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“Alice: Would you tell me, please, which way I ought 

to go from here? 

The Cheshire Cat: That depends a good deal on where you 

want to get to. 

Alice: I don't much care where. 

The Cheshire Cat: Then it doesn't much matter which way 

you go. 

Alice: ...So long as I get somewhere. 

The Cheshire Cat: Oh, you're sure to do that, if only you walk 

long enough.” 

―Lewis Carroll, Alice in Wonderland 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Cheshire Cat: Oh, by the way, if you'd really 

like to know, he went that way. 

Alice: Who did? 

The Cheshire Cat: The White Rabbit. 

Alice: He did? 

The Cheshire Cat: He did what? 

Alice: Went that way. 

The Cheshire Cat: Who did? 

Alice: The White Rabbit. 

The Cheshire Cat: What rabbit? 

Alice: But didn't you just say - I mean - Oh, dear. 

The Cheshire Cat: Can you stand on your head? 

Alice: Oh! 

―Lewis Carroll, Alice in Wonderland 
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Structure of the PhD thesis 
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The present PhD thesis comprises the following sections: an abstract of the thesis, in 

both languages, English and Spanish; a general introduction of the main subject of 

study with a detailed framework; the general objectives of the thesis; a general 

materials and methods section with common methodology used in all chapters ; four 

chapters, each chapter is edited with the format of a scientific article: abstract, 

introduction, materials and methods, results and discussion, specific for each chapter; a 

general discussion that compiles every relevant result throughout this thesis; and 

finally the section of conclusions.  
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The wild European rabbit (Oryctolagus cuniculus) is one of the most important 

vertebrate species in the Mediterranean ecosystem. It is the staple prey of a wide variety 

of predators, including some seriously threatened species, such as the Iberian lynx (Lynx 

pardinus) and the Iberian Imperial eagle (Aquila adalberti).  

Despite wild rabbit populations have been historically numerous and 

widespread, over the last 60 years they have experienced a sharp decline in the Iberian 

Peninsula. This decrease was mainly due to the arrival of two viral diseases, 

myxomatosis and rabbit haemorrhagic disease (RHD). In addition, the effects of these 

diseases become worsen due to other factors such as habitat loss and fragmentation, and 

hunting pressure, among others.  

Currently these diseases are endemic, causing annual outbreaks with substantial 

impact on natural rabbit populations. Certainly, emerging and re-emerging infectious 

diseases play an important role in the population dynamics of wild European rabbit. 

Undoubtedly, they are one of the main threats for the conservation of this species. 

Despite of many years of research, there are still gaps in the knowledge of dynamics of 

viral agents within the European rabbit, their interaction with other parasites and, their 

impact on life-history traits and biological fitness of individuals. Hence, medium or 

long-term epidemiological studies and the use of alternative methodologies within wild 

rabbit populations are of great importance to determine physiological condition of the 

individuals. 

In this sense, the present PhD thesis is aimed at improving our knowledge of 

eco-epidemiological parameters in wild European rabbit populations facing the two 

main viral diseases previously mentioned (myxomatosis and RHD). For this purpose, 

from 2008 to 2010 we conducted seasonal live-trapping sessions in three rabbit 
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populations under seminatural conditions. The framework of this study was within a 

project focused on the scientific monitoring and enhancement of wild European rabbit 

populations in the Sierra de Hornachuelos Natural Park. During this two-year period we 

collected blood samples to determine serum concentrations of antibodies against 

myxoma virus (MV) and rabbit haemorrhagic disease virus (RHDV) as well as to 

measure biochemical and oxidative stress parameters as condition biomarkers. Rabbit 

abundance and parasite loads (coccidia and nematodes) were monitored too.  

Definitely, this long-term monitoring provides suitable conditions to study the 

emergence and development of such diseases on wild populations. Furthermore, 

interactions between pathogens with other biotic factors can be identified, as well as the 

ultimate effects on the rabbit population dynamics.  
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El conejo de monte (Oryctolagus cuniculus L.) constituye indiscutiblemente una 

de las especies de vertebrados más importantes que existe en los ecosistemas 

mediterráneos. Es la presa principal de un gran número de depredadores, incluyéndose 

entre éstos especies gravemente amenazadas como el lince ibérico (Lynx pardinus) y el 

águila imperial ibérica (Aquila adalberti).  

Si bien es una especie ampliamente distribuida y muy abundante, en los últimos 

60 años sus poblaciones han experimentado un descenso acusado en la península 

ibérica. Este declive se debió fundamentalmente a la llegada de dos enfermedades 

virales, la mixomatosis y la enfermedad hemorrágica vírica del conejo (EHVC). El 

efecto de las enfermedades se vio potenciado por otros factores tales como la pérdida y 

fragmentación del hábitat o la presión de depredación entre otros. Actualmente, dichas 

enfermedades son endémicas y causan brotes epidémicos anuales que tienen un impacto 

considerable en las poblaciones naturales. Definitivamente, las enfermedades 

emergentes y reemergentes desempeñan un papel relevante en la dinámica poblacional 

del conejo de monte y son por tanto una de las principales amenazas para la 

conservación de esta especie. Sin embargo, a pesar de muchos años de estudio aún 

existen lagunas en el conocimiento de la dinámica de estos agentes virales en el conejo 

de monte, su interacción con otros parásitos, y su impacto sobre los ciclos biológicos y 

el estado físico de los individuos. De ahí la importancia de realizar seguimientos 

epidemiológicos a medio-largo plazo en las poblaciones silvestres, así como de testar 

metodologías alternativas para determinar de manera fiable el estado fisiológico de los 

individuos. 

En este sentido, la presente tesis está dirigida a la mejora de nuestro 

conocimiento de los parámetros eco-epidemiológicos en poblaciones silvestres del 
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conejo de monte expuestas a las dos principales enfermedades virales anteriormente 

mencionadas (mixomatosis y EHVC). Para ello, desde 2008 a 2010 se llevaron a cabo 

capturas periódicas en tres poblaciones de conejo de monte en condiciones 

seminaturales. Este estudio se llevó a cabo como parte de un proyecto de investigación 

destinado al seguimiento científico y potenciación de las poblaciones de conejo de 

monte en el Parque Natural Sierra de Hornachuelos. Durante los dos años de estudio se 

tomaron muestras sanguíneas para determinar las concentraciones de anticuerpos frente 

al mixoma virus (MV) y al virus de la enfermedad hemorrágica del conejo (EHVC), 

además de medir parámetros bioquímicos y de estrés oxidativo como indicadores de 

condición. Se monitorizó también la abundancia de conejos y las cargas de parásitos 

(coccidios y nematodos).  

Este seguimiento a largo plazo proporciona unas condiciones idóneas para el 

estudio de la emergencia y desarrollo de enfermedades en poblaciones silvestres. Del 

mismo modo, también permite identificar posibles interacciones entre patógenos con 

otros factores bióticos además de determinar las consecuencias últimas sobre la 

dinámica de población del conejo.  
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The subject of study: the wild European rabbit 

The wild European rabbit (Oryctolagus cuniculus L.) is a native species to the 

Iberian Peninsula (IP) (Monnerot et al., 1994). The prolific character of the species, 

along with human-mediated expansions, has turned the rabbit into a successful 

colonizer (Thomson and King, 1994). Indeed, the European rabbit is distributed 

worldwide occupying every continent except for Antartica and in more than 800 islands 

all over the world (Flux, 1994). First fossil records of Oryctolagus genus were found in 

Southern Spain and date from the Mid-Late Pleistocene around a million years old 

(Corbet, 1994). During this period two different species existed in the IP: Oryctolagus 

laynensis and Oryctolagus lacosti, being the first one the ancestor of the current 

O.cuniculus (López-Martínez, 1989). Late-Pleistocene glaciations split the distribution 

area of rabbits in two main refugia that were geographically isolated: one located in the 

southern part of the IP and the other in northern IP and southeast of France (Biju-Duval 

et al., 1991; Monnerot et al., 1994). Therefore, as a result of these glacial refuge areas, 

two different rabbit subspecies exist currently: O.c.cuniculus and O.c.algirus. The 

former is larger than O.c. algirus subspecies and is distributed in the Northeast of IP 

(Branco et al., 2000, 2002; Esteves et al., 2006, Alves and Hackländer, 2008; Carneiro 

et al., 2009; Ferreira et al., 2015), whereas O.c. algirus is mainly restricted to the south 

and west of IP (Atkinson et al., 2007) (Figure 1). O.c.cuniculus was expanded all over 

the world and originated the domestic breeds of rabbits that we know to date.  
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Biology of the wild European rabbit 

The wild European rabbit is a small-sized mammal (average weight between 800 

and 1300 g) that belongs to the Family Leporidae within the Order Lagomorpha. 

Despite of the notable adaptability displayed, European rabbit populations are difficult 

to find above 1500 m high (Villafuerte, 2002). Remarkably, rabbits’ social structure is 

extremely complex with a strong hierarchy among them that determine ultimately their 

reproductive success. They constitute polygamous groups which consist of a dominant 

male and several reproductive females together with juveniles and other subordinated 

Figure 1.Geographical distribution of the wild European rabbit subspecies in the Iberian 

Peninsula: Oryctolagus cuniculus cuniculus (in cyan), Oryctolagus cuniculus algirus (in 

bright blue) and hybrid or coexistence zone (in light blue). (Source modified from Carneiro 

et al., 2009). 
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males (Lockley, 1961; Cowan and Garson, 1985). Social grouping is basically 

determined by habitat quality and the availability of natural resources.  

Other factors such as temperature, gradient, altitude, rainfall and type of soil 

play an important role in the abundance and distribution of populations at a regional 

scale (Trout et al., 2000; Calvete et al., 2004a; Saldaña et al., 2007). In the IP, European 

rabbit prefers habitats with sparse Mediterranean scrublands interspersed with good 

pastures and/or crops that provide them with food and sheltered areas against predators 

(Rogers and Myers, 1979; Wheeler et al., 1981; Lombardi et al., 2003; Carvalho and 

Gomes, 2004; Delibes‐Mateos et al., 2009). 

Also, warren-digging is an especially critical strategy for the survival of the 

European rabbit. To build such structures, they prefer dry, well-drained, soft and light-

compacted soils. In this sense, warrens represent an important element for protection 

from predators, climatic extremes and, they play a crucial role in breeding (Hall and 

Myers, 1978; Parer and Libke, 1985).  

Rabbits are characterized generally by a crepuscular circadian rhythm although 

it has been observed they can modify patterns of activity depending on the season 

and/or local conditions (Rogers et al., 1994). They spend most of the time foraging and 

feeding on a wide variety of plants including predominantly green grasses, legumes and 

small-sized cereals. Preferably, they select soft plants rich in nitrogen and low in fiber 

(Thompson, 1994; Myers and Bults, 1977) but they can adjust their diet according to the 

location or climate conditions to suit phenology and development of vegetation 

(Chapuis, 1990). As the food they consume has a high content in fiber, rabbits present 

an adaptation in their digestive system to optimize the intake of low-quality food, i.e: 

caecotrophy. Caecotrophy is a physiological mechanism present in leporids that consist 
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in the consumption of faecal pellets (so called caecotrophes) which are rich in vitamins 

and proteins (Hirakawa, 2001).  

