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Abstract
Southern chamois (Rupicapra pyrenaica) is a medium-sized and gregarious mountain ungulate with populations affected 
by periodic outbreaks of border disease virus (BD), infectious keratoconjunctivitis (IKC), and sarcoptic mange (SM). Even 
though the impact of each disease on chamois populations has been described in detail, there is a lack of information about 
the potential impact of concomitant epidemics and the synzootic potential (co-occurring enzootic or epizootic processes 
producing worse health outcomes in wildlife) on chamois populations. Furthermore, whether a specific order of appari-
tion of epidemics is more or less harmful for the host population is practically unknown not only for chamois but also for 
most mammal populations. Using a population viability analysis (PVA), we studied the consequences of multiple disease 
outbreaks with synzootic potential on growth rates and probabilities of extinction of virtual populations exposed to hard 
winters, density dependence, and co-occurring BD, IKC, and SM outbreaks. Such infections are not under cross-immunity 
nor density-dependent processes and thus are supposed to affect population demography independently. Heavy snowfalls 
are also likely to occur in our simulated populations. Our simulations showed that a second outbreak, even caused by a low 
virulent pathogen, causes an increase in the probability of extinction of the host population with regard to the first outbreak. 
IKC-BD- and SM-BD-affected populations had a higher risk of becoming extinct in 50 years confirming the extra risk of 
multiple outbreaks on the viability of the affected populations.

Keywords Emerging infectious diseases · Epidemics · Population viability analysis · Rupicapra pyrenaica pyrenaica · Vortex

For more than four decades now, infectious diseases have 
been recognized as a major demographic driver of wild 
populations. Virus (Sillero-Zubiri et al. 1996), bacteria 
(Foreyt and Jessup 1982), fungi (Berger et al. 1998), or 
helminth (Goodman and Johnson 2011) outbreaks increase 
the extinction risk of wildlife (Pedersen et al. 2007), threat-
ening global biodiversity (Daszak et al. 2000). Population 
collapses caused by canine distemper virus in Serengeti 

lions (Panthera leo) (Roelke-Parker et al. 1996) or Ebola in 
African apes (Leroy et al. 2004) are good examples of such 
deleterious impacts. Pathogens have the potential to affect 
almost every life-history trait of mammals including energy 
storage (Carvalho et al. 2015), fecundity and fertility rates 
(Rhyan et al. 2001; Sarasa et al. 2011), to fetus development 
(Aleuy et al. 2020), juvenile recruitment (Rossi et al. 2011,) 
or adult survival (Pedersen et al. 2007). Further, the main 
mechanisms for disease-induced extinctions in wildlife are 
the pre-epidemic population size and the presence of reser-
voirs (Castro and Bolker 2005).

Even though outbreaks caused by different pathogens are 
not rare in the wild (Barnett et al. 2018), our knowledge 
about the impact of synzootics (i.e., co-occurring wildlife 
diseases) on mammal population demography is scarce. This 
synzootic concept derives from the term “syndemic”, used 
in human medicine to assess the consequences of multiple 
diseases acting in tandem in a given socio-economic and 
environmental conditions on human populations (Singer 
et al. 2017). This syndemic point of view has barely been 
applied to wildlife (Sweeny et al. 2021), although the risk of 
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suffering from multiple infections in variable environments 
is the norm (Bordes and Morand 2011; Munson et al. 2008) 
and thus the likelihood of potential synzootic interactions 
is great. Knowledge about the impact of infectious diseases 
on wildlife demographics is mainly based on outbreaks by 
single pathogens. Information about the impact of synzoot-
ics on wildlife is limited and often restricted to the impact 
of comorbidities. Only a few cases such as European wild 
rabbit (Oryctolagus cuniculus) populations affected by rab-
bit hemorrhagic disease (RHD) but previously exposed to 
myxoma virus (Mutze et al. 2002) are a good example of 
the potential of co-occurring epidemics on host population 
dynamics. With regard to synzootics, the unprecedented 
mortalities of African lion populations affected by canine 
distemper virus (CDV) and Babesia spp. in very dry years 
are an excellent case (Munson et al. 2008).

