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Though it is accepted that emerging infectious diseases are a threat to planet
biodiversity, little information exists about their role as drivers of species extinction.
Populations are also affected by natural catastrophes and other pathogens, making it
difficult to estimate the particular impact of emerging infectious diseases. Border disease
virus genogroup 4 (BDV-4) caused a previously unreported decrease in populations of
Pyrenean chamois (Rupicapra pyrenaica pyrenaica) in Spain. Using a population viability
analysis, we compared probabilities of extinction of a virtual chamois population affected
by winter conditions, density dependence, keratoconjunctivitis, sarcoptic mange, and
BD outbreaks. BD-affected populations showed double risk of becoming extinct in
50 years, confirming the exceptional ability of this virus to drive chamois populations.

Keywords: emerging diseases, extinction risk, pestivirus, population viability analysis, keratoconjunctivitis,
Rupicapra, sarcoptic mange, VORTEX

INTRODUCTION

In the early 21st century, infectious diseases are considered a substantial threat to planet
biodiversity (Daszak et al., 2000). Habitat loss, overexploitation, invasive species, and climate
change are the best known drivers of species extinction by far, in part due to the lack of information
on the role of pathogens in species extinction (Smith et al,, 2009). While the importance of
pathogens in species conservation is common knowledge, few people understand the power of
diseases to drive extinction, or cause important economic losses. An example of this potential
role of pathogens occurred in the Central and Eastern Pyrenees in 2001, when a border disease
virus was responsible for a dramatic decrease (over 80%) of several Pyrenean chamois (Rupicapra
pyrenaica pyrenaica) populations (Marco et al., 2009). The etiological agent of these epidemics
was classified into the Border disease virus genogroup 4 (BDV-4; Arnal et al., 2004), which had
been present in the Pyrenees for at least two decades (Marco et al., 2011). The reasons for the
emergence of the disease are still unclear (Marco et al., 2015). Pyrenean chamois is a flagship
species that supports rural economies by attracting ecotourists and hunters from around the world.
The epidemics caused a local cessation in game activities and the decline of hunting revenues.
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The regional administration was powerless in the face of the
epidemics, and border disease gained notoriety among hunters,
veterinarians, wildlife biologists, and the local population. Strict
regulations shut down hunting in areas showing mortality or low
fertility or limited hunting bags in game states with the presence
of the virus. While these measures aimed to minimize chamois
mortality in the Pyrenees, the effects of the epidemics remain
(Marco et al,, 2015). However, it is unclear if the attention paid to
BDV is groundless given that other older diseases (e.g., infectious
keratoconjunctivitis, IKC or sarcoptic mange, SM) have also
caused population collapses of chamois throughout Europe. In
this perspective article, we aim to elucidate this question of
whether BDV does in fact threaten the population viability of
Pyrenean chamois, and whether its impact is more important
than the risk associated with other/previous epidemics. We used
a stochastic simulation of the risk of extinction in a fictitious
chamois population regulated by density dependent processes,
climate events, and the effect of old and emerging infectious
disease, namely border disease (BD). Moreover, we briefly review
the natural history of the affected host (Rupicapra spp.) and the
epidemiology of these three diseases.

A SHORT BIOSKETCH OF CHAMOIS

Pyrenean chamois (R. p. pyrenaica) is by far the species
most vulnerable to BDV infection. The northern chamois
(R. rupicapra), however, has been suggested to act as a spillover,
but no outbreak has been recorded to date (Martin et al., 2011;
Fernandez-Sirera et al., 2012b). This short biosketch summarizes
the details of both species that are determinant for our modelling
purposes.

Rupicapra is a long-lived (life expectancy 21 years; Gonzalez
and Crampe, 2001), medium-sized, mountain-dwelling mammal
inhabiting central and southern Europe. These caprinae species
are nearly monomorphic with males about 20-33% larger than
females (Pépin et al., 1996; Garel et al, 2009; Rughetti and
Festa-Bianchet, 2011). This mammal follows a capital breeder
strategy showing compensatory feeding in advance of breeding
attempts (Houston et al., 2007). In fact, males gain much more
mass (40% heavier) than females from spring to autumn in
anticipation of the rutting period (November-December), and
this difference decreases reaching a minimum in early spring (4%,
Rughetti and Festa-Bianchet, 2011). Female chamois are basically
monotocous (170 days gestation period, 1 offspring per year, and
rarely twins) with a moderate degree of polygyny (Loison et al,,
1999b), e.g., about four females for a given male and year (Corlatti
et al, 2013). Though the female chamois is sexually mature
at 18 months of age (Couturier, 1938), it rarely contributes to
population demography before 3 years of age. In colonizing
populations, two-year-old females can contribute significantly to
recruitment (63.3-95%, Houssin et al., 1993; Loison et al., 2002).
As the density increases, age at primiparity shifts from two to
three years old with a proportion of reproducing females varying
from 80% (Storch, 1989) to more than 90% (Houssin et al., 1993;
Pérez-Barberia et al., 1998; Loison et al., 2002). Overall, in early
summer more than 80% of prime-aged females (3-8 years) are

accompanied by a kid (Houssin et al., 1993; Pérez-Barberia et al.,
1998; Loison et al., 2002).

In females, reproductive success is stable until at least 10 or
14 years of age but begins to decrease between 12 and 16 years
of age (Crampe et al., 2006; Tettamanti et al., 2015). In males,
reproductive success has not been properly assessed, but field
observations suggest that only fully adult males (>6 years) hold
the largest harems and copulate most often (Lovari and Locati,
1991; Corlatti et al., 2013, 2015). Thus, longevity appears to be the
main determinant of lifetime reproductive success in chamois.
There is a slight but detectable cost of reproduction in males
during the mating season (28% decrease in body mass; Mason
et al,, 2011) that is unappreciable in females (Garel et al., 2011a).
Recruitment rates (proportion of offspring surviving through
the winter per female) are lower for young (3-4 years) females
(0.15-0.22) than for prime-aged females (0.41 per year for 5- to
16-year-old females, Crampe et al., 2006). Generation time varies
from 5 to 8 years (Crampe et al., 2006).