The main reason for the great ecological success of the European rabbit is the 

elevated reproductive capacity. Moreover, rabbit is a well-adapted animal that shows a 

high sensitivity to climatic conditions and to the availability of food at local scales. This 

characteristic let it adjust the reproductive cycle, taking advantage of the most 

favourable periods for breeding (Wheeler and King, 1985; Gonçalves et al., 2002). This 

way the beginning, the duration and the intensity of the breeding season are subjected to 

significant variability every year. Generally, in the IP rabbit’s breeding season goes 

from January to May and the gestation period is around 30 days. Female rabbits show 

early sexual maturity, being able to reproduce since 4 months and producing big-sized 

litters (around 3-6 kittens/female). Additionally, females can be sexually receptive 

during all year, so they are likely to produce several litters in only one reproductive 

season (Rogers et al., 1994).  

 

The wild European rabbit: a keystone species in the Mediterranean 

ecosystem 

The wild European rabbit plays an important role as a key species in 

Mediterranean ecosystems (Delibes-Mateos et al., 2007, 2008). Traditionally considered 

the most widespread mammal along the IP with high-density populations, it has become 

the main prey of a wide array of predators. Most of them are raptors and mammalian 

carnivores of high conservation value (Delibes and Hiraldo, 1981) that includes two 

highly endangered vertebrates: the Iberian lynx (Lynx pardinus) and the Iberian imperial 

eagle (Aquila adalberti) (Delibes and Hiraldo, 1981, Delibes-Mateos et al., 2007) 

(Figure 2). These Iberian species prey almost exclusively upon rabbits, so the European 
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rabbit plays a pivotal role for the conservation of both predators (Ferrer and Negro, 

2004).  

Moreover, the European rabbit is probably the most important small‐game 

species in the IP (Delibes-Mateos, 2006) (Figure 2), as it has been proved with 

archeological sites (more than 65000 years old) and also historical hunting data 

(Hockett and Bicho, 2000; Hockett and Haws, 2002; Stiner and Munro, 2002; Biadi and 

Le-Gall, 1993). Classically considered a really prolific species, it has been largely 

appreciated as a source of food and fur. 

Nevertheless, in the recent decades European rabbit’s populations have 

drastically decreased within their natural areas of distribution (Blanco and Villafuerte, 

1993; Villafuerte et al., 1998) as a result of unsustainable hunting (Piorno, 2006), 

predation pressure (Moreno et al., 2007), habitat loss and fragmentation (Calvete et al., 

2004a) but principally due to the strong and devastating impact of diseases (Moreno et 

al., 2007, Williams et al., 2007).  

Likewise, the wild European rabbit is an important ecosystem modeler because 

of its digging activity (warren building and rabbit scrapes), the deposition of faecal 

pellets (latrines) and other effects such as grazing and seed dispersal derived from the 

herbivorous activity. Therefore, it is considered an important ecosystem engineer of 

Mediterranean ecosystems in the IP (Gálvez-Bravo, 2008; Gálvez et al., 2008; Gálvez-

Bravo et al., 2009). In this regard, several authors have showed evidences of rabbits’ 

influence on the abundance and diversity of vegetal communities (Farrow, 1917; 

Fenton, 1940; Gillham, 1955; Watt, 1981; Crawley, 1990; Crawley and Weiner, 1991; 

Gómez-Sal et al., 1999; Eldridge and Simpson, 2002; Dendy et al., 2004) (Figure 2).  

Aforementioned, the European rabbit is characterized by forming high-density 

populations in favourable conditions (Palomares, 2001). In addition, rabbits are highly 
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selective animals concerning food habits, so the vegetal species they prefer are likely to 

be scarce when they are found in high densities. Contrary, those species less preferred 

would be very abundant (García-Fuentes et al., 2006). Continuous grazing has been 

proved to reduce considerably the average height of plants and also favours the 

existence of open areas of scrubland (pastures generally) with high availability of food 

and refuge. This is the type of habitat that rabbits generally prefer (Moreno and 

Villafuerte, 1995). In the IP the generation of ecotone areas by the European rabbit is 

believed to be beneficial for small mammals and also several predators (Delibes-Mateos 

et al., 2008).  

As others herbivore species, the European rabbit is an important seed consumer 

and thus it plays an essential role as a dispersal agent. In the Mediterranean region, 

rabbits are able to disperse seeds from a wide variety of plants such as herbs, bush (e.g. 

Retama monosperma) and even tree species (e.g. Olea europaea) (Soriguer, 1986; 

Muñoz-Reinoso, 1993; Rogers et al., 1994; Malo and Suarez, 1995; Malo et al., 1995; 

Cerván Carmona and Pardo Navarro, 1997; Malo et al., 2000; Dellafiore et al., 2006). 

Even though rabbits’ faecal pellets have a small proportion of seeds (about 2, 5%), the 

high daily deposition rate (around 350 faecal pellets per day, Delibes-Mateos et al., 

2009a) results in a large number of seeds dispersed during a year (Wood, 1988; 

Dellafiore et al., 2006). It has been observed that seeds’ germination capacity remains 

intact despite the pass through the rabbit’s gastrointestinal tract and what is more, 

germination potential may be increased in comparison with other frugivorous 

vertebrates (Cosyns et al., 2005). The European rabbit is characterized by depositing a 

large number of pellets (Gibb, 1990) that have high concentrations of nitrogen and 

phosphorus; so depositions have an important influence on physical and chemical 

properties of the soil (e.g. significant increase of nutrients and organic material in soil, 
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alterations in pH and the existence of a high diversity plant community with increased 

total biomass) (Willot et al., 2000; Petterson, 2001). 

However, little attention has been paid to the potential role in promoting plant 

biodiversity through heterogeneous distribution of nutrients and their contribution to 

soil fertility. In this sense, latrines may constitute “fertile islands” that would facilitate 

the growth of plants (Garner and Steinberger, 1989).  

High warren densities have been reported in areas with large rabbit populations 

(up to 10 warrens/ha), being a significant element in the Mediterranean landscape 

(Blanco and Villafuerte, 1993; Gea-Izquierdo et al., 2005). Frequently some species of 

amphibians, reptiles, mammals, and birds occupy rabbit warrens too (Blas-Aritio, 1970; 

Blázquez and Villafuerte, 1990; Palomares and Delibes, 1993; Revilla et al., 2001 

Gálvez-Bravo, 2008) (Figure 2).  

Paradoxically, despite the European rabbit is classified globally as a ‘Near 

Threatened’ species and as a ‘Vulnerable’ species in Portugal and Spain respectively, by 

the Red List of Vertebrates according to IUCN criteria (Cabral et al., 2005; Villafuerte 

and Delibes-Mateos, 2007) , it is as well considered an agricultural pest (Barrio, 2010).  

In the recent decades, European rabbit populations have suffered from a 

dramatic decline in their natural range in the IP. Even so, some populations have 

experienced a slow recovery (Delibes-Mateos et al., 2009b, 2011) especially in 

homogeneous patches within semiarid Mediterranean agro-ecosystems where croplands 

supply food and the remnants of natural vegetation and the edges of fields provide 

shelter and breeding sites (Calvete et al., 2004a). In such scenarios they are reported to 

produce local explosions that can destroy native vegetation, damage crops, compete 

with livestock and native wild species and cause definitely severe ecological impacts 

(Lees and Bell, 2008; Delibes-Mateos et al., 2017). Therefore, this point possesses a 
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conflict between hunters, farmers and conservationists in agro-ecosystems because 

rabbits threaten seriously native ecosystems and thence efficient management strategies 

need to be discussed. (Delibes- Mateos et al., 2014). 

 

 

 

 

Decline of the wild European rabbit populations 

As we mentioned before, despite European rabbits have been historically 

numerous and widespread in the IP their populations have undergone a significant 

decrease over the last 60 years (Muñoz, 1960; Thompson and King, 1989; Moreno et 

al., 2007; Delibes-Mateos et al., 2009b). Nevertheless, the effects of this decline were 

uneven with local extirpations being reported in some areas with still high rabbits’ 

density while in many other rabbit populations they occurred at very low density. The 

main causes were habitat loss and fragmentation (e.g. due to agriculture, forestry, 

Figure 2. The wild European rabbit: a keystone species in the Mediterranean ecosystem. 
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development and fires; Ward, 2005), excessive predation pressure (Delibes‐Mateos et 

al., 2007), human-induced mortality (e.g. excessive hunting and rabbit control; Ward, 

2005) and mostly the high impact of rabbit diseases (myxomatosis and rabbit 

haemorrhagic disease; Calvete, 2006).  

Additionally, other pathogens like nematodes and coccidia may affect wild 

populations as well. Most studies have focused on the epidemiology and pathogenesis 

of these diseases separately; however the potential role of coinfection, not necessarily 

with both viral diseases but its interaction with other parasites, has been so far 

neglected. 

 

Viral diseases: myxomatosis 

Myxomatosis was first described between the end of the 19
th

 century and the 

beginning of 20
th

 century in Montevideo (Uruguay), where a lethal infection of 

imported domestic (laboratory) European rabbits occurred (Sanarelli, 1898; Kessel et 

al., 1931). After its discovery, the introduction of myxoma virus (MV) was proposed as 

a biological control mechanism into European rabbit populations that meant serious 

pests. Finally, it was legally introduced in Australia (Ratcliffe et al., 1952) with a 

significant success. Then, other countries with rabbit pests such as France, United 

Kingdom or Argentina decided to introduce the virus illegally in an attempt to manage 

the problem. Soon after, it spread rapidly throughout the European continent (Fenner 

and Ross, 1994) and reached the IP in 1953.  

First outbreaks caused mortality rates close to 100% (Armour and Thompson, 

1955; Lloyd, 1970), decimating populations drastically. During the following years, the 

mortality remained high but lower than during the initial outbreaks (Fenner and 

Ratcliffe, 1965) mainly due to the selection of less virulent virus strains but also 
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because rabbits developed genetic resistance against MV (Sobey, 1969; Best and Kerr, 

2000).  

Despite most populations recovered from the initial decline, myxomatosis 

currently has become an enzootic disease in the wild (Fenner and Ross, 1994; 

Villafuerte et al., 2017) with significant impact on wild European rabbit populations. 