Southern chamois (Rupicapra pyrenaica) is a medium-
sized mountain ungulate classified as a least concern species 
by the International Union for the Conservation of Nature, 
with a global population number of around 50,000 (Herrero 
et al. 2020). Nevertheless, outbreaks of diseases such as sar-
coptic mange (SM), infectious keratoconjunctivitis (IKC), 
and border disease (BD) affect and have caused dramatic 
declines in local populations of the Pyrenean (Rupicapra p. 
pyrenaica) and Cantabrian (Rupicapra p. parva) subspecies 
(Fernández-Morán et al. 1997; Marco et al. 2007; Fernán-
dez-Aguilar et al. 2017).

SM is caused by the burrowing mite Sarcoptes scabiei 
and is a contagious disease of mammals that induces an 
allergic-type skin reaction resulting in visible hypersensi-
tive lesions and pruritus (Walton et al. 2004). Although 
sarcoptic mange epizootics usually do not affect long-term 
population dynamics, the net effect of mange can have seri-
ous conservation consequences in remnant or fragmented 
populations of threatened or endangered species including 
mountain ungulates (Pence and Ueckermann 2002). Apart 
from the Cantabrian Mountains, SM has been reported to 
cause mortality in Alpine chamois (Rupicapra rupicapra 
rupicapra) in the Dolomite Alps in Italy (Rossi et al. 2007). 
Contrary to the typical assumptions of epidemiological mod-
els, SM dynamics in carnivores seem to be frequency- rather 
than density-dependent. In other words, disease transmis-
sion is mainly driven by behaviors mediating contact rates 
(Devenish-Nelson et al. 2014).

In Rupicapra species, social interactions (e.g., contact 
rates) depend more on social affinities than on any other 
factors (Crampe et al. 2021). However, in the last work on 
Sarcoptes scabiei transmission (Browne et al. 2022), the 
authors stated that high population densities and local popu-
lation sizes would be key factors for Sarcoptes transmission 
in chamois, but they also argued that the rates of contact 
within each species are poorly understood. So, this density-
dependent transmission issue is unclear, and thus, we have 

decided to not include the density dependence in mange out-
breaks in our viability modelling due to a lack of information 
for density dependence transmission parameters.

SM outbreaks duration is 5 years on average (Serrano 
et al. 2015). Mortality rates associated with SM are roughly 
10.5% for kids, 14% for yearlings, 52.5% for adult females, 
and 60% for adult males (Fernando-Morán et al. 1997; Rossi 
et al. 2007).

IKC, on the other hand, is a highly contagious bacterial 
disease of the eye characterized by inflammation of the con-
junctiva and cornea (Nicholas and Giacometti 2012). Myco-
plasma conjunctivae is considered the major cause of IKC in 
caprine species (Giacometti et al. 2002). IKC outbreaks are 
characterized by a short duration (1–2 years), high morbid-
ity, low mortality (around 30%), and spontaneous recovery 
(Loison et al. 1996). After an IKC epizootic episode, the 
number of kid and adult females typically decreases between 
10 and 19% (Arnal et al. 2013), recovering 1 year after the 
outbreak. Mortality rates associated with IKC are in 6% of 
kids, 70% of yearlings, 20% of females, and 9% of males (% 
of kids, 52% of yearlings) (Loison et al. 1996; Arnal et al. 
2013).

On the other hand, BD is caused by a pestivirus (Frölich 
et al. 2012) and in chamois curses emaciation, depression, 
weakness and difficulties in locomotion (Marco et al. 2007). 
Pyrenean chamois population in the Pyrenees decreased by 
30% due to disease outbreaks (Frölich et al. 2012), which 
are considered important drivers for chamois population 
demography (Serrano et al. 2015). Published reports (Marco 
et al. 2007; Fernández-Sirera et al. 2012) suggest that mor-
tality rates associated with BD outbreaks are 50.5% for kids, 
51.8% for yearlings, 45.7% for females, and 47% for males. 
The consequences of BD are easily observed 5 years after 
the first clinical case is detected. The three aforementioned 
diseases do not induce cross-immunity, and there is no clear 
evidence for their density-dependent regulation (Fernández-
Sirera et al. 2012).

