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Asymptomatic viral infection

Is associated with lower host
reproductive output in wild mink
populations
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Marta Kotodziej-Sobocinska?

Many endemic viruses circulate in populations without hosts showing visible signs of disease, while
still having the potential to alter host survival or reproduction. Aleutian Mink Disease Virus (AMDV)
circulates in many American mink (Neogale vison) populations in its native and introduced ranges.

In this study, we analysed how AMDV infection in female American mink affects the reproduction

of a feral population. Females infected with AMDV delivered significantly smaller litters (5.8 pups)
than uninfected females (6.3 pups), meaning their litter size was reduced by 8%. Larger females

and yearling females had larger litters than smaller and older females. There were no significant
differences in whole litter survival between infected and uninfected females; however, offspring
survival until September or October within litters of infected females was 14% lower than that
within those of uninfected females. This negative link between infection and reproductive output
means that Aleutian disease could seriously affect the wild mink population. This study increases our
understanding of the threats posed by the spread of viruses to wildlife from farm animals or humans,
highlighting that viruses circulating in wildlife, even in the absence of clinical manifestation, can be
important drivers of population dynamics in wildlife.

Diseases have significant ramifications for wildlife population density, distribution, genetic diversity loss, and
in consequence, for conservation. Emerging diseases can cause local extirpations and, in extreme cases, even
the extinction of species'. Viruses are a pathogen that, within a short time, can cause a disease outbreak leading
to decreased population densities through mass mortality. Thus, viral disease outbreaks generate great interest
and are frequently well described in the literature?, e.g. the mass seal mortality caused by phocine distemper
virus®. Disease outbreaks can affect many different species at various trophic levels, which can significantly
alter ecosystem structure (e.g., rabies affects both top predators, such as wolves, and mesopredators, like foxes).
Many endemic viruses circulate in populations without visible signs of disease in the hosts?, while still having
a biologically significant effect on the host. Although such virus strains have the potential to alter host fitness,
host population size may not decrease in the short term due to a compensatory response in the non-infected part
of the population. In the long term, however, through reduced reproduction or increased mortality, endemic
viruses can significantly reduce host abundances®. Yet few studies have explored how non-lethal viral infection
affects the fitness, and particularly the survival and/or reproduction, of wildlife hosts.

According to the ‘principle of allocation’ of time and energy®, the energetic cost of the immune response to
a viral infection can compete with other life-history events, such as reproduction, for limited body resources’.
Therefore, the cost of the immune response may cause infected females to have smaller litters. Indeed, studies
have described the effects of viral infection on reproductive output in farmed mammals®, but little is known
about its impact on wildlife species®. Studying the effect of a virus on reproduction is challenging as a number
of factors affecting reproduction in wildlife can mask the subtle effects of viral infection. The mother’s traits,
such as her size, age or body condition, are important factors affecting reproductive output. Larger females
generally give birth to larger litters'?, and younger females tend to be less productive than older ones (terminal
investment hypothesis)'"!2. However, reproduction can also decrease in older females (reproductive senescence’
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hypothesis'®) or increase with increasing breeding ability and experience (constraint hypothesis)'*. Moreover,
spatial and temporal variation in food abundance or intraspecific competition (population density) can also
affect reproductive output, especially in income breeders, for whom reproduction is related to the use of cur-
rent energetic income'. Finally, different methods used to determine litter-size can give different measures of
reproductive output, even within single individuals, as different methods usually take measurements at different
phases of the reproductive-development process'®. Generally, counting embryos gives higher litter size estimates
than counting placental scars (see the detailed explanation in the “Materials and methods” section)®. Thus,
these parameters (the mother’s traits and method used) should accounted for when quantifying the impact of a
female’s infection status on litter size.

Litter size is only one aspect of reproductive performance; another is the survival of pups to independent
life (maturity), which can be affected by an interaction between the mother’s body condition and her health
status'’”. Data on pup survival are limited for some mammals, especially those with elusive lifestyles, and are
primarily available for larger mammals inhabiting open habitats'>'®!. This is related to the relative ease of study-
ing pup survival in such species through field observations of radio-collared females with pups®. In our study,
we used an indirect method to estimate pup survival relative to the infection status of females. To this end, we
analysed inferred pedigree relationships between the females and sets of caught subadult individuals. Inferring
pedigree relationships based on the availability of genetic markers like microsatellite loci and single nucleotide
polymorphisms can supplement traditional methods of studying mammal reproduction®'. This approach does
not directly measure the survival rate of offspring, as it is not possible to catch all the surviving offspring, par-
ticularly as they can disperse prior to catching. However, assuming that the proportion of uncaptured offspring
is the same for litters of virus-infected and uninfected females, it is possible to assess the effect of female health
status on offspring survival.

