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ABSTRACT

Myxomatosis and rabbit hemorrhagic disease (RHD) are the major viral diseases that
affect the wild European rabbit (Oryctolagus cuniculus). These diseases arrived in
Europe within the last decades and have caused wild rabbit populations to decline
dramatically. Both viruses are currently considered to be endemic in the Iberian
Peninsula; periodic outbreaks that strongly impact wild populations regularly occur.
Myxoma virus (MV) and rabbit hemorrhagic disease virus (RHDV) alter the physiology
of infected rabbits, resulting in physical deterioration. Consequently, the persistence and
viability of natural populations are affected. The main goal of our study was to
determine if blood biochemistry is correlated with serostatus in wild European rabbits.
We carried out seven live-trapping sessions in three wild rabbit populations over a two-
year period. Blood samples were collected to measure anti-MV and anti-RHDV
antibody concentrations and to measure biochemical parameters related to organ
function, protein metabolism, and nutritional status. Overall, we found no significant
relationships between rabbit serostatus and biochemistry. Our main result was that
rabbits that were seropositive for both MV and RHDV had low gamma
glutamyltransferase concentrations. Given the robustness of our analyses, the lack of
significant relationships may indicate that the biochemical parameters measured are
poor proxies for serostatus. Another explanation is that wild rabbits might be producing
attenuated physiological responses to these viruses because the latter are now enzootic

in the study area.
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INTRODUCTION

Diseases can represent major threats for wild animal populations because they can lead
to decline and extinction (Viggers et al., 1993; Woodroffe, 1999; Mdrner et al., 2002).
In fact, acquiring a better understanding of diseases and pathogens is a crucial but
challenging task in wildlife conservation efforts (Deem et al., 2001). In ecosystems,
host-pathogen relationships help shape patterns of species distribution and persistence
(Dobson and Hudson, 1986; Thomas et al., 2005; Collinge et al., 2006; Hudson et al.,
2006). Even though most previous studies have focused on one-host, one-pathogen
systems, such dynamics are actually rare in nature. Individual hosts are often co-
infected by multiple pathogens, which interact in complex ways with each other
(Pedersen, 2006). Therefore, studying the mechanisms underlying these interactions is
of primary importance if we wish to predict how pathogens will affect host physiology

and if we want to effectively control target and non-target parasite species.

Despite its relevance for wildlife conservation and management, the physiology of wild
species is rarely studied because physiological parameters are difficult to quantify.
Furthermore, it is challenging to combine physiological information with other data,
such as antibody concentrations, at the population level. By incorporating indices of

host physiological condition into population surveillance and monitoring efforts, we
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will gain deeper insight into the range of host responses and pathogen effects. Such
tools could reveal the status of major pathogens within wild animal populations and
provide a snapshot of a given animal’s physiological state; consequently, they would
serve as more straightforward means of assessing population condition. In this study,
we used the wild European rabbit (Oryctolagus cuniculus) and its two main viral

diseases, myxomatosis and rabbit hemorrhagic disease (RHD), as a model system.

At present, myxomatosis and RHD are endemic diseases in the Iberian Peninsula; they
cause periodic outbreaks that significantly impact natural populations (Calvete et al.,
2002). Outbreak patterns suggest that these viruses are in continuous recirculation and
are largely associated with the breeding season; myxomatosis outbreaks occur
predominantly in summer and autumn, while RHD outbreaks occur in winter and
spring. It also appears that the viruses remain in the same areas from one year to the
next (Calvete et al., 2002). Factors such as breeding season length and timing, host
population size, vector abundance, and environmental conditions have major effects on
the duration and potential impact of the epizootics and, ultimately, on virus persistence
within populations (Fouchet et al., 2008). We currently have a good grasp of the
epidemiology and pathology of myxomatosis and RHD, topics that are discussed
extensively in the literature (e.g., Fenner et al., 1953; Liu, 1984; Xu, 1991; Cooke,
2002; Calvete et al., 2002; Stanford et., al 2007; Abrantes et al., 2012). Myxoma virus
(MV) and rabbit hemorrhagic disease virus (RHDV) dramatically alter the physiology
of infected rabbits. These alterations result in the deterioration of physical health, which
we will hereafter refer to as physiological condition (Kerr and Donnelly, 2013). In
general, an individual’s physiological condition is negatively correlated with the degree
of infection burden but positively correlated with immune function (Chandra and

Newberne, 1997; Gershwin et al., 1985; Mgller et al., 1998). Therefore, rabbits in poor
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physiological condition may also be more likely to become infected (Nelson and
Demas, 1996; Tompkins and Begon, 1999; Beldomenico et al., 2008).