In this work, we aimed to simulate the impact of multiple 
outbreaks on chamois population demography. Our objec-
tives are (I) to explore the consequences of consecutive out-
breaks of SM, IKC, and BD on chamois population viabil-
ity and (II) to determine the specific outbreak pair with the 
greater demographic impact on the viability of our virtual 
chamois population. To achieve these objectives, we mod-
elled the consequences of single (SM, IKC and BD) and spe-
cific disease outbreak combinations (SM + IKC, SM + BD 
and IKC + SM) on the viability of a virtual chamois popula-
tion using a stochastic population viability analysis (PVA, 
Lacy 1993). Since the impact of chronic BD epidemics is 
not well understood (Fernandez-Sirera et al. 2012), we have 
decided not to include a secondary outbreak in BD-affected 
populations. We expect that multiple outbreaks will have 
greater negative effects than single outbreaks, but more 
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particularly, those combinations involving the more viru-
lent pathogens such as BD or SM. From now on, when we 
discussed about the extinction of the population in the simu-
lation, we refer to the probability that a chamois population 
can become extinct locally rather than globally after a poten-
tial combination of different disease outbreaks.

Population viability analysis was performed in VORTEX 
10.1.6.0 (Lacy and Pollak 2015). This computer program 
simulates the effects of deterministic forces and stochastic 
events (demographic, environmental, and genetic) to model 
the growth rate (stoch-r), the final population size (N-all), 
and the mean probability of extinction (PE). To compare the 
impact of different simulations, we created a control sce-
nario (pristine population), only affected by winter condi-
tions (Serrano et al. 2015). The effects of heavy winters have 
also been included in our population viability modelling. 
This winter effect strongly relies on the local orography, but 
on average, population reduction due to this natural phenom-
enon could reach 40% every 10 years (Rughetti et al. 2011). 
In this scenario, the carrying capacity was fixed at 4000 
individuals. We also recreated seven disease scenarios rep-
resenting single outbreaks (IKC, SM, and BD), and outbreak 
combinations using the IKC-, SM-, and BD-associated mor-
talities at specific age classes. In brief, we modelled age and 
sex-specific mortalities based on the descriptions found in 
the published reports (Serrano et al. 2015). The likelihood of 

disease outbreak for each simulation is 0.2 for IKC (the com-
monest disease in chamois populations) and 0.1 for SM and 
BD. Two diseases can occur simultaneously or sequentially 
at the given probabilities. Since there is a likelihood of heavy 
winters during disease outbreaks, we consider our modelling 
might reflect the effect of synzootics (comorbidity + adverse 
environmental conditions, see Sweeny et al. (2021).

Each model scenario was run for 50 years, 1000 itera-
tions, and 20 initial population sizes proportional to the 
carrying capacity (from 5 to 100%, with an increment of 
5% each time). The Vortex software, however, does not 
provide population-size-specific outputs (see Table 1 and 
Fig. 1 for a summary). We used non-parametric Mann-
Whitney U tests to compare the mean growth rate (stoch-
r), the average population size of a given scenario at 
the end of the simulation (averaging both surviving and 
extinct iterations, N-all), and the probability of extinction 
(PE) between specific outbreak pairs. We performed all the 
statistical analyses using the statistical software R 4.2.1 (R 
Development Core Team 2022).

The probability of extinction in the pristine scenario was 
equal to zero, and the final population size was stabilized 
around the carrying capacity as expected in populations 
with density dependence regulation (Akçakaya and Burg-
man 1999). The effect of a single outbreak causes a sig-
nificant decrease in the growth rate of our virtual chamois 

Table 1  Mean, minimum (min), and maximum (max) stochastic growth rates of the population, probabilities of extinction, and final population 
sizes of a hypothetical chamois population of an initial size of 600 individuals and limited by a carrying capacity of 4000 individuals

Simulations were estimated for 50 years and 1000 iterations. The pristine population (control) was only affected by the carrying capacity, the 
IKC, SM, and BD single outbreaks of infectious keratoconjunctivitis (IKC), sarcoptic mange (SM), and border disease (BD), and the IKC + SM, 
IKC + BD, SM + IKC, and SM + BD combined disease outbreaks