The American mink (Neogale vison), a medium-sized carnivore, is an invasive species originating from North
America that has been introduced to Europe, Asia, and South America?’. In Europe, the mink was introduced
to the eastern and western parts of the continent for different reasons and in different ways. It was purposefully
introduced to the former Soviet Union via the release of more than 20,000 American mink at more than 200 sites
between 1930 and the 1970s%. In the following years mink populations expanded throughout central Europe. In
western and northern Europe, the species was imported for breeding on fur farms in the late 1920s. The accidental
escape of mink from farms led to the establishing of feral populations in numerous locations across Europe that
gradually expanded their range. The American mink range in Europe is still expanding®.

After the American mink was brought to Europe, the Aleutian Mink Disease Virus (AMDV) was ini-
tially transmitted to ranch-raised individuals in 1946%, and later to feral mink via farm escapees. AMDV is a
highly contagious parvovirus belonging to the genus Parvovirus, family Parvoviridae®®. Because of their small
genome size, parvoviruses use an extensive repertoire of genetic strategies to enhance their coding and diversity
potential®. There is substantial knowledge on the effects of AMDV on fur farmed mink®”%. Aleutian disease
(AD) is often fatal to mink and causes multiple clinical syndromes, such as acute interstitial pneumonia, plas-
macytosis, hypergammaglobulinemia, and immune complex-mediated glomerulonephritis, and arteritis?®*.
Affected mink can display a wide range of clinical signs, including weight loss, poor coat condition, organ dys-
function and neurological abnormalities®®. The virulence of the virus strain, which can range from non-virulent
to extremely virulent?, alongside host factors such as age and genotype determine the severity of the symptoms,
which can range from subclinical to fatal***!. In addition to direct mortality in adults, AMDYV infections can lead
to a decrease in fertility and spontaneous abortions**?. Furthermore, AMDV infection in neonatal mink causes
acute, rapidly progressing interstitial pneumonia with a high mortality rate, which varies between 30 and 100%
depending on the virus strain**. AMDV can persist in mink tissues and only up to a quarter of mink have been
estimated to clear the virus completely**. However, the viremia in blood, feces and mouth can be transient®>.

AMDYV has been reported in ranch and feral mink in many regions of North America, Asia and Europe®~*!.
The prevalence of AMDV in wild (from North America) and feral (from Europe) populations has been found to
vary between regions, reaching up to 92%°”*, and in some regions to fluctuate over time with a peak in preva-
lence every 3-4 years*’. AMDV has also been reported in many other carnivore species in North America and
Europe, especially in various Mustelids (in 10 species), but also in some Procyonids, Mephitids or Felids**4>-,
The virus has also spilled over to endangered species, like the European mink (Mustela luterola), potentially
accelerating decreases in its densities*’. Feral mink infected with AMDYV had a lower body condition index, and
enlarged spleens, livers and kidneys, which potentially indicates that AMDV reduces mink fitness®’. However,
despite the wild spread of AMDYV among carnivores and its high prevalence, there is little evidence that AMDV
has any detrimental effect on the fitness of feral American mink or other carnivores, particularly on their survival
or reproduction.

The aim of our study was to analyse how AMDYV infection affects the reproduction of feral American mink.
We expected that AMDYV infection would reduce mink reproductive output through reducing (a) the number of
pups per female (litter size), (b) the number of females for whom at least one pup survived more than 4 months
(an indicator of mortality of the whole litter-litter survival), and (c) the proportion of pups that survived more
than 4 months (pup survival). We analysed litter and pup survival separately as these measures may be indicative
of different effects of the virus on reproduction. Aleutian disease can cause infected females to fail to give birth to
live young or their young to die soon after delivery, as is frequently observed on farms. It can also reduce mink
pup survival after the young are directly infected by the virus, or potentially when infected females provision
the pups with less food. To account for the mothers’ traits affecting reproduction, we also included the size and
age of the female in the analyses.
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Materials and methods

