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The myxoma virus (a microparasite) reduced wild rabbit numbers worldwide when introduced in the 1950s, and
is known to interact with co-infecting helminths (macroparasites) causing both increases and decreases in
macroparasite population size. In the 1990s Rabbit Haemorrhagic Disease Virus (RHDV) infected rabbits and
also significantly reduced rabbit numbers in several countries. However, not much is known about RHDV in-
teractions with macroparasites. In this study, we compare prevalence and intensity of infection for three gas-
trointestinal nematode species (Trichostrongylus retortaeformis, Graphidium strigosum and Passalurus ambiguus)
before and after RHDV spread across host populations in Scotland and New Zealand. During one common season,
autumn, prevalence of T. retortaeformis was higher after RHDV spread in both locations, whereas it was lower for
G. strigosum and P. ambiguus after RHDV arrived in New Zealand, but higher in Scotland. Meanwhile, intensity of
infection for all species decreased after RHDV arrived in New Zealand, but increased in Scotland. The impact of
RHDV on worm infections was generally similar across seasons in Scotland, and also similarities in seasonality
between locations suggested effects on infection patterns in one season are likely similar year-round. The
variable response by macroparasites to the arrival of a microparasite into Scottish and New Zealand rabbits may
be due to differences in the environment they inhabit, in existing parasite community structure, and to some
extent, in the relative magnitude of indirect effects. Specifically, our data suggest that bottom-up processes after
the introduction of a more virulent strain of RHDV to New Zealand may affect macroparasite co-infections by
reducing the availability of their shared common resource, the rabbits. Clearly, interactions between co-infecting
micro- and macroparasites vary in host populations with different ecologies, and significantly impact parasite
community structure in wildlife.

1. Introduction

size via host immune modulation or stimulation (Schaad, 1966; Lello
et al.,, 2004; Pederson and Fenton, 2007; Graham, 2008). Although

It is becoming increasingly clear that ecological rules and processes
important to the structure and dynamics of species populations in
communities of aquatic and terrestrial environments apply to parasite
community structure, and the dynamics of co-infecting parasite popu-
lations living within earth's third environment, i.e. the living, inter-
acting tissues within hosts (Sukhdeo, 1997; Pederson and Fenton, 2007;
Graham, 2008; Griffiths et al., 2014). Co-infecting parasite species can
interact directly while competing for physical space needed to mature
and reproduce (Schaad, 1963), and indirectly through, either bottom-
up processes that control species' abundance when competing for
shared food resources, or top-down processes that control population
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insight into interactions among co-infecting parasites of wildlife is
growing, interactions among all types of parasites are not clear. For
example, interactions between co-infecting micro- and macroparasites
are not completely understood. In this study, we examine patterns of
micro- and macroparasite infection in wild European rabbits (Or-
yctolagus cuniculus) to determine how macroparasites respond to the
introduction of a similarly novel microparasite into host populations
with distinct ecologies in Scotland and New Zealand.

Evidence for parasite interactions within hosts primarily comes
from controlled laboratory experiments, experimental removal of spe-
cies from natural within-host communities, and observational field
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studies. Laboratory co-infection experiments have shed light on the
relative strength of parasite-parasite interactions, although hosts in
nature are frequently infected with more than two parasite species
(Cox, 2001; Lello et al., 2004; Pederson and Fenton, 2007; Graham,
2008). Manipulative field studies on wild host populations have mea-
sured how multispecies parasite communities respond to perturbations,
such as the removal of a species, but are more difficult and rare (e.g.
Ferrari et al., 2009; Knowles et al., 2013; Pedersen and Antonovics,
2013). More commonly, our understanding of within-host parasite
community dynamics in wild populations comes from observational
field studies (Lello et al., 2004; Telfer et al., 2008), although apparent
within-host parasite interactions are thought to potentially be a con-
sequence of statistical associations rather than true interspecific inter-
actions (Fenton et al., 2010; Johnson and Buller, 2011). Nevertheless,
observations from wild hosts are critical because they ultimately help
guide a priori predictions testable through controlled experimentation
in the lab or field (Graham, 2008). Thus far, a general pattern emerging
from field and laboratory experiments, as well as observations of wild
host populations, is that species-specific ecological differences can in-
fluence mechanisms, direction and interaction strength among co-in-
fecting parasites (Knowles et al., 2013; Griffiths et al., 2014).

The European rabbit (Oryctolagus cuniculus) is considered a pest
species in Australia, New Zealand and the United Kingdom, and has
been a good model system to study within-host parasite community
dynamics. This is partly because it can be easily harvested throughout
the year in some countries, i.e. there is no closed season as it is a widely
distributed and numerous small mammal (Flux and Fullagar, 1983).
European rabbits can be infected by a wide variety of micro- and
macroparasites, including helminths, protozoa and viruses (Taylor
et al., 2015), and success in controlling rabbit populations by introdu-
cing microparasites (e.g. viruses) as biological control agents has had
some impact on hosts and co-infecting macroparasites. For example, the
introduction of the flea-borne myxoma virus (myxomatosis) causing
cutaneous fibromas into Australia and the United Kingdom (Findlay,
1929; Fenner and Ratcliffe, 1965; Fenner and Ross, 1994), and of the
faecal-oral transmitted Rabbit Haemorrhagic Disease Virus (RHDV)
causing liver, spleen and lung necrosis into New Zealand, Australia and
the United Kingdom (Cooke and Fenner, 2002; Abrantes et al., 2012;
Cooke, 2014; Rouco et al., 2014), reduced rabbit populations by sig-
nificant numbers. At the same time, introduction of myxomatosis led to
larger populations of co-infecting intestinal —macroparasites
(Mykytowycz, 1959; Boag, 1988). This was initially suggested to be due
to myxomatosis compromising host immunity (Boag, 1988), and evi-
dence of it was subsequently confirmed experimentally (Cattadori et al.,
2007; Berto-Moran et al., 2013). Some strains of the myxoma virus
became attenuated over time (Kerr et al., 2012), and the hosts more
resistant (Marshall and Fenner, 1958), resulting in rabbit numbers in-
creasing significantly in Britain until the mid 1990s when RHDV be-
came established in wild populations (Aebischer et al., 2011).