Myxomatosis is a viral disease caused by a Leporipoxvirus belonging to family 

Poxviridae (Fenner and White, 1976) (Figure 3a). MV was originally a natural pathogen 

of the South American tapeti (Sylvilagus brasilensis) and of the North American brush 

rabbit (Sylvilagus bruneii); in its natural host it induces a benign infection characterized 

by a cutaneous fibroma restricted to the site of inoculation. Nonetheless, it causes a 

lethal and systemic disease (myxomatosis) in domestic and wild European rabbits 

(Oryctolagus cuniculus) characterized by nodular lesions on face, ears and anogenital 

regions as well as blepharoconjunctivitis (Fenner and Ratcliffe, 1965; Flohe et al., 1997; 

Moss, 2001) (Figure 3b). Myxomatosis lethality is believed to be a result from the 

progressive impairment of the host immune response, since MV replicates inside 

lymphocytes and thence promote uncontrolled secondary bacterial infections (Heard et 

al., 1990) or any other parasites such as helminths (Mykytowycz, 1959; Boag, 1988). 

MV transmission occurs mainly by arthropod vectors such as fleas and/or mosquitoes 

that bit the host (Fenner and Ratcliffe, 1965). Indeed, rabbit warrens are a key element 

in this process since they are used for several flea species as refuge areas where they 

appear in high numbers and act as potential vectors (Osácar-Jiménez et al., 2001).Also 

direct transmission by contact between infected and non-infected rabbits has been 

described but is less frequent (Aragao, 1927; Mykytowycz, 1958; Joubert et al., 1972).  
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Viral diseases: Rabbit haemorrhagic disease 

Rabbit haemorrhagic disease (RHD) was first described in 1984 in a group of 

commercially bred of Angora rabbits imported from Germany into the Jiangsu Province 

of the People’s Republic of China (Liu et al., 1984). It appeared as an extremely lethal 

and highly contagious disease that spread rapidly in many European countries. In early 

summer 1988, RHD was reported in the IP for the first time where it caused high 

mortality rates close to 80% during the initial outbreaks of the virus (Argüello et al., 

1988; Villafuerte et al., 1994). Over the subsequent decades, rabbit population densities 

suffered a substantial reduction that reached a point close to extinction in some areas 

(Villafuerte et al., 1995; Calvete, 2006).  

However, RHD is currently an endemic disease in the IP and so originates 

considerable mortalities (over 20%) during summer and winter; seasons when RHD 

outbreaks occur normally (Calvete et al., 2002; García-Bocanegra et al., 2011). The 

3a 3b 

Figure 3. (a)Myxoma virus (TEM images with FEI Tecnai G2 Spirit BioTWIN transmission, 

stained with 2% NaPT solution). Source provided by Istituto Zooprofilattico Sperimentale 

della Lombardia e dell'Emilia Romagna (I.Z.S.L.E.R.); (b) Rabbit with myxomatosis in 

Sierra de Hornachuelos Natural Park. 
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disease is constrained mainly to adult individuals (about two months of age) since 

juvenile rabbits result generally unaffected (Prieto et al., 2000; Ferreira et al., 2008). 

The aetiological agent of RHD, rabbit haemorrhagic disease virus (RHDV), has been 

identified as a member of the genus Lagovirus within the family Caliciviridae (Ohlinger 

et al., 1990; Parra and Prieto, 1990; Rodak et al., 1990; Meyers et al., 1991; Moussa et 

al., 1992) (Figure 4a) and affects domestic, farmed and wild European rabbits. This 

genus also includes other non-pathogenic calicivirus which causes asymptomatic 

seroconversion in rabbits and has been hypothesised to be a potential ancestor of RHDV 

(Capucci et al., 1996).  

The general pathology of RHDV is typically characterized as an acute hepatitis 

with hemorrhages and congestions in the liver and also in other organs such as lungs, 

kidneys and heart resulting from a massive disseminated intravascular coagulation that 

cause animal’s fulminant death. Externally, a variety of symptoms such as anorexia, 

apathy and congestion of the palpebral conjunctiva, opisthotonos, excitement, paralyses 

or ataxia may be observed. Some respiratory signs (i.e., tracheitis, dyspnea and 

cyanosis) and nasal, ocular haemorrhages and, epistaxis may also occur (Mitro and 

Krauss, 1993; Abrantes et al., 2012) (Figure 4b). After being infected, animals normally 

experience an incubation period between 16-48h. Then death occurs between 2-3 days 

post-infection but sometimes can occur several days later. RHDV transmission is 

mainly through direct contact with an infected animal, since infected rabbits may shed 

viral particles in their secretions and excretions such as faeces (Ohlinger et al., 1993; 

Abrantes et al., 2012). Routes for the virus entrance are usually oral, nasal or 

conjunctival. Additionally, RHDV can be transmitted passively over short distances by 

blood-feeding insects (i.e: mosquitoes, fleas and, flies) and also it may be spread to new 

areas through people movement, fomites-contaminated food, bedding, water, clothing, 
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cages and equipment (Xu and Chen, 1989; Chasey, 1994; Asgari et al., 1998; Frolich et 

al., 1998; Cooke, 2002). In the field, particularly carcasses of RHDV-infected rabbits 

are a major source for viral transmission since the virus may be highly resistant and 

stable even when exposed to harsh environmental conditions. Indeed carcasses of 

RHDV-infected rabbits have been reported to contain viable viral particles for up to 

three months (McColl et al., 2002; Henning et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) Rabbit haemorrhagic disease virus (TEM images with FEI Tecnai G2 Spirit 

BioTWIN transmission, stained with 2% NaPT solution). Source provided by Istituto 

Zooprofilattico Sperimentale della Lombardia e dell'Emilia Romagna (I.Z.S.L.E.R.) 

(b)Rabbit found dead of rabbit haemorrhagic disease in Sierra de Hornachuelos Natural 

Park. 
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Rabbit haemorrhagic disease: emergence of a new strain  

In 2011, a new variant of RHDV that emerged in France in 2010 (Le Gall-

Reculé et al., 2011), was detected in Spain for the first time and rapidly spread to 

several European countries (Dalton et al., 2012; Abrantes et al., 2013; Le Gall-Reculé et 

al., 2013; Westcott et al., 2014; Baily et al., 2014 ). This new lagovirus was originally 

designated as “RHDV2” (Le Gall-Reculé et al., 2013) or “RHDVb” (Dalton et al., 

2012), although a recently proposed new nomenclature based on phylogenetic 

relationships designates it as Lagovirus europaeus/GI.2, henceforth GI.2 (Le Pendu et 

al., 2017). GI.2 shows a unique antigenic profile and atypical features, causing high 

mortalities in adults but also in kittens (less than two months old). Even vaccinated 

rabbits against the classical variant, although less susceptible, did not show an efficient 

complete protection against this new strain.  

Despite of this fact, GI.2 is characterized as being less virulent for adult rabbits 

(up to 75% mortality) in comparison with classical variants of RHDV (above 80% 

mortality). Remarkably, mortality among kittens younger than 30 days is even higher 

with GI.2, whereas was basically none with the classical variant. In the present study we 

did not refer to GI.2 because the data collected came from free-living European rabbit 

populations monitored from 2008 to 2010 and there was no evidence of the new GI.2 

variant over those two years.  

 

Parasitosis: coccidiosis and helminthiasis 

Parasitic diseases such as coccidiosis and helminthiasis, together with viral 

diseases (i.e: MV and RHDV), are considered to cause an important impact on 

European rabbit populations. Actually, potential interactions between coccidia, 

nematodes and myxomatosis result in a substantial reduction of rabbits’ fecundity and 
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survival (Boag et al., 2013). Particularly, Cattadori et al. (2007) even stated that the MV 

interferes with the immune response and this would lead to an increase in helminth and 

coccidian loads. Host age, sex and reproductive status are some factors likely to affect 

counts of parasites. The coccidian infections are most frequently caused by Eimeria 

species. Around eleven Eimeria species have been reported to parasitize rabbits (Hobbs 

and Twigg, 1998; Pakandl, 2009) and the majority of them are found in the intestines 

(Boag et al., 2013). Generally, coccidian infections have been reported to cause severe 

body weight losses and consequently they can reduce the overall rabbit’s physical 

condition, in fact even more than MV infections (Lello et al., 2005). Remarkably, 

mortality rates due to coccidian infections are recorded to exceed sometimes mortality 

due to RHDV (Marchandeau et al., 1999). Coccidiosis occurs commonly in juvenile 

rabbits that are unlikely to develop immunity to coccidian infections (Mykytowycz, 

1962; Bull 1958; Cowan 1983; Oppelt et al., 2010). Also seasonality has been recorded 

as a central point for coccidian infections because coccidian oocysts need warm 

temperatures and relatively moist environment for sporulation and survival (Hobbs et 

al., 1999).  

Concerning helminths, we only accounted for nematode species. Particularly, 

species of the genus Trichostrongylus, Graphidium and Nematodiroides are the most 

common species that parasitize rabbits. As previously mentioned for coccidia, they also 

appear in the digestive tract (Foronda et al., 2003). It has been demonstrated also that 

nematode infections can affect adversely growth rate, body weight and fecundity of 

rabbits (Bull, 1964; Dunsmore, 1980a, b, c). Thus, nematodes prevalences are mostly 

associated to humidity and temperature conditions, so lower nematode intensities are 

expected in areas with extreme climatic conditions (Blasco et al., 1996). Some studies 

evidenced an effect of sex on the helminth loads with female rabbits presenting higher 
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prevalences, whereas other authors did not find significant differences between sexes 

(Boag, 1985; Butler, 1994). It is believed that differences in the levels of parasitation 

between female and male rabbits are mostly related to seasonality (Bull, 1959; 

Dunsmore, 1966; Dunsmore and Dudzinski, 1968). Results from Molina et al. (1999) 

indicated that nematodes in European rabbits are likely to be influenced by host age, 

occurring more frequently in adults. However, this seems to be controversial since other 

studies reported the contrary.  

Overall, the interaction among several parasites in European rabbits is crucial to 

host fitness and to the epidemiology of myxomatosis and rabbit haemorrhagic disease. 

These diseases have caused significant reductions in rabbit populations on the Iberian 

Peninsula. And despite what mentioned above, most studies have focused on the 

epidemiology and pathogenesis of these viruses individually, and little is known about 

interactions between these parasites and the two main viral diseases that affect rabbit. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OBJECTIVES 



 



Objectives 
 

 
31 

 

The present PhD thesis is aimed at studying eco-epidemiological parameters 

from three wild populations of the European rabbit (Oryctolagus cuniculus) kept at 

seminatural conditions that were naturally exposed to the main viral diseases that affect 

rabbits: myxomatosis and rabbit haemorrhagic disease RHD). One important point is 

the effect that these viruses have on rabbit survival, thence we explored if rabbits 

infected naturally with myxoma virus (MV) and rabbit haemorragic disease virus, 

(RHDV) that developed anti-MV and anti-RHDV antibodies, increased their survival 

rates. To address such question we (i) estimate monthly survival rates dependent on 

serostatus, age (juveniles vs. adults) and sex, (ii) assess monthly seroconversion rates of 

both diseases according to hosts’ age and sex, (iii) quantify the dynamics of 

seroprevalence to each virus over time, expressed as the seropositive probability and, 

(iv) examine relationships between population size and seroprevalence (chapter 1). 

