths as follows: age class 1 < 7.5 cm; age class 2=7.5 to
8.4 cm; age class 3> 8.4 cm. These broadly correspond to those
used in our previous study (Rogan et al., 2007), but were adjusted
slightly by reducing the cut-off for age class 3 from 9.5 to 8.5, in
order to ensure that sample sizes in each class were adequate for
statistical analysis. Mice were sexed on dissection before removal
of the alimentary canal for further investigation. The intestine was
opened under physiological saline, the presence/absence of hel-
minth species was noted and worm burdens were quantified.
Parasites were removed from the intestine and sampled specimens
were photographed. In cases where identity was obvious or infec-
tion intensities were high, not all individual parasites were photo-
graphed. With the exception of one larval nematode, all the
remaining specimens were identified, and fixed in 10% neutral
buffered formalin or 70% ethanol.

Nomenclature of endoparasites

The facultative parasitic/phoretic nematode Pelodera strongyloides
was detected and quantified in some years of the project, but not
searched for systematically until 1998 onwards. Pelodera is not an
intestinal species in rodents, living mostly in the lachrymal ducts
and associated with the eyes and skin (Hominick and Aston,
1981), and has been excluded from all the derived variables in
this study (ie. helminth species richness (HSR), Brillouin’s
index of diversity (BID), prevalence and abundance of nematodes
and helminths). Data on this species for the years 1998-2018
inclusive are available in a separate file in Supplementary material
(S1). We refer to Hydatigera taeniaeformis (Batsch, 1786)
(=Taenia taeniaeformis) following Nakao et al. (2013) and
Aonchotheca murissylvatici (Diesing, 1851) Lopez-Neyra, 1947
(=Capillaria muris sylvatici) following Moravec (2000).

Statistical analysis

Throughout the analyses, our primary focus was on the temporal
effect on parasite communities, hence overall change with time.
For this reason, we also present values for some non-significant
outcomes of model parameters as these underscore the robustness
of stability in some parameters. We fitted YEAR as a covariate in
linear statistical models (see below) to test the robustness and
overall direction of change in parameter values over time. We
also tested whether there were significant differences between
years by fitting YEAR as a factor at 26 levels, corresponding to
the years from 1993 to 2018, inclusive.

The degree of aggregation in the data was assessed by the index
of discrepancy (D) as described by Poulin (1993) and the index of
dispersion (I, variance to mean ratio). Frequency distributions of
raw values from individual taxa were tested for goodness of fit to
Gaussian, negative binomial, positive binomial and Poisson mod-
els by x* as described by Elliott (1977) and the negative binomial
exponent k is given as appropriate (for brevity we do not report
the values here but see Supplementary material, Table S2).

Abundance of infection (including both infected and non-
infected animals as recommended by Margolis et al., 1982) is
summarized by arithmetic means and standard errors of the
mean (s.e.M.). For analyses of quantitative data conforming to
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Gaussian distributions we used generalized linear models (GLMs)
with normal errors implemented in R version 2.2.1 (R Core
Development Team). We fitted models with number of parasites
as the dependent variable and YEAR (as a covariate), SEX (fixed
factor at two levels, males and females) and AGE (fixed factor at
three levels, immature, young adults and mature older animals) as
explanatory factors. In some models, YEAR (26 levels, 1993-2018,
inclusive) was fitted instead as a fixed factor, and we also explored
models with YEAR as a polynomial covariate and then compared
these to models in which YEAR was fitted as a linear covariate.
The residuals of all models were checked for approximate good-
ness of fit to the Gaussian distribution. When the residuals failed
to meet the requirements of Gaussian models we used GLMs with
negative binomial or Poisson error structures. Full factorial mod-
els that converged satisfactorily were simplified using the back-
ward selection procedure and tested for significance at each step
using the deletion of terms beginning with the highest order
interaction by comparing models with or without that interaction
(three-way interaction). This was followed by models based on
main effects plus two-way interactions, and deletion of two-way
interactions in turn, and so on until each main effect was evalu-
ated in a model that only comprised of all main effects. Changes
in deviance (DEV) are given for models based on Poisson errors
(interpreted by y?), for models based on Gaussian errors we give F
and for those based on negative binomial errors the likelihood
ratio (LR). Minimum sufficient models (MSM) were then fitted
(all significant interactions and main effects, plus any main effects
that featured in interactions) and the process was repeated to obtain
values for changes in deviance, test statistics and probabilities.

The acceptability of parametric models was evaluated through
the goodness of fit of residuals from minimum sufficient GLMs to
the distributions listed above, through Q-Q plots and through the
estimation of the total deviance accounted for by the model. The
percentage of deviance accounted for by each significant main
effect or interaction was calculated as recommended by Xu
(2003), and reported earlier by Behnke et al. (2008b) and more
recently by Grzybek et al. (2015a). If the data did not meet the
assumptions of parametric tests, we employed non-parametric
tests in]BM-SPSS vs 24 [Kruskal-Wallis test for k levels in a spe-
cified factor (YEAR and AGE) and the Mann-Whitney U-test
where factors only had two levels (e.g. SEX)] and in these cases
interactions could not be tested.