There is a need for straightforward, reliable methods for assessing the physiological
condition of wild rabbits; past studies suggest that blood biochemistry could be helpful
in this regard (Franzmann and Shwartz, 1988; Hellgrenet al., 1989; Schroeder, 1987;
Hellgrenet al., 1993; Milner et al., 2003). Moreover, as compared to more conventional
measures, biochemical parameters are highly sensitive, meaning they change to reflect
an individual’s physiological state in a matter of minutes. Consequently, the use of
blood biochemistry may make it possible to identify rabbits experiencing extreme stress
in general (Milner et al., 2003). In particular, Cabezas et al. (2006) revealed that
biochemical parameters (e.g. urea nitrogen, total protein, creatinine and albumin)
concentration changed after boosting antibodies against myxomatosis and RHD through
vaccination. Therefore, we could expect that such changes may occur in a wild rabbit
population when the concentration of their natural antibodies increase as a consequence

of an immune response against both viruses.

In this study we monitored blood chemistry/biochemistry and MV and RHDV
serostatus in wild populations of the European rabbits. Our main objectives were the
following 1) to assess the usefulness of biochemical parameters as predictors of an
individual’s physiological condition; 2) to determine if a relationship existed between
serum biochemistry and serostatus such that rabbits in poorer condition are more likely
to be seropositive for MV and RHDV; and 3) to establish baseline values for

biochemical parameters of rabbits with different serostatus in wild rabbit populations.

MATERIAL AND METHODS
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Ethics statement
All animal experimentation was carried out in accordance with Spanish and European
regulations (Law 32/2007, R.D. 1201/2005, and Council Directive2010/63/EU, R.D.

53/2013, ECC/566/2015).

Study site

The study was conducted in Hornachuelos Natural Park (100-700 m a.s.l.), which is
located in a mountainous area in the southwestern Iberian Peninsula (37°49’ N, 5°15°
W). The climate is Mediterranean, with hot, dry summers and wet, mild winters. Three
enclosures were built and used as breeding zones for rabbits. The primary objective was
to increase local rabbit abundance to boost the numbers of endangered predators. The
three enclosures (E1:3.8 ha; E2: 4.1 ha; E3:2.9 ha) were surrounded by 2.5-m-high
chain-link fence to prevent rabbit emigration and to exclude terrestrial predators (Rouco
et al., 2008). Within the enclosures, 30 artificial warrens were constructed; they
followed a regular distribution pattern. Water and food pellets were supplied ad libitum,

and grasses were sown to increase the availability of fresh food.

Sampling

From autumn 2008 to spring 2010, we conducted seven live-trapping sessions in each
enclosure. Rabbits were captured using cage traps placed in the proximity of each
warren, as described by Berté-Moran et al. (2013). This methodology resulted in the
capture of about 50-60% of the rabbits occupying each warren on any given night
(Rouco et al., 2011).

At the trap site, captured animals were marked with individually numbered ear tags and

their sex and mass were recorded. Females and males weighing more than 750 g and
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850 g, respectively, were considered to be adults (Villafuerte, 1994; Alves and Moreno,
1996).

To characterize biochemical parameters and antibody concentrations, blood samples (1-
2.5 ml) were collected between 900 and 1600 by venipuncture of the auricular marginal
vein. The blood samples were kept at room temperature, then transported to the field
laboratory where they were centrifuged on the same day as they were extracted. The

serum obtained was stored at -80°C until further analysis.

Biochemical and immunological analyses

We processed the serum samples using a COBAS INTEGRA 400 plus analyzer
(Productos Roche Espafia, Madrid, Spain).We determined the concentrations of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), bilirubin (BILI), lactate
dehydrogenase (LDH), gamma glutamyltransferase (GGT), urea (BUN), creatinine
(CREA), albumin (ALB), and total proteins (TP). These biochemical parameters are
indicators of organ function, protein metabolism, and nutritional status, which means
they should be good proxies for physiological condition (Harder and Kirkpatrick, 1994;
Stirrat, 2003). Since they were expressed in different units, they were transformed prior

to analysis to enable comparisons.

Serum concentrations of anti-MV and anti-RHDV antibodies were determined using
commercially available enzyme-linked immunosorbent assay (ELISA) Kits; the
diagnostic techniques recommended by the World Organization for Animal Health were
used (OIE, 2012), and we strictly followed the manufacturer instructions. To measure
anti-MV antibodies, sera were diluted 1:40, and a relative immunity index (RI) was
obtained. It was defined as a coefficient between the optical density of controls (positive

and negative) and that of sampled individuals. RI values ranged from 1 to 10. All
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rabbits with an Rl > 2 were considered to be antibody positive (CIV TEST CUNI
MIXOMATOSIS, HIPRA Laboratories, Girona, Spain). To measure anti-RHDV
antibodies, the INGEZIM kit for rabbits (INGENASA Laboratories, Madrid, Spain) was
used. Sera were screened using dilutions of 1:200, 1:400, 1:800, and 1:1,600. Samples
with optical densities > 0.3 were considered to be antibody positive, since such antibody
concentrations should be sufficient to confer protection against the disease (see Berto-
Moran et al., 2013). The test’s specificity and sensitivity were 83.1% and 98.5%,
respectively, and there was a 93% correspondence with the reference technique (OIE,
2012). Biochemical and immunological analyses were performed by the Physiological

Ecology Laboratory of the Dofiana Biological Station (Seville, Spain).