The annual survival rate is normally low in kids (<1-year-old,
58%; Loison et al., 1994) and high in maturing (91%, for 1.5-
3.5 years old) and adult individuals (96%; Loison et al., 1999a;
Gonzalez and Crampe, 2001; Corlatti et al., 2012). Mortality of
kids (<1 year) is higher (42%) and fluctuates more than in the
other age classes (Crampe et al., 2002). Interestingly, there are
no sexual differences in mortality rates (Loison et al., 1999a;
Gonzalez and Crampe, 2001; Bocci et al., 2010; Corlatti et al.,
2012).

DENSITY DEPENDENCE

The growth rate of chamois populations is affected by density at
a time lag of 1 year (Willisch et al., 2013), i.e., animal numbers
in 1 year negatively influence population growth in the following
year. The fertility rate (kid/female ratio) is the main trait affected
by delayed density dependence. Other authors (Capurro et al.,
1997) observed that such delayed effects of density (2-year lag)
did not affect birth rates but rather that total mortality rates
of both kids and adults increased by up to 72% or 19-21%,
respectively.

ENVIRONMENTAL DEPENDENCE

The role of exceptional snowy winters as stochastic factors
regulating chamois populations (Schrdder, 1971) has long been
recognized. Seasonal snow cover limits locomotion and access
to forage, and low temperatures increase thermoregulatory cost.
Though the behavior of chamois aims to compensate for food
shortages caused by wintertime, prolonged snow cover, and
avalanches shape chamois populations (Jonas et al.,, 2008). In
fact severe snowfalls (e.g., 165-590 cm of cumulative snowfall)
can increase mortality by more than twice that recorded in
normal winters (Crampe et al., 2002; Rughetti et al, 2011).
The impact of extreme snow falls is especially severe for kids
(Willisch et al., 2013) and adult age classes (> 10 years; Rughetti
et al,, 2011), without a strong impact on reproduction. Though
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winter cumulative snowfalls in these ecosystems show great
interannual variation, episodes of heavy snow falls affecting
chamois populations tend to occur at least once every 10 years
(Capurro et al., 1997; Rughetti et al., 2011; Willisch et al,
2013). In addition, early summer conditions determine chamois
population dynamics through their effect on diet quality (Gélvez-
Ceron et al,, 2013; Villamuelas et al., 2015), body growth,
reproductive success, and survival (Garel et al.,, 2011b).

THE IMPACT OF OLD INFECTIOUS
DISEASES

The influence of diseases on chamois populations had been
reported by the early 20th century. IKC and SM are two of the
best known infectious diseases with relevance for the viability of
chamois populations.

IKC caused by Mycoplasma conjunctivae affects domestic
and wild caprinae worldwide (Giacometti et al., 2002). The
infection produces unilateral or bilateral inflammation of the
conjunctiva and in advanced stages results in corneal opacity
and transient blindness. Recovery from the disease is possible,
but the ocular lesion may progress to corneal ulceration and
perforation, or a non-healing lesion that leads to death due
to starvation or accident. Consequently, the impact of IKC
in populations of chamois is often critical. In the wild, the
number of sick individuals peaks in summer (Loison et al,
1996; Arnal et al., 2013) since flies are suspected to contribute
to spread the disease (Giacometti et al., 2002). The first
reported outbreak of IKC in wild ungulates, chamois in the
Austrian Alps, dates to 1916. Since then, IKC outbreaks are
commonly reported in chamois populations from the Alps and
Pyrenees (Giacometti et al., 2002; Arnal et al., 2013). These IKC
outbreaks are characterized by a short duration of 1-2 years
(Loison et al., 1996; Arnal et al, 2013), high morbidity, low
mortality, and spontaneous recovery (Loison et al., 1996). In fact,
individuals that overcome the infection can show lower infection
susceptibility in subsequent epizootic episodes. However, IKC is
sometimes associated with high mortalities (>30%; Loison et al.,
1996; Giacometti et al., 2002), with the reasons for extreme events
largely unknown.

Females and juveniles are especially affected by IKC with the
number of affected adult males usually being low (Arnal et al.,
2013). Sexual segregation between males and females during the
summer could be related to this sex-biased susceptibility. In other
cases, the age-class distribution of cases attributable to an IKC
outbreak appears proportional to the initial population structure
(Arnal et al.,, 2013). After an IKC epizootic episode, fertility of
female chamois (number of kids/adult females) experiences a
slight decrease (10-19%; Loison et al., 1996; Arnal et al., 2013)
and begins to recover 1 year after the outbreak. This decline in
reproductive index during the early post-epidemic periods may
have resulted from a low neonatal survival. Occasionally IKC
infection in chamois becomes endemic and outbreaks with mild
consequences are observed every 3-4 years (Gauthier, 1994).

SM epizootics caused by the burrowing mite Sarcoptes
scabiei also have a recognized impact on wildlife conservation

(Pence and Ueckermann, 2002). Infected animals typically suffer
from severe dermatitis, becoming dehydrated, emaciated and
eventually dying from the infection. Amongst caprinae hosts,
scabies-induced mortality of chamois populations has been
reported for slightly over a century in the Alps (Onderscheka,
1982; Rossi et al., 1995), and for more than a decade in the
Cantabrian Mountains, northwestern Spain (Ferndndez-Moran
et al., 1997). No sex or age class has been shown to have higher
susceptibility to scabies, and the potential effect of SM on either
fertility or recruitment of females in diseased populations has not
been determined. The number of chamois with visible scabies
lesions peaks from late winter (March; Rossi et al., 2007) to
late spring (May; Fernandez-Mordn et al., 1997). Rare cases are
observed in summer and autumn. Demographic decline due to
SM is highly variable. The epidemic cycle is characterized by an
initial peak of infection associated with high mortality (>80%)
followed by successive epidemic waves with lower impact (10-
25%; Lunelli, 2010). Though the initial growth rates of some
populations recover 2 years after the initial outbreak (Fernandez-
Morén et al., 1997), the impact of SM peaks from 4 to 6 years
after the first scabietic animals are observed (Rossi et al., 2007;
Turchetto et al., 2014).