Prevalence values (percentage of animals infected, based on
the presence/absence of parasites and hence binomially distribu-
ted data) are given with 95% confidence limits [CLos, in square
brackets in the text], calculated by bespoke software based on
the tables of Rohlf and Sokal (1995). The prevalence of infection
was analysed by GLMs with binomial errors, using the steps listed
above.

Results
Wood mice

In total, 483 mice were autopsied, 293 (60.7%) males and 190
(39.3%) females. Age class 1 comprised of 86 (17.8%) mice, age
class 2, 217 (44.9%) and age class 3, 180 (37.3%). The average
number caught per annum was 19, but varied with a range
from seven mice in each of years 2012 and 2015, to 45 mice in
2011 (Supplementary material, Table S3).

Composition of the helminth fauna at the phylum and class
taxonomic levels

The helminth community was dominated by nematodes, which
accounted for 86.9% of the 7521 helminths that were recovered
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and identified. Digenean trematodes accounted for most of the
remainder (13.0%) and cestodes only 0.15%.

Prevalence and abundance of combined helminth infections

The overall prevalence of helminths (all species combined) across
the whole period was 72.9% (Table 1). Prevalence covaried
significantly with YEAR (Fig. 1A; GLM with binomial errors,
DEV,=10.93, P<0.001) and declined significantly over the
period (8=-1.034, R*=0.226, dof=25, t=-2.65 P=0014).
Prevalence also differed significantly between the age classes
(Table 2, DEV,=18.65, P<0.0001), increasing from the
youngest to the oldest age class, but not between the sexes
(Table 2; DEV, = 1.8, P=0.18).

The overall abundance of helminths (all species combined)
was 15.6 +1.40. We tested two GLMs. The first (with negative
binomial errors) with YEAR as a covariate and SEX, AGE and
SEX x AGE as additional explanatory factors. Only AGE was sig-
nificant (LR, 479 =34.21, P<0.0001). The lack of a significant
effect of YEAR (LR, 475 =2.00, P=0.16) indicates that there was
no consistent unidirectional long-term trend of change in
the abundance of helminths over the period. In the second
model, we fitted YEAR as a factor. AGE was again significant
(LR, 454 =29.0, P < 0.0001), but this time YEAR was also a signifi-
cant explanatory factor (LRys454=62.3, P<0.0001), reflecting
some of the between-year fluctuations in the abundance of
helminths (Fig. 1B).

Helminth species richness (HSR)

Most of the wood mice were infected with just one species of hel-
minth (47.0% of all mice, and 64.5% of infected mice). Two spe-
cies infections were less common (23.6%) and infections with
three species were rare (2.3%). Mean HSR was 1.01 +0.035.
Despite an apparent downward trend with year of study, espe-
cially in the latter years of the period (Fig. 1C), HSR did not cov-
ary significantly with year of study whether YEAR was fitted as
linear (GLM with Poisson errors, YEAR as a covariate, DEV, =
1.77, P=0.18) or second-order polynomial covariate (GLM with
Poisson errors, YEAR as a second-order polynomial covariate,
DEV, =3.289, P=0.20). Regression of mean annual values on
year of study confirmed that the slope of HSR on YEAR was
not significant (8=—0.14, R*=0.14, dof = 25, t=—1.98, P=0.06),
although close to the cut-off. An analysis of the second-order
polynomial curve gave a marginally higher R* (0.19), but also
lacking significance (F,,3=2.77, P=0.083). HSR did not differ
significantly between the sexes (Table 3; DEV, =1.84, P=0.17)
but there was a highly significant difference between age classes
(Table 3; DEV,=22.06, P=0.0001), HSR increasing with host
age. There were no significant interactions between these latter
explanatory factors.

Species diversity

The overall value for BID was 0.099 +0.009. BID did not covary
significantly with YEAR (Fig. 1D; GLM with Gaussian errors,
main effect of YEAR, F),;3=0.086, P=0.77) but there was a
significant difference between age classes (Table 3; F, 450 =28.94,
P=0.0002), although not between the sexes (F475=3.04,
P=0.082). There were no significant interactions between these
explanatory factors. However, BID varied between years (GLM
with Gaussian errors, YEAR as a fixed factor, main effect of
YEAR F,s5 455 = 1.79, P=0.011), reflecting the fluctuations in value
between the years illustrated in Fig. 1D.
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Table 1. Overall prevalence and abundance of helminths (all years combined)

Prevalence Abundance
Mean 95% CL Mean +S.EM.
Nematoda
Heligmosomoides polygyrus — 64.6 57.77-70.94 10.4 1.05
Syphacia stroma 9.3 5.98-14.13 2.73 0.697
Aonchotheca murissylvatici 6.4 3.76-10.60 0.34 0.122
Aspiculuris tetraptera 0.62 0.12-2.90 0.02 0.011
Trichuris muris 0.21 0.04-2.17 0.03 0.033
Nematoda sp. 0.21 0.04-2.17 0.002 0.002
All nematodes combined 68.1 61.40-74.25 135 1.26
Digenea
Plagiorchis muris 17.0 12.26-22.79 1.95 0.525
Brachylaemus recurvum 0.83 0.16-3.26 0.08 0.07
All Digenea combined 17.6 12.88-23.42 2.02 0.529
Cestoda
Hydatigera taeniaeformis® 0.62  0.120-2.900 0.006  0.004
Hymenolepis sp.b 0.62 0.120-2.900 0.010  0.007
Cladotaenia globifera® 0.62  0.120-2.900 0.006  0.004
All cestodes combined 1.9 0.64-4.85 0.02 0.008
All helminths combined 729 66.31-78.56  15.57 1.402

*These species were larval forms located in the livers of infected mice.
PThese were mature worms in the small intestine.