Also the interaction of these viruses with other parasites (i.e: coccidia and nematodes) 

has been described and may affect disease outbreaks and ultimately rabbit population 

dynamics. Thus we (i) test the influence of coccidia and nematodes on the ability to 

generate an immunological response against MV and RHDV (ii) analyse the effect of 

coinfection between MV and RHDV infections and parasite infections and, (iii) identify 

interactions that may affect physiological condition and get more susceptibility to 

secondary infections (chapter 2). In this sense, long-term monitoring is needed to 

detect new disease outbreaks and to assess the impact they have on the health status of 

wild rabbit populations. Recently, there has been a surge in the use of new biomarkers 

(i.e: blood biochemistry and oxidative stress (OS) makers) as reliable tools to survey 

physiological alterations that may occur in diseased individuals. In this line we (i) 

assayed some biochemical parameters and OS biomarkers as proxies of rabbit 

physiological condition (ii) test if rabbits infected naturally with MV and RHDV that 
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developed anti-MV and anti-RHDV antibodies showed any alteration in serum 

biochemistry or an increase OS status and, (iii) determine if rabbits seropositive for MV 

and/or RHDV presented signs of oxidative damage once they were infected (chapters 3 

and 4, respectively). 

Overall, this study will provide a deeper insight into our knowledge and 

understanding of a complex epidemiological system.  

In summary, we addressed the following goals: 

1) Test the effect myxoma virus and rabbit haemorrhagic disease virus 

seroprevalence on the survival of wild rabbit populations. 

2) Study the effects of coccidian and nematode infections on myxoma virus and 

rabbit haemorrhagic disease virus seroprevalence.  

3) Determine the relationship between serum biochemistry and myxoma virus 

and rabbit haemorrhagic disease virus seroprevalence. 

4) Examine whether wild rabbits naturally infected with myxoma virus and 

rabbit haemorrhagic disease virus had high oxidative stress. 
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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 Directive 

2010/63/EU, R.D. 53/2013, ECC/566/2015). 

 

Study area 

The study was conducted in Sierra de Hornachuelos Natural Park (100–700 m 

a.s.l.), which is located in a mountainous area in the southwestern of the Iberian 

Peninsula (37°49′ N, 5°15′ W) (Figure 5). The climate is Mediterranean, characterised 

by hot, dry summers and mild, wet winters (Pinilla et al., 1995) (Figure 6)  

As mentioned before, this study was framed in a project focused on scientific 

monitoring and enhancement of European rabbit populations in the Sierra de 

Hornachuelos Natural Park, which main aim was to increase local rabbit abundance as a 

prey in order to favour rabbit-specialist endangered predator species through a rabbit 

restocking program. Rabbits for restocking were originally captured in a natural area 50 

km far which ensure to a great extent genetic similarity of donor populations (Branco, 

1995). After that, rabbits were transported and released in enclosures over 3-4 ha of 

extension. Enclosures were surrounded by 2.5-m-high chain-link fence to prevent rabbit 

emigration and to exclude terrestrial predators (Rouco et al., 2008). Within every 

enclosure, 30 artificial warrens regularly distributed were built (by using pallets covered 

by earth and branches) to provide animals with shelter and nesting sites.  
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Additionally, water and commercial rabbit food were supplied ad libitum 

throughout the study period and grasses were sown to increase the availability of fresh 

food. Essentially, the major goal of this measure was to create high rabbit density areas, 

where animals would maximize their productivity and, ultimately become the ‘local’ 

donor populations for neighbouring areas for future translocations. 

 

 

 

 

 

 

Figure5. Map showing the location of the study area within the Iberian Peninsula and the 

location of the enclosures studied within the Sierra de Hornachuelos Natural Park. Red 

polygons represent the rabbit enclosures (E1, E2, and E3). Map of location of artificial 

warrens within each enclosure is shown. 



General Materials and Methods 
 

 
37 

 

 

 

 

 

Experimental design 

Sampling of rabbit populations 

The study was conducted from May 2008 to April 2010 and involved seasonal 

live-trapping sessions within three wild rabbit restocking enclosures (E1, E2 and E3, 

Figure 5). Geographically, the distance from one enclosure to another was around 3-4 

km. Within them artificial warrens were built with an effective capture device that 

consisted of a wire net fence with 4 metal cage-traps attached to holes in the fence that 

acted as doors (Rouco et al., 2011) (Figure 7).  
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Figure 6. Monthly average precipitation (mm) and average temperature (º C) in the Sierra 

de Hornachuelos Natural Park (Source: IFAPA, data collected in Hornachuelos weather 

station) throughout the period of study. 
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Capture comprised activation of the capture devices at midday (when rabbits 

show less activity and spend most time underground; Villafuerte et al., 1993). The 

following morning, rabbits that got trapped inside the cages were counted and handled 

at the capture site. Remarkably, this trapping system permitted capture of around 50-

60% of rabbits within each warren on any one night (Rouco et al., 2011). Every rabbit 

captured was marked with individually numbered ear tags (National Band & Tag Co. 

size 3, Kentucky, USA) and its sex and weight to the nearest 25 g were recorded. 

Additionally biometrical parameters, such as tarsus and ear length, were measured with 

a caliper to 0.1 mm. Body mass (weight) was used to determine rabbit’s age. So, 

females and males weighing 750 g and 850 g, respectively, were considered adults 

(Villafuerte et al., 1994; Alves and Moreno, 1996). Furthermore, from the total number 

of animals captured we selected from 2-8 rabbits per warren and transported them to a 

field laboratory within each enclosure. Blood samples (1-2.5 mL) were taken from the 

auricular marginal vein that we kept cold (4 ºC approximately, avoiding direct contact 

with ice) till centrifugation in Eppendorf tubes. Serum obtained was stored at -80ºC 

(Evans, 2008; Maceda-Veiga et al., 2015) and analysed afterwards to determine 

antibody concentrations and other physiological parameters of interest (i.e. biochemistry 

and oxidative stress parameters) in the Physiological Ecology Laboratory of the Doñana 

Biological Station (Seville, Spain). In further chapters we will describe these analyses in 

more detail. Once blood samples were extracted, rabbits were immediately released into 

the warren of capture. 
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Serology analysis 

To determine concentrations of anti-MV and anti-RHDV antibodies we used 

commercial enzyme-linked immunosorbent assay (ELISA) kits; the diagnostic 

techniques recommended by the World Organization for Animal Health (OIE, 2012), 

and we strictly followed the manufacturer instructions. Before measuring anti-MV 

antibodies, sera were diluted 1:40 and calculated the relative immunity index (RI).The 

RI was defined as a coefficient that relate the optical density of controls (positive and 

negative) to that of the samples. RI values ranged from 1 to 10. Rabbits whose samples 

had an RI>2 were considered to be antibody positive (CIV TEST CUNI 

MIXOMATOSIS, HIPRA Laboratories, Girona, Spain). To measure anti-RHDV 

antibody levels, the INGEZIM kit for rabbits (INGENSASA Laboratories, Madrid, 

Spain) was used. Sera were screened using dilutions of 1:200, 1:400, 1:800, and 1:1600. 

Figure 7. Trapping device system used in the capture of rabbits compound with a 1) 

metal cage-trap (1) with a wooden box to provide shelter (2) and two door-tunnel-

doors (3), one of them attached to the warren fence. 
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Samples presenting optical densities > 0.3 were considered to be antibody positive, 

since such antibody concentrations should be sufficient to confer protection against the 

disease (see Bertó-Moran et al., 2013). The test specificity and sensitivity were 83.1% 

and 98.5%, respectively, and there was 93% correspondence with the reference 

technique (OIE, 2012). 

 

Rabbit abundance  

Rabbit abundance was estimated by monthly pellet counts at fixed points (0.5 

m
2
) located within each enclosure, in the same habitat type (Cabezas and Moreno, 

2007). A total of 30 fixed stations per enclosure were randomly arranged from May 

2008 to April 2010. Every month we counted pellets and removed them later on for 

every counting station. As persistence of pellets in the field may be highly variable 

depending on the habitat type and/or season (Iborra and Lumaret, 1997; Palomares, 

2001), we calculated the daily persistence of pellets according to the methodology 

described by Palomares (2001).  

 

Data analysis 

All statistical analyses were performed using R software. Specific data analyses in 

statistics procedures are explained in detail in each chapter. 
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Abstract 

 

Host–pathogen epidemiological processes are often unclear due both to their 

complexity and over-simplistic approaches used to quantify them. We applied a multi-

event capture–recapture procedure on two years of data from three rabbit populations to 

test hypotheses about the effects on survival of, and the dynamics of host immunity to, 

both myxoma virus and rabbit haemorrhagic disease virus (MV and RHDV). Although 

the populations shared the same climatic and management conditions, MV and RHDV 

dynamics varied greatly among them; MV and RHDV seroprevalences were positively 

related to density in one population, but RHDV seroprevalence was negatively related 

to density in another. In addition, (i) juvenile survival was most often negatively related 

to seropositivity, (ii) RHDV seropositives never had considerably higher survival, and 

(iii) seroconversion to seropositivity was more likely than the reverse. We suggest 

seropositivity affects survival depending on trade-offs among antibody protection, 

immunosuppression and virus lethality. Negative effects of seropositivity might be 

greater on juveniles due to their immature immune system. Also, while RHDV directly 

affects survival through the haemorrhagic syndrome, MV lack of direct lethal effects 

means that interactions influencing survival are likely to be more complex. Multi-event 

modeling allowed us to quantify patterns of host–pathogen dynamics otherwise difficult 

to discern. Such an approach offers a promising tool to shed light on causative 

mechanisms. 
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Introduction 

 

Emerging and re-emerging infectious diseases present one of the most pressing 

issues facing wild vertebrate populations in the 21st century (Dobson and Foufopoulos, 

2001). However, relatively little is yet known about the exposure dynamics of infectious 

agents in their individual hosts, and what determines their impact on life-history traits 

such as survival (Benskin et al., 2009). A comprehensive understanding of the 

ecological processes influencing pathogen dynamics in natural host populations is of 

crucial importance to predicting both the dynamics of infectious diseases and the risks 

that they may entail for animal populations (Daszak et al., 2000; Chambert et al., 2012).  

The European wild rabbit (Oryctolagus cuniculus) and the two main viral 

diseases that affect them (myxomatosis, and rabbit haemorrhagic disease) represent an 

important system for addressing wildlife eco-epidemiological issues. As we mentioned 

in the general introduction, the wild European rabbit is a species of great importance in 

the Mediterranean ecosystems but the emergence of myxomatosis and rabbit 

haemorrhagic disease (RHD) 60 years ago jeopardized seriously local populations.  

In an attempt to prevent local extinction in its native range, and to avoid predator 

co-extinctions, the European rabbit has been made a conservation priority in both Spain 

and Portugal (Rogers, 1978; Moreno and Villafuerte, 1995; Palomares et al., 1995; 

Travaini et al., 1997).In addition the loss of rabbits, considered a pest species across 

most of their introduced range (Lees and Bell, 2008), has in some areas of the Iberian 

Peninsula caused large-scale economic loss and environmental degradation (e.g.(Virgós 

et al., 2007; Barrio et al., 2010)).  