Data analysis

All statistical analyses were performed using R version 3.0.1 (R Core Development
Team, 2013). Employing generalized linear mixed models (GLMM, glmer function,
Ime4 package) with a binomial distribution and a logit link function, we tested the
relationships between the different biochemical parameters and serostatus for
individuals in the three enclosures. To reduce heterogeneity, we limited our analyses to
adults. Three sets of analyses were performed: 1) using rabbits seropositive for MV; 2)
using rabbits seropositive for RHDV; and 3) using rabbits seropositive for both MV and
RHDV. To avoid possible confounding effects, in all the analyses, we considered that
individuals were seronegative only if they had neither anti-MV nor anti-RHDV
antibodies. Correlations among biochemical parameters were tested, and ALT, GGT,

BILI, CREA, BUN, and TP were retained as predictor variables in the subsequent



191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

analyses. Serostatus was the response variable. We also included sex and rabbit density
as predictor variables in the models. Some individuals were sampled more than once by
chance. To account for the increase in type I error (rejection of the null hypothesis when
it is true) due to pseudoreplication (Hurlbert 1984), we included the following random
variable: capture session nested within individual identity nested within enclosure

number.

Prior to running the analyses, all the numeric predictor variables were scaled (except for
“sex’”) using the scale function so that their relative importance could be compared. We
selected the best-fit models via backward stepwise selection (anova function with
maximum likelihood, Crawley 2012; p < 0.05 as the threshold value). Each of the final

models contained only the significant predictors.

RESULTS

Through the course of the study, we got samples from 823 adult rabbits (306, 269, and
248 rabbits in E1, E2, and E3, respectively). A total of 366 samples were seropositive
only to MV, 124 samples were seropositive only to RHDV, 206 samples were
seropositive to both, MV and RHDV, and 321 samples were seronegative. Some
individuals were sampled more than once, and not always had the same antibodly titres,
that is why the number of samples obtained does not math with the total number of
individual animals handled.

None of the biochemical parameters analyzed were significantly associated with MV or
RHDV serostatus. The only significant relationships we found were a positive

association between rabbit density and MV seropositivity (p < 0.001; Table 1) and a
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negative association between GGT levels and seropositivity to both viruses (p < 0.05;

Table 1).

Each enclosure displayed different seroprevalence patterns (Figure 1). In E1, the
percentage of rabbits seropositive for MV, RHDV, or both remained fairly constant
over time. More specifically, MV seroprevalence was high for most of the trapping
sessions. In contrast, RHDV seroprevalence was low; it peaked at 24.4% in session 3. In
E2, the percentage of seronegative rabbits was generally higher than in E1 and E3, with
values reaching a maximum of 63.8 and 69.4% in sessions 1 and 2. MV seroprevalence
increased from session 3 to session 7, whereas the percentage of seronegative rabbits
clearly declined. Remarkably, no rabbits were seropositive for RHDV in session 7. In
E3, there was a higher percentage of individuals that were seropositive for both viruses,
as compared to E1 and E2. It was also the enclosure with the lowest percentage of
seronegative rabbits; this value climbed as high as 55.6% in session 4. Notably, there
were no seronegative rabbits in sessions 1 and 7. Rabbits seropositive for MV and for
RHDV were observed in every session, but their percentages were rather low. RHDV

seroprevalence peaked in all three enclosures in session 3.

In general, the ranges of values observed for the biochemical parameters remained fairly
consistent, although some noticeable changes in certain parameters occurred during
certain capture sessions (Figure 2). In E1, most of the biochemical parameters had
relatively constant values, but GGT and BILI fluctuated slightly. The pattern in E2 was
more heterogeneous. Almost all the parameters varied somewhat, except for BUN, TP,
ALB, and BILLI. In the case of the transaminases—ALT, AST, and GGT—maximum
values occurred in sessions 2, 5, and 7. CREA levels were fairly constant over time but
hit a low in session 3, which coincided with the minimum values for the transaminases.

Blood biochemistry patterns were most distinct in E3. As in E2, BUN, TP, ALB, and

10
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BILI varied little while the transaminases and CREA fluctuated dramatically. ALT and
AST followed parallel patterns, both peaking in sessions 4, 6, and 7 and dropping to
their minimum values in session 2. GGT presented an irregular pattern—Ilevels were
highest in session 4 and dipped down in sessions 3, 5, and 7. While CREA tended to

remain constant, it dropped sharply after peaking in session 5.

Table 2 provides the means for the different biochemical parameters for the different
enclosures and seropositivity classes; it also gives more detailed information related to

the aforementioned patterns.

DISCUSSION

To our knowledge, this is the first study conducted in the field to address the
relationship between MV and RHDV seropositivity and the physiological status of wild
European rabbits using large numbers of animals and in the context of a long-term
monitoring program.

In light of the results, we found limited evidence for an association between blood
biochemistry and serostatus in wild European rabbit populations. The only significant
relationship we observed was that rabbits seropositive for both MV and RHDV had
lower GGT concentrations (Table 1). However, the lack of significant findings might be
due to spurious results generated by data heterogeneity and the presence of confounding

variables.