Unlike myxomatosis, there are few reports of possible interactions
between RHDV and other micro- or macroparasites. The RHDV may
have initially existed as a non-pathogenic strain in Scotland before the
pathogenic strain was introduced in 1997 (Forrester et al., 2009). A
single European strain was introduced to Australia in 1991, and phy-
logenetic evidence suggests a single importation event into New
Zealand from Australia gave rise to all descendant viruses in New
Zealand without any mixing with Australian strains (Eden et al., 2015).
The presence of two strains has been detected in New Zealand
(Forrester et al., 2003), and since the introduction of the pathogenic
strain in 1997 reduced rabbit populations significantly (Thompson and
Clark, 1997; Norburry et al., 2002), the virus is becoming less patho-
genic allowing rabbit populations to gradually increase there (Parkes
et al., 2008). RHDV can induce host acquired immunity (Parkes et al.,
2008; Abrantes et al., 2012), and evidence from Australia indicates
RHDV can influence the dynamics of co-infecting myxomatosis (Mutze
et al, 2002), but whether macroparasites co-infecting rabbit
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populations responded similarly to RHDV as they did to myxomatosis,
is not known. As such, the present epidemiological study draws on long-
term field observations of wild rabbit populations from Scotland and
New Zealand to investigate the potential impact that introducing RHDV
has had on the population dynamics of co-infecting macroparasites.

The mechanism, direction and strength of interaction among species
in parasite communities is expected to vary between Scottish and New
Zealand rabbit populations due to ecological differences between re-
gions, such as differences in community structure, in host density, or in
environment possibly influencing infection variabilities. For example,
the founder populations of European rabbits in New Zealand arrived
with a depauperate macroparasite community structure (Bull, 1953;
Rhodes, 1985). There is no myxomatosis in New Zealand rabbits, and
the only parasites they have in common with rabbits from Scotland are
three directly transmitted intestinal nematode macroparasites, Tri-
chostrongylus retortaeformis in the small intestine, Graphidium strigosum
in the stomach and Passalurus ambiguus in the large intestine
(Mykytowycz, 1959; Boag, 1988). Rabbits in Scotland can be ad-
ditionally co-infected with the trophically transmitted intestinal ces-
todes Cittotaenia denticulata, Mosgovoyia pectinata, Coenurus pisiformis
and Cysiticercus serialis, as well as the liver fluke Fasciola hepatica, ec-
toparasites such as the flea Spilopyllus cuniculi, and the vector-borne
blood protozoan Trypanosoma nabiasi (Boag, 1985; Hamilton et al.,
2005). Not only have parasite communities in New Zealand experi-
enced a bottleneck, but also rabbit numbers have previously crashed
after a sustained poisoning campaign in the 1940s, which resulted in
congruent decreases in nematode infection levels (Bull, 1957). En-
vironment also differs between regions and this could have an impact
on both hosts and parasites. For example, annual rainfall is lower in the
inland south island of New Zealand studied (Robertson, 1959), than it is
in the central east coast of Scotland (Barnett et al., 2006). Rainfall is
positively correlated with the incidence of non-pathogenic RHDV (Liu
et al., 2014), as well as biomass of grass for rabbits (Silvertown et al.,
1994), and thus can potentially affect both parasite and host density.
Analysis of summary networks for all possible human co-infections
reported in a single year suggest that bottom-up processes, i.e. resource
availability, are more involved in structuring parasite interactions than
top-down processes, i.e. immune control (Griffiths et al., 2014). How-
ever, the relative importance of bottom-up or top-down processes in
parasite communities is generally poorly understood (Graham, 2008),
and it is not known whether they played an important role in macro-
parasite community structure after RHDV was introduced to wild rabbit
populations in Scotland and New Zealand.