Scenario Population 
growth rate

Probability 
of extinction

Final 
population 
size

Mean Interval  
(min–max)

Mean Interval  
(min–max)

Mean Interval  
(min-max)

Pristine 
population

0.0635 0.0620–0.0650 0 - 3723.57 3282.24–3795.69

Single disease 
outbreaks

IKC outbreak 0.0463 0.0440/0.0540 0.25 0.241–0.263 2782.79 2180.39–2857.37
SM outbreak −0.0065 −0.0090/0.0080 0.229 0.217–0.780 1441.52 597.53–1594.47
BD outbreak −0.0326 −0.0370/−0.003 0.534 0.524–0.571 767.86 345.47–865.86

Combined disease 
outbreaks

IKC + SM out-
breaks

−0.0349 −0.0410/−0.0090 0.47 0.370–0.549 619.67 245.59–711.92

IKC + BD out-
breaks

−0.0533 −0.0610/−0.0160 0.634 0.594–0.700 343.22 126.57–430.72

SM + IKC out-
breaks

0.0323 0.0290/0.0410 0.253 0.241–0.264 1288.04 1590.07–1398.56

SM + BD out-
breaks

−0.0400 −0.0460/−0.0100 0.559 0.537–0.617 585.72 213.31–667.66
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Fig. 1  a Mean stochastic  
growth rates (stoch-r) and b mean 
probabilities of extinction 
(PE), of a hypothetical chamois 
population of an initial size of 
600 individuals and limited by 
a carrying capacity of 4000 
individuals. Our modelling 
scenarios were the following: 
pristine population (population 
only limited by the carrying 
capacity in light green), the 
single outbreak scenarios (in 
blue color), and combined 
disease outbreaks (dark green). 
Infectious keratoconjunctivitis 
(IKC), sarcoptic mange (SM), 
and border disease (BD). In b, 
sqrtPE of our pristine chamois 
population was equal to zero. 
A, B and C respresnt Sarcoptes 
scabiei Mycoplasma spp and a 
pestiviurs respectively



European Journal of Wildlife Research (2023) 69:79 

1 3

Page 5 of 7 79

population. Compared to pristine populations, the mean 
probability of extinction after a single disease outbreak 
increased from 0.22 for SM to 0.53 for BD epidemics that 
means that 22% and 53% of the simulated populations get 
extinct, respectively. IKC outbreaks resulted in an intermedi-
ate probability of extinction value (0.25, see Table 1).

Our population viability modelling clearly shows the 
negative impacts of a second disease outbreak. PE increased 
after a second disease outbreak but in particular after BD 
epidemics. Along the same lines, the growth rate and popula-
tion size decreased after the second outbreak. For example, 
SM or BD outbreaks in chamois populations initially affected 
by IKC resulted in lower growth rate  (WIKC vs IKC-SM = 400, 
p value = 5.8 e-10,  WIKC vs IKC-BD = 400, p value = 6.02 
e-10) and final population size  (WIKC vs IKC-SM = 400, p 
value = 1.45 e-11,  WIKC vs IKC-BD = 400, p value = 1.5 e-10), 
but higher PE  (WIKC vs IKC-SM = 400, p value = 6.73 e-08, 
 WIKC vs IKC-BD = 400, p value = 6.76 e-08) than those only 
affected by IKC. The same happened in SM-affected pop-
ulations suffering BD outbreaks, where the growth rate 
 (WSM vs SM-BD = 400, p value = 5.1 e-08) and final population 
sizes  (WSM vs SM-BD = 336, p value = 9.2 e-07) are lower than 
in populations only affected by SM. Final population sizes 
in mixed epizootics decreased in 59%  (WSM vs SM-BD = 400, 
p value = 6.7 e-08). For example, the mean probability of 
extinction for IKC + SM outbreaks is 0.47, whereas = 0.25 
or 0.22 for single IKC or SM epizootics.