One major methodological handicap is the scarcity of data on wild rabbit populations.
Most studies dealing with myxomatosis and RHD have focused on disease pathology
and epidemiology in domestic rabbits. Consequently, most of the information currently

available has been obtained using rabbits reared under laboratory conditions (Calvete et
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al., 2002; Calvete et al., 2005; Cabezas et al., 2006; Kerr, 2012). However,
physiological data for domestic rabbits is not directly comparable to that for wild rabbits
since major differences exist in genetics, environmental contexts, breeding conditions,
individual responsiveness, and even laboratory processes and techniques. In addition,
laboratory rabbits usually develop physiological problems and specific pathologies as a
result of living in captivity. These limitations aside, our results suggest that
myxomatosis and RHD have declined in severity because they have become endemic in
the Iberian Peninsula (Ross et al., 1986; Ross et al., 1989; Marchandeau et al., 1999;
Calvete et al., 2002; Marchandeau et al., 2014). Endemic diseases have strong initial
effects and cause high mortality rates in afflicted populations. However, the individuals
that survive experience constant reinfections over time, ultimately leading to high
immunity levels within populations. As a result, individuals become partly protected
and most show mild clinical symptoms throughout the year. The pathogen can then be
said to be in permanent circulation and to have become enzootic (Calvete et al., 2002;
Cooke, 2002; Fouchet et al., 2008). This state of affairs is consistent with our results
(Figure 1). Although the three enclosures exhibited some distinct differences, in
general, there were always some individuals seropositive for MV, RHDV, or both
throughout the study period. This finding suggests that the two viruses are now endemic
in the study populations. It is also worth noting the fluctuating percentage of
seronegative rabbits seen in E3: there were no seronegatives at the beginning or at the
end of the study period. In E2, no RHDV-seropositive rabbits were found in the last
capture session. Individuals with severe RHDV infections might have died, leaving no
seropositives in the population; consequently, new outbreaks may result in high
mortality rates. This pattern might be linked to the severity of RHD and its relatively

more recent arrival, as compared to myxomatosis.
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When we looked at the results for rabbit biochemistry and serostatus in tandem for the
different enclosures, we observed that both were highly homogenous in E1. In E2,
transaminases and CREA peaked in session 2, which was when the percentage of
seronegative rabbits was the highest. The number of seronegative rabbits declined over
subsequent sessions, while rabbits seropositive for MV, for RHDV, and for both
became more abundant. One possible explanation is that E2 rabbits were exposed to the
viruses around the time of session 2 (there were a number of outbreaks that season, as
described in the literature [i.e., Calvete et al., 2002]), which is suggested by the session
2 peak in transaminases. In sessions 3 and 4, the number of seropositive rabbits
increased and both the transaminases and CREA dropped to their minimum values.
This result lends support to the idea that rabbits that have been exposed to the viruses,
and that consequently develop immunity, are likely to return to basal biochemical
parameter values.

In E3, transaminases peaked in session 4, which is also when the number of
seronegative rabbits was highest. In the subsequent capture sessions (sessions 5 and 6),
the percentage of seronegative individuals declined sharply while the number of
individuals seropositive for MV, RHDV, or both climbed. This pattern probably
resulted from a high incidence of the diseases in session 4 and earlier. The population’s
exposure to the viruses can be seen in the increase in transaminases in session 4, which
IS when they reached maximum levels. In sessions 5, 6, and 7, after rabbits had become
seropositive, the transaminases were close to their minimum levels, suggesting that
immune (seropositive) rabbits tended to return to basal parameter levels.

As in E2, in E3 there were large numbers of seronegative rabbits in sessions 2 and 3,
just before transaminases peaked in session 4, which likely signaled the beginning of an

endemic disease cycle.
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Of the biochemical parameters studied, the transaminases (ALT, AST, and GGT) were
clearly the most variable for all three enclosures. This pattern may reflect the impaired

hepatic function seen in rabbits infected with MV and/or RHDV.

In addition to the shortcomings mentioned above, the lack of significant findings puts
into question the utility of biochemical parameters in assessing the physiological
condition of European rabbits. As is clear from the literature, serum biochemistry might
be influenced by a variety of factors, including rabbit handling and sampling
procedures, fieldwork conditions, and animal nutritional and health status at the time of
sampling (Calvete et al., 2005; Cabezas et al., 2006). Furthermore, there is individual-
level variation in immune and physiological responses as a result of trade-offs between
environmental conditions and life-history traits (e.g., developmental, physiological,
genetic, and immunological traits) (Ardia et al., 2011). Therefore, alternative indicators
such as concentrations of specific immunoglobulins (e.g., IgM or IgG) or cellular

oxidative stress markers could provide more complete and precise information.

As discussed above, confounding variables that were not accounted for in our analyses
could be skewing our results. Such variables could include the following: (1) rabbit age;
(2) outbreak timing; (3) the ELISA seropositivity thresholds; (4) the response speed of

biochemical parameters; and (5) the lack of reference values for wild rabbits.