Pneumonia caused by Pasteurellaceae species (e.g.,
Mannheimia haemolytica, M. glucosidal, or Bibersteinia trehalosi),
Mycoplasma spp. or respiratory viruses are another cause of acute
die-off of chamois populations (Citterio et al., 2003; Posautz
et al., 2014). Unfortunately, demographic data describing the
impact of pneumonia outbreaks on chamois populations is
scarce and incomplete. Thus, this polymicrobial disease was not
included in our population viability analysis.

BDV: A KEY POPULATION DRIVER

Border disease virus belongs to the Pestivirus genus (Flaviridae
family), is distributed worldwide and can cross the species
barrier. The virus can be transmitted horizontally, by direct
contact, and vertically in utero resulting in abortion of
the fetus or in the birth of a persistently infected (PI)
individual, depending on the period of gestation, with a short
life expectancy (Schweizer and Peterhans, 2014). BD causes
important economic losses on farms and virulent strains can
cause systematic reproductive failure (Nettleton et al., 1999) and
high mortalities in sheep (Chappuis et al., 1986; Vega et al,
2015).

In chamois, BD infection has severe consequences causing
mortality in individuals of all ages, being considered an emerging
disease for chamois populations in the Pyrenees. Clinical signs
in naturally infected chamois include emaciation, alopecia,
and neurological depression, the latest associated with non-
suppurative encephalitis (Marco et al., 2007). Abortion has been
also described under experimental conditions (Martin et al.,
2013). Mortality rates vary enormously among populations
(Fernandez-Sirera et al., 2012a). In fact, while most populations
are severely affected by successive outbreaks, others appear
to coexist with the virus without consequence (Marco
et al, 2015). An age-structured dependent infection (Pioz
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TABLE 1 | Summary of parameter input base values used in the population viability analysis (PVA) of Chamois (Rupicapra).

Simulation input Base value Source

Reproductive system and rates

Breeding system Polygyny Loison et al., 1999b

Age of first reproducing females 2-3 Loison et al., 2002

Age of first reproducing males 5-6 Corlatti et al., 2013, 2015
Maximum age of female reproduction 16 Crampe et al., 2006
Maximum age of male reproduction 16 NA

Maximum number of litter per year 1 Loison et al., 1999¢
Maximum number of young per year 1

Sex ratio at birth 11 Crampe et al., 2006

Breeding at low density (%)

% Adult females breeding

70 for 2 years old females
90 for >3 years old females

83 (7)

Houssin et al., 1993; Pérez-Barberia et al.,
1998; Loison et al., 2002

Couturier, 1938; Storch, 1989; Houssin et al.,

% Adult females having one litter per year 100
Average litter size 1
Maximum litter size 1
Mortality rates

% Mortality from age 0-1 years 42 (37)
% Mortality from age 1-2 years 19(17)
% Mortality from age 3-10 years 18 (17)
% Mortality for 10 years old 74 (28)
Catastrophes

Severe snow fall

Mortality rates due to disease outbreak
Keratoconjunctivitis outbreak (2 years)

Sarcoptic mange outbreak (5 years)

At least once a decade

6% kids (13) and 70% yearlings (18),
20% females (13) and 9% males (9)
10.5% kids (18) and 14% yearlings

1993; Pérez-Barberia et al., 1998; Loison et al.,
2002

Loison et al., 1999a; Crampe et al., 2002;
Loison et al., 2002; Rughetti et al., 2011

Crampe et al., 2002; Jonas et al., 2008;
Rughetti et al., 2011

Loison et al., 1996; Giacometti et al., 2002;
Arnal et al., 2013

Rossi et al., 1995, 2007; Fernandez-Moran

(6.5), 52.5% females (26.5) and 60% etal., 1997

males (18)
Border disease outbreak (5 years)

males (19.5)

50.5% kids (58.5), 51.8% yearlings
(75.7), 45.7% females (86.8), and 47%

Marco et al., 2007, 2009; Fernandez-Sirera
et al., 2012a; Annual counts of the Catalan
Department of Agriculture, Livestock, Game,
Fishery, and Food

The numbers in the column “Source” correspond to the references used for a given base value. Data in parenthesis is the standard deviation of the mean base value due
to environmental variation. We assume no sexual differences in mortality rates. NA indicates no information available.

et al, 2007) and a seasonal spread of the virus (Beaunée
et al., 2015) have been suggested for chamois populations.
Viral mutation, host factors, climatic variation, and other
ecological conditions may be playing an unknown but
important role in explaining these different epidemiological
scenarios.

STOCHASTIC SIMULATION OF
POPULATION EXTINCTION

An assessment of the risk of extinction is often required
for conservation and management plans. The most realistic
models incorporate causes of fluctuations in population size
to predict probabilities of extinction (Boyce, 1992). In fact,
many life history traits are in essence stochastic. Population
viability analysis (PVA) is a method of quantitative analysis to
determine the probability of extinction of a given population
(Boyce, 1992). VORTEX (Lacy, 1993) is a powerful software

for stochastic simulation of the extinction process under a
broad range of situations (e.g., harvesting rates, age-specific
reproduction rates, fixed or random catastrophes, and among
others).