In spite of the ecological and economic relevance of these issues, disease 

surveillance still broadly uses simple counts of infected and uninfected animals, 
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although more accurate statistical tools that account for imperfect detection are now 

available (see Cooch et al., 2010 for a review of capture–recapture modeling in 

epidemiology). A few studies have used simple Cormack–Jolly–Seber (CJS) capture–

recapture models to investigate the effects of myxoma virus (MV) and rabbit 

haemorrhagic disease virus (RHDV) on rabbit population dynamics (e.g. Fordham et al., 

2012; Guitton et al., 2008). As an extension of single-state (CJS) models, multi-state 

capture–recapture models allow the direct estimation and testing of hypotheses about 

seroconversion rates and state-specific survival rates (Amason, 1973; Senar and 

Conroy, 2004; Faustino et al., 2004).  

However, assessment of the infectious status of all captured individuals is often 

unfeasible, and some data rearrangement (e.g. data-censoring) is usually required for the 

application of multi-state models (reviewed in Conn and Cooch, 2009). To avoid these 

limitations, multi-event capture–recapture models have been recently developed (Pradel, 

2009) allowing uncertainty in state assessment to be modeled. Here we apply this novel 

approach to test hypotheses about the effects on survival of, and the dynamics of host 

immunity to, both MV and RHDV (which occur naturally in the study area).  

As a general prediction, based on previous studies, we expected that 

seropositives for MV and RHDV have higher survival rates than seronegatives (e.g. 

Bruce et al., 2004; Calvete, 2006a; García-Bocanegra et al., 2010). In addition, we 

aimed to do the following: (i) estimate monthly survival rates dependent on antibody 

status, age (juveniles vs. adults) and sex, (ii) assess monthly seroconversion rates (from 

seropositive to seronegative, and vice versa) with respect to both diseases according to 

hosts’ age and sex, (iii) quantify the dynamics of seroprevalence to each virus over 
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time, expressed as the seropositive probability, and (iv) examine relationships between 

population size and seroprevalence.  

Materials and methods 

Sampling  

From May 2008 to April 2010, nine one-day live-trapping sessions were 

carried out at each enclosure. From a total of 6605 rabbits captured over the course of 

the study, we collected 1125 (17%) blood samples (1-2.5 mL) for serological analyses. 

There is more detail of the serology protocols that we employed in general materials 

and methods.  

 

Multi-event capture–recapture analyses 

Capture–recapture sessions were not synchronized among the three fenced 

areas (E1, E2 and E3), for logistic reasons. As a result, we ran separate analyses for 

each enclosure and disease agent (MV and RHDV). With these populations serving as 

breeding zones for restocking purposes, random samples of captured individuals were 

periodically removed during capture sessions (removals of individuals is coded in the 

data sets and does not affect estimation of parameters). Sample sizes for capture–

recapture analyses (i.e. number of captures minus number of removals) were 2573, 

1771 and 1400 for E1–E3 respectively. Numbers of animals captured per trapping 

session, divided by the surface of the trapped enclosure, were used as indices of rabbit 

density (Rouco et al., 2011) for each capture session and enclosure.  
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Goodness of fit 

Since no goodness of fit (GOF) is available for multi-event models, for each 

population we used U-CARE 2.3.2 (Choquet et al., 2005) to test the fit of the 

Cormack–Jolly–Seber (CJS) model that accounted only for time variation in survival 

and capture probabilities. The CJS model is therefore more restrictive than those fitted 

for testing hypotheses that do account for the effect of serological status on recapture 

and transition probabilities. Hence, this approach is conservative given that if the CJS 

model adequately fits the data, then the multi-event models are also expected to fit.  

For each population/GOF analysis, we defined four groups according to age at 

first capture (adult vs. juvenile) and gender. U-CARE allows testing for specific lack 

of fit due to a transience effect (i.e. a higher than expected presence of individuals 

showing up only once; test component 3.SR) and/or to trap-dependence (i.e. capture 

probability depending on the fact they were captured or not; test component 2.CT). 

When the overall (all the groups and components together) goodness-of-fit tests were 

significant, sources of extra-binomial variation were accounted for in the multi-event 

global models by including transience and/or trap dependence (according to the output 

of tests 3.SR and 2.CT on each specific group). Over-dispersion factors (c-hat) were 

then calculated as the ratio between the sum of χ2 values and degrees of freedom of 

the nonsignificant test components (Choquet et al., 2009).  

For E1, the global goodness-of-fit test indicated lack of fit of the CJS model 

(χ2 = 112.47; d.f. = 87; P = 0.034), detecting “trap-happiness” among both adult males 

and females (P = 0.01 and < 0.01 respectively). For E2 and E3, there was no evidence 

of lack of fit (χ2 = 73.53; d.f. = 88; P = 0.87, and χ2 = 73.53; d.f. = 88; P = 0.8, 

respectively). We thus modeled trap-dependence among adults for E1 (see Pradel and 
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Sanz-aguilar, 2012) and Additional file 2 for details on the probabilistic framework 

used). Correction for over-dispersion (c-hat = 1) was not needed for any analysis.  

Both survival and seroconversion rates have probably varied throughout the 

study period. However, because of limited sample sizes, and because our primary 

interest was in the net immunological effects on rabbit dynamics, we chose not to 

include a time effect on Survival and Seroconversion parameters. 

 

Multi-event design 

During each field session (excluding the fifth, for logistical reasons) a variable 

and random sample of captured individuals were blood-sampled (regardless of sex, age, 

and encounter history) and their MV and RHDV immunological statuses (seropositive 

or seronegative) were assessed. To account for uncertainty in state-assessment when an 

individual is not bled (sensu “partial observation”; Conn and Cooch, 2009) we used 

multi-event capture–recapture models (Pradel, 2005) in E-SURGE 1.8.5 (Choquet and 

Nogue, 2011).  

Unlike traditional methods for handling partial information on states, like data 

censoring or the extra-state approach (Faustino et al., 2004), capture records in the 

multi-event framework are defined as events (i.e. reflecting the way the underlying 

biological states are observed in the field). It is therefore possible to define a specific 

event to record the capture of an individual whose state is unknown.  

Here we considered four events (not seen, 0; seen, bled and assessed as 

seronegative, 1; seen, bled and assessed as seropositive, 2; seen and not bled, 3) and 

three possible states (dead, †; alive seronegative, SN; alive seropositive, SP). A slightly 

different set of states was used in models accounting for trap-dependence (details on the 

probabilistic framework are given in Additional file 2). Multi-event models include 
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three parameter types, Initial State (related to the probability of being in some specific 

state when first captured), Transition (related to the probability of transition between 

states) and Event (related to the probabilities of being re-sighted according to the event-

mediated information on states). We decomposed Transition into two steps: Survival 

(the survival probability) and, conditional on still being alive, Seroconversion (the 

seroconversion probability). Event was decomposed into two steps: Capture (accounting 

for recapture probability) and, conditional on being captured, State Assignment 

(accounting for the probability the immunological status was assessed).  

In this study, Initial State estimates the probability one first-captured individual 

is seropositive. Therefore, by assuming that the probability of first captured individuals 

being seropositive reflects the percentage of seropositive individuals in the population 

(but see Pradel, 2009 and Genovart et al., 2012 for a discussion on this), Initial State can 

be a proxy for the seroprevalence in each population.  

We ran six analyses, one for each population–disease combination. We used 

QAICc values (Burnham and Anderson, 2002), to test for effects of immunity, age and 

sex on both rabbit survival and seroconversion rates (from seropositive to seronegative, 

and vice versa). Since populations were closed to immigration and emigration, survival 

rates referred to real survival rates (Lebreton et al., 1992). We assumed that time 

intervals were short enough that multiple transitions between serological states were 

unlikely to occur between two consecutive sessions and no bias was expected on 

seroconversion estimates (Zipkin et al., 2010).  

In E-SURGE we marked the “uneven time intervals” option to allow monthly 

estimates of both survival and seroconversion probabilities even though intervals 

between capture sessions were not on a monthly basis. We also used the best model 

from each analysis to test the effect of population density on Initial State 



Chapter 1 
 

 
50 

 

(seroprevalence). For each analysis, we computed the significance and percentage of 

Initial State variation explained by density using analysis of deviance (ANODEV) 

(Skalski et al., 1993). This procedure compares the deviance and number of estimable 

parameters of three models identical except for the parameter of interest (Initial State in 

this case) which is: (i) constant, (ii) full-time dependent, or (iii) dependent on density. 

 

Model selection 

Based on preliminary model exploration, Initial State and State Assignment 

depended on, respectively, time and time-by-immunological status and were not further 

modeled. The other parameters of the global model accounted for these effects: (i) 

Survival on age-by-sex-by-immunological status, (ii) Seroconversion on sex-by-

immunological status; Capture on sex plus age-by-immunological status by- time (in E1 

also on trap-response).  

For each population–disease combination, we first modeled recapture 

probabilities. The structure for recapture probabilities was then fixed as per the model 

with the lowest QAICc value, and Survival and Seroconversion probabilities were 

modeled independently. While we modeled Survival we kept the most parameterized 

structure for Seroconversion, and vice versa. For each parameter we considered a set of 

candidate models made of models nested to the global model.  

To keep the number of tested models as low as possible (Burnham and 

Anderson, 2002), we only considered interactive effects for parameters whose time-

variation was not modeled (i.e. Survival and Seroconversion). A final set of models 

combined the best structures for both Survival and Seroconversion (lowest QAICc when 

modeled independently) (Grosbois and Tavecchia, (2003) for a similar approach).  



Chapter 1 
 

 
51 

 

Hence we used this set of models to compute, for each parameter, model-

averaged estimates from models lying within 2 Δ of the best model (Burnham and 

Anderson, 2002). 

 

Results 

Myxoma virus and survival 

The relationship between MV seropositivity and survival varied among 

populations (Table 1, Figure 1). In E1, rabbit survival was variable among the age and 

sex classes but not between seropositives and seronegatives. In E2, MV-seropositive 

juveniles appeared to have lower survival rates than seronegatives (on average 25.1% 

lower, hereafter percentage differences refer to point estimates) but estimates were very 

imprecise; the same pattern was more evident among adult females (seropositive 

survival 9.6% lower) but the opposite trend was found among adult males (seropositive 

survival 6.8% higher). In E3, seropositives had higher survival rates than seronegatives 

in all age and sex classes (8.2% higher). 