Mink collection and dissection. We collected 1187 feral mink carcasses (717 males and 470 females) at 4
national parks from two regions: eastern (Biebrza National Park—BNP, and Narew National Park—NNP), and
western Poland (Drawa National Park—DNP and Warta Mouth National Park—WMNP). These national parks
are well preserved ecosystems comprising a variety of aquatic habitats: large rivers (WMNP), medium-sized
rivers (BNP and NNP), and both rivers and lakes (DNP). The dominant habitat types in these study sites are
open river valleys and/or forests. Mink were removed in all four national parks as part of invasive species control
programmes included in the conservation plans of each national park, which had been approved by the Ministry
of Environment. Mink were captured using wire mesh cage traps baited with fish and checked once per day.
Captured animals were humanely dispatched by a veterinary surgeon using an overdose of anaesthetic, frozen
usually within 1-2 h, and stored at — 20 °C for 2-10 months before dissection. Some mink were additionally col-
lected as roadkill on the borders of the national parks. The mink were collected in two seasons (non-breeding—
September-January, and breeding—February-August) between 2007 and 2020.

The mink were dissected and the muscle tissue, skull and uteri were extracted. For each skull, we measured
the condylobasal length (CBL) with an electronic calliper (with an accuracy of up to 0.01 mm) as an index of
female body size. Mink age was estimated by analysing the upper canines in two steps. Mink canines were drawn
from the skulls and X-rayed, allowing us to divide the individuals into two age classes (young, and older than
10 months) according to the proportion of pulp in the teeth?’. Next, the mink older than 10 months were sent
to a commercial lab, Matson’s Laboratory (PO Box 308, Milltown, MT 59851, USA), for accurate determination
of their ages based on annual increases in the layers of dental cement.

In Europe, the American mink’s mating season lasts from February to mid-April*->!. There is only one estrus
cycle per year and gestation lasts 40-70 days (on average 50 days)>>>. Litter size was obtained by counting the
number of embryos and number of placental scars in the uteri. The number of embryos was only determined for
females culled in April, and we assumed that all births in our study occurred on May 1st. Each embryo implanted
in the uterus leaves one placental scar; however, these scars remain visible for only a few months (3-5 months)
after parturition, because uterine tissues regenerate, after which the number of placental scars does not accurately
represent the number of pups in a litter®. Staining of the uteri increases the reliability of placental scar counts
even up to 7-8 months after parturition®. Therefore, we longitudinally opened the uterine horns and stained the
uteri according to the protocol described by Fournier-Chambrillon et al.*. As placental scar counts are unreliable
after 8 months even with staining™, we counted the number of placental scars only in females culled between May
and December. Two observers (M. K.-S. and A. Z.) independently examined each uterus after staining. When
the number of placental scars varied between independent counts uteri were reanalysed to achieve a consensus.
Some uteri had decomposed by the time of examination and turned black after staining. In these cases it was not
possible to count their numbers of scars, and they were removed from the analyses.

Serological detection of AMDV antibodies. Female mink AMDYV infection status was analysed at the
University of Helsinki, Department of Virology and Department of Veterinary Biosciences, and the methods
have been described in detail previously*”*®. In short, blood from the tissue was absorbed on filter paper and
stored at — 20 °C. For testing, filter papers (5 mm in diameter) were incubated o/n in 100 ul of PBS+0.5%
BSA +0.05% Tween 20 and tested with AMDV VP2 ELISA*®. The ELISA cut-offs were determined by testing a
panel of 10 negative samples in seven replicates and adding 2 standard deviations to the mean absorbance.

Pedigree analysis. We calculated two indices to compare female reproductive success and analyse offspring
fitness between AMDYV infected and uninfected females: (1) the number of reproducing females for whom at
least one pup >4 months of age was culled, and (2) the proportion of culled pups >4 months of age relative to the
number of placental scars recorded in the assumed mother. To obtain these, we extracted DNA from 1187 mink
tissue samples using a DNeasy Blood and Tissue Kit (Qiagen) following the manufacturer’s instructions. Twenty
one microsatellite loci developed for mink were used to genotype individuals; details of the markers used, and
amplification and sequencing protocols were described by Zalewski et al.”’.