BASIC SIMULATION INPUT

We used VORTEX 10.0.7.0 (Lacy et al, 2015) to estimate
viability of a population of an initial size of 500 chamois
in a hypothetical scenario with a carrying capacity of 4000
individuals. Extinction was reached when population numbers
were reduced to 30 individuals, the minimum viable population
size recommended for a successful reintroduction of chamois
(Lovari et al, 2010). Each population was simulated for
50 years and 1000 iterations. Neither inbreeding depression
(i.e., reduction of a first-year survival among inbred individuals)
nor concordance of reproduction and survival were considered
in our PVA. Though dispersal has been reported in chamois
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FIGURE 1 | Continued

Stochastic simulations of the extinction process in a fictitious population of 500 chamois for 50 years. The hypothetical scenario has a carrying capacity
of 4000 individuals and suffered the demographic consequences of five heavy winters. (a) A pathogen-free population of chamois only driven by density
dependence and climate severity. (b) The consequences of a severe 2-year outbreak of infectious keratoconjunctivitis (IKC) in year 20. (c¢,d) The simulation of 5-year
sarcoptic mange (SM) and border disease (BD) outbreaks, respectively, are shown, also in year 20. The number of populations that went extinct, represented by lines
perpendicular to the X axis in (b—d) is greater for the population affected by BDV than for the other two (summarized in e). In any case, extinction was reached when
the population number was reduced to 30 individuals. We performed 1000 simulations in each case, but (a-d) plots show only the output of the first 100
simulations. Along the same line, (f) shows the lower probability of survival after a disease outbreak. Information presented in plots (e) and (f) is based on 1000
simulations. The bar plot in (g) summarizes the results of ANOVA aimed at testing differences between probabilities of extinction over 50 years caused by the three
diseases. These probabilities were calculated for 60 simulations (20 for each pathogen), with outbreaks occurring at different population sizes (from 600 to 1550, 50
simulations for each case). Whiskers represent the standard deviation and the horizontal lines the results of a post hoc Tukey’s HSD test. Statistically significant
differences, at a = 0.05, are indicated by crosses. Statistical summary is shown in table (h). Mean stochastic growth rate of the population (r), Mean final population

size (N), associated standard deviations (SD,, SDy) and confidence intervals at 95% (Cl;, Cly), and mean probability of extinction (PE) after our 1000 simulations.

populations (Loison et al., 1999¢; Crampe et al., 2007), our
theoretical population was considered closed. Data on the
reproductive system, reproductive rates, and mortality rates
are summarized in Table 1. Concerning catastrophes, our
population had a yearly probability of 0.1 of experiencing
an exceptionally snowy winter (at least five heavy snow
falls over the study period). The impact of this extreme
environmental variation on chamois survival is summarized
in Table 1. No impacts on reproduction are expected after
such catastrophes, but after a severe winter the carrying
capacity of the ecosystem will increase by 10%. In fact,
after severely snowy winters the availability of nutritious
plants in the Alpine pastures increases the following summer
(Pettorelli et al, 2005), favoring body weight gains and
hence survival (Garel et al, 2011b). Finally, although we
did not consider density-dependence effects on reproduction
rates of adult females, the potential effects of overcrowding
on mortality of young age classes was considered to be
increasing by 10% of the standard deviation of mortality
rates.

DISEASE SIMULATION INPUT

We used a PVA to compare the impact of IKC and SM outbreaks
with the effect of BD epidemics on stochastic population growth
rate (r), mean population size (N), standard deviations (SD;,
SDy) and confidence intervals (95%) of a simulated population
of chamois. We modeled four populations: one pathogen-free,
a second affected by IKC, another by SM and the last by BD.
The length of the epidemics was estimated by averaging the
mean number of years that chamois population is affected by the
disease after the first outbreak (i.e., clinical cases are detected and/
or population parameters differ from the pre-epidemic period):
2 years for IKC (Loison et al., 1996; Giacometti et al., 2002;
Arnal et al.,, 2013), 5 years for SM (Ferndndez-Moran et al., 1997;
Rossi et al., 2007), and 5 years for BD (Fernandez-Sirera et al,,
2012a).

The effect of diseases on the host was modeled as sex and
age-specific harvesting rates (i.e., extra increase in chamois
mortality during the epidemic). To compare probability of
extinctions due to the effect of diseases, we ran 60 simulations
(20 for each pathogen) with outbreaks occurring in different
population sizes (from 600 to 1550, about 50 each). Results

were compared by ANOVA and a Tukey’s HSD post hoc
test. Details about our scenario settings are summarized in
Table 1.

THE GOOD, THE BAD, AND THE UGLY

Despite having suffered the consequences of five severe winters,
our pathogen-free population of chamois grew from 500
to 3699 chamois in 50 years (Figures la,h). Consequently,
the stochastic growth rate was positive (Stoch-r = 0.064,
Figure 1h) and no extinction process occurred during the
simulation. However, growth rate of the healthy population
and hence the probability of extinction was seriously affected
by the three infectious agents (F»; = 3588, p < 0.01,
Figures 1f,g).

Summarizing the impact of the three pathogens and inspired
by the prominent film of the master Sergio Leone, we can
imagine that IKC (Figure 1b) plays the “good” character, SM
the “ugly” (Figure 1c), with the border disease virus surely
cast in the role of the “bad” (Figure 1d, but see Figures le,f
for a multiple comparison). After our simulated outbreaks,
growth rate of the affected population decreased from 0.048
(IKC) to -0.021 units (BD), whereas probability of extinction
ranged between 0.25 (IKC) and 0.55 (BD). Probability of
extinction for a healthy population was 0 (Figure 1h, table).
Though the impact of SM was between IKC and BD, the
probability of extinction caused by each pathogen was statistically
different (Figure 1, Tukeys HSD test at a = 0.05). It is
interesting to note that the relative standard deviation of the
mean extant populations was greater after the BD outbreak
(100 x SD/Mean = 189%) than after the other outbreaks (134%
for the SM outbreak and 64% for IKC; Table 1). This result
agrees with the variety of epidemiological scenarios of BD in
the populations of Pyrenean chamois (Fernandez-Sirera et al.,
2012b)