Despite the limitations of our work (e.g., some disease 
combination outbreaks have not yet been described in natu-
ral conditions, and we have only considered demographic 
consequences, but not transmission or recovery), it seems 
therefore clear that concomitant outbreaks have potential 
synzootic effects posing an additional threat to the viability 
of chamois populations previously affected by one of these 
three diseases. Interactions among co-infecting pathogens 
not only alter host pathology and disease spread at different 
levels of biological organization (Jonhson et al. 2015), but 
also the long-term demography of the affected populations.

Managers in charge of chamois populations chronically 
affected by infectious diseases should take into account the 
demographic impacts of synzootics increasing efforts in 
disease surveillance to avoid new disease epidemics even 
caused by low virulent pathogens. Our results underline the 
importance of health surveys to forecast the potential con-
sequences of synzootics on the local extinction risk of wild 
mammal populations.

Acknowledgements Thanks to Dr. Andreu Colom for his help col-
lecting information about the impact of natural catastrophes and dis-
eases on chamois populations. We would like to thank Prof. Luca Rossi 
(UNITO) and Scott Carver (Tasmania University) for their contribution 
in discussing the density dependence of sarcoptic mange outbreaks.

Author contribution CGA, RV, AJ, and ES conceived and designed the 
modelling; CGA performed the analytic calculations and performed 
numerical simulations; CGA and ES wrote the manuscript with the 
support from JRLO, RV, and AJ. All authors discussed the results and 
contributed to the final manuscript.

Funding Open Access Funding provided by Universitat Autonoma 
de Barcelona. E. Serrano was supported by the Spanish Ministerio 
de Economía y Competitividad (MINECO) through a Ramón y Cajal 
agreement (RYC-2016-21120).

Data Availability The data that support the findings of this study are 
available from the corresponding author, (CGA, ES), upon reasonable 
request.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Akçakaya HR, Burgman MA, Ginzburg LR (1999) Applied population 
ecology: principles and computer exercises using Ramas EcoLav 
2.0. Sinauer Associates, Inc., Publishers, Sunderland, Massachu-
setts, p 285

Aleuy OA, Serrano E, Ruckstuhl KE, Hoberg EP, Kutz S (2020) Parasite 
intensity drives fetal development and sex allocation in a wild ungu-
late. Sci Rep 10:15626. https:// doi. org/ 10. 1038/ s41598- 020- 72376-x

Arnal M, Herrero J, de la Fe C, Revilla M, Prada C, Martínez-Durán 
D, Gómez-Martín Á, Fernandez-Arberas O, Amores J, Contreras 
A, García-Serrano A, Fernández de Luco D (2013) Dynamics 
of an infectious keratoconjunctivitis outbreak by Mycoplasma 
conjunctivae on Pyrenean chamois Rupicapra p pyrenaica. PLoS 
ONE 8:e61887

Barnett LK, Prowse TAA, Peacock DE, Mutze GJ, Sinclair RG, Kova-
liski J, Cooke BD, Bradshaw CJA (2018) Previous exposure to 
myxoma virus reduces survival of European rabbits outbreaks of 
rabbit haemorrhagic disease. J Appl Ecol 55(6):2954–2962

Berger L, Speare R, Daszak P, Green DE, Cunningham AA, Goggin 
CL, Slocombe R, Ragan MA, Hyatt AD, McDonald KR, Hines 
HB (1998) Chytridiomycosis causes amphibian mortality associ-
ated with population declines in the rain forests of Australia and 
Central America. Proc Natl Acad Sci 95:9031–9036. https:// doi. 
org/ 10. 1073/ pnas. 95. 15. 9031

Bordes F, Morand S (2011) The impact of multiple infections on wild 
animal hosts: a review. Inf Ecol Epidemiol 1(1):7346. https:// doi. 
org/ 10. 3402/ iee. v1i0. 7346

Browne E, Driessen MM, Cross PC, Escobar LE, Foley J, López-
Olvera JR, Niedringhaus KD, Rossi L, Carver S (2022) Sustaining 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-020-72376-x
https://doi.org/10.1073/pnas.95.15.9031
https://doi.org/10.1073/pnas.95.15.9031
https://doi.org/10.3402/iee.v1i0.7346
https://doi.org/10.3402/iee.v1i0.7346