For each female that gave birth, the number of pups that survived at least 4 months was inferred from a
pedigree analysis carried out in COLONY 2.0.6.8. Based on mink sex, age and date of death, mink were sepa-
rated into groups of candidate mothers (> 1 year old), fathers, and offspring, for each year and separately for
each region: west (WMNP and DNP) and east (BNP and NNP). Only females killed between September and
December were considered candidates for mothers, because we assumed that females eliminated between May
and August would not have been able to nurture their offspring to independence. Parentage was assigned using
maximum likelihood, and this process involves inferring the most likely genotypes of unsampled parents to
construct a pedigree. We took a conservative approach to mitigate the uncertainty associated with conducting
a pedigree-based analysis on a wild population with partial sampling of individuals and the genome, as well
as the uncertainty around the levels of polygamy in both sexes and inbreeding—two factors that are known to
influence the reliability of pedigree analyses®. We selected the most stringent likelihood settings for COLONY
runs, and only considered assignments with probabilities > 0.7.

Statistical analyses. First, we analysed the litter size variation of infected and uninfected females using
a generalised linear model (GLM) with a quasipoisson family. We selected the quasipoisson family as inspect-
ing the diagnostic plots for other families (e.g., Poisson) showed signs of underdispersion (tested using the
DHARMa package®). We also fitted a general additive model with double-poisson family (Package gamlss)®’,
and by inspecting model diagnostic plots we found that the both models fits the data well. Both models gave
very similar results; therefore, we have only presented the output of the GLM. Five explanatory variables were
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included in the full model: (1) infection status of female (factor with two levels: infected and uninfected), (2)
condylobasal length as an index of female size, (3) study site (the four national parks) to account for potential
differences in habitat and food base between sites, (4) female age at parturition (two level factor: yearlings and
older females), and (5) the method of evaluating litter size (two levels: using embryos or placental scars). We also
tested for a two-way interaction between infection status and season (breeding and non-breeding) to account for
the uncertainty associated with potentially including false positive females in the analyses. However, this interac-
tion was non-significant, and was therefore excluded from the final model.

We then tested the hypotheses that uninfected females will successfully raise at least one pup, and that con-
trarily, infected females will either not give birth to any live young or the whole litter will die after delivery, as is
often observed on farms. To test these predictions, we performed a GLM with a binomial distribution with the
response variable being the assignment (1) of any or no young (0) to each female by the COLONY analyses (see
description above) and four explanatory variables: (1) female infection status, (2) study site, (3) female age at
parturition (two level factor: yearlings and older females), as the lack of experience in raising pups in yearling
females could lead to poorer reproductive success and (4) the number of candidate offspring (individuals younger
than 10 months in a given year) included in the pedigree analysis in each region (east or west). The number of
candidate offspring was included in the model to account for the varying probabilities of assigning offspring
to the females due to differences in culling effort between years and regions. We expected that with increasing
numbers of culled offspring, the probability of assigning at least one offspring would increase. We then checked
the residuals and dispersion of the models using the DHARMa package®.

Finally, we tested the hypothesis that the survival rate of young in litters of infected females is lower than in
those of uninfected females. To test this prediction, we performed a GLM with quasibinomial distribution, with
the response variable being the proportion of potential pups delivered by the female (number of placental scars)
relative to the number of offspring assigned to the female as determined through pedigree analysis. As in the
previous model, we included five explanatory variables: (1) infection status of the female (two levels: infected
and uninfected), (2) study site (the four national parks), (3) female age at parturition (two-level factor), and (4)
the number of candidate offspring included in the pedigree analysis in each year in each region. We carried out
the analysis in the ‘mgcv’ package® implemented in R v 4.2.2%.

Results

Litter size. In the years 2007-2020, a total of 470 females were captured, of which 214 sexually immature
(<11 months) individuals did not reproduce and 256 mature (> 11 months) individuals did potentially reproduce
in the year of capture. Of the potentially reproducing females, 164 were captured between 15th April and 31st
December, and these females were used to assess reproductive performance, while 82 were captured between 1st
February and 14th April. In ten females, the uteri were incompletely extracted or degraded, and therefore, these
individuals were not included in the analyses (see “Materials and methods” section). For the 159 females (96.9%)
that potentially reproduced in given years, litter size was assessed using the number of embryos for 36 females
and using the number of placental scars for 123 females. The remaining five females older than 11 months (3.1%)
did not reproduce, as no placental scars or embryos were visible in their uteri.