One major factor could be rabbit age. In this study, we estimated age based on mass.
Although this approach can separate adult rabbits from non-adult rabbits, it cannot
reveal a rabbit’s precise age. Knowing a rabbit’s age could be important because as
rabbits get older, their probability of being infected by a wide variety of potentially
serious pathogens like MV or RHDV increases, as do antibody levels (Marchandeau et

al., 1995; Parkes et al., 2002; Parkes et al., 2008). Furthermore, a rabbit’s innate
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responsiveness changes over its lifetime, which means that individuals of different ages

will have different biochemical profiles and immunological experience.

Outbreak timing is also important but difficult to characterize. Myxomatosis and RHD
outbreaks show some seasonal and geographic variation (Mutze et al., 2008; Mutze et
al., 2010; Abrantes et al., 2012). More specifically, the occurrence of epizootics might
vary across years and even among populations (i.e., enclosures) as a result of delayed
breeding and variable climatic conditions, which can affect the abundance and activity
of the pathogens’ vectors. Determining the moment of infection is nearly impossible, so

outbreak timing is only approximate.

As mentioned above, wild rabbits are naturally exposed to a wide variety of pathogens,
whereas laboratory rabbits are artificially infected with a smaller selection of them. The
ELISA techniques that we used to determine MV and RHDV seropositivity were
developed using European rabbits kept under laboratory conditions. It may be that
applying such seropositivity thresholds to wild rabbits could yield false positives and
cross-reactions since laboratory rabbits are exposed to fewer pathogen species and thus
have lower threshold antibody concentrations than wild rabbits (Kerr, 1997).

Finally, the response speed of biochemical parameters must be accounted for. Serum
biochemistry changes are relatively transient, as demonstrated by several studies in
which rabbits were artificially infected with pathogens (Ferreira et al., 2004). Rabbits
show an initial physiological response to infection, but if they do not die, any changed
biochemical parameters revert to their basal values. Nevertheless, such shifts are likely

to go undetected in the wild.

In conclusion, it will be important to carry out further research that explores

straightforward, reliable indices that can be used to assess the physiological condition of
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individuals in target wildlife populations. Selecting the right methods and biochemical
parameters is essential if we wish to more rapidly detect and control diseases in wild

species, which would help improve management and conservation programs.

ACKNOWLEDGMENTS

Isabel Pacios Palma was supported by a predoctoral Severo Ochoa grant from the
Spanish Ministry of Economy and Competitiveness, through the Severo Ochoa Program
for Centers of Excellence in R+D+I (SEV-2012-0262). Carlos Rouco was supported by
the Talent Hub Program launched by the Andalusian Knowledge Agency, co-funded by
the European Union’s Seventh Framework Program, the Marie Sklodowska-Curie
actions (COFUND - Grant Agreement n® 2917808). Special thanks to J. Pearce

(www.englishserviceforscientist.com) for revising the English of the manuscript. And

finally thanks to V. Morlanes, C. Marfil, G. Macias for field assistance.

REFERENCES

Abrantes, J., Van Der Loo, W., Le Pendu, J., Esteves, P. J., 2012. Rabbit haemorrhagic
disease (RHD) and rabbit haemorrhagic disease virus (RHDV): a review. Vet.
Res. 43, 12.

Alves P., Moreno S., 1996. Estudo da reproducéo do coelho-bravo (Oryctolagus
cuniculus) em Portugal. Rev. Florestal. 9, 149-166

Ardia, D. R., Parmentier, H. K., Vogel, L. A., 2011. The role of constraints and
limitation in driving individual variation in immune response. Funct. Ecol. 25, 61-
73.

Beldomenico, P. M., Telfer, S., Gebert, S., Lukomski, L., Bennett, M., Begon, M.,
2008. Poor condition and infection: a vicious circle in natural populations. P. Roy.
Soc. Lond. B Bio. 275, 1753-1759.

16


http://www.englishserviceforscientist.com/

387
388
389

390
391
392
393

394
395
396

397
398

399
400
401

402
403
404

405
406

407
408
409

410

411
412

413
414

Bertd-Moran, A., Pacios, I., Serrano, E., Moreno, S., Rouco, C., 2013. Coccidian and
nematode infections influence prevalence of antibody to myxoma and rabbit
hemorrhagic disease viruses in European rabbits. J. wildlife dis. 49, 10-17.

Boadella, M., Gortazar, C., Acevedo, P., Carta, T., Martin-Hernando, M. P., de la
Fuente, J., Vicente, J., 2011. Six recommendations for improving monitoring of
diseases shared with wildlife: examples regarding mycobacterial infections in
Spain. Eur. J. Wildlife Res. 57, 697-706.

Cabezas, S., Calvete, C., Moreno, S., 2006. Vaccination success and body condition in
the European wild rabbit: Applications for conservation strategies. J. Wildlife
Manage. 70, 1125-1131.

Cabezas, S., Moreno, S., 2007. An experimental study of translocation success and

habitat improvement in wild rabbits. Anim. Conserv. 10, 340-348.

Calvete, C., Estrada, R., Villafuerte, R., Osécar, J. J., Lucientes, J., 2002. Epidemiology
of viral haemorrhagic disease and myxomatosis in a free-living population of wild
rabbits. Vet. Rec. 150, 776-781.