 European Journal of Wildlife Research (2023) 69:79

1 3

79 Page 6 of 7

transmission in different host species. The emblematic case of 
Sarcoptes scabiei. Bioscience 72:166–176

Carvalho J, Granados JE, López-Olvera JR, Cano-Manuel FJ, Pérez 
JM, Soriguer RC, Velarde R, Fonseca C, Ráez A, Espinosa J,  
Pettorelli N, Serrano E (2015) Sarcoptic mange breaks up bottom-
up regulation of body condition in a large herbivore population. 
Par Vect 8:572. https:// doi. org/ 10. 1186/ s1307- 015- 1188-4

Castro FD, Bolker B (2005) Mechanisms of disease-induced extinction. 
Ecol Let 8:117–126

Crampe J-P, Gerard J-F, Goulard M, Milleret C, Gonzalez G, Bon 
R (2021) Year-round sexual segregation in the Pyrenean cham-
ois, a nearly monomorphic polygynous herbivore. Behav Proc 
184:104300

Daszak P, Cunningham AA, Hyatt AD (2000) Emerging infectious 
diseases of wildlife–threats to biodiversity and human health. 
Science 287:443–449

Devenish-Nelson ES, Richards SA, Harris S, Soulsbury C, Stephens 
PA (2014) Demonstrating frequency-dependent transmission of 
sarcoptic mange in red foxes. Biol Let 10:20140524

Fernández-Aguilar X, Cabezón Ó, Frey J, Velarde R, Serrano E, 
Colom-Cadena A, Gelormini G, Marco I, Mentaberre G, Lavín 
S, López-Olvera JR (2017) Long-term dynamics of Mycoplasma 
conjunctivae at the livestock-wildlife interface in the Pyrenees. 
PLoS ONE 12(10):e0186069

Fernández-Morán J, Gómez S, Ballesteros F, Quirós P, Benito J, Feliu C, 
Nieto J (1997) Epizootiology of sarcoptic mange in a population of 
cantabrian chamois (Rupicapra pyrenaica parva) in Northwestern 
Spain. Vet Parasitol 73:163–171. https:// doi. org/ 10. 1016/ S0304- 
4017(97) 00061-7

Fernández-Sirera L, Cabezón O, Allepuz A, Rosell R, Riquelme C, 
Serrano E, Lavin S, Marco I (2012) Two different epidemiological 
scenarios of border disease in the populations of Pyrenean cham-
ois (Rupicapra p. pyrenaica) after the first disease outbreaks. 
PLoS ONE 7(12):e51031. https:// doi. org/ 10. 1371/ journ al.  
pone. 00510 31

Foreyt WJ, Jessup DA (1982) Fatal pneumonia of bighorn sheep 
following association with domestic sheep. J Wildl Dis 18:163–
168. https:// doi. org/ 10. 7589/ 0090- 3558- 18.2. 163

Frölich K, Marco I, Moennig V (2012) Pestivirus infections. Infec-
tious diseases of wild mammals and birds in Europe. Wiley-
Blackwell, Oxford, UK, pp 146–167. https:// doi. org/ 10. 1002/ 
97811 18342 442. ch10

Giacometti M, Janovsky M, Jenny H, Nicolet J, Belloy L, Goldschmidt- 
Clermont E, Frey J (2002) Mycoplasma conjunctivae infection is 
not maintained in alpine chamois in eastern Switzerland. J Wildl 
Dis 38:297–304. https:// doi. org/ 10. 7589/ 0090- 3558- 38.2. 297

Goodman BA, Johnson PTJ (2011) Disease and the extended pheno-
type: parasites control host performance and survival through 
induced changes in body plan. PLoS One 6(5):e20193. https:// 
doi. org/ 10. 1371/ journ al. pone. 00201 93

Herrero J, Lovari S, Nores C, Toigo C (2020)  Rupicapra pyr-
enaica. The IUCN red list of threatened species 2020:e.
T19771A171131310. https:// doi. org/ 10. 2305/ IUCN. UK. 2020-
2. RLTS. T1977 1A171 131310