The average litter size was 5.9 (calculated from a dataset combining the results of both methods of calculating
litter size) and ranged from 3 to 11 (SE=0.11, SD =1.4). The litter size predicted by the GLM varied in relation
to female size, infection status, age at parturition, and method of assigning litter size Fig. 1, Table 1). Litter size
increased with increasing female size: females with 55 mm CBL had 5.0 (95% CI 4.4-5.7), while females with
67 mm CBL had 6.9 (95% CI 6.1-7.9) pups per litter on average (p=0.077), and yearling females delivered
larger litters (6.1, 95% CI 5.8-6.3) than older females (5.6, 95% CI 5.3-5.9; p=0.0217; Fig. 1). Females infected
with AMDV delivered significantly smaller litters than uninfected females (5.8, 95% CI 5.5-6.0 and 6.3, 95% CI
5.9-6.7, respectively; p=0.0461). Litter size calculated based on the number of embryos in a uterus was larger
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Figure 1. Mink litter size in response to female Aleutian mink disease virus infection status (AMDYV, Uninf
uninfected and Infinfected females), body size (CBL skull condylobasal length in mm), age (yearling or older),
methods for assessing litter size (calculated on the basis of embryo or placental scar numbers) and study site
(WMNP Warta Mouth National Park, DNP Drawa National Park, BNP Biebrza National Park, NNP Narew
National Park). The bars and shading show the 95% confidence intervals.
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Variables Estimate ‘ SE ‘ tvalue ‘ P

Litter size

Intercept 0.1503 0.6254 0.240 | 0.8104
CBL 0.0270 0.0100 2.703 | 0.0077**
AMDV (Uninf vs Inf) —-0.0827 |0.0411 |-2.011 |0.0461*
Age (yearling vs older) —-0.0848 | 0.0366 |-2.320 |0.0217*
Methods —-0.1123 | 0.0447 | -2.515 |0.0130*
Site DNP 0.1272 0.0834 1.525 |0.1292
Site BNP 0.2081 0.0877 2.372 | 0.0189*
Site NNP 0.0526 | 0.0475 1.106 | 0.2706

Litter survival

Intercept 0.8323 0.8569 0.971 | 0.3314
AMDYV (Uninf vs Inf) —-0.8873 0.5626 | —1.577 |0.1148
Age (yearling vs older) -0.5473 | 0.4407 | -1.242 |0.2143
Site DNP 0.9276 1.0480 0.885 | 0.3761
Site BNP —-1.2903 1.0107 | -1.277 |0.2017
Site NNP -0.8224 |0.5226 |-1.574 |0.1155

Number of candidate offspring 0.0165 | 0.0082 2.009 | 0.0445*

Pup survival

Intercept -1.2101 0.5254 | -2.303 | 0.0234*
AMDYV (Uninf vs Inf) -0.6629 | 0.3089 | -2.146 |0.0344*
Age (yearling vs older) -0.2813 | 0.2858 | -0.984 |0.3274
Site DNP 0.5134 | 0.6964 0.737 | 0.4628
Site BNP -0.2946 |0.6941 |-0.424 |0.6722
Site NNP -0.3692 |0.3408 |-1.083 |0.2814

Number of candidate offspring 0.0134 | 0.0056 2.418 |0.0175*

Table 1. Parameter estimates (coefficients) and SE from three generalized linear models (GLM) investigating
the effect of Aleutian mink disease virus infection status (Uninf uninfected and Inf infected females), and other
variables on litter size, litter survival and pup survival within the litter. CBL skull condylobasal length, AMDV
Aleutian mink disease virus, Methods method of assessing litter size (embryos vs placental scars), number

of candidate offspring included in the pedigree analysis in each region (East or West) in each year, and Site:
WMNP Warta Mouth National Park (reference), DNP Drawa National Park, BNP Biebrza National Park, NNP
Narew National Park.

than that based on placental scar numbers. Litter size varied only slightly between national parks; there was a
significant difference in litter size only between WMNP and BNP (Fig. 1, Table 1).