To assess what effects introducing a novel microparasite (RHDV)
into rabbit populations in Scotland and New Zealand had on the three
gastrointestinal nematode macroparasite species that they share in
common (i.e. T. retortaeformis, G. strigosum, and P. ambiguus), we
compared the (a) prevalence of infection with each nematode species,
and (b) intensity of infection before and after the introduction of RHDV.
We first asked whether seasonal prevalence and intensity of infection
for each macroparasite species in New Zealand rabbits varied from that
of rabbits sampled in congruent seasons in Scotland in order to discern
whether regional environmental variability influenced parasite ecology
before the arrival of RHDV. Seasonal differences in average macro-
parasite infection size in rabbits have long been known to exist
(Dunsmore and Dudzinski, 1968), and seasonal shifts in response to
RHDV have been observed in co-infecting myxomatosis epidemiology
(Mutze et al., 2002). Thus, we next asked whether patterns in seasonal
infection prevalence and intensity of each macroparasite species from
Scottish rabbits varied before and after RHDV spread. The introduction
of another microparasite, myxomatosis, has been shown to mostly in-
crease worm burdens for several macroparasite species in various re-
gions (Dunsmore and Dudzinski, 1968; Boag, 1988). Consequently, we
also asked whether infection prevalence and intensity of all three
macroparasite species in rabbits sampled in a common season before
and after the introduction of RHDV changed congruously in Scotland
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and New Zealand. Finally, we examined the relationship between serum
antibody levels to RHDV, and the abundance of each macroparasite
species infecting a sub-sample of rabbits collected over one year from
Scotland, to further assess the relative importance of indirect (top-
down) interactions between micro- and macroparasites.

2. Materials and methods

The data from Scotland is from a monthly long-term study on rab-
bits undertaken at sites in the Sidlaw Hills (approximately 56.5000° N,
3.1667° W) in eastern Scotland beginning in 1977 (Boag, 1985; Boag
et al., 2001, 2013; Lello et al., 2004). The 1984-1985 data from New
Zealand (pre-RHDV) was obtained from an MSc thesis by Rhodes
(1985) who collected rabbits from farms around Alexandra, Central
Otago, New Zealand (approximately 45.2328° S, 169.3724° E) in the
months of November 1984 (Austral Spring), and February (Austral
Summer), May (Austral Autumn) and August 1985 (Austral Winter).
One of the authors (BB) collected the data for 2002 (post-RHDV) from
Alexandra on 30™ March 2002 (Austral Autumn) where rabbits were
supplied from local farms. To make the data from Scotland more
comparable with the data from New Zealand we only selected rabbits
sampled in Scotland during the months of February (Palearctic Winter),
May (Palearctic Spring), August (Palearctic Summer) and November
(Palearctic Autumn) between 1977 and 1996 (pre-RHDV) and
2005-2010 (post-RHDV).

The protocol used to sample rabbits and parasites in all surveys was
the same. All rabbits were shot using a 0.22 calibre rifle equipped with
a silencer. In the laboratory the animals were sexed, weighed, measured
and their alimentary tracts separated into three regions, i.e. stomach,
small intestine and large intestine, each section being opened, washed
by hand and the contents passed through a 100 mesh (150um) sieve.
The residue was then collected and either examined fresh (within 24 h)
or stored in 10% formalin for parasite identification and enumeration
using a dissecting microscope with at least a 40 X magnification (Boag,
1984). In the samples collected by BB, if numbers of nematodes were
high (> 2000) then a dilution of up to 1:25 was counted, and if counts
were low then at least half of the contents were counted.

Host age and the aggregated nature of parasite populations are
thought to be important factors influencing patterns indicative of
parasite interactions based on observational field studies (Fenton et al.,
2010). Body mass can be a proxy for age (Myers and Gilbert, 1968;
Cowan, 1983), and therefore individual rabbits were classified into age-
mass classes as defined by Cattadori et al. (2005) who used rabbits
sampled in all twelve months from the Sidlaw Hills between 1977 and
2002 (Boag et al., 2001). Eight age-mass classes corresponded to three
major age categories: kittens (class 1: 100-200 g, class 2: 201-480 g,
class 3: 481-750g); juveniles (class 4: 751-1030g, class
5:1031-1300 g); and adults (class 6: 1301-1580 g, class 7:1581-1860 g,
class 8: =1861 g).

Blood sera were obtained monthly from 252 rabbits in Scotland
sampled between January and December 2005 (range: 10-38 rabbits
per month) and analysed for the presence of antibodies against RHDV
using ELISA tests following the protocol by Forrester et al. (2009).
Briefly, an optimized concentration of recombinant RHDV protein
(Marin et al., 1995) was coated onto ELISA plates overnight at 4 °C in
coating buffer. After washing the plates in PBS-Tween (0.1%), twofold
dilutions of serum were added for 1 h at 37 °C. Plates were washed, and
a 1:1000 dilution of polyvalent goat anti-rabbit serum conjugated with
horseradish peroxidase (Sigma-Aldrich) added for 1hat 37 °C. Plates
were washed and substrate (OPD, Sigma-Aldrich) was added. After
30 min, absorption for each reaction was estimated at 492nm. Ab-
sorption readings of at least twice that at the equivalent dilution of
negative control serum (serum from a commercially supplied rabbit
certified as negative) were considered positive for RHDV. Titres of 1:10
were considered negative.
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2.1. Statistical analysis

All analyses were conducted using R statistical software v.3.4.1 (R
Core Team, 2017). We studied macroparasite infection prevalence, or
proportion of rabbits infected with a particular parasite species (see
Bush et al., 1997), by classifying each individual rabbit sampled as
either uninfected or infected. We treated these data as a series of Ber-
noulli trials with a binary response variable, which allowed us to ex-
amine the likelihood of observing nematode infections in rabbits across
seasons, locations, and periods before and after the introduction of
RHDV. We constructed generalized linear mixed models (glmer func-
tion, package lme4, Bates et al., 2015) of the binomial family with a
logit link function for each nematode species to first test if there were
differences in infection prevalence for rabbits sampled every season
(winter, spring, summer, autumn) in Scotland vs. New Zealand before
RHDV spread. Next, we tested for differences in prevalence of infection
in rabbits sampled every season from Scotland before and after the
arrival of RHDV. Finally, we tested if prevalence of infection in rabbits
sampled in autumn season from Scotland and New Zealand differed
before and after the arrival of RHDV. To control for possible effects of
an individual's sex, age and mass, which are known to influence worm
infection (Boag et al., 2001; Cattadori et al., 2005), rabbit sex (female
or male) and age-mass class (class 1-8) were included as random effects
in all models, with sex nested into age-mass class.