Johnson PTJ, de Roode JC, Fenton A (2015) Why infectious disease 
research needs community ecology. Science 349(6252):1259504. 
https:// doi. org/ 10. 1126/ scien ce. 12595 04

Lacy RC (1993) VORTEX: a computer simulation model for popula-
tion viability analysis. Wildl Res 20:45–65

Lacy RC, Pollak JP (2015) Vortex: a stochastic of the extinction 
process. Version 10.1. Chicago Zoological Society, Brookfield, 
Illinois, USA

Leroy EM, Rouquet P, Formenty P, Souquière S, Kilbourne A, 
Froment JM, Bermejo M, Smith S, Kares W, Swanepoel R, 
Zaki SR, Rollin PE (2004) Multiple Ebola virus transmission 

events and rapid decline of central African wildlife. Science 
302(5656):387–390

Loison A, Gaillard JM, Jullien JM (1996) Demographic patterns after 
an epizootic of keratoconjunctivitis in a chamois population. J 
Wildl Manage 60(3):517–527

Marco I, Lopez-Olvera JR, Rosell R, Vidal E, Hurtado A, Juste R, 
Pumarola M, Lavin S (2007) Severe outbreak of disease in the 
southern chamois (Rupicapra pyrenaica) associated with border 
disease virus infection. Vet Microbiol 120:33–41. https:// doi. 
org/ 10. 1016/j. vetmic. 2006. 10. 007

Munson L, Terio KA, Kock R, Mlengeya T, Roelke ME, Dubovi E, 
Summers B, Sinclair AR, Packer C (2008) Climate extremes 
promote fatal co-infections during canine distemper epidem-
ics in African lions. PLoS ONE 3(6):e2545. https:// doi. org/ 10. 
1371/ journ al. pone. 00025 45

Mutze G, Bird P, Kovaliski J, Peacock D, Jennings S, Cooke B 
(2002) Emerging epidemiological patterns in rabbit haemor-
rhagic disease, its interaction with myxomatosis, and their 
effects on rabbit populations in South Australia. Wildl Res 
29:577–590. https:// doi. org/ 10. 1071/ WR001 00

Nicholas RAJ, Giacometti M (2012) Mycoplasma infections. Infec-
tious diseases of wild mammals and birds in Europe. Wiley-
Blackwell, Oxford, UK, pp 372–380. https:// doi. org/ 10. 1002/ 
97811 18342 442. ch29

Pence DB, Ueckermann E (2002) Sarcoptic mange in wildlife. Rev Sci 
Tech 21:385–398

Pedersen AB, Jones KE, Munn CL, Altizer S (2007) Infectious 
diseases and extinction risk in wild mammals. Conserv Biol 
21:1269–1279

R Core Team (2022) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, 
Austria. www.R- proje ct. org

Rhyan JC, Gidlewski T, Roffe TJ, Aune K, Philo LM, Ewalt DR 
(2001) Pathology of brucellosis in bison from Yellowstone 
National Park. J Wildl Dis 37(1):101–109

Roelke-Parker ME, Munson L, Packer C, Kock R, Cleaveland S, Carpenter 
M, O’Brien SJ, Pospischil A, Hofmann-Lehmann R, Lutz H, Mwa-
mengele GLM, Mgasa MN, Machange GA, Summers BA, Appel 
MJG (1996) A canine distemper virus epidemic in Serengeti lions 
(Panthera leo). Nature 379:441–445

Rossi L, Fraquelli C, Vesco U, Permunian R, Sommavilla GM, Carmignola  
G, Da Pozzo R, Meneguz PG (2007) Descriptive epidemiology of 
a scabies epidemic in chamois in the Dolomite Alps, Italy. Eur J 
Wildl Res 53:131–141. https:// doi. org/ 10. 1007/ s10344- 006- 0067-x

Rossi S, Toigo C, Hars J, Pol F, Hamann JL, Depner K, Le Potier 
MF (2011) New insights on the management of wildlife diseases 
using multi-state recapture models: the case of classical swine 
fever in wild boar. PLoS ONE 6(9):e24257. https:// doi. org/ 10. 
1371/ journ al. pone. 00242 57