Prevalence and abundance of nematodes

All nematode species combined

Nematodes were the dominant taxon in this mouse population
with 68.1% of the mice infected with one or more of the species
listed in Table 1. The prevalence of nematodes (all species
combined) showed significant covariance with YEAR (Fig. 2A;
GLM with binomial errors, YEAR as covariate DEV, =12.211,
P=0.0005) and declined significantly over the period (f=—1.181
based on annual mean values, R*=0.228, dof25, t=—2.66, P=
0.014). Prevalence differed significantly between the age classes,
rising from 44.2% in the youngest age class to 78.9% in the oldest
mice (Table 2, DEV, =25.7, P<0.0001). There was no significant
difference in prevalence between the sexes (Table 3; DEV; = 3.38,
P =0.066), although P was close to the borderline.

The overall mean value for nematode burdens was 13.5
worms/mouse (Table 1). Despite the apparent fall in the
abundance of nematodes over the period (Fig. 2B), covariance
of abundance with year of study was not significant (LR; 475 =
1.14, P=0.29), but there was a significant difference between
years reflecting fluctuations between the years illustrated in
Fig. 2B (GLM with negative binomial errors, YEAR as a fixed fac-
tor, LRys 454 =74.03, P<0.0001). There was a highly significant
increase in abundance with host age (Table 3; LR; 450 = 36.442,
P <0.0001) but no difference between the sexes (LR; 475 =1.65,
P=0.20).

Heligmosomoides polygyrus

Heligmosomoides polygyrus was the most common nematode in
this wood mouse population with an overall prevalence of
64.6% (Table 1) and accounted for 76.9% of all the nematodes
identified and 66.8% of all helminths. Prevalence covaried
significantly with YEAR (Fig. 3A; GLM with binomial errors,
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DEV,=21.11, P<0.0001) and declined significantly over the
period (B=—1.447 based on annual values, R* = 0.314, dof =25,
t=-3.316, P=0.003). Prevalence also increased significantly
with host age (Table 4, DEV, =27.81, P <0.001) but despite the
10% higher value in male mice, it did not differ significantly
between the sexes (Table 4, DEV, =2.341, P=0.126). However,
when YEAR was fitted as a factor (instead of covariate) a
significant interaction was detected between YEAR and SEX
(DEV,5=43.90, P=0.011). Thus, the difference in prevalence
between the sexes was not consistent from year to year and varied
significantly between the years of the study. Prevalence was higher
in male mice in 15 (58%) years, similar between the sexes in
2 (8%) years and higher in female mice in 9 (35%) years.

The overall abundance of H. polygyrus was 10.4 + 1.05, but
declined significantly over time (Fig. 3B; GLM with negative bino-
mial errors, for main effect of YEAR as a covariate, LR; 479 =
21.526, P <0.0001; regression of mean abundance on YEAR,
B=—0.607 based on annual mean values, R*=0.260,dof=25,
t=-2.907, P=0.008). There was a highly significant effect of
host age (LR, 479 = 48.9, P <0.0001), with worm burdens increasing
with host age (Table 4), but not between the sexes (LR; 475 = 0.18,
P=0.7) despite the arithmetically higher value for male mice
compared with females.

Syphacia stroma

Syphacia stroma was the second most frequently encountered
nematode (20.2% of all nematodes) but with only 45 of the
mice harbouring this species, prevalence was low (Table 1). A bor-
derline significant covariance of prevalence with YEAR (DEV, =
3.740, P = 0.053) was identified, but a highly significant difference
between years was evident when YEAR was fitted as a factor
(DEV 5 =53.373, P < 0.001). The latter was attributable to the spor-
adic occurrence of Syphacia, ranging from a high of 31.1% in 2011,
to zero in 8 years of the study. As Fig. 3C shows, peaks of prevalence
occurred irregularly at 1 to 4 year intervals, and were interspersed
with years when prevalence was very low or zero. Although overall
prevalence was 2.3% higher in male mice (Table 4) the difference
between the sexes was not significant (DEV, =0.093, P=0.76),
and despite the apparent age-related increase in values (Table 4),
the age effect was also not significant (DEV, =2.47, P=0.29).

With so few mice carrying S. stroma and the sporadic
occurrence of this species, the overall abundance at 2.7 +0.70,
was low. In addition to its absence in 8 years, in 12 years mean
abundance among the infected mice was less than one worm/host
and exceeded 10 worms/mouse in only 3 years with a high of 16.6
+£9.15 in 2016. Although the best-fit distribution was negative
binomial (Supplementary Table S2), GLMs with negative
binomial errors failed to converge. Analysis by non-parametric
tests showed that there was a highly significant difference in
abundance between years (Table 4; Kruskal-Wallis test,
H,5=52.22, P=0.001), but no difference between age classes
(Hy=1.22, P=0.54) or between the sexes (Mann-Whitney
U test, z=0.87, P=0.39).