 

 

 

 

 

 

 

 

 

 



Chapter 1 
 

 
52 

 

 

 

 

 

 

 

Enclosure Parameter Model effects np; Dev; QAICc; wi 

E1 Survival Age*sex 58; 6694.55; 6813.05; 0.66 

  Age 56; 6700.78; 6815.10; 0.23 

  Age*immun 58; 6699.49; 6817.99; 0.06 

 Seroconversion Sex*immun 62; 6691.23; 6818.08; 0.92 

E2 Survival Age*sex*immun 53; 4733.87; 4053.88; 0.88 

  Age*immun 49; 4750.48; 4059.29; 0.06 

 Seroconversion Sex*immun 53; 4733.87; 4053.88; 1 

E3 Survival Immun 48; 3664.89; 3764.20; 0.69 

  Age*sex*immun 54; 3654.65; 3766.85; 0.18 

  Sex*immun 50; 3664.83; 3768.43; 0.08 

 Seroconversion Immun 52; 3656.86; 3764.76; 0.71 

  Sex*immun 54; 3654.65; 3766.85; 0.25 

 

 

 

 

 

 

Table 1. Myxoma virus model-selection best models. (np, number of parameters; Dev, Deviance; QAICc, 

Quasi-Akaike Information Criterion corrected for over-dispersion; wi, Akaike weight (support of the 

current model with respect to the candidate set of models). Model notation: immun, the immunological 

status: for survival it means a different survival rate according to immunological status whereas for 

seroconversion it means that seroconversion rate from seropositive to seronegative is different than 

seroconversion from seronegative to seropositive; age, juveniles vs. adults; sex, females vs. males. For 

each analysis, only models accounting for more than 90% of cumulative Akaike weights are reported). 

E1, E2 and E3 are the rabbit enclosures. 
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Figure 1. Average monthly survival probability according to serological status (to MV and 

RHDV), age and gender in the three enclosures (E1, E2, and E3). Only estimates related to 

effects selected in models with lowest QAICc are shown (e.g. if sex effect on survival was found to 

be negligible by model selection, one common estimate is shown for both males and females). 

Estimates with 95% confidence intervals are shown. Notation: juv, juvenile; SN, seronegative; 

SP, seropositive; mal, males; fem, females. 
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Rabbit haemorrhagic disease virus and survival 

The relationship between RHDV seropositivity and survival also varied among 

populations (Table 2, Figure 1). However, there was a general pattern of seropositives 

tending to have lower survival than seronegatives. In E1, there was no clear relationship 

between RHDV seropositivity and either juvenile or adult female survival, whereas it 

was related to lower survival (12.6%) in adult males. In E2, seropositivity was related to 

lower juvenile survival (20%), but no relationship was observed for adults. In E3, 

seropositive juveniles appeared to survive less (7.1%) than seronegatives, whereas no 

clear effect was found for adults. 
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Enclosure Parameter Model effects np; Dev; QAICc; wi 

E1 Survival Age*sex*immun 83; 6518.66; 6689.61; 0.73 

  Sex*immun 79; 6530.35; 6692.83; 0.15 

  Immun 77; 6535.99; 6694.24; 0.07 

 Seroconversion Immun 81; 6519.89; 6686.59; 0.74 

  Sex*immun 83; 6518.66; 6689.61; 0.16 

E2 Survival Age*immun 49; 4724.47; 4037.61; 0.62 

  Age*sex*immun 53; 4718.07; 4040.71; 0.13 

  Age 47; 4733.35; 4040.81; 0.13 

  Age*sex 49; 4729.07; 4041.44; 0.09 

 Seroconversion Sex*immun 53; 4718.07; 4040.71; 0.82 

  Sex 51; 4726.87; 4043.82; 0.17 

E3 Survival Age*immun 42; 3830.64; 3917.17; 0.42 

  Age 40; 3835.32; 3917.62; 0.34 

  Immun 40; 3837.85; 3920.15; 0.09 

  Age*sex 42; 3834.10; 3920.63; 0.07 

 Seroconversion Sex*immun 46; 3827.61; 3922.65; 0.54 

  Immun 44; 3832.35; 3923.13; 0.43 

 

 

 

 

 

Table 2. Rabbit haemorrhagic disease virus model-selection best models. E1, E2 and E3 are the rabbit 

enclosures (See Table 1 for abbreviation notations). 
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Myxoma virus seroconversion 

Overall, the probability of becoming MV seropositive was higher than that of 

becoming seronegative (Table 1, Figure 2). In E1, both males and females became 

seropositive at a faster rate than the reverse; for females the probability of becoming 

seronegative was null suggesting that female rabbits once seropositive remain so. Males 

appeared to become seropositive at a faster rate than females. In E2, females became 

seropositive at a faster rate than the reverse, and faster than males. In E3, the probability 

of becoming seropositive was the same for both genders, and the reverse was null. 
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Figure 2. Myxoma virus and rabbit haemorrhagic disease virus seroconversion rates in the three 

enclosures (E1, E2, and E3). Estimates with 95% confidence intervals are shown. Notation: SN→SP, 

average monthly rate at which individuals change their immunological status from seronegative to 

seropositive; SP→SN, from seropositive to seronegative; mal, males; fem, females.  
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Rabbit haemorrhagic disease virus seroconversion 

We found very different patterns of RHDV seroconversion among enclosures 

(Table 2, Figure 2). In E1, no difference was observed among genders, with all rabbits 

becoming seropositive at a faster rate than the reverse. In E2, there were no consistent 

differences in seroconversion rates of males, while females became seropositive at a 

higher rate than the reverse (and faster than males). In contrast, in E3 both sexes became 

seropositive at an unusually high rate, and faster than they became seronegative (from 

model without sex effect: respectively, 0.72, SE: 0.05; 0.14, SE: 0.02). 

 

Seroprevalence and density 

Seroprevalence to MV and RHDV varied across time in all populations (Table 

3), but high levels of uncertainty on several estimates made it difficult to discern time-

trends. Population size in the three enclosures followed similar patterns, being lower 

during the winter and higher during the spring.  

The three populations reached maximum peak densities at the same time in May 

2010, while minimum densities occurred at different times. Average rabbit densities 

(no. /hectare) per enclosure (± 95% CI) over the whole study period were 79.6 ± 53.1, 

49.9 ± 31.4, and 52.5 ± 38.5 (for E1–E3 respectively). We observed a marginally 

significant positive relationship between rabbit density and MV seroprevalence for E1 

(slope on logit scale: 1.73; SE: 0.3; P: 0.07; 66% variation explained), and a negative 

such relationship for E3 (slope on logit scale: −1.13; SE: 0.26; P: 0.06; 71% variation 

explained).  

 

 



Chapter 1 
 

 
59 

 

 

We also observed a marginally significant positive relationship between density 

and RHDV seroprevalence in E1 (slope on logit scale: 1.41; SE: 0.17; P: 0.06; 73% 

variation explained).  

 

 

 

 

 MV-Prev RHD-Prev 

E1 4.65; 0.07; 0.66 5.11; 0.06; 0.73 

E2 0.25; 0.63; 0.03 0.80; 0.4; 0.11 

E3 5.01; 0.06; 0.71 2.94; 0.13; 0.42 

 

 

 

 

Recapture probability  

Recapture rates varied through time in all analyses (average estimates ± SD from 

best models of MV analyses: E1, 0.61 ± 0.22; E2, 0.48 ± 0.19; E3, 0.28 ± 0.19).We 

found either sex, age, or immunological status affected the probability of being 

recaptured (in E1 trap happiness was also confirmed throughout model selection). 

However, very heterogeneous causal effects on recapture probabilities were found 

among and within the rabbit populations.  

 

 

 

 

Table 3. Effect of rabbit density on Initial State (seroprevalence to myxoma virus and rabbit haemorrhagic 

disdease). From left to right: the Fisher–Snedecor statistic (F1,7 for Initial State and F1,6 for the others), P-

value (in bold if < 0.1), and R2. All statistics were computed following the ANODEV procedure. MV, myxoma 

virus; RHD, rabbit haemorrhagic disease virus; Prev, prevalence. 

E1, E2 and E3 are the rabbit enclosures. 
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Discussion 

 

Our study confirms that rabbit populations respond very differently in terms of 

host survival and epidemiological dynamics when exposed to MV and RHDV, even if 

geographically close to each other (Parkes et al., 2002; Fouchet et al., 2008). Multiple 

interacting causes likely explain this heterogeneity. However, some general patterns 

were observed in our study: (i) RHDV seropositivity was never related to increased 

rabbit survival; (ii) seropositivity to both MV and RHDV was negatively related to 

survival more frequently for juveniles than for adults; and (iii) once MV seropositive, 

rabbits rarely lost such status. 

 

Survival 

 
Our results do not conform to the overall published pattern of MV and RHDV 

seropositive rabbits always having higher survival rates than seronegatives (Bruce et al., 

2004; Calvete, 2006a; García-Bocanegra et al., 2010). Only in one case, MV 

seropositives had considerably higher survival rates than seronegatives. However, it 

should be noted that our populations were in semi-natural captive conditions allowing 

high densities, which greatly exceeded wild population densities (e.g. c. 3 rabbits/ha for 

the central Iberian Peninsula; (Fernández de Simón et al., 2011)). Therefore our results 

could be extrapolated to high density scenarios in the wild (e.g. Moller et al., 1997; 

Mutze et al., 2010).  

Seropositivity to MV and RHDV could potentially confer both advantages and 

disadvantages to rabbits. While it may confer higher immunity to these pathogens, 

several authors have recognized that (for MV at least) seropositivity has an 

immunosuppressive effect that may cause higher rates of co-infection with other 
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pathogens (Boag, 1988; Cattadori et al., 2007; Cattadori et al., 2008). With the target 

organ of RHDV (the liver) being part of the immune system, RHDV may also cause an 

immunosuppressive syndrome in addition to reduced survival due to haemorrhagic 

effects (Mitro and Krauss, 1993; Ferreira et al., 2004; Ferreira et al., 2006).  

Rabbits seropositive to either virus are thus likely to be more susceptible to 

damage from other infections. A shifting balance of advantages and disadvantages is 

thus one explanation for contrasting patterns, and is likely influenced by interactions 

with other environmental, epidemiologic and individual factors. For example, in our 

population E3 rabbits were in a better physiological status than in the others as a result 

of availability of higher water quality (e.g. in streams, manuscript in preparation). We 

suggest that this reduced the negative effect of the MV-seropositive-related 

immunosuppression, explaining why they had higher survival rates than seronegatives.  

As another example, RHDV seropositivity never being associated with higher 

survival rates could indicate that the negative effects of the haemorrhagic syndrome 

outweighed any beneficial effects. Finally, seropositive juveniles tending to survive less 

than seronegatives may be explained by the immaturity of the juvenile immune system 

with full immunity not yet being fully acquired. In light of this, it is possible that 

negative influences such as immunosuppression and the haemorrhagic syndrome of 

RHDV had greater influence on juveniles than adults. 

 

Seroconversion 

 
With ongoing persistence 50 and 30 years after the arrival of myxomatosis and 

RHD respectively on the Iberian Peninsula (Calvete et al., 2002), it is reasonable to 

classify the viruses as endemic. Accordingly, rabbits should gain MV and RHD 

antibodies as fast as or faster than they lose them. Seroconversion to seropositive status 
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tending to occur at a faster rate than the reverse in our study (and also Calvete et al., 

2002 and García-Bocanegra et al., 2010) supports this expectation.  