Litter or pup survival. The total number of candidate offspring used in the pedigree analysis was 599 in
the NE region and 356 in the NW region (955 in total for both regions), but the number in each region each
year ranged from 9 to 118 (an average of 68 offspring/region/year). Of the 159 females for whom litter size was
known, 111 were captured in the autumn, which would have allowed enough time since parturition for the
female to have raised offspring until independence. Of these, 103 females were assigned offspring in the pedi-
gree analyses (from the years 2009-2016), while eight females were excluded from the analysis, as the number
of candidate offspring caught at a given park in a given year was too low (>10) and assigning offspring to these
females using the pedigree analyses could have given biased results. A total of 153 offspring were assigned to 64
females (62% of the analysed females) and the average number of pups was 2.4 maternal siblings with a range of
1-6. In no case did more pups emerge from pedigree analyses than was counted based on placental scars. The
average proportion of pups assigned per litter was 0.26 when including litters with no assigned pups, and 0.42
for litters with at least one pup assigned.

The probability of assigning at least one pup to a given reproductive female predicted from GLM did not difter
with the AMDYV infection status of the female. The probability of assignment was 0.76 (95% CI 0.55-0.89) for
uninfected females and 0.57 (95% CI 0.45-0.68) for infected females. Therefore, infection status did not affect
litter survival (p=0.1148). The probability of assigning at least one pup to a reproductive female was positively
related only to the number of offspring caught in each national park in each year, which was related to the cull-
ing effort in various years (Table 1).

The GLM showed that the proportion of pups assigned during the pedigree analysis in relation to litter size
depended on female AMDV infection status and the number of candidate offspring captured in a given national
park in a given year (Fig. 2, Table 1). The pedigree analyses assigned a lower proportion of pups in relation to
litter size to infected females (0.21; 95% CI 0.16-0.28) than to uninfected females (0.35; 95% CI 0.24-0.47;
p=0.0344). These results demonstrated that 14% fewer offspring survived in litters of infected females than in
those of uninfected females. The proportion of pups assigned to a female increased as the number of candidate
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Figure 2. Within-litter mink pup survival (proportion of offspring assigned to female in relation to litter

size) in response to the female’s Aleutian mink disease virus infection status (AMDYV, Uninf uninfected and Inf
infected females), number of candidate offspring included in the pedigree analysis in each region (east or west),
female age (yearling or older female), methods for assessing litter size (calculated based on embryo or placental
scar numbers) and study site (WMNP Warta Mouth National Park, DNP Drawa National Park, BNP Biebrza
National Park, NNP Narew National Park). The bars and shading show the 95% confidence intervals.

offspring captured in the national park in a given year increased (Fig. 2). The proportion of pups assigned to a
female did not depend on her age nor did it differ between national parks (Fig. 2, Table 1).

Discussion

To our knowledge, the results of the present study are the first to show a negative relationship between an infec-
tion by an AMDYV circulating in a wild population and a reduction of reproduction in female hosts (reduced litter
size and survival of pups in litters). The effect was stronger on pup survival (14%) than on litter size (8%). Our
findings also revealed that litter size was related to female size (larger females had larger litters) and age (females
reproducing in their first year had larger litters than older females). There were no significant differences in whole
litter survival between infected and uninfected females; hence, there was no evidence that AMDV causes mor-
tality of entire litters, as is often observed in American mink kept on farms. A large proportion of females in all
four national parks reproduced, implying that infection with AMDYV did not prevent females from reproducing.

The number of pups in American mink litters varies widely: from 2 to 17 pups (usually from 4 to 8 pups),
with an average of 7 pups per female in farmed mink®>**%*, The average litter size in feral populations, based
on the number of placental scars or the number of embryos, ranges between 5.5 and 7.6 pups, and 6.3 pups on
average®®~% and our results are consistent with these findings. Variation in mink litter size can be related to
various external factors (food availability and population density) or mothers’ traits®"*. Our study showed that
litter size depended on two mothers’ traits: their size and age. Firstly, larger females had on average two more
pups than smaller ones. Generally, larger females have larger litters in mammals'®’®”!. However, a negative
relationship between female body size and litter size has been found on mink farms, and artificial selection for
mink with larger body sizes has decreased the number of pups per female’7%. Secondly, litter size significantly
varied in relation to female age, with yearling females having larger litters than older females. Yearling females
have similarly been observed to have larger litters in a feral population in Scotland, and the authors of that study
suggested that this reduction in litter size evidences senescence of the females®. But a reduction in the size of a
female’s second litter could also be related to their adopting a conservative reproduction strategy”. As the costs of
reproduction are high, to increase survival and maintain stable body mass, mink may invest less in their second
litter. This explanation is supported by observations of farmed mink, where two year old females in conditions
of high food abundance were often found to have litter sizes that were larger, not smaller®”®~”® or that did not
vary from those of females of other ages®’*. Only a few studies have shown that first-year females have larger
litters compared to second- and third-year females in farmed mink’*’. On farms, 7 year old females have been
observed to undergo a drastic reduction in litter size®’, which may indicate female mink senesce at this age. A
conservative reproduction strategy is typical for long-lived species. Along the slow-fast life-history continuum,
the American mink is at the fast end, as it is characterised by high fecundity per unit time (e.g., annual fecundity),
early age at first reproduction, and relatively short lifespan. Reductions in litter size relative to previous litter
sizes have also been described in other fast life history strategy species, such as hares®!.