Calvete, C., Angulo, E., Estrada, R., Moreno, S., Villafuerte, R., 2005. Quarantine
length and survival of translocated European wild rabbits. J. Wildlife Manage. 69,
1063-1072.

Cooke, B. D., 2002. Rabbit haemorrhagic disease: field epidemiology and the
management of wild rabbit populations. Rev. Sci. Tech. OIE. 21, 347-358.

Chandra, R. K., Newberne, P. M. (1977). Interactions of Nutrition, Infection, and
Immune Response in Animals. In: Nutrition, Immunity, and Infection, Springer
us,

pp. 127-180.

Collinge, S.K. and Ray, C., 2006. Disease Ecology: Community Ecology and Pathogen
Dynamics, Oxford University Press.

Deem, S. L., Karesh, W. B., Weisman, W., 2001. Putting theory into practice: wildlife
health in conservation. Conserv. Biol. 15, 1224-1233.

17



415
416

417
418
419

420
421
422
423

424
425
426

427
428

429
430

431
432
433

434
435
436

437
438
439

440
441

Dobson, A. P., Hudson, P. J., 1986. Parasites, disease and the structure of ecological
communities. Trends Ecol. Evol.1, 11-15.

Fenner, F., Woodroofe, G. M., 1953. The pathogenesis of infectious myxomatosis: the
mechanism of infection and the immunological response in the European rabbit
(Oryctolagus cuniculus). Brit. J. Exp. Pathol. 34, 400.

Ferreira, P. G., Costa-e-Silva, A., Monteiro, E., Oliveira, M. J. R., Aguas, A. P., 2004.
Transient decrease in blood heterophils and sustained liver damage caused by
calicivirus infection of young rabbits that are naturally resistant to rabbit

haemorrhagic disease. Rev. Vet. Sci. 76, 83-94.

Fouchet, D., Guitton, J. S., Marchandeau, S., Pontier, D., 2008. Impact of myxomatosis
in relation to local persistence in wild rabbit populations: the role of waning

immunity and the reproductive period. J. Theor. Biol. 250, 593-605.

Franzmann, A. W., Schwartz, C. C., 1988. Evaluating condition of Alaskan black bears
with blood profiles. J. Wildlife Manage. 63-70.

Gershwin, M. E., Beach, R. S., Hurley, L. S., 1985. Nutrition and immunity. Academic,
Orlando, USA, FL.

Harder, J. D., Kirkpatrick, R. L., 1994. Physiological methods in wildlife research.
Research and management techniques for wildlife and habitats. 5th edition. The
Wildlife Society, Bethesda, Maryland, USA, pp. 275-306.

Hellgren, E. C., Vaughan, M. R., Kirkpatrick, R. L., 1989. Seasonal patterns in
physiology and nutrition of black bears in Great Dismal Swamp, Virginia-North
Carolina. Can. J. Zoolog. 67, 1837-1850.

Hellgren, E. C., Rogers, L. L., Seal, U. S., 1993. Serum chemistry and hematology of
black bears: physiological indices of habitat quality or seasonal patterns? J.
Mammal. 74, 304-315.

Hudson, P. J., Dobson, A. P., Lafferty, K. D., 2006. Is a healthy ecosystem one that is
rich in parasites? Trends Ecol. Evol. 21, 381-385.

18



442
443
444

445
446

447
448

449
450
451

452
453

454
455
456

457
458
459

460
461
462
463

464
465
466

467
468

469
470

Kerr, P. J., 1997. An ELISA for epidemiological studies of myxomatosis: persistence of
antibodies to myxoma virus in European rabbits (Oryctolagus cuniculus).Wildlife
Res.24, 53-65.

Kerr, P. J., 2012. Myxomatosis in Australia and Europe: a model for emerging
infectious diseases. Antivir. Res. 93, 387-415.

Kerr, P. J., Donnelly, T. M., 2013. Viral infections of rabbits. Vet. Clin. North Am.
Exot. Anim. Pract. 16, 437-468.

Letty, J., Marchandeau, S., Clobert, J., Aubineau, J., 2000. Improving translocation
success: an experimental study of anti-stress treatment and release method for
wild rabbits. Anim. Conserv. 3, 211-219.

Liu, S. J., Xue, H. P., Pu, B. Q., Qian, N. H., 1984. A new viral disease in rabbits.
Anim. Husb. Vet. Med.16, 253-255.

Marchandeau, S., Guenezan, M., Chantal, J., 1995. Utilisation de la croissance
pondérale pour la détermination de I'age de jeunes lapins de garenne (Oryctolagus
cuniculus). Gibier faune sauvage, 12(4), 289-302.

Marchandeau, S., Boucraut-Baralon, C., 1999. Epidémiologie de la myxomatose et des
caliciviroses apparentées a la VHD dans une population sauvage de lapins de

garenne (Oryctolagus cuniculus). Gibier faune sauvage, 16(1), 65-80.