However, this was not the case for RHDV in E3, where seroconversion to 

seronegative status occurred at a higher rate. We suggest this result does not disprove 

the endemic disease behavior hypothesized above, but is driven by asynchrony between 

population and virus dynamics. In fact, RHDV was found in this population over the 7 

years of monitoring (SM, unpublished data), but the population had a delayed breeding 

season that, differently from in the other enclosures, occurred after the RHD outbreak.  

Thus, in E3 the naïve kittens would have lost their maternal antibodies after 2 

months (Calvete et al., 2004b) and, since they were not exposed to RHDV, a large 

number of seronegative adults (many of them born the spring just before) would have 

occurred in the next autumn. This would result in a large number of seronegatives over 

the study period and explain this seemingly inconsistent result. It should also be noted 

that, in contrast to general belief (Kerr et al., 2010), the average monthly probability of 

losing antibodies was not necessarily null for either RHDV or MV. This indicates that 

rabbits can lose immunity to these diseases (albeit with a very low probability).  

The effect of sex on the rate at which individuals became seropositive varying 

among populations further illustrates the varying behavior of these diseases across 

individuals and populations (Parkes et al., 2002; Fouchet et al., 2008). 

 

Antibody prevalence and density 

 
In general, seroprevalence did not follow a consistent pattern either within or 

among populations for either disease. This was in agreement with previous findings 

from some authors, stating these diseases behave very differently among populations 

(Parkes et al., 2002; Fouchet et al., 2008), but contrasts with a study in the Canary 
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Islands (Foronda et al., 2005) where they found no difference in RHDV prevalence 

across four neighboring geographic zones. 

Host infection by both viruses also occurs by means of contact with an infected 

individual. Population size is thus recognized as an important factor promoting MV and 

RHDV dynamics (Fouchet et al., 2008; Cooke and Fenner, 2002; Calvete, 2006b; 

Cotilla et al., 2010). However, even though in some cases a great amount of variation in 

seroprevalence appeared to be explained by density, in no case did we find this 

hypothesis was strongly supported (P-values were marginally significant at the 0.05 

level).  

The pattern of increasing prevalence with population size observed in E1 for 

both MV and RHDV was unsurprising. However, we observed no such relationships in 

E2 and a negative relationship between MV prevalence and population size in E3. This 

last result may have been caused by a correlation between decreasing density due to 

gradual habitat degradation (authors personal observation) leading to individuals under 

nutritional stress being more susceptible to infection. 

 

Conclusion 

This is the first multi-event study focusing on MV and RHDV host–pathogen 

dynamics in rabbit populations. We found that while MV seropositivity had either a 

positive or negative effect on survival that was likely dependent on interaction with 

other factors (e.g. physiological condition), the haemorrhagic syndrome caused by 

RHDV led seropositive rabbits to suffer higher mortality rates.  

Our study highlights that the host–pathogen dynamics of these viruses are highly 

variable among populations even when these share similar management and climatic 
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conditions. These findings have important implications for rabbit population 

management, particularly where their scarcity could compromise ecosystem 

conservation.  

Additional well-defined capture–recapture analyses may shed further light on the 

still many obscure mechanisms driving host–pathogen dynamics (e.g. Lachish et al., 

2011a; Lachish et al., 2011b). 
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Abstract 

 

The interaction among several parasites in European rabbits (Oryctolagus 

cuniculus) is crucial to host fitness and to the epidemiology of myxomatosis and rabbit 

haemorrhagic disease. These diseases have caused significant reductions in rabbit 

populations on the Iberian Peninsula. Most studies have focused on the epidemiology 

and pathogenesis of these viruses individually, and little is known about interactions 

between these viruses and other parasites. Taking advantage of an experimental 

restocking program in Spain, the effects of coccidian and nematode infections on the 

probability of having detectable antibody to myxoma and rabbit haemorrhagic disease 

viruses were tested in European wild rabbits. For 14 months, we monitored rabbit 

abundance and parasite loads (coccidia and nematodes) in three reintroduced rabbit 

populations. While coccidian and nematode loads explained seasonal seroprevalences to 

myxoma virus, the pattern was less clear for rabbit haemorrhagic disease. Contrary to 

expectations, seroprevalence to myxoma virus was inversely proportional to coccidian 

load, while nematode load seemed to play a minor role. These results have implications 

for viral disease epidemiology and for disease management intended to increase rabbit 

populations in areas where they are important for ecosystem conservation. 
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Introduction 

 

The arrival of two viral diseases, myxomatosis in the 1950s and rabbit 

haemorrhagic disease (RHD) in the 1980s, was the primary cause of a significant 

reduction in the European rabbit (Oryctolagus cuniculus) population on the Iberian 

Peninsula (Delibes-Mateos et al., 2009). Because the European rabbit is the staple prey 

for more than 30 predators in Spain, this population crash caused a significant 

perturbation to the ecosystem (Delibes- Mateos et al., 2008). Populations of some 

predators, including the Iberian lynx (Lynx pardinus) and the Iberian Imperial Eagle 

(Aquila adalberti), are now endangered (Ferrer and Negro, 2004); therefore, the 

recovery of wild rabbit populations has become a major goal of nature conservation in 

Spain. Although management techniques have been applied (Moreno and Villafuerte, 

1995; Calvete et al., 2004c; Cabezas and Moreno, 2007; Rouco et al., 2008, 2011), they 

have been only partly successful in mitigating viral diseases, and annual outbreaks of 

myxomatosis and RHD cause high mortality in European Mediterranean ecosystems.  

Most studies have focused on the epidemiology and pathogenesis of these 

diseases separately (Calvete et al., 2002), and the potential role of coinfection has been 

so far neglected. Studies have shown different coinfection relationships between 

myxoma virus (MV) and parasite infections (Boag, 1988; Boag et al., 2001; Lello et al., 

2005).  

Two long-term monitoring studies (Cattadori et al., 2007, 2008) have led to two 

important conclusions concerning the dynamics of coinfection under natural conditions. 

Rabbits infected with MV are more susceptible to nematode infection, and rabbits with 

existing nematode infestations suffer longer MV infections. The immune response plays 

a key role in these interactions. It is generally accepted that after infection, naïve T 
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helper (Th) cells begin to differentiate into Th1 and Th2cells, each characterized by a 

specific type of interleukin (IL). Thus, the response triggered by MV (as a 

microparasite) biases the system toward Th1, but immune defense against nematodes 

(macroparasites) requires a Th2 response (Cox, 2001; Pedersen and Fenton, 2006). An 

experimental study showed that if both pathways occur simultaneously, the relaxation 

of the immune response provokes higher mortality (Kerr et al., 2004). Thus, the 

interactions between the two viral diseases and other parasites remain unclear, and there 

is little information about the ways in which other factors, such as host age, sex, body 

condition, reproductive stage, season, or abundance, influence these pathogen 

interactions.  

We tested whether the loads of microparasites (belonging to the family 

Eimeriidae, subclass Coccidiasina) and macroparasites (gastrointestinal nematodes) 

influence the ability of rabbits to generate an appropriate immunologic response against 

MV and rabbit haemorrhagic disease virus (RHDV). Because susceptibility to a given 

pathogen would be affected by the ongoing cytokine response due to a preexisting 

infection (Graham et al., 2007), we tested two predictions: (1) Populations with higher 

nematode loads will present lower seroprevalences to both viruses, because 

gastrointestinal nematodes would polarize the immune system toward Th2, and (2) 

populations with higher coccidian loads will have higher seroprevalences, because 

coccidian and viruses are regulated by the same Th1 pathway (Yun et al., 2000; 

Pedersen and Fenton, 2006). 
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Materials and methods 

 

Sampling  

From January 2009 to April 2010, five live-trapping sessions were conducted in 

each enclosure. From 6605 rabbits originally captured, we selected and transported 563 

adults (253 females and 310 males) to a field laboratory within each enclosure to take 

blood samples. Blood samples were used to obtain anti-MV and anti-RHDV serum 

antibody concentrations. Also rabbit abundance was calculated by using pellet counts. 

For further details of serology and rabbit abundance protocols see general materials and 

methods. 

 

Parasitologic analyses  

To analyze the load of coccidia and nematodes within each enclosure, 20 

samples with five fresh pellets each were randomly collected each month (Coudert et 

al., 2000). To avoid samples from juveniles, only pellets .6 mm in diameter were 

collected (Rouco et al., 2012). Fecal egg and oocyst counts were determined by the 

modified McMaster technique (Raynaud, 1970), and results are expressed as oocysts per 

gram (opc) of faeces for coccidia or eggs per gram (epg) of faeces for nematodes. No 

other group of parasites was found. 

 

Data analyses  

To evaluate the predictions, a model selection approach was followed 

performing generalized linear mixed models (GLMMs) using a binomial distributed 

error with a logistic link function.  
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The probability of being antibody positive (categorical variable: antibody-

negative=0, antibody-positive=1) for both MV and RHDV (as response variables) was 

explained by the single effect and the two-way interactions of the following explanatory 

variables: nematode load (epg), coccidian load (opg), rabbit abundance (pellets/m2), 

sex, month, and body condition.  

Body condition was obtained with residual values after performing a simple 

linear regression between log-transformed body weight and tarsus length (Cabezas et 

al., 2006). Because animals were systematically sampled from the same enclosures, the 

study site was included as a random factor in our analyses. Because all samples came 

from adult animals, age was excluded from the analysis.  

Model selection was performed following a theoretic information approach 

based on Akaike’s information criterion (AIC; Anderson et al., 2001; Johnson and 

Omland, 2004). Briefly, for each candidate model, the AIC was estimated by selecting 

the model with the lowest value; we then ranked the remaining competing models 

according to their AIC value and subsequently estimated their Akaike differences (∆i) 

with respect to the best model (lowest AIC). Subsequently, the Akaike weights (wi) 

were estimated, defined as the relative probability of each model to be the best one 

among those being compared (Anderson et al., 2001). The absence of a pattern in 

residual values of the selected models was confirmed (Zuur et al., 2009). In order to 

discuss the effect size, the explained deviance of the best model and the pure deviance 

of each variable were calculated (Zuur et al., 2007). Statistical analyses were done using 

R version 2.12.2. Specifically, GLMMs were implemented using the ‘‘lme4’’ package, 

R package version 0.999375- 35 (R Development Core Team, University of Auckland, 

Auckland, New Zealand). 
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Results 

 

Myxoma virus seroprevalence peaked seasonally in February and October and 

was similar in the three enclosures (Fig. 1). For RHDV, enclosures 2 and 3 (but not 

enclosure 1) had annual maxima in April and October (Fig. 1). Coccidian and nematode 

loads had specific monthly patterns with maximum values in April (Fig. 1).  