The main goal of our study was to analyse the influence of AMDYV on mink reproduction. We found that
infected feral females have significantly smaller litters than uninfected females (5.8 vs 6.3 pups, respectively,
which is 8% lower). To our knowledge, no study has yet reported such a negative correlation between female’s
AMDYV infection status and litter size in wild populations. A study carried out on farms using two different
datasets presented AMDYV as having varying effects on mink reproductive outcomes: in the first case, the study
determined that effect of female AMDYV infection status on litter size was low and not significant (5.2 vs 5.1
pups in uninfected and infected females respectively), and in the second, litter size was reduced by on average
5% in infected mink compared to uninfected ones®. Other studies have reported that AMDV can have a much
larger impact on reproduction. The average mink litter size on AMDV-free farms was 5.8 pups per litter, whereas
on others where a subclinical form of AD was confirmed, the litter size was only 3.1-3.4 pups, which is a 45%
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reduction®?. The degree to which litter sizes are reduced may depend on the viral strain and/or female resist-
ance to the virus as determined by their genotype. It is also likely that the timing of AMDYV infection relative
to the reproductive phase of the mink is important. Becoming infected with the virus during pregnancy results
in a significantly larger reduction in litter size compared to being infected before mating®. The decrease in lit-
ter size in infected females is in accordance with the ‘principle of allocation’ of time and energy® and this may
cause infected females to invest less energy into reproduction and therefore have smaller litters compared to
uninfected females®.

Reproductive output is related to litter size, but also to pup survival until independence. In our analyses, we
assigned fewer pups to infected than to uninfected females, showing that the survival rate of pups in litters of
infected females was 14% lower than that of uninfected females. As infected females can transfer the virus to
pups?, the mortality of subadult individuals before September/October (the period when mink were captured
in the field) in litters of infected females may be high. Indeed, the most often described impact of AMDYV on
mink reproductive output on farms is an increase in pup mortality after parturition. Infected females on farms
have been observed to have a greater rate of embryo resorption, death and abortion?”?. Furthermore, in the
litters of uninfected females, studies have observed pup mortality during the first 45 days to be 6-15%, but in
those of AMDV-infected farmed females it increased to 30-50%, reaching even over 90% for highly virulent
strains®®**, These results show that mink pup mortality varies among different viral strains. Our results suggest
that AMDV infection did not hinder the female from having a litter (97% of females reproduced), neither did
it cause whole-litter mortality. A similarly high proportion of reproducing females was observed in Scotland,
81%°¢. On farms, however, the proportion of non-reproducing females was higher (38%) for infected than
uninfected females (20%)%.

Our results showed that AMDYV infection reduces the fitness of American mink by lowering reproduction
by a total of 22%, caused by a reduction in litter size and an increase in pup mortality. When analysing the
effect of viral infection on litter size, we determined the AMDYV infection status of females that had been culled
in autumn and assumed these females would have had the same infection status during the previous spring.
Females could have potentially been infected later in the subsequent summer or autumn. However, assuming
that the uninfected females have larger litters, including them among the infected females (with smaller litters)
would only have weakened the observed negative effect of viral infection on litter size. Thus, considering this
potential bias, if all false-negative females were removed, the effect of AMDV infection would have been even
stronger than that estimated by our model. These are the first results showing asymptomatic viral infection to
have a strong effect on host reproductive output. The literature indicates that infection with viruses that do not
cause mass mortality can affect hosts in various ways, e.g., by reducing foraging and migration rates, or delaying
reproduction®$>, Despite the potential effects of viral infection on reproduction, few studies have examined its
impact on reproduction in wildlife. For example, BewicK’s swans (Cygnus columbianus bewickii) infected with
low-pathogenic avian influenza were observed with young less often than uninfected swans®. In Zika virus-
infected nonhuman primates and Mustelid gammaherpesvirus 1 infected badgers (Meles meles), some females
fail to carry pregnancies to term®%’.