Marchandeau, S., Pontier, D., Guitton, J. S., Letty, J., Fouchet, D., Aubineau, J.,
Bertagnoli, S., 2014. Early infections by myxoma virus of young rabbits
(Oryctolagus cuniculus) protected by maternal antibodies activate their immune

system and enhance herd immunity in wild populations.Vet. Res. 45, 1-9.

Milner, J. M., Stien, A., Irving, R. J., Albon, S. D., Langvatn, R., Ropstad, E., 2003.
Body condition in Svalbard reindeer and the use of blood parameters as indicators
of condition and fitness. Can. J. Zoolog. 81, 1566-1578.

Mgller, A. P., Christe, P., Erritzge, J., Mavarez, J., 1998. Condition, disease and
immune defence. Oikos, 301-306.

Morner, T., Obendorf, D. L., Artois, M., Woodford, M. H., 2002. Surveillance and
monitoring of wildlife diseases. Rev. Sci. Tech. OIE. 21(1), 67-76.

19



471
472
473
474

475
476
477

478
479

480
481
482

483
484

485
486
487

488
489
490

491
492

493
494
495

496
497

498
499

Mutze, G., Bird, P., Cooke, B., Henzell, R., 2008. Geographic and seasonal variation in
the impact of rabbit haemorrhagic disease on European rabbits, Oryctolagus
cuniculus, and rabbit damage in Australia. In: Lagomorph Biology. Springer
Berlin Heidelberg, pp. 279-293.

Mutze, G., Kovaliski, J., Butler, K., Capucci, L., McPhee, S., 2010. The effect of rabbit
population control programmes on the impact of rabbit haemorrhagic disease in
south-eastern Australia. J. Appl. Ecol. 47, 1137-1146.

Nelson, R. J., Demas, G. E., 1996. Seasonal changes in immune function.Q. Rev. Biol.
511-548.

OIE (World Organisation for Animal Health). 2012. Technical disease cards.
http://www.oie.int/en/ourscientific-expertise/specific-information-

andrecommendations/technical-disease-cards/.Accessed September 2012.

Pedersen, A. B., Fenton, A., 2007. Emphasizing the ecology in parasite community
ecology. Trends Ecol. Evol. 22, 133-139.

Parkes, J. P., Norbury, G. L., Heyward, R. P., Sullivan, G., 2002. Epidemiology of
rabbit haemorrhagic disease (RHD) in the South Island, New Zealand, 1997—
2001. Wildlife Res. 29, 543-555.

Parkes, J. P., Glentworth, B., Sullivan, G., 2008. Changes in immunity to rabbit
haemorrhagic disease virus, and in abundance and rates of increase of wild rabbits
in Mackenzie Basin, New Zealand.Wildlife Res. 35, 775-779.

R Core Team. 2013. R: A Language and Environment for Statistical Computing.R
Foundation for Statistical Computing, Vienna, Austria.

Rouco, C., Ferreras, P., Castro, F., Villafuerte, R., 2008. The effect of exclusion of
terrestrial predators on short-term survival of translocated European wild rabbits.
Wildlife Res. 35, 625-632.

Rouco, C., Villafuerte, R., Castro, F., Ferreras, P., 2011. Effect of artificial warren size
on a restocked European wild rabbit population. Anim. Conserv. 14, 117-123.

Ross, J., 1986. The influence of myxomatosis in regulating rabbit numbers. Population

dynamics and epidemiology of territorial animals, 62, 433-441.

20



500
501

502
503
504

505
506
507

508
509

510

511
512

513
514

515
516
517

518
519

520
521

522
523
524

Ross, J., Tittensor, A.M., Fox, A., Sanders, M.F., 1989. Myxomatosis in farmland rabbit
populations in England and Wales. Epidemiol. Infect.103, 333-357.

Schroeder, M. T., 1987. Blood chemistry, hematology, and condition evaluation of
black bears in northcoastal California. Bears: Their Biology and Management,
333-349.

Stanford, M. M., Werden, S. J., McFadden, G., 2007. Myxoma virus in the European
rabbit: interactions between the virus and its susceptible host. Vet. Res.38, 299-
318.

Stirrat, S. C., 2003. Body condition and blood chemistry of agile wallabies (Macropus
agilis) in the wet—dry tropics.Wildlife Res.30, 59-67.

Thomas, F. et al., 2005. Parasites and Ecosystems, Oxford University Press.

Tompkins, D. M., Begon, M., 1999. Parasites can regulate wildlife populations.
Parasitol. Today. 15, 311-313.

Viggers, K. L., Lindenmayer, D. B., Spratt, D. M., 1993. The importance of disease in
reintroduction programmes. Wildlife Res. 20, 687-698.

Villafuerte, R., Calvete, C., Gortazar, C., Moreno, S., 1994. First epizootic of rabbit
hemorrhagic disease in free living populations of Oryctolagus cuniculus at
Dofiana National Park, Spain. J. Wildlife Dis. 30, 176-179.

Woodford, M. H., Rossiter, P. B., 1993. Disease risks associated with wildlife
translocation projects. Rev. Sci. Tech. OIE. 12, 115-135.