CONCLUDING REMARKS

Though our population modeling is not free of limitations (e.g.,
assumes a fixed length for the epizootics, only one epizootic at
a time, no previous hunting-harvesting, lack if recovery due to
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herd immunity), it is able to illustrate quite well the impact
of BD on the population dynamics of chamois. The IKC is
characterized by short (1-2 years) and female-biased outbreaks
(Arnal et al., 2013), affecting young age classes more, whereas SM
shows longer outbreaks (from 2 to 6 years; Rossi et al., 2007),
affecting all age and sex classes. BD epidemics, however, are
the only of the three resulting in long outbreaks (>10 years in
some populations) with abortions, neonatal and adult mortality.
Moreover, the existence of persistent infected individuals can lead
to the circulation of BDV among individuals over long periods
of time which is an exceptional peculiarity of this pathogen.
That peculiarity has at least been proven in domestic flocks
(Schweizer and Peterhans, 2014), and in theoretical models for
BD epidemics in chamois populations (Beaunée et al., 2015).
To date, however, there are few evidences for the existence of
PI in chamois populations (Marco et al., 2015). Alternatively,
we cannot rule out the possibility of chronic shedding (non-
PI individuals by definition) for explaining viral maintenance
in chamois (Cabezon et al., 2011; Martin et al., 2013). In any
case, both mechanisms (PI and/or long-lasting viraemia) would
contribute for viral persistence of BDV in chamois populations.
Comparing the impact of several diseases from field data is not
straightforward, as epidemics occur in different populations, at
different stages of colonization and in contrasting environments.
The simulation approach allowed us to compare the impact
of the three studied pathogens considering similar situations
and taking into account stochastic processes. Among the three
pathogens under study, BDV showed the highest probability of
extinction over 50 years: this probability reached values >50%,
and thus even large host populations may go extinct under the
pressure of intense epidemics. Given this high probability of
host extinction, we argue that BDV is an exceptional driver of
chamois populations and entails specific extinction risk. Further
research should be oriented to illustrate more realistic scenarios,
e.g., combining the impacts of more than one epidemics for a

REFERENCES

Arnal, M. C,, Fernandez de Luco, D., Riba, L., Maley, M. Gilray, J.,
Willoughby, K., et al. (2004). A novel Pestivirus associated with deaths in
Pyrenean chamois (Rupicapra p. pyrenaica). J. Gen. Virol. 85, 3653-3657. doi:
10.1099/vir.0.80235-0

Arnal, M. C., Herrero, J., de la Fe, C., Revilla, M., Prada, C., Martinez-Durén, D.,
et al. (2013). Dynamics of an infectious keratoconjunctivitis outbreak by
Mycoplasma conjunctivae on Pyrenean chamois Rupicapra p. pyrenaica. PLoS
ONE 8:¢61887. doi: 10.1371/journal.pone.0061887

Beaunée, G., Gilot-Fromont, E., Garel, M., and Ezanno, P. (2015). A novel
epidemiological model to better understand and predict the observed seasonal
spread of Pestivirus in Pyrenean chamois populations. Vet. Res. 46:86. doi:
10.1186/513567-015-0218-8

Bocci, A., Canavese, G., and Lovari, S. (2010). Even mortality patterns of the two
sexes in a polygynous near-monomorphic species: is there a flaw? J. Zool. 280,
379-386. doi: 10.1111/j.1469-7998.2009.00672.x

Boyce, M. C. (1992). Population viability analysis. Ann. Rev. Ecol. Syst. 23, 481-506.
doi: 10.1146/annurev.es.23.110192.002405

Cabezdn, O., Velarde, R., Mentaberre, G., Ferndndez-Sirera, L., Casas-Diaz, E.,
Lopez-Olvera, J. R, et al. (2011). Experimental infection with chamois border
disease virus causes long-lasting viraemia and disease in Pyrenean chamois
(Rupicapra pyrenaica). J. Gen. Virol. 92, 2494-2501. doi: 10.1099/vir.0.034595-0

given period (IKC + BD) or including the impact of hunting-
harvesting. Management actions designed to limit the impact of
the virus should be evaluated and implemented, as the natural
host-pathogen dynamics may not reach equilibrium in a near
future.

AUTHOR CONTRIBUTIONS

AC-C and ES performed the literature review. ES analyzed the
data. All authors contributed to conceiving the project and
participated in the interpretation of results and final preparation
of the paper.

ACKNOWLEDGMENTS

The authors thank the staff of the National Hunting Reserves
and Hunters Associations of Catalonia. This research was funded
by Generalitat de Catalunya and by Ministerio de Economia y
Competitividad of the Spanish Government (reference projects
CGL2006-11518/BOS, CGL2009-09071/BOS and CGL2012-
40057-C02-01) and by Instituto Nacional de Investigacion y
Tecnologia Agraria y Alimentaria (INIA) (reference projects FAU
2006-00007-C02-02 and FAU2008-00017-C02-01). This study
was partly funded by the scientific program “Approche Intégrée
de la Démographie des Populations d’Isard” sponsored by the
ONCES and the SEFaS. ES was supported by the postdoctoral
program (SFRH/BPD/96637/2013) of the Fundagio para a
Ciéncia e a Tecnologia, Portugal and AC-C and XF-A by the FI-
DGR program, Generalitat de Catalunya, Spain. A special thanks
to Prof. Robert C. Lacy from the Chicago Zoological Society
for his valuable help for adapting the VORTEX syntax to our
simulations. Thanks to Nousmedis (www.nousmedis.com) for
their help for designing the main plate.

Capurro, A. F,, Gatto, M., and Tosi, G. (1997). Delayed and inverse density
dependence in a chamois population of the Italian Alps. Ecography 20, 37-47.
doi: 10.1111/j.1600-0587.1997.tb00345.x

Chappuis, G., Brun, A., Kato, F., Dauvergne, M., Reynaud, G., and Duret, C. (1986).
“Etudes sérologiques et immunologiques réalisées a la suite de 1’isolement
d’un Pestivirus dans un foyer ovin chez des moutons de 1"Aveyron,” in
Pestivirose des Ovins et des Bovins: Nouvelles Connaissances, Utilisation Pour
une Stratégie de Controle, Journées Nationales de la Société Francaise de
Buiatrie et de son Groupe d’Etude sur la Pathologie des Ovins et des Caprins
(GEPOC), eds J. Espinasse and M. Savey (Paris: Société Francaise de Buiatrie),
55-65.