This study advances our understanding of asymptomatic viral infections as population drivers in wildlife.
The reduced reproduction in AMDV-infected populations may affect mink population densities in both the
introduced and native ranges. Decrease on American mink densities have been observed in some regions of
Europe and North America®*®, having potentially been affected by an increase in AMDV prevalence. The effect
of the AMDYV on population dynamics could have been substantial as the prevalence of AMDYV is high in some
years and regions: in feral American mink in Europe prevalence was found to range from 3 to 83%"4**, while
in native populations in Canada it varied from 29 to 94%3>%>%. The prevalence of AMDV in feral mink popu-
lations is additionally affected by local mink farming intensities, being higher in areas with large numbers of
farms or with large numbers of mink kept on farms*>?°. AMDV is widespread in farmed mink worldwide and
regular AD outbreaks are observed®?2. Thus, in years and sites of high prevalence on farms, reproductive output
in feral mink may be severely reduced, which could potentially be responsible for the observed fluctuations in
feral populations sizes (e.g., the fluctuation observed in Belarus®®).

Our results also indicate potential consequences of AMDYV circulation for carnivores other than American
mink as pathogens introduced with invasive species, which may become reservoirs, usually spill over to native
species®. Thus, the introduction and maintenance of AMDYV in the environment by feral American mink could
potentially negatively affect native Mustelids by reducing their reproduction output. Serologic evidence of AMDV
presence has been found in most Mustelids in Europe and North America, as well as other carnivores, e.g., the
raccoon (Procyon lotor), striped skunk (Mephitis mephitis) and bobcat (Lynx rufus)®®*?439%_ The prevalence of
AMDYV in various carnivore species has been found to reach up to 71%*>*. In ferrets AMDV causes a similar
wasting syndrome as in American mink”’; thus, it is likely that AMDYV will have a similar impact on reproduction
output in native Mustelids. The impact of AMDV on reproductive output may be especially important for the
conservation of the endangered European mink. In Spain, this virus increased in prevalence in European mink
in the years 2000-2012, albeit non-significantly®®, but this could accelerate the fall in European mink population
numbers. The prevalence of AMDYV in two other Mustelid species (the stone marten Martes foina and polecat
Mustela putorius) is also relatively high**, and the populations of both species could also be negatively affected
by the spill over of AMDYV from American mink.

The results of the present study showed that an asymptomatic viral infection strongly affected host reproduc-
tion. Other viruses also circulate in wildlife species (in mink, e.g., Newcastle disease virus, astroviruses MiAstV
or SMS-AstV and Canine distemper virus)®-1%!, and if they also have similar effects on their hosts, the circulation
of viruses in populations could potentially regulate population dynamics. The introduction of new viruses, such
as SARS-COV-2, which has been recorded on mink farms in many countries and has been transmitted to wild
mink'%, may cause furthers declines in host reproductive output. The introduction and spread of new viruses
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between farmed and introduced species and their spillover to native species can drastically reduce ecosystem
health. The significance of the One Health approach, which views the health of people, domestic and wild
animals, plants, and the wider environment to be interdependent and tightly connected!?? was thus reaffirmed
during this study.

Conclusion

In conclusion, we have demonstrated a negative link between AMDYV infection and litter size in wild mink
populations. More specifically, our data suggest that viral infection could severely affect the survival rate of
pups within litters. As there is only limited evidence of the effect of AMDV on feral populations of American
mink, this study fills an important knowledge gap. We have also shown that a large part of the variation in lit-
ter sizes among females was shaped by female traits—body size and age. A comparison of the effects of AMDV
and female traits on reproduction in feral and farmed mink sheds light on natural selection acting on wildlife
that contrasts with the artificial selection on farms. This study has increased our understanding of the threats
posed by the spread of viruses to wildlife from farm animals, highlighting that virus circulation in wildlife, even
in the absence of clinical manifestation, can be an important driver of population dynamics in native wildlife,
including endangered species.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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