Woodroffe, R., 1999. Managing disease threats to wild mammals. Anim. Conserv. 2,
185-193.

Xu, W. Y., 1991. Viral haemorrhagic disease of rabbits in the People's Republic of
China: epidemiology and virus characterisation. Rev. Sci. Tech. OIE. 10, 393-
408.

21



Table 1. Results for the generalized mixed models for each dataset (i.e., MV: rabbits seropositive for myxoma virus; RHDV: rabbits
seropositive for rabbit hemorrhagic disease virus; MV & RHDV: rabbits seropositive for both viruses). Coefficient estimates (B), estimated

standard errors (SE), and p-values (p) are listed.

MV RHDV MV & RHDV
B SE p B SE p B SE p

ALT 0.2042 0.1241 0.09433 0.1940 0.1646 0.2486 0.2391 0.1362  0.08241

GGT  0.01504 0.11533 0.8961 -0.06207 0.17053 0.7131 -0.3031 0.1599  0.0491*
BILI -0.07875 0.10509  0.453 -0.2079  0.1636 0.192 -0.1320 0.1427  0.3639
CREA -0.04941 0.10756 0.6478 -0.03273 0.17178 0.8467 -0.1195 0.1651  0.4781
BUN 0.04409 0.10948 0.686 -0.01682 0.14124 0.9006 0.07518 0.11388 0.5182
ALB -0.04380 0.11618 0.7065 0.02039 0.16918 0.8993 0.08296 0.14723 0.5847

density 0.3728 0.1112 0.000804*  -0.03413 0.17652 0.8461 0.01127 0.14411 0.9383

Sex 0.2173 0.2155 0.3112 0.10556  0.29962 0.7248 0.3539  0.2554  0.1703




Table 2. Blood biochemistry of wild European rabbits in the three study enclosures; rabbits are grouped by serostatus (seronegative, seropositive
for myxoma virus [Myxo+], seropositive for rabbit hemorrhagic disease virus [Rhd+], and seropositive for both viruses [Myxo+/Rhd+]). Values

correspond to the mean + SE.

El E2 E3
Parameter(units) seronegative  Myxo+ Rhd+ Myxo+/Rhd+  seronegative ~Myxo+ Rhd+ Myxo+/Rhd+  seronegative  Myxo+ hd+ Myxo+/Rhd+
ALT (U/L) 9+0.7 8.5+09  9.6+0.5 10.1+0.9 12.6+0.8 14.7+1.8 13.8+1.0 15.1+2.0 19.6+2.1 20+2.0 21+1.4 20.3+1.2
AST (U/L) 32.2+3.2 31.4+3.2 31.9+1.9 38.1+5.0 44.843.0 46.446.3 48.3t4.1 39.8+3.9 66+9.1 56.8+6.1 60.8+4.0 65.3+5.1
GGT(U/L) 6.9+0.6 740.7 7.4+0.4 7.1+0.6 9.2+0.6 8+1.1 8.4+05 81038 9.2+0.9 9.3+0.9 10.3+1.3 7.4+0.4
BILI (umol/L) 1.4+0.1 1.2+0.1 1.4+0.1 1.3+0.1 1.740.1 1.610.1 1.74¢0.1  1.5+0.2 1.740.2 1.740.1 1.840.1 1.740.1
CREA (mg/dl) 0.8+0.04 0.8+0.07  0.8+0.02 0.8+0.05 0.9+0.04 0.8+0.07 0.8+0.05 0.9+0.1 1+0.2 0.9+0.1 1+0.1 0.9+0.05
BUN(mg/dl) 73.7+4.8 76.2+7.9 74422 71.9+3.4 70.4+2.6 66+4.9 77.7+2.3 73.245.7 76.545.1 77.7+3.3 72.443.3 79.8+3.4
LDH(U/L) 643.1+435  647.7+34 697.8+44.0 697.4+64.6 670.5+37.9  582.9+52.4 703+36.9 740+91.8 890+98.0 743.2+95.7 918.9+73.2 862.4163.5
ALB(g/dl) 4.840.1 5+0.2 4.7+0.1 4.7+0.1 4.9+0.1 4.5+0.2 49+0.1  5+0.1 4.5+0.2 4.740.1 4.7+0.1 4.6+0.1
TP (g/dl) 5.7+0.2 6.1+0.4  5.7+0.1 6+0.4 5.8+0.1 5.4+0.2 5.8+0.1  5.7+0.3 5.4+0.2 5.7+0.1 5.8+0.1 5.8+0.1
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FIGURES CAPTIONS

Figure 1. Variation in MV and RHDVseroprevalence in rabbit populations (E1, E2, and E3) over the
two-year study period

Figure 2. Transformed values (mean = SE) of biochemical parameters for each capture
session in the three study enclosures (E1, E2, and E3).Alanine aminotransferase (ALT),
aspartate aminotransferase (AST), bilirubin (BILI), lactate dehydrogenase (LDH),
gamma glutamyltransferase (GGT), urea (BUN), creatinine (CREA), albumin (ALB),

and total proteins (TP)
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