Citterio, C. V., Luzzago, C., Sala, M., Sironi, G., Gatti, P., Gaffuri, A., et al. (2003).
Serological study of a population of Alpine chamois (Rupicapra r. rupicapra)
affected by an outbreak of respiratory disease. Vet. Rec. 153, 592-596. doi:
10.1136/vr.153.19.592

Corlatti, L., Bassano, B., Polakova, R., Fattorini, L., Pagliarella, M. C., and Lovari, S.
(2015). Preliminary analysis of reproductive success in a large mammal with
alternative mating tactics, the Northern chamois Rupicapra rupicapra. Biol. J.
Linn. Soc. 116, 117-123. doi: 10.1111/bij.12569

Corlatti, L., Corali, M., Pietroini, V., and Lovari, S. (2013). Rutting
behaviour of territorial and nonterritorial male chamois: is there a
home advantage? Behav. Processes 92, 118-124. doi: 10.1016/j.beproc.201
2.11.008

Frontiers in Microbiology | www.frontiersin.org

December 2015 | Volume 6 | Article 1307


www.nousmedis.com
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Serrano et al.

BDV Drives Chamois Populations

Corlatti, L., Lebl, K., Filli, F., and Ruf, T. (2012). Unbiased sex-speific survival in
Alpine chamois. Mamm. Biol. 77, 135-139.

Couturier, A. J. (1938). Le Chamois Rupicapra Rupicapra (L.). Grenoble: B.
Arthaud.

Crampe, J. P, Bon, R., Gerard, J. F., Serrano, E., Caens, P., Florence, E., et al.
(2007). Site fidelity, migratory behaviour, and spatial organization of female
isards (Rupicapra pyrenaica) in the Pyrenees National Park, France. Can. J. Zool.
85, 16-25. doi: 10.1139/206-185

Crampe, J. P., Gaillard, J. M., and Loison, A. (2002). Winter snowfall: a variable
factor in recruitment by isard populations (Rupicapra pyrenaica). Can. J. Zool.
80, 1306-1312.

Crampe, J. P., Loison, A., Gaillard, ]. M., Florence, E., Caens, P., and Appolinaire, J.
(2006). Patrons de reproduction des femelles d’isard (Rupicapra pyrenaica) dans
une population non chassée et consequences démographiques. Can. J. Zool. 84,
1263-1268. doi: 10.1139/206-123

Daszak, P., Cunningham, A. A, and Hyatt, A. D. (2000). Emerging infectious
diseases of wildlife - threats to biodiversity and human health. Science 287,
443-449. doi: 10.1126/science.287.5452.443

Fernandez-Mordn, J., Gdmez, S., Ballesteros, F., Quirds, P., Benito, J. L., Feliu, C.,
et al. (1997). Epizootiology of sarcoptic mange in a population of Cantabrian
chamois (Rupicapra pyrenaica parva) in Northwester Spain. Vet. Parasitol. 73,
163-171. doi: 10.1016/S0304-4017(97)00061-7

Fernandez-Sirera, L., Cabezén, O., Allepuz, A., Rosell, R., Riquelme, C., Serrano, E.,
etal. (2012a). Two different epidemiological scenarios of border diseases in the
populations of Pyrenean chamois (Rupicapra pyrenaica) after the first disease
outbreaks. PLoS ONE 7:¢51031. doi: 10.1371/journal.pone.0051031

Fernandez-Sirera, L., Cabezon, O., Dematteis, A., Rossi, L., Meneguz, P. G,
Gennero, M. S., et al. (2012b). Survey of Pestivirus infection in wild and
domestic ungulates from South-Western Italian Alps. Eur. J. Wildl. Res. 58,
425-431. doi: 10.1007/s10344-011-0591-1

Galvez-Cer6n, A., Serrano, E., Bartolomé, J., Mentaberre, G., Fernandez-
Aguilar, X., Fernandez-Sirera, L., et al. (2013). Predicting seasonal and spatial
variations in diet quality of Pyrenean chamois (Rupicapra p. pyrenaica) using
near infrared reflectance spectroscopy. Eur. . Wildl. Res. 59, 115-121. doi:
10.1007/s10344-012-0672-9

Garel, M., Forsyth, D. M., Loison, A., Dubray, D., Jullien, J. M., Tusting, K. G.,
etal. (2011a). Age-related male reproductive effort in two mountain ungulates
of contrasting sexual size dimorphism. Can. J. Zool. 89, 929-937. doi: 10.1139/z
11-062

Garel, M., Gaillard, J.-M.,, Jullien, J.-M., Dubray, D., Maillard, D., and Loison, A.
(2011b). Population abundance and early spring conditions determine variation
in body mass of juvenile chamois. J. Mammal. 92, 1112-1117. doi: 10.1644/10-
MAMM-A-056.1

Garel, M., Loison, A., Jullien, J.-M., Dubray, D., Maillard, D., and Gaillard, J. M.
(2009). Sex-specific growth in Alpine chamois. J. Mammal. 90, 954-960. doi:
10.1644/08-MAMM-A-287.1

Gauthier, D. (1994). Statut sanitaire de la population de chamois du massif des
Aravis lors de I'épisode de kérato-conjonctivite de 1992. BIPAS 10, 99-117.

Giacometti, M., Janovsky, M., Belloy, L., and Frey, J. (2002). Infectious
keratonjuntivitis of ibex, chamois and other Caprinae. Rev. Sci. Technol. 21,
335-345.

Gonzalez, G., and Crampe, J. P. (2001). Mortality patterns in a protected
population of isards (Rupicapra pyrenaica). Can. J. Zool. 79, 2072-2079. doi:
10.1139/¢jz-79-11-2072

Houssin, H., Loison, A., and Gaillard, J. M. (1993). Participation a la reproduction
des femelles de chamois (Rupicapra pyrenaica) en fonction de leur dge dans une
population Alpine chassée. Gibier Faune Sauvage 10, 39-45.