Since in the past, prevalence and abundance of Syphacia spp.
have been linked to host population density, we also examined
the correlation between host population density (as reflected in
the number of mice caught in each year, given constant trapping
effort each year) and both prevalence and abundance. However,
neither was significant (Spearman’s correlation test, for prevalence
rs=0.121, n =26, P=0.56; for abundance r,=0.111, P=0.59).

Aonchotheca murissylvatici

As with S. stroma, A. murissylvatici occurred sporadically and
unpredictably in this population of wood mice (Fig. 3D). It was
detected in only 31 wood mice and in only 12 years of the
study, and consequently overall prevalence was low (Table 1).
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Fig. 1. Long-term trends and fluctuations in (A) prevalence of combined helminth infections, (B) abundance of combined helminths, (C) HSR and (D) BID. The trend

line is provided to guide the eye (see text for statistical parameters).

Table 2. Prevalence of higher taxa (percentage infected of all species combined +95% CLs) by host sex and age

Helminths Nematodes Digenea Cestoda

Sex

Males 75.8 [71.02-79.98] 72.0 [67.12-76.46] 19.1 [15.32-23.58] 1.7 [0.77-3.72]

Females 68.4 [58.77-76.77] 62.1 [52.42-70.91] 15.3 [9.32-23.40] 2.1 [0.44-7.17]
Age®

Class 1 53.5 [40.55-65.92] 44.2 [32.05-57.11] 9.3 [3.94-19.59] 3.5 [0.72-11.84]

Class 2 72.8 [68.58-76.70] 68.7 [64.30-72.73] 14.3 [11.35-17.78] 2.3 [1.26-4.11]

Class 3 82.2 [73.91-88.45] 78.9 [70.45-85.65] 25.6 [18.20-34.41] 0.6 [0.05-4.27]

?Age class 1 were juvenile immature mice, age class 2 young adults and age class 3 older mature mice.

Prevalence did not covary with YEAR (DEV, = 1.255, P=0.263),
but differed significantly between years (YEAR as a factor,
DEV,5=51.9, P=0.0012), ranging from zero to a maximum of
35.3% [16.64-59.37] in 2007. As can be seen in Table 4, prevalence
only differed by 1% between the sexes and peaked in age class 2
mice at 8.3%, but neither the effects of age nor sex on prevalence
were significant.

Abundance could only be analysed by non-parametric tests,
and these revealed that abundance differed between years
(Table 4; Kruskal-Wallis test, H,5=52.0, P=0.001) but not
between age classes (H,=3.81, P=0.149) or sexes (Mann-
Whitney U test, z=0.441, P =0.66) of the wood mice.

Other nematode species

Two other species of nematodes were recorded in the study.
Trichuris muris was recovered in 1995 from a single mouse, an
age class 3 female that carried 16 worms. Aspiculuris tetraptera
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was recorded from three male mice (two, three and four worms
each respectively), one in 2004, and two in 2013. A single uniden-
tified nematode larva was recovered from an age class 3 male
mouse in 2011.

Prevalence and abundance of digenean trematodes

Combined Digenea

The prevalence of Digenea was 17.6% [12.88-23.42], and the only
significant effect was that from host age (GLM with binomial
errors, for AGE DEV, =13.60, P=0.0011), prevalence increasing
from 9.3% in the juvenile animals to 25.6% in the oldest age class
(Table 2). Although the value for prevalence was just under 4%
higher in male mice relative to females, there was no significant
difference between the sexes (DEV; =0.384, P=0.54). Figure 2C
illustrates how prevalence changed over the 26 years of the
study. No Digenea were recorded in just 1 year (2015), but across
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Table 3. HSR, diversity and abundance of higher taxa (mean + standard error) - all helminths combined, all nematodes combined, all digeneans combined, all

cestodes combined, by host sex and age

HSR BID Helminths Nematoda Digenea Cestoda

Sex

Males 1.08 £0.046 0.114+0.012 17.7+1.94 15.1+1.68 2.6 £ 084 0.02 +0.008

Females 0.91+0.054 0.076 £ 0.012 12.2+1.92 11.0+1.89 1.2+0.34 0.03+0.018
Age

Class 1 0.640 £ 0.072 0.036 +0.012 6.5+1.6 5.6 +1.50 0.9+0.62 0.04 +0.020

Class 2 0.972 £0.051 0.092 £0.013 11.7+1.77 9.7+1.51 2.0+0.98 0.03+0.017

Class 3 1.233+0.058 0.138 +0.015 24.6+2.88 22.0+2.66 2.6+0.74 0.01+0.006

the remaining years prevalence varied from a low of 4.3% in 2008
to a high of 44.4% in 2006. The minimum sufficient model did
not include YEAR as a linear covariate (DEV,; =0.22, P =0.64),
and although a fifth-order polynomial curve (Fig. 2C; based on
annual means, R* = 0.326), with a peak in 2004-2005 was a better
fit than a negative linear relationship (8= —0.222, R* = 0.018), this
was also not significant in the GLM (DEV5=8.0, P =0.16).