General linear mixed effect models (Ime function, package NLME,
Pinheiro and Bates, 2000) were used to examine differences in the mean
intensity of infection for each nematode species, or the mean number of
worms per rabbit infected with a particular macroparasite (see Bush
et al., 1997). The number of worms per rabbit was log (x) transformed
for normality since zeros were excluded, and used as the response
variable in relation to the following possible fixed explanatory vari-
ables: occurrence of RHDV (pre-RHDV or post-RHDV), location (Scot-
land or New Zealand), and season. To control for possible effects of
individual's sex, age and mass (Boag et al., 2001; Cattadori et al., 2005),
rabbit sex and age-mass class were included as random effects, with sex
nested into age-mass class. We first tested if there were differences in
the mean intensity of infection between rabbits sampled every season in
Scotland vs. New Zealand before RHDV spread. Next, we tested if there
were differences in mean intensity in rabbits sampled every season from
Scotland before and after the arrival of RHDV. Finally, we tested if there
were differences in mean intensity between rabbits sampled in autumn
season from Scotland and New Zealand before and after the arrival of
RHDV.

Simple linear regression models (Im function, package stats, R Core
Team et al., 2017) were used to examine whether RHDV antibody levels
were related to worm counts for each nematode species in all rabbits
sampled from Scotland during 2005. The number of worms per rabbits
sampled (i.e. abundance of infection (see Bush et al., 1997), was log (x
+1) transformed and regressed against the log (x+ 1) antibody levels
from ELISA titres, which were measured as the inverse of the dilution at
which sera were considered positive (Forrester et al., 2009).

3. Results

3.1. Did parasite prevalence and intensity of infection vary similarly across
seasons in Scotland and New Zealand before the spread of RHDV?

A total of 885 rabbits were collected from Scotland between 1977
and 1996 (female: 406, male: 479) and 400 from New Zealand (in
comparable seasons) in 1985 (female: 203, male: 197). The prevalence
and mean intensity of infection with each macroparasite is consistent
with what has been reported from other regions of Britain, continental
Europe and New Zealand in that large variabilities are typical between
populations in some species (SM Tables 1-3). In our data, prevalence of
infection with T. retortaeformis did not vary significantly between
Scotland and New Zealand, but was significantly higher for G. strigosum
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Table 1
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Results of the generalized linear mixed-effects models (GLMM) and general linear mixed-effects models (LME) of best fit for nematode infection prevalence and mean
intensity, respectively, from rabbits sampled seasonally in New Zealand (NZ) and Scotland before the arrival of RHDV. All comparisons are made against the intercept
of the first level of each factor, i.e. NZ for location and Spring for season. Test statistic (z values) are marked as: ****P < 0.001, ***P < 0.01, **P < 0.05.

Parasite species Fixed effects

Prevalence Models

Mean Intensity Models

Factor Level Estim. SE z value Pr (> |z|) Estim. SE t value P value
Trichostrongylus Location NZ vs. Scotland - - - - —0.58 0.09 -6.18 < 0.0001
retortaeformis Season Spring vs. Summer 0.66 0.2 3.22 0.0012%%** 0.26 0.12 2.12 0.03
Spring vs. Autumn 0.67 0.23 2.86 0.0042%** 0.21 0.14 1.56 0.12
Spring vs. Winter 1.3 0.27 4.87 1.1 X 107 Oxxxx 0.5 0.14 3.59 0.0003
Graphidium Location NZ vs. Scotland 1.2 0.15 7.75 8.9 x 107 o -1.11 0.15 —7.34 < 0.0001
strigosum Season Spring vs. Summer -0.92 0.19 —-4.74 2.1 x 10~ G -0.73 0.21 —3.54 0.0004
Spring vs. Autumn 0.45 0.21 2.16 0.031%* 0.03 0.19 0.14 0.88
Spring vs. Winter 0.85 0.22 3.84 0.00071 **** 0.91 0.19 4.83 < 0.0001
Passalurus Location NZ vs. Scotland —2.08 0.29 —7.01 2.32 x 107 12w -2.33 0.26 —8.93 < 0.0001
ambiguus Season Spring vs. Summer —0.08 0.32 —-0.24 0.81 0.73 0.36 2.0 0.0455
Spring vs. Autumn 0.7 0.33 2.11 0.035%* 0.98 0.32 3.11 0.0021
Spring vs. Winter 1.33 0.38 3.46 0.0005 **** 1.33 0.31 4.22 < 0.0001
Location:Season Scotland:Summer -1.56 0.48 —3.26 0.001 *** - - - -
Scotland:Autumn —0.48 0.44 -1.09 0.27 - - - -
Scotland:Winter -1.23 0.48 —2.56 0.01** - - - -

in Scotland and for P. ambiguus in New Zealand, regardless of season
(Table 1). The prevalence of all three nematode species varied sig-
nificantly between seasons, regardless of location (Table 1). The in-
teraction between season and location had no significant effect on
prevalence of T. retortaeformis or G. strigosum, but did on P. ambiguus
(Table 1). In New Zealand, prevalence of P. ambiguus was higher every
season relative to spring, whereas in Scotland it was lower in summer
relative to spring, but higher in autumn and winter (SM Table 2).