Houston, A. I, Stephens, P. A., Boyd, I. L., Harding, K. C., and McNamara, J. M.
(2007). Capital of income breeding? A theoretical model of female reproductive
strategies. Behav. Ecol. 18, 241-250. doi: 10.1093/beheco/arl080

Jonas, T., Geiger, F., and Jenny, H. (2008). Mortality pattern of the Alpine chamois:
the influence of snow-meteorological factors. Ann. Glaciol. 49, 56-62. doi:
10.3189/172756408787814735

Lacy, R. C. (1993). VORTEX: a computer simulation model for population viability
analysis. Wildl. Res. 20, 45-65. doi: 10.1071/WR9930045

Lacy, R. C., Miller, P. S., and Traylor-Holzer, K. (2015). Vortex 10 User’s Manual.
19 January 2015 Update. Apple Valley, MN: IUCN SSC Conservation Breeding
Specialist Group.

Loison, A., Festa-Bianchet, M., Gaillard, J. M., Jorgenson, J. T., and Jullien, J. M.
(1999a). Age-specific survival in five populations of ungulates: evidence of
senescence. Ecology 80, 2539-2554.

Loison, A., Gaillard, J. M., Pelabon, C., and Yoccoz, N. G. (1999b). What factors
shape sexual size dimorphism in ungulates? Evol. Ecol. Res. 1, 611-633.

Loison, A., Jullien, J. M., and Menaut, P. (1999¢). Subpopulation structure
and dispersal in two populations of chamois. J. Mammal. 80, 620-632. doi:
10.2307/1383306

Loison, A., Gaillard, J. M., and Houssin, H. (1994). New insight on survivorship
of female chamois (Rupicapra rupicapra) from observation of marked animals.
Can. J. Zool. 72, 591-597. doi: 10.1139/294-081

Loison, A., Gaillard, J. M., and Jullien, J. M. (1996). Demographic patterns after an
epizootic of keratoconjunctivitis in a chamois population. J. Wildl. Manage. 60,
517-527. doi: 10.2307/3802069

Loison, A., Toigo, C., Appolinaire, J., and Michallet, J. (2002). Demographic
process in colonizing populations of isard (Rupicapra pyrenaica) and
ibex (Capra ibex). J. Zool. 256, 199-205. doi: 10.1017/S09528369020
00237

Lovari, S., Artese, C., Damini, G., and Mari, F. (2010). “Re-introduction of
apennine chamois to the gran sasso-laga national park, Abruzzo, Italy; in
Global Re-Introduction Perspectives, Additional Case-Studies from Around the
Globe, ed. P. S. Soorae (Abu Dhabi: IUCN/SSC Re-introduction Specialist
Group), 281-284.

Lovari, S., and Locati, M. (1991). Temporal relationships, transitions and
structure of the behavioural repertoire in male Appennine chamois
during the rut. Behaviour 119, 77-103. doi: 10.1163/156853991X
00382

Lunelli, A. (2010). A SEI model for sarcoptic mange among chamois. J. Biol. Dyn.
2, 140-157. doi: 10.1080/17513750902883283

Marco, I, Cabezon, O., Rosell, R., Fernindez-Sirera, L., Allepuz, A., and
Lavin, S. (2011). Retrospective study of Pestivirus infection in Pyrenean
chamois (Rupicapra pyrenaica) and other ungulates in the Pyrenees
(NE Spain). Vet. Microbiol. 149, 17-22. doi: 10.1016/j.vetmic.2010.0
9.032

Marco, I, Cabezén, O., Velarde, R., Fernandez-Sirera, L., Colom-Cadena, A.,
Serrano, E., et al. (2015). The two sides of border disease in Pyrenean chamois
(Rupicapra pyrenaica): silent persistence and population collapse. Anim. Health
Res. Rev. 16,70-77. doi: 10.1017/51466252315000055

Marco, I, Lépez-Olvera, J. R, Rosell, R, Vidal, E., Hurtado, A., Juste, R,
et al. (2007). Severe outbreak of disease in the Southern chamois (Rupicapra
pyrenaica) associated with border disease virus infection. Vet. Microbiol. 120,
33-41. doi: 10.1016/j.vetmic.2006.10.007

Marco, L., Rosell, R., Cabezdén, O., Mentaberre, G., Casas-Diaz, E., Velarde, R.,
et al. (2009). Border disease virus among chamois, Spain. Emerg. Infect. Dis.
15, 448-451. doi: 10.3201/eid1503.081155

Martin, C., Duquesne, V., Guibert, J. M., Pulido, C., Gilot-Fromont, E., Gibert, P.,
et al. (2013). Experimental infection of pregnant Pyrenean chamois (Rupicapra
pyrenaica) with border disease virus subtype 4. J. Wildl. Dis. 49, 55-68. doi:
10.7589/2011-09-260

Martin, C., Letellier, C., Caij, B., Gauthier, D., Jean, N., Shaffii, A., et al. (2011).
Epidemiology of Pestivirus infection in wild ungulates of the French south Alps.
Vet. Microbiol. 147, 320-328. doi: 10.1016/j.vetmic.2010.07.010

Mason, T. H. E., Chirichella, R., Richards, S. A., Stephens, P. A., Willis, S. G., and
Apolonio, M. (2011). Contrasting life histories in neighbouring populations
of a large mammal. PLoS ONE 6:¢28002. doi: 10.1371/journal.pone.002
8002

Nettleton, P. F.,, Gilmour, J. S., Herring, J. A., and Sinclair, J. A. (1999). The
production and survival of lambs persistently infected with border disease
virus. Comp. Immunol. Microbiol. Infect. Dis. 15, 179-188. doi: 10.1016/0147-
9571(92)90091-5

Onderscheka, K. (1982). “Etat actuel de la recherche sur la gale du chamois,” in
Proceedings of the Symposium Sur le chamois, Conseil International de la Chasse
et de la Faune Sauvage, Ljubljana, 89-108.