Abundance of Digenea across the whole period was 2.02
worms/mouse (Table 1) and worm burdens conformed well to
a negative binomial distribution (Table S2). Only host sex affected
abundance significantly (LR; 479 =4.10, P=0.043), the mean
worm burdens in males being just over twice that in female
mice (Table 3). Abundance increased in value from the youngest
to the oldest mice (Table 3), but with the other factors taken
into account the difference between age classes was not signifi-
cant (LR, 479 =3.920, P=0.141). Changes in abundance across
the period are illustrated in Fig. 2D, where it can be seen that
abundance did not covary linearly with YEAR (YEAR as a covari-
ate, LR; 473 =2.25, P=0.133), but differed significantly between
years (YEAR as a fixed factor, LRys 455 = 51.065, P =0.0016). The
marked peak in 2009, when only eight mice were assessed, is
largely attributable to one mouse that carried 203 worms. Two
other mice in that year had just a single worm and the rest were
not infected.

Plagiorchis muris

The prevalence of P. muris did not show covariance with YEAR
(DEV,;=0.197, P=0.66), there being no obvious pattern or
trend over the period (Fig. 3E), but differed significantly between
years (YEAR as a factor, DEV,5=40.91, P=0.023). Prevalence
was also significantly dependent on host age (Table 4, DEV, =
10.890, P=0.004), but not on host sex (DEV, = 1.359, P =0.244).
In the model with YEAR fitted as a factor, a significant two-way
interaction was also identified (YEAR x SEX, DEV,5; =41.525,
P=0.020). This arose because although overall prevalence
was male biased (Table 4), it was not consistent over the years.
In 17 years, prevalence was male biased but in three there was
no difference between the sexes and in six it was higher in female
mice.

Changes in abundance over the years of the study are illu-
strated in Fig. 3F, where it can be seen that abundance was gen-
erally low (fewer than seven worms/mouse in 25 of the 26
years). Nevertheless, there was a marked exception in 2009,
when one mouse carried 203 worms, and despite this spike, over-
all abundance did not covary significantly with years (LR, 475 =
2.028, P=0.15), but there was a significant difference in abun-
dance between years (LRys457 =46.12, P=0.0062) when YEAR
was fitted as a factor. The difference between age classes was
not significant (GLM with negative binomial errors; LR; 475 =
4.65, P=0.098) when other factors had been taken into account.
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However, when tested independently by a non-parametric test, a
significant difference was found (Kruskal-Wallis test, H, = 10.82,
P =0.004) and the upward trend with host age is evident in the
data presented in Table 4. The abundance of P. muris varied sig-
nificantly between the sexes (LRj4g;=4.635, P=0.031), with
abundance in male mice more than twice that of female mice
(Table 4).

Other Digenea

Only one other digenean species, Brachylaemus recurvum, was
recorded in four mice, three of which had just a single worm,
but one was more heavily infected with 34 worms.

Prevalence and abundance of cestodes

Only nine mice carried tapeworm infections (1.9%, Table 1), one
each in 7 years and three in 1 year, so further analysis of the tem-
poral effect was not undertaken. Prevalence by host sex and age is
shown in Table 2 and abundance in Table 3, where the trends of
falling prevalence and abundance with increasing host age are
apparent, although neither was significant (for prevalence,
DEV, =4.23, P=0.12; for abundance H, =3.15, P=0.21).

Each of the three taxa that were identified (H. taeniaeformis
[larvae] Cladotaenia globifera [larvae] and Hymenolepis sp.
[adults]) was recovered from three different individual mice.

Sources of variation in abundance data

Table 5 shows the percentage of deviance accounted for by each of
the main effects in the MSMs of relevant GLMs. Where signifi-
cant, covariance of YEAR accounted for up to 3.56% of deviance,
and the greatest effect was in the prevalence of H. polygyrus.
When YEAR was fitted as a factor, and therefore testing whether
there was any significant difference between years, rather than
covariance with YEAR, the percentage deviance was higher in
most cases, and up to 22.54% in the case of prevalence with A.
murissylvatici. Most GLMs identified AGE as playing a significant
role, accounting for up to 6% of deviance (HSR) and in almost all
cases reflecting a positive relationship with increasing host age.
Host sex was only significant in the case of abundance of
Digenea and the most abundant digenean species, P. muris, but
the percentage deviance accounted for by host sex was very
small, less than 1%.

Discussion

The helminth community of wood mice in our study sites, in the
woods surrounding Malham Tarn, is known from earlier study to
be relatively depauperate (Behnke et al., 2009), compared to wood
mouse communities studied in other regions of the British Isles
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(Lewis, 1968; Montgomery and Montgomery, 1988, 1990;
Abu-Madi et al, 2000; Loxton et al, 2017), in Europe (Feliu
et al, 1997; Mas-Coma et al, 1998; Tenora, 2004; Milazzo
et al., 2005; Eira et al., 2006; Bordes et al., 2012) and further afield
in northern Africa and parts of Asia (Asakawa and Tenora, 1996).
It has some similarity to that described for bank voles in Norway
where the prevalence of helminths was just 29.4% and only 12%
harboured more than one helminth species (Tenora et al., 1979).
Essentially, the helminth community of wood mice from the
Malham Tarn woodlands was dominated by just one helminth
species, the nematode H. polygyrus. This species has been
reported frequently to be the dominant helminth in wood
mouse populations, often present in excess of 70% of the animals
examined (O’Sullivan et al., 1984; Abu-Madi et al., 1998; Behnke
et al, 1999; Loxton et al, 2017). All other species were much
rarer, P. muris with a prevalence of 17% being the next most com-
mon species. This overall depauperate diversity of helminths and
dominance by a single nematode species may be the result of a
founder effect given the isolated nature of the wood in which
A. sylvaticus were trapped in this project Mayr 1959; Orr,
2005). The relatively small size of the habitat may also increase
the chance of stochastic extinctions of helminth species, while
recolonization is less likely due to poor habitat connectivity
(Diamond, 1975).