Rughetti M, Toïgo C, Von Hardenberg A, Rocchia E, Festa-Bianchet 
M (2011) Effects of an exceptionally snowy winter on chamois 
survival. Acta Theriol 56:329–333. https:// doi. org/ 10. 1007/ 
s13364- 011- 0040-2

Sarasa M, Serrano E, Soriguer RC, Granados JE, Fandos P, Gonzalez 
G, Joachim J, Pérez JM (2011) Negative effect of the arthro-
pod parasite, Sarcoptes scabiei, on testes mass in Iberian ibex, 
Capra pyrenaica. Vet Par 175:306–312

Singer M, Bulled N, Ostrach B, Mendenhall E (2017) Syndemics and 
the biosocial conception of health. Lancet 389(10072):941–950

Serrano E, Colom-Cadena A, Gilot-Fromont E, Garel M, Cabezón 
O, Velarde R, Fernández-Sirera L, Fernández-Aguilar X, Rosell 
R, Lavín S, Marco I (2015) Border disease virus: an exceptional 
driver of chamois populations among other threats. Front Micro-
biol 6:1–9. https:// doi. org/ 10. 3389/ fmicb. 2015. 01307

https://doi.org/10.1186/s1307-015-1188-4
https://doi.org/10.1016/S0304-4017(97)00061-7
https://doi.org/10.1016/S0304-4017(97)00061-7
https://doi.org/10.1371/journal.pone.0051031
https://doi.org/10.1371/journal.pone.0051031
https://doi.org/10.7589/0090-3558-18.2.163
https://doi.org/10.1002/9781118342442.ch10
https://doi.org/10.1002/9781118342442.ch10
https://doi.org/10.7589/0090-3558-38.2.297
https://doi.org/10.1371/journal.pone.0020193
https://doi.org/10.1371/journal.pone.0020193
https://doi.org/10.2305/IUCN.UK.2020-2.RLTS.T19771A171131310
https://doi.org/10.2305/IUCN.UK.2020-2.RLTS.T19771A171131310
https://doi.org/10.1126/science.1259504
https://doi.org/10.1016/j.vetmic.2006.10.007
https://doi.org/10.1016/j.vetmic.2006.10.007
https://doi.org/10.1371/journal.pone.0002545
https://doi.org/10.1371/journal.pone.0002545
https://doi.org/10.1071/WR00100
https://doi.org/10.1002/9781118342442.ch29
https://doi.org/10.1002/9781118342442.ch29
http://www.R-project.org
https://doi.org/10.1007/s10344-006-0067-x
https://doi.org/10.1371/journal.pone.0024257
https://doi.org/10.1371/journal.pone.0024257
https://doi.org/10.1007/s13364-011-0040-2
https://doi.org/10.1007/s13364-011-0040-2
https://doi.org/10.3389/fmicb.2015.01307


European Journal of Wildlife Research (2023) 69:79 

1 3

Page 7 of 7 79

Sillero-Zubiri C, King AA, Macdonald DW (1996) Rabies and 
mortality in Ethiopian wolves (Canis simensis). J Wildl Dis 
32:80–86. https:// doi. org/ 10. 7589/ 0090- 3558- 32.1. 80

Sweeny AR, Albery GF, Becker DJ, Eskew EA, Carlson CJ (2021) 
Synzootics. J Anim Ecol 90:2744–2754. https:// doi. org/ 10. 
1111/ 1365- 2656. 13595

Walton SF, Holt DC, Currie BJ, Kemp DJ (2004) Scabies: new future 
for a neglected disease. Adv Parasitol 57:309–376. https:// doi. org/ 
10. 1016/ S0065- 308X(04) 57005-7

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.7589/0090-3558-32.1.80
https://doi.org/10.1111/1365-2656.13595
https://doi.org/10.1111/1365-2656.13595
https://doi.org/10.1016/S0065-308X(04)57005-7
https://doi.org/10.1016/S0065-308X(04)57005-7

	The synzootic potential of common epidemics in chamois populations
	Abstract
	Acknowledgements 
	References