Mean intensity of infection for all three nematode species was sig-
nificantly higher in New Zealand than Scotland, regardless of season
(Table 1). Season had a significant effect on mean intensity of all three
nematode species, regardless of location (Table 1). The mean number of
worms per rabbit was generally lowest in spring and summer, and
highest by autumn and winter, for all three nematodes (Fig. 1a). There
was no significant interaction between season and location affecting the
mean intensity of any macroparasite.

3.2. Did seasonal prevalence and intensity of infection in Scotland vary
similarly before and after the spread of RHDV?

In addition to the rabbits collected in Scotland between 1977 and
1996 (pre-RHDV), 589 rabbits (267 female, 322 male) were collected
between 2005 and 2010 (post-RHDV). The prevalence of T. re-
tortaeformis and G. strigosum was significantly higher after the spread of
RDHYV, regardless of season (Table 2). There were significant differ-
ences between most seasons in prevalence of all three nematode spe-
cies, regardless of RHDV presence (Table 2). The interaction between
season and presence of RHDV had a significant effect on prevalence of
T. retortaeformis (Table 2), with a bigger increase in the proportion of
individuals infected between spring and summer before the arrival of
RHDV relative to the rise between spring and summer post-RHDV (SM
Table 2). Similarly, there were significant interactions between season
and RHDV presence on the prevalence of P. ambiguus, with a decrease in
prevalence between spring and summer pre-RHDV while it increased
post-RHDV, and the increase between spring and winter was higher
post-RHDV than pre-RHDV (Table 2, SM Table 2).

The mean intensity of infection for all three nematode species was
significantly higher after the spread of RHDV, regardless of season
(Table 2). Season had a significant effect on mean intensity of all three
nematode species, regardless of RHDV presence (Table 2). There was
also a significant negative interaction between season and presence of
RHDV on G. strigosum mean intensity, but not on the other two nema-
tode species (Table 2). For G. strigosum, the mean number of worms was
consistently higher after RHDV, but overall, it was lower in summer and
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autumn relative to spring (Fig. 1b).

3.3. Did parasite prevalence and intensity of infection in autumn season
vary between rabbits collected in Scotland and New Zealand before and after
the circulation of RHDV?

The total number of rabbits collected in autumn from Scotland pre-
RHDV was 123 (55 female, 68 male), and 98 were collected post-RHDV
(42 female, 56 male). A total of 100 rabbits (49 female, 51 male) were
collected in autumn from New Zealand (in May 1985) pre-RHDV, and
100 rabbits (42 female, 58 male) were collected (on 30" March 2002)
post-RHDV. The presence of RHDV, regardless of location, significantly
increased the prevalence of infection with T. retortaeformis, and de-
creased it for G. strigosum and P. ambiguus infections, albeit not sig-
nificantly (Table 3). The prevalence of G. strigosum was significantly
higher in Scotland than New Zealand, regardless of the RHDV presence,
and for P. ambiguus it was lower in Scotland (Table 3). There was no
significant effect of location on the prevalence of T. retortaeformis.
There was a significant interaction between RHDV presence and loca-
tion on prevalence of G. strigosum (Table 3), but not for the other ne-
matode species. In New Zealand, prevalence of G. strigosum when RHDV
was present was lower, whereas in Scotland it was higher (SM Table 3).

The presence of RHDV had a significant negative effect on mean
intensity for all three nematode species, regardless of location (Table 3).
The mean intensity of all three nematode species was significantly
higher in New Zealand than Scotland, regardless of RHDV presence
(Table 3). There was a significant interaction between location and
presence of RHDV on mean intensity for all three nematode species
(Table 3), with number of worms decreasing after RHDV spread in New
Zealand, and increasing after RHDV spread in Scotland (Fig. 1c).

3.4. Were RHDYV antibody levels related to worm burden for nematode
species infecting rabbits from Scotland in 2005?

RHDV antibody levels in rabbits from Scotland collected in 2005
were not significantly related to worm counts of T. retortaeformis
(F1.250 = 1.31, p = 0.25,R? = 0.001, y = 3.89 + 0.11x) or P. ambiguus
(F1,250 = 2.11, p = 0.15, R? = 0.004, y = 0.35 + 0.1x). Only rabbits
with higher numbers of G. strigosum had significantly higher RHDV ti-
tres, although the linear regression model had a low, albeit significant,
R? value (F; 250 = 11.99, p = 0.0006, R> = 0.042, y = 0.86 + 0.22x).
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(a) i.Trichostrongylus retortaeoformis

ii.Graphidium strigosum
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iii.Passalurus ambiguus
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Fig. 1. Differences in mean intensity of nematode parasite infection in rabbits sampled seasonally from New Zealand and Scotland before the spread of RHDV (a),
rabbits sampled seasonally from Sotland before and after RHDV (b), and rabbits sampled in autumn season from New Zealand and Scotland before and after RHDV
(c). Nematode parasites included T. retortaeformis (i) G. strigosum (ii) and P. ambiguus (iii) found in rabbits sampled in spring (Spr), summer (Sum), autumn (Aut) and

winter (Win).