Given recent studies emphasizing the medium-term temporal
stability of helminth infections in wild rodents (Knowles et al.,
2015; Grzybek et al., 2015a; Behnke et al., 2019), it was surprising
to find that both prevalence and abundance of H. polygyrus
declined significantly over the 26 years of this study. Moreover,
since H. polygyrus was so dominant in this wood mouse popula-
tion, the gradual temporal reduction of prevalence and abundance
of this species had a marked knock-on effect on two other
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parameters that we calculated: the prevalence of all helminths
combined and that of combined nematodes. Although HSR did
not decline significantly over the period, the covariance between
HSR and YEAR (both linear and second-order polynomial) was
close to significance and negative, and this again was driven pri-
marily by the temporal changes in the abundance of H. polygyrus.

The relatively low values of BID and HSR (contrast e.g. with
Montgomery and Montgomery, 1989 and Stuart et al., 2020)
both highlight the depauperate nature of the helminth commu-
nity in the Malham Tarn wood mouse population. Eight of the
10 species identified were recovered from fewer than 5% of the
mice, while 47% of all the mice, and 64.5% of infected mice, har-
boured just one species. None of the other taxa covaried signifi-
cantly with time, although some were more prevalent in some
years and even ove several years, than during the rest of the per-
iod. Both A. murissylvatici and P. muris were more commonly
encountered in particular periods (for A. murissylvatici 2007-
2009; P. muris 2004-2012) and this was reflected in a higher
BID in the period spanning those years.

Plagiorchis muris was the second most common helminth and
while neither prevalence nor abundance showed any consistent
long-term trend across the 26 years, both parameters varied sig-
nificantly between years. In 24 of the 26 years prevalence of
this species was 5% or higher, but abundance was generally low
and less than one worm/mouse in 10 of the 24 years in which
this species was detected. Similar low abundance of this species
has been reported also in wood mice from Ireland (Langley and
Fairley, 1982). Peaks of higher abundance occurred regularly
over the period, but are not all clearly apparent in Fig. 3F because
of the huge peak in 2009, when one mouse carried an unusually
high burden. These peaks of prevalence and abundance have been
associated previously with high spring and summer rainfall, when
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temporary pools of water are likely to enhance the occurrence of
aquatic larval insects that act as second intermediate hosts of this
species (Rogan et al., 2007).

The third most common species was S. stroma, which showed
atypical occurrence in this wood mouse population. Overall,
prevalence was only 9.3% and abundance just 2.73 worms/
mouse. The highest worm burden recorded was 180, and only
five mice had worm burdens in excess of 100. The epidemiology
of this species in the Malham Tarn woodlands clearly differs from
that in other studied populations in the British Isles. Worm bur-
dens of several hundred worms, even exceeding 1000 worms, have
been recorded previously in British studies, with prevalence
mostly higher than in the current study, generally over 50% and
even close to 100% in some studies (Lewis, 1968; Sharpe, 1964;
Lewis and Twigg, 1972; Behnke et al, 1999; Abu-Madi et al,
2000; Jackson et al., 2009). Syphacia spp. are often also the dom-
inant or co-dominant species in other rodents, e.g. voles (Ryan
and Holland, 1996; Bajer et al, 2005; Behnke et al., 2008a,
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2008b; Loxton et al., 2017; Stuart et al., 2020). These worms are
transmitted directly between hosts through contact between indi-
viduals during reciprocal allogrooming and when gathering in
burrows and nests. Their prevalence has been linked to host
population density, since contact-transmitted parasites spread
more easily between hosts when host density is high (for
Oxyurida see Arneberg, 2001; for Syphacia see Lewis, 1968;
Haukisalmi and Henttonen, 1990). However, not all workers
have found evidence to support this concept (Pisanu et al.,
2002) and, despite the limitation in our estimate of population
size (based on just 2 days of trapping and averaging 160 trap
nights in each year of the study), there was no evidence in our
data that either prevalence or abundance correlated positively
with the numbers of mice caught/annum. The absence of this
parasite in 8 years of the study indicates that the transmission
of S. stroma in this wood mouse population is sporadic and rela-
tively infrequent, but probably unrelated to host population dens-
ity, and climatic variation, as the infective stages are
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contact-transmitted and therefore not subject to external weather
conditions. The low prevalence of this species in the Malham
Tarn wood mouse population is therefore intriguing, especially
as S. stroma is a directly transmitted species, with no intermediate
hosts (Lewis, 1968) and highly specific to Apodemus spp. (Stewart
et al., 2018b). In the absence of A. flavicollis in the study sites,
even in the years when it was not represented in the mice we
sampled, it must have persisted in other A. sylvaticus individuals
in the woods, as it is unlikely to have been frequently
re-introduced into the wood mouse population through immi-
grant hosts because of the extreme isolation of the Malham
Tarn wood.