Pence, D. B., and Ueckermann, E. (2002). Sarcoptic mange in wildlife. Rev. Sci.
Tech. Off. Int. Epiz. 21, 12-27.

Pépin, D., Faivre, R, and Menaut, P. (1996). Factors affecting the relationship
between body mass and age in the izard. J. Mammal. 77, 351-358. doi:
10.2307/1382807

Frontiers in Microbiology | www.frontiersin.org

December 2015 | Volume 6 | Article 1307


http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

Serrano et al.

BDV Drives Chamois Populations

Pérez-Barberia, F. J., Mutuberria, G., and Nores, C. (1998). Reproductive
parameters, kidney fat index, and grazing activity relationships between the
sexes in Cantabrian chamois Rupicapra pyrenaica parva. Acta Theriol. 43,
311-324. doi: 10.4098/AT.arch.98-26

Pettorelli, N., Weladji, R., Holand, @, Mysterud, A., Breie, H., and Stenseth, N. C.
(2005). The relative role of winter and spring conditions: linking climate and
landscape-scale plant phenology to Alpine reindeer body mass. Biol. Lett. 1,
24-26. doi: 10.1098/rsbl.2004.0262

Pioz, M., Loison, A., Gibert, P., Dubray, D., Menaut, P., Le Tallec, B., et al. (2007).
Transmission of a Pestivirus infection in a population of Pyrenean chamois. Vet.
Microbiol. 119, 19-30. doi: 10.1016/j.vetmic.2006.09.001

Posautz, A., Loncaric, 1., Kiibber-Heiss, A., Knoll, A., and Walzer, C. (2014). Acute
die-off of chamois (Rupicapra rupicapra) in the Eastern Austrian Alps due to
bacterial bronchopneumonia with Pasteurellaceae. J. Wild. Dis. 50, 616-620.
doi: 10.7589/2013-04-090

Rossi, L., Franquelli, C., Vesco, U., Permunian, R., Sommavilla, G. M.,
Carmignola, G., et al. (2007). Descriptive epidemiology of a scabies epidemic
in chamois in the Dolomite Alps, Italy. Eur. J. Wildl. Res. 53, 131-141. doi:
10.1007/510344-006-0067-x

Rossi, L., Meneguz, P. G., De Martin, P., and Rodolfi, M. (1995). The epizootiology
of sarcoptic mange in chamois Rupicapra rupicapra, from the Italian eastern
Alps. Parassitologia 37, 135-144.

Rughetti, M., and Festa-Bianchet, M. (2011). Seasonal changes in sexual size
dimorphism in northern chamois. J. Mammal. 284, 257-264.

Rughetti, M., Toigo, C., Von Hardenberg, A., Rocchia, E., and Festa-Bianchet, M.
(2011). Effects of an exceptionally snowy winter on chamois survival. Acta
Theriol. 56, 329-333. doi: 10.1007/s13364-011-0040-2

Schréder, W. (1971). Untersuehungen zur 6kologies des gamswildes (Rupicapra
pyrenaica) in einen vorkommen der Alpen I and IL. Z. Jagdwiss. 17, 113-118.

Schweizer, M., and Peterhans, E. (2014). Pestiviruses. Annu. Rev. Anim. Biosci. 2,
141-163. doi: 10.1146/annurev-animal-022513-114209

Smith, K. F., Acevedo-Whitehouse, K., and Pedersen, A. B. (2009). The role of
infectious diseases in biological conservation. Anim. Conserv. 12, 1-12. doi:
10.1111/§.1469-1795.2008.00228.x

Storch, I. (1989). Condition in chamois populations under different harvest levels
in Bavaria. J. Wildl. Manage. 53, 925-928. doi: 10.2307/3809589

Tettamanti, F., Grignolio, S., Filli, F., Apollonio, M., and Bize, P. (2015). Senescence
in breeding success of female Alpine chamois (Rupicapra rupicapra): the role
of female quality and age. Oecologia 178, 187-195. doi: 10.1007/s00442-014-
3197-y

Turchetto, S., Obber, F., Permunian, R., Vendrami, S., Lorenzetto, M., Ferré, N,
et al. (2014). Spatial and temporal explorative analysis of sarcoptic mange in
Alpine chamois (Rupicapra r. rupicapra). Hystrix 25, 25-30.

Vega, S., Rosell, R, Orden, J. A., Pérez, T., Marin, C., Gonzdlez, S., et al.
(2015). Antigenic and molecular characterisation of Border disease virus
associated with high mortality in lambs in Spain. Vet. Rec. Open 2:e000048. doi:
10.1136/vetreco-2014-000048

Villamuelas, M., Ferndndez, N., Albanell, E., Gélvez-Cerén, A., Bartolomé, J.,
Mentaberre, G., et al. (2015). The enhanced vegetation index (EVI) as a proxy
for diet quality and composition in a mountain ungulate. Ecol. Ind. (in press).
doi: 10.1016/j.ecolind.2015.10.017

Willisch, C. S., Bieri, K., Struch, M., Franceschina, R., Shnidrig-Petrig, R., and
Ingold, P. (2013). Climate effects on demographic parameters in an unhunted
population of Alpine chamois (Rupicapra rupicapra). . Mammal. 94, 173-182.
doi: 10.1644/10-MAMM-A-278.1

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Serrano, Colom-Cadena, Gilot-Fromont, Garel, Cabezén, Velarde,
Ferndndez-Sirera, Ferndndez-Aguilar, Rosell, Lavin and Marco. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Microbiology | www.frontiersin.org

December 2015 | Volume 6 | Article 1307


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive

	Border Disease Virus: An Exceptional Driver of Chamois Populations Among Other Threats
	Introduction
	A Short Biosketch Of Chamois
	Density Dependence
	Environmental Dependence
	The Impact Of Old Infectious Diseases
	Bdv: A Key Population Driver
	Stochastic Simulation Of Population Extinction
	Basic Simulation Input
	Disease Simulation Input
	The Good, The Bad, And The Ugly
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