4. Discussion

The introduction of RHDV appears to relate differently with mac-
roparasite in Scotland and New Zealand. Evidence from one common
season (autumn) suggests that prevalence of T. retortaeformis was gen-
erally higher after the virus spread in both locations, whereas it was
lower for G. strigosum and P. ambiguus after RHDV arrived in New
Zealand, but higher in Scotland. Meanwhile, mean intensity of all three
nematode species decreased after RHDV arrived in New Zealand, but it
increased in Scotland. The impact of RHDV on worm infections was
consistent across seasons in Scotland, and the similarities in seasonality

between locations suggest that the effects on infection patterns ob-
served in one season are likely to be similar year-round.

The seasonal patterns of macroparasite infection did not vary very
much between Scotland and New Zealand before RHDV arrived pos-
sibly because both locations experience similar environmental changes
across seasons typical of temperate climates, which may be important
to the transmission and general life history of the nematode species. For
example, the prevalence and mean intensity of infection with T. re-
tortaeformis was lowest in spring in both locations relative to other
seasons, and this may coincide with the beginning of the rabbits'
breeding season when there are fewer breeding pairs and higher
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Table 2
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Results of the generalized linear mixed-effects models (GLMM) and general linear mixed-effects models (LME) of best fit for nematode infection prevalence and mean
intensity, respectively, from rabbits sampled seasonally in Scotland before and after the arrival of RHDV. All comparisons are made against the intercept of the first
level of each factor, i.e. Absent for RHDV and Spring for season. Test statistic (z values) are marked as: ****P < 0.001, ***P < 0.01, **P < 0.05.

Parasite species Fixed effects Prevalence Models

Mean Intensity Models

Factor Level Estim. SE z value Pr (> |z|) Estim. SE t value P value
Trichostrongylus RHDV Absent vs. Present 0.44 0.2 2.16 0.031%* 0.44 0.09 5.1 < 0.0001
retortaeformis Season Spring vs. Summer 0.64 0.23 2.76 0.006%** 0.72 0.12 5.89 < 0.0001
Spring vs. Autumn 1.02 0.32 3.23 0.0012%** 0.38 0.14 2.69 0.007
Spring vs.Winter 1.44 0.34 4.21 2.6 X 107 Swrx 0.37 0.15 2.45 0.014
RHDV:Season Present:Summer -0.79 0.37 —-2.14 0.032 ** - - - -
Present:Autumn —-0.23 0.47 -0.5 0.618 - - - -
Present:Winter -0.89 0.47 —-1.88 0.06 - - - -
Graphidium RHDV Absent vs. Present 1.18 0.15 7.7 1.35 x 10~ Mwwwx 1.37 0.2 6.82 < 0.0001
strigosum Season Spring vs. Summer —-0.52 0.18 -2.89 0.0038%*** —-0.82 0.2 —4.06 0.0001
Spring vs. Autumn 1.03 0.25 4.04 5.33 x 10~ —-0.22 0.2 -1.1 0.27
Spring vs. Winter 1.32 0.3 4.49 7.15 x 1076* 0.91 0.2 4.5 < 0.0001
RHDV:Season Present:Summer - - - - -0.76 0.27 —-2.75 0.006
Present:Autumn - - - - -0.8 0.28 —-2.79 0.005
Present:Winter - - - - -0.7 0.29 —2.41 0.016
Passalurus RHDV Absent vs. Present —-0.33 0.32 —1.03 0.303 1.09 0.32 3.35 0.001
ambiguus Season Spring vs. Summer -1.71 0.38 —4.53 5.91 x 10~ Oxxxsx 0.09 0.51 0.17 0.86
Spring vs. Autumn 0.19 0.3 0.64 0.52 1.1 0.44 2.48 0.014
Spring vs. Winter 0.08 0.31 0.26 0.79 0.84 0.44 1.91 0.058
RHDV:Season Present:Summer 1.95 0.49 4.01 6.14 X 10~ Swwwx - - - -
Present:Autumn 0.61 0.44 1.38 0.17 - - - -
Present:Winter 1.46 0.45 3.21 0.001*** - - - -

numbers of young-of-the-year that have not had exposure to parasite
infective stages in the environment for very long (Cattadori et al.,
2005). Rabbits develop an immune response that can reduce or remove
T. retortaeformis, although not fully protect against reinfections
(Cattadori et al., 2005, 2008; Murphy et al., 2011). Thus, the general
rise in prevalence and intensity of T. retortaeformis infection at both
locations as the rabbit breeding-season progressed may be because of
similarly increasing host densities. In contrast, prevalence and intensity
of infection with G. strigosum peaks in autumn and winter in both lo-
cations because this species of parasite accumulates with host age with
no evidence of worm mortality even though a robust species-specific
immune response occurs (Cattadori et al., 2005, 2008; Murphy et al.,
2011). Less is known about the seasonal biology of P. ambiguus, but our
data suggest that the rise in prevalence and intensity of infection
starting in the spring may also be related to increasing host densities
associated with rabbit breeding.