The capillariid nematode, A. murissylvatici likewise was char-
acterized by low prevalence and abundance and showed an unpre-
dictable, sporadic occurrence, present in some years, occasionally
for more than a year, and then absent in the following year.
However, in the case of A. murissylvatici, this pattern of occur-
rence was not unexpected, and in fact is typical for capillariid
nematodes infecting Apodemus spp. as other studies have
shown (Tenora and Zavadil, 1967; Lewis, 1968; Langley and
Fairley, 1982; Montgomery and Montgomery, 1988; Tenora and
Stanék, 1994; Loxton et al., 2017; Abu-Madi et al., 2000). Voles
may be more susceptible, much higher prevalence having been
recorded in these hosts (Thomas, 1953; Lewis and Twigg, 1972;
Murta, 1978; Loxton et al, 2016; Stuart et al, 2020), and
are probably the main reservoirs of this species. Infections in
A. sylvaticus most likely originate from inadvertent exposure to
intermediate hosts or the environment contaminated by sympat-
ric bank vole populations (note: the full life cycle has still not been
elucidated, but as in other members of this genus is likely to
include intermediate hosts such as earthworms; Moravec et al,
1987). The remaining species were all relatively rare and all
showed only sporadic, infrequent occurrence.

Our analysis showed that an age effect was a prominent feature
of our data. As in numerous other studies of helminths in wild
rodents (Elton et al., 1931; Kisielewska, 1971; Montgomery and
Montgomery, 1989; Gregory, 1992; Gregory et al., 1992; Behnke
et al., 1999; Eira et al., 2006; Jackson et al., 2009, 2014; Friberg
et al., 2013), prevalence and intensity increased with host age in
most cases, as did also both HSR and BID. This was expected,
because it is now well established that in relation to the life
span of wild rodents, most helminths are long-lived, avoiding
host immunity through various strategies, and therefore in wild
freely living animals, worms accumulate during the lifetime of
the host, resulting in heavier worm burdens as animals become
older (Behnke et al., 1992; Maizels et al., 2004). Accordingly, we
found that the oldest animals in our population carried the
most intense worm burdens and the greatest range and diversity
of species. Nevertheless, there are studies showing convexity in
age prevalence/intensity relationships, suggesting that in some
cases resistance to further infection may develop in the oldest
cohorts of mice (Gregory et al, 1992; Behnke et al, 1999;
Luong et al., 2010).

In contrast, and given the numerous studies that have reported
sex-bias in helminth infections (Poulin, 1996; Zuk and McKean,
1996; Moore and Wilson, 2002; Sanchez et al., 2011; Grzybek
et al., 2015b), it was perhaps surprising that we found a significant
sex-effect in only the Digenea and essentially attributable just to
P. muris. However, our finding of a male sex bias in both preva-
lence and abundance of P. muris contrasts with Rogan et al
(2007), who analysed P. muris burdens in the same animals
from the period 1993-2005 and found that prevalence was only
marginally higher in male (17.8%) compared with female
(15.6%) mice and not significantly different between the sexes.
Our data failed to support sex-bias in the case of S. stroma in
agreement with Abu-Madi et al. (2000) but in contrast to
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Table 5. Summary of factors (main
minimum sufficient models

Jerzy M. Behnke et al.

statistical effects) affecting helminth taxa and derived parameters in the study and proportion of deviance explained in

Model with year as covariate

Model with year as factor

Taxon/parameter Year Age Sex Year Age Sex
Prevalence combined helminths 2.02, —ve? 3.40, +ve® ns 10.44 3.43, +ve® ns
Abundance combined helminths ns 1.04 ns 1.92 0.90, +ve® ns
HSR ns 5.83, +ve ns ns 5.83, +veP ns
BID ns 3.59, +ve ns 8.97 427, +ve® ns
Prevalence of combined nematodes 2.13, -ve 4.38, +ve ns 12.09 4.86, +ve® ns
Abundance of combined nematodes ns 1.18, +ve ns 242 1.10, +veP ns
Prevalence H. polygyrus 3.56, -ve 4.64, +ve ns 11.62° 4.95, +veP ns
Abundance of H. polygyrus 0.77, -ve 1.73, +ve ns 3.32 1.56, +ve® ns
Prevalence of S. stroma 1.25, +ve ns ns 17.50 ns ns
Abundance of S. stroma = - - £ - -
Prevalence of A. murissylvatici ns ns ns 22.54 ns ns
Abundance of A. murissylvatici ns 1.90 ns £ - -
Prevalence of combined Digenea ns 3.03, +ve ns ns 3.03, +ve ns
Abundance of combined Digenea ns ns 0.43, male® 5.30 1.15, +ve ns
Prevalence of P. muris ns 2.48, +ve ns 9.56¢ 2.22, +ve ns
Abundance of P. muris ns ns 0.49, male® 491 ns ns

-ve = negative covariance, +ve = positive covariance.
P+ve = significant increase with age.