Seasonal patterns in prevalence and intensity of infection in
Scotland did not vary greatly before and after the spread of RHDV.
However, overall prevalence and intensity of infection of all three ne-
matodes did increase post-RHDV, and in every season. A rise in G.
strigosum numbers in Scottish rabbits over decades of parallel increases
in temperature suggests that climate may be driving changes to the

Table 3

population dynamics of this parasite, while T. retortaeformis populations
are unchanged because host immunity plays a bigger role in regulating
this species than it does G. strigosum (Hudson et al., 2006). Indeed,
laboratory and field studies measuring the effects of elevated tem-
peratures on egg hatching and survival of T. retortaeformis and G. stri-
gosum indicate higher temperatures accelerate hatching and reduce
survival in both species, but G. strigosum free living stages are more
sensitive to both high and low temperatures (Hernandez et al., 2013).
Thus, the higher prevalence and intensity of infection with G. strigosum
in Scottish rabbits in the periods when RHDV was introduced might
coincide with higher temperatures increasing worm transmission, but a
similar increase in T. retortaeformis infection is not as clearly explained
by environmental change.

The variabilities in how macroparasites responded to the introduc-
tion of RHDV into Scotland versus New Zealand could be due to in-
herent ecological differences, such as in parasite community structure,
host population densities, or possibly environment-driven differences in
host feeding behaviour. The bottleneck after the introduction of rabbits
into New Zealand resulted in a depauperate community of macro-
parasites relative to the more diverse communities that can infect
Scottish rabbits, which is common after animals are introduced into a
new environment (Torchin et al., 2003). Direct and indirect interactions

Results of the generalized linear mixed-effects models (GLMM) and general linear mixed-effects models (LME) of best fit for nematode infection prevalence and mean
intensity, respectively, from rabbits sampled in autumn from New Zealand (NZ) and Scotland before and after the arrival of RHDV. All comparisons are made against
the intercept of the first level of each factor, i.e. Absent for RHDV and NZ for location. Test statistic (z values) are marked as: ****P < 0.001, **P < 0.05.

Parasite species Fixed effects Prevalence Models

Mean Intensity Models

Factor Level Estim. SE z value Pr (> |z|) Estim. SE t value P value
Trichostrongylus RHDV Absent vs. Present 0.58 0.29 1.99 0.046%* —-2.29 0.2 —-11.29 < 0.0001
retortaeformis Location NZ vs. Scotland - - - - —0.88 0.2 —4.38 < 0.0001
RHDV:Location Present:Scotland - - - - 2.84 0.28 10.29 < 0.0001
Graphidium RHDV Absent vs. Present —0.54 0.29 -1.87 0.06 -1.39 0.34 —4.13 < 0.0001
strigosum Location NZ vs. Scotland 1.54 0.3 5.07 3.97 x 107 7x¥wx -1.55 0.26 —5.88 < 0.0001
RHDV:Location Present:Scotland 1.86 0.56 3.31 0.0009%*** 1.92 0.4 4.8 < 0.0001
Passalurus RHDV Absent vs. Present -0.5 0.33 -1.51 0.13 -2.0 0.36 —5.63 < 0.0001
ambiguus Location NZ vs. Scotland —2.56 0.34 —7.54 4.51 x 10-14 -1.76 0.47 —3.74 0.0002
RHDV:Location Present:Scotland 0.85 0.45 1.89 0.058 2.84 0.67 4.26 < 0.0001
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between co-infecting species can influence population dynamics of
parasites in Scottish rabbits. For example, Lello et al. (2004) found that
the presence of C. denticulata was associated with a 51% increase in T.
retortaeformis, while M. pectinata was associated with a decrease in G.
strigosum intensity of 19%. Thus, it may be possible that the elevated T.
retortaeformis, G. strigosum and P. ambiguus intensities measured in
Scotland rabbits post-RHDV in our study may have also been affected,
in part, by their interactions with cestodes and other types of parasites
that do not occur in New Zealand.

The introduction of RHDV may have also significantly decreased the
mean intensity of all three nematodes in New Zealand, but not Scotland,
because RHDV killed a higher percentage of rabbits in New Zealand,
whereas it had no detectable detrimental impact on the density of
rabbits in Scotland (Patterson and Howie, 1995). Parasite populations
are known to relate to the density of their hosts (Arneberg et al., 1998;
Hudson et al., 1998). Rabbit numbers have been significantly reduced
by RHDV in the Otago area by 67% (Parkes et al., 2002), and Norbury
et al. (2002) reported decreases of up to 90%. At the same time, rabbit
numbers in the Sidlaw Hills of Scotland remained high even while a
second strain of the RHDV was reported to be present (Forrester et al.,
2006, 2009). Thus, macroparasite densities may have decreased in New
Zealand because RHDV killed more hosts there.

Another possible reason the impact of RHDV in Scotland is less than
in New Zealand may be that regional climate variabilities can differ-
entially impact not only parasites, but also hosts. For example, annual
rainfall in the Alexandra area is ca. 30-50cm (Robertson, 1959;
Radcliffe, 1974) compared with ca. 64-86 cm in areas near the Sidlaw
Hills (Barnett et al., 2006), and there is relatively more grass growth in
Scotland than in New Zealand (BB, pers. obs.). Differences in rainfall
may impact the feeding behaviour of rabbits by influencing how far
they travel to find suitable food, which may explain why home ranges
in Scotland are relatively small (~3.9ha, Hulbert et al., 1996), while
those in New Zealand can be larger (Gibb and Morgan-Williams, 1994).
Rabbits do favour short swards, probably as an anti-predator strategy
(Tason et al., 2002), but there are no predators in New Zealand. As the
size of the patch probably depends upon the numbers of rabbits in a
warren, the resulting faecal contaminations will remain relatively
constant. However, in the more arid area around Alexandra, the short
vegetation is widespread and hence rabbit distribution is not restricted
to areas immediately surrounding warrens to the same extend as in
Scotland. Consequently, contamination of the pasture with faeces, and
hence parasites, is more likely to be host-density dependent. This fur-
ther supports the idea that the marked decrease in rabbit numbers after
RHDV spread can help explain the significant decrease in mean mac-
roparasite intensity measured in New Zealand.

A comparison of the parasites used in the present investigation with
published data from previous parasitological studies on rabbits shows
large variations in both prevalence and intensity of infection can be
expected for G. strigosum and P. ambiguus (SM Table 1), which do not
have close host affinity (Mykytowycz, 1956). Whereas, published data
for T. retortaeformis shows that this species has a closer relationship
with its host and is generally found at a high level of prevalence
(> 72%) wherever surveys have occurred (SM Table 1). The lack of G.
strigosum in records by Hulbert and Boag (2001) may be because of the
infective stages' sensitivity to high and low temperatures (Hernandez
et al., 2013), and the fact rabbits collected in their survey were taken at
750 m asl where temperatures are often below freezing. In contrast,
those collected by Boag and Kolb (1989) were just above sea level
where frosts are fewer. The absence of G. strigosum in the survey by
Boag (1972) was possibly due to this population of parasites having lost
its association with its host when the number of rabbits was reduced by
myxomatosis by up to 99% (Thompson and Worden, 1956). The reason
P. ambiguus was absent from 2 published surveys (SM Table 1) was
either due to the animals being very young (Boag and Garson, 1993), or
the low temperatures encountered overwinter at 550 m asl (Hulbert and
Boag, 2001). The low T. retortaeoformis prevalence recorded by Boag
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and Garson (1993) was again due to the rabbits being very young, while
that recorded by Allan et al. (1999) was due to a poorly followed ac-
cepted protocol (i.e. no microscopic examination of small intestine
contents). Data collected by Boag (2007, unpublished data) at the same
time of year, and from the same site, subsequently found higher T. re-
tortaeformis prevalence and intensity compared with Allan et al. (1999;
SM Table 1). Collectively, data from all of these surveys support the
suggestion by Knowles et al. (2013) that there can be stability in in-
fection prevalence within parasite communities of wild mammals, but
that intensity of infection can be variable across host populations.

There was a significant positive relationship between serum anti-
body levels to RHDV and the abundance of G. strigosum worms in
Scotland, but that relationship was very weak with only 4% of the
variability explained by the model. Nonetheless, this result is suggestive
of possible within-host interactions whereby higher RHDV titres in-
directly facilitate higher numbers of G. strigosum, potentially via im-
munomodulation by depleting both B and T lymphocytes in virulent
infections (Abrantes et al., 2012). However, it's more likely that given
the relatively weak relation between RHDV and G. strigosum worm
burdens, and the lack thereof with the other two nematode species, that
any possible impact RHDV might have on mean intensity of macro-
parasites is independent of the size of RHDV infection.

5. Conclusion

There was no evidence to suggest that RHDV had an impact on
macroparasites similar to that of myxomatosis, and this was probably
due to the two viruses acting differently. Myxomatosis takes longer to
kill its host, allowing it time to compromise its immune status, while
RHDV Kkills its host within a short period of time and its survival can
depend upon the environment (Henning et al., 2005). Bottom-up pro-
cesses may have played an important role in macroparasite community
structure after RHDV was introduced to Scotland and New Zealand. The
higher frequency of infected rabbits and higher worm burdens after the
arrival of RHDV to Scotland might suggest that, like myxomatosis,
RHDV could interact indirectly with co-infecting macroparasites via a
top-down processes such as immune modulation. However, the direc-
tion of change in infection prevalence and mean intensity differed be-
tween macroparasite species after the arrival of RHDV into New
Zealand, and may instead be an indirect result of a more virulent virus
reducing host density and their period alive during which worms could
successfully mature and reproduce. This is in essence a bottom-up
process whereby RHDV is competing for a shared resource, i.e. the host
organism, by expending it to a level low enough in the ecosystem that it
becomes less abundant for other micro- and macroparasites to (co-)
infect or exploit. One reason for the variability in direction and mag-
nitude of change in infection prevalence and mean intensity between
locations may be that the more diverse parasite community in rabbits
from Scotland may mitigate potential detrimental effects of more
virulent microparasites that often emerge in some wildlife populations
such as RHDV. Clearly, interactions between co-infecting micro- and
macroparasites can vary in host populations with different ecologies,
but nevertheless significantly impact parasite community structure in
wildlife.
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