“Significant year x sex interaction, % deviance =7.96%.
dCould not be assessed in GLM.

®Male = male biased sex difference.

Behnke et al. (1999), Muller-Graf et al. (1999), Eira et al. (2006),
Jackson et al. (2009) and Stuart et al. (2020), all of who found that
prevalence and/or abundance of worm burdens was significantly
higher in male compared with female mice. Behnke et al. (1999)
also found that worm burdens rose faster with increasing host age
in males than in females. Curiously, in the case of A. murissylva-
tici the values suggested female biased infections (see also
Grzybek et al., 2015b) although again the difference between
the sexes was not sufficiently large enough to achieve statistical
significance. Although some earlier studies have reported male-
bias in infections with H. polygyrus (Lewis, 1968; Lewis and
Twigg, 1972), others have failed to find a significant difference
between the sexes (Sharpe, 1964; Gregory, 1992; Gregory et al.,
1992; Abu-Madi et al., 1998; Behnke et al, 1999; Eira et al,
2006; Jackson et al., 2009; Babayan et al., 2018). Nevertheless,
even in some of the latter studies the prevalence of H. polygyrus
and worm burdens were reported to be arithmetically higher in
male hosts (e.g. Gregory et al., 1992), as indeed we found for
the arithmetic values of both prevalence and abundance.
However, this apparent male bias was insufficient to merit statis-
tical significance when other factors had been taken into account
in GLMs. In this context, it is perhaps noteworthy that based on
fecal egg counts rather than worm burdens, Ferrari et al. (2004)
found no difference between the sexes in the prevalence of H.
polygyrus but significant male bias in abundance. Following
experimental intervention Ferrari et al. (2004) concluded that
male A. flavicollis were more important than females in maintain-
ing and spreading H. polygyrus in the host population.
Nevertheless, taken in total, the lack of strong evidence for sex
bias in our data (despite most parameters showing marginally
higher arithmetic values in male mice compared with females)
concurs with other studies that have also failed to find statistically
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significant sex bias in helminth infections in wild rodents and
have questioned the universality of this phenomenon (Schalk
and Forbes, 1997; Cabrilo et al., 2018; Bordes et al., 2012).

In this study, we have examined an unusually long annual time
series (n = 26), for an endohelminth community that covers a per-
iod claimed to encompass large shifts in global climate (World
Meteorological Organization, 2019). The sporadic occurrence of
the rare helminth species recorded in this study was perhaps
not surprising, in light of previous studies of temporal stability
of helminth communities. In contrast, the significant downward
trend in the prevalence of H. polygyrus and the associated higher
taxa over more than two decades was unexpected, given the dom-
inance of H. polygyrus in the helminth community and previous
observations that such core community members tend towards
temporal stability. The pattern of consistently falling prevalence
and abundance over the 26 years of this study, overriding the
between year oscillations in both parameters, differs from the
more abrupt disappearance of S. petrusewiczi from bank voles
in study sites in NE Poland, which occurred over a period of
just 7 years (dominant species in 1999, and undetected in 2006).

Malham Tarn itself is situated at 377 m above seas level, and
located on limestone is an alkaline lake, one of only eight such
lakes in Europe. The surrounding woodlands in which we trapped
animals are either located at the same altitude or even higher on
the slopes rising to the escarpment in the north. These sites may
experience harsh winters in comparison with other regions in the
British Isles, as for example those in southern England where
studies by Abu-Madi et al. (2000) and Behnke et al. (1999)
were conducted. As far as we are aware, there have been no
major changes in the structure/composition of the woodlands in
which the wood mice were trapped over the period from 1993.
Malham Tarn itself and the surrounding wet lands are designated
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as a site of Special Scientific Interest (SSSI), with associated legal
protection, and much of the area is a nature reserve. If very dom-
inant species, such as H. polygyrus in the current study, can
decline in prevalence and abundance so markedly as reported
herein, moreover in a relatively undisturbed environment subject
to conservation measures, then this suggests that major long-term
functional re-adjustments in parasite communities may be more
common than previously thought. Although we can be confident
that the study sites utilized in the current research were not sub-
ject to any major intrusions from human activity, the concept of
global warming is currently topical (Hudson et al., 2006; Brooks
and Hoberg, 2007; Houghton, 2009). In this context, a recent
review has predicted extinction of parasite species, with up to
30% of parasitic worms, resulting from climate driven habitat
loss alone (Carlson et al., 2017). Moreover, the effects of within-
habitat climate-driven environmental change on host-parasite
systems are also likely to be important (Hudson et al, 2006;
Altizer et al., 2013; Gethings et al, 2015; Gehman et al., 2018;
Stewart et al., 2018a,; Jackson et al., 2020) but this is an area
where more empirical evidence is required. Fortunately, the
Malham Tarn Study Centre does have a local meteorological sta-
tion. This will provide an opportunity to assess whether the
decline in the prevalence and abundance of H. polygyrus and
the oscillations in parameter values for P. muris were related to
specific weather conditions, or climatic changes, over the same
period that affected parasite transmission directly or indirectly
through effects on host demography. Such an analysis is complex
and will be reported in a subsequent paper.

Supplementary material. The supplementary material for this article can
be found at https:/doi.org/10.1017/50031182020002243.
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