 

 

 

 

 

The model selection showed that prevalence of antibody against MV was 

influenced by both coccidian and nematode loads in each enclosure (Table 1 and Fig. 2). 

In the best model for MV (wiMo+Coccidian load+Nematode load, Table 1), 16% of the 

observed variability in the probability of being antibody-positive was explained by 

month (βMo = -20.04, standard error [SE] = 0.008, t-value = -5.4) and also for the 

coccidian (βCoccidian = -20.49, SE = 0.05, t = 29.23) and nematode (βNematode = -

Figure 1. Average monthly seroprevalence to myxoma virus (MV) and rabbit haemorrhagic 

disease virus (RHDV) and coccidian and nematode (helminth) load in three European rabbit 

(Oryctolagus cuniculus) populations. 

A
n
ti
b
o
d

y
 p

re
v
a
le

n
c
e

 



Chapter 2 
 

 
73 

 

0.22, SE = 0.03, t = -6.22) loads in each enclosure. However, coccidian and nematode 

loads shared 1.7% of the explained deviance (they were positively correlated, β = 0.25, 

SE = 0.03, t = 6.8, R
2 
=7.7%). Correcting for this, the pure effect of coccidian load was 

about 4%, and that of nematode load was 1.4%. The influence of parasites persisted 

after correcting for season, being less intense in winter-spring (e.g., January, February, 

and April, βCoccidian = -20.37, SE = 0.06, t = -5.7, and βNematodes = -0.94, SE =0.18, 

t = -5.2, explaining for both factors 14% of the observed variability in MV antibody 

prevalence) than in summer- autumn (e.g., August and October, βCoccidian = -0.48, SE 

= 0.07, t = -6.5, and βNematodes = -0.36, SE = 0.14, t = -2.46, explaining for both 

factors 15.8% of the observed variability in MV antibody prevalence). Other factors, 

such as strict rabbit abundance (βAbundance = 0.15, SE = 0.05, t = 3.05, explaining 

1.1% of the observed variability in MV antibody prevalence) or body condition (βBody 

condition = 0.55, SE = 0.34, t = 1.5, explained deviance = 0.2%), had a slight positive 

effect on the probability of being antibody-positive. Sex had no effect on the rate of MV 

antibody prevalence (βSex = 0.04, SE = 0.04, t = 0.9, deviance explained = 0.07%).  

There was no clear effect of parasite load, rabbit abundance, body condition, or 

sex for RHDV antibody prevalence, since the null model (Mo) was placed at 0.09 points 

from the best model, and the AIC weights for both models were similar (Table 1). 
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Figure 2. Effect of coccidian and nematode load on probability of having detectable antibody to 

myxoma virus in three European rabbit (Oryctolagus cuniculus) populations. 
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Biological models K AIC ∆i wi 

Myxoma virus     

Mo+coccidian load+nematode load 6 707.39 0 0.99 

Coccidian load+nematode load 5 726.24 18.80 <0.001 

Mo 3 810.98 103.48 <0.001 

RHD virus     

Abundance+coccidian load+nematode load 6 706.97 0 0.30 

Mo 3 707.06 0.09 0.29 

Helminth load 4 708.65 1.68 0.13 

Coccidian load+nematode load 5 709.54 2.57 0.09 

Body condition+nematode load 5 710.62 3.65 0.05 

Body condition 4 711.03 4.05 0.04 

Abundance+coccidian load 5 712.48 5.51 0.02 

Abundance+nematode load 5 713.23 6.26 0.01 

Abundance 4 713.25 6.28 0.01 

Mo+nematode load 5 713.33 6.36 0.01 

Coccidian load 4 713.38 6.41 0.01 

Sex 4 714.21 7.24 <0.001 

Body condition+coccidian load 5 715.73 8.76 <0.001 

 

 

Table 1. Model selection for probability of having detectable antibody to myxoma and rabbit haemorrhagic 

disease (RHD) viruses in a sample of 563 European wild rabbits (Oryctolagus cuniculus) in the southwestern 

Iberian Peninsula. Models with substantial support for being the best model are represented in bold. a 

aK = number of parameters including intercept; AIC = Akaike Information Criterion; ∆I = difference 

of AIC with respect to the best model; wi0 Akaike weigth; Mo=null model only with the constant term. 
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Discussion 

 

Parasite load was a clear explanatory factor for prevalence of antibody to MV 

but not RHDV in European hares. However, contrary to our initial prediction, in the 

three populations, higher seroprevalence to MV occurred at low coccidian load.  

Before discussing our results, a methodological limitation should be considered. 

Data on antibody prevalence come from individual rabbits, while data on coccidian and 

nematode load represent the entire population. It was impossible to obtain both blood 

and fresh pellet samples from the same captured rabbits, as would have been ideal. 

However, both kinds of samples were taken simultaneously and always represent the 

same adult population. Thus, our results are likely to be a reliable approximation that 

could be tested in the laboratory.  

Coccidian infection is one of the main predisposing factors for intestinal 

enteropathies and can cause higher fatality rates than nematodes (Varga, 1982; Hobbs et 

al., 1999a), especially as animals that have recovered from coccidiosis are 

immunocompromised (Yun et al., 2000). Nevertheless, in our study, coccidian 

infections were more common than nematode infections in the wild, as others have also 

found (Peeters et al., 1981). Thus, it is likely that coccidian load has played a key role in 

generating an immunologic response, since there is higher probability of both pathogens 

(MV and coccidian) occurring in the same animal.  

Contrary to our initial hypothesis, populations with lower coccidian load had 

higher prevalences of antibody to MV. These patterns of coinfection (e.g., nematode-

coccidian-MV) could be partially due to an immunosuppressive effect of MV by 

decreasing circulating Th cells, and the remaining Th cells polarize the system to Th2 

(Jeklova et al., 2008). Thus, the immune response against nematodes is not completely 
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disrupted by the response to MV (Cattadori et al., 2008), but dealing with coccidia and 

MV simultaneously requires a high Th1 response that the immune system is unable to 

produce. In spite of this, the trade-off of the Th1/Th2 response must not be the only 

mechanism of the immune system to deal with coinfections (Cox, 2001). Other ecologic 

and environmental factors likely play an important role that was not considered in this 

study. In any case, it seems to be clear that coccidian control could play a key role in 

combating rabbit diseases (Peeters et al., 1984).  

In the context of RHDV coinfection, our model showed no relationship between 

the explanatory variables and the ability to develop RHDV antibody. Differences in the 

pathogenesis of both viruses could explain these results. The way our explanatory 

variables work is easier to understand in an immunosuppressive virus (MV), and, 

therefore, different variables should be considered to understand the ability to mount an 

antibody response to RHDV. We were surprised that the model did not select rabbit 

abundance as an influencing variable because several authors have reported a strong 

relationship between this variable and MV antibody prevalence (Calvete et al., 2002; 

Fouchet et al., 2008). Moreover, the transmission of MV is density dependent; the virus 

disappears after an epidemic in smaller populations but becomes endemic in large ones 

(Fouchet et al., 2008). Because antibodies against MV are maintained in rabbits for life 

(Fouchet et al., 2008), and the virus is widespread in the wild in southern Spain (García-

Bocanegra et al., 2010), MV antibody prevalence is higher in dense populations. The 

absence in our analysis of data from juvenile rabbits, responsible for the overall 

seroconversion rates, was probably the cause of these results.  

Our results agree with those of Blasco et al. (1996), who found that the highest 

prevalences of parasitization occurred during the breeding season, preceding peak 

population abundance; thus, a delay between coccidian and nematode levels and rabbit 
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abundance occurs. For this reason, the highest MV seroconversion rates would occur in 

rabbit populations that have lower parasite loads and higher densities. Several authors 

have demonstrated that rabbit abundance plays a similar role in the epizootiology of 

RHDV and MV (Calvete et al., 2002; Cooke, 2002). Yet, we did not find a clear 

relationship between population abundance and RHDV antibody prevalence.  

Further studies are needed to understand this absence of a relationship. Although 

more information is required, antibody prevalence to MV clearly depended heavily on 

coccidian load. High seroprevalence occurred when coccidian load was low, while 

nematode load played a minor role in this process. Our results have implications not 

only for the viral disease epizootiology, but ultimately, for disease management aimed 

to increase rabbit populations in areas where the rabbit is a keystone species for 

ecosystem conservation. 
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Abstract 

 

Myxomatosis and rabbit haemorrhagic 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 

haemorrhagic 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; Mörner 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 and Fenton, 2007). 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 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 
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(Oryctolagus cuniculus) and its two main viral diseases, myxomatosis and rabbit 

haemorrhagic 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 haemorrhagic 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; Møller et al., 1998). Therefore, rabbits in poor 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; Hellgren et al., 1989; Schroeder, 1987; Hellgren et al., 
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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 this study we monitored blood chemistry 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. 

 

Materials and methods 

 

Sampling  

From autumn 2008 to spring 2010, we conducted seven live-trapping sessions in each 

enclosure. From a total 6605 rabbits captured, we selected 720 adult rabbits to take blood 

samples. Samples were analyzed to obtain anti-MV and anti-RHDV serum antibody 

concentrations (see further details on serology protocols in general materials and methods) 

and also to characterize biochemical parameters.  
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Biochemical analyses  

We processed the serum samples using a COBAS INTEGRA 400 plus analyzer 

(Productos Roche España, 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. 

Biochemical and immunological analyses were performed by the Physiological 

Ecology Laboratory of the Doñana 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, lme4 

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 
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subsequent 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 from720 adult rabbits (274, 242, and 

204 rabbits in E1, E2, and E3, respectively). A total of 346 samples were seropositive only for 

MV, 101 samples were seropositive only for RHDV, 200 samples were seropositive for both, 

MV and RHDV, and 245 samples were seronegative. Some individuals were sampled more 

than once and not always had the same antibody titre 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 negative association 

between GGT levels and seropositivity for both viruses (p < 0.05; Table 1). 
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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. 
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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 

BILI. 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 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—levels 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. 
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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 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. 



Chapter 3 
 

 
94 

 

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.  

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.  
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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.  

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, 



Chapter 3 
 

 
96 

 

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 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 
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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 

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.  
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Abstract 

 

The European rabbit (Oryctolagus cuniculus) is one of the most important 

vertebrate species in the Mediterranean Basin ecosystem. Over the last 60 years, the 

arrival of two viral diseases, myxomatosis and rabbit haemorrhagic disease, have led to 

dramatic declines in wild rabbit populations across the Iberian Peninsula. These 

diseases are currently endemic. Periodic outbreaks occur and have significant impacts 

on wild populations. Both infection types have diverse physiological effects on their 

hosts that are rooted in aerobic metabolic processes. To fight off these viruses, rabbits 

activate their immune systems. However, the production of immune defences generates 

reactive oxygen species that may consequently damage host tissues. Hypothesising that 

immune responses increase oxidative stress, we examined whether wild rabbits 

naturally infected with myxoma virus (MV) and rabbit haemorrhagic disease virus 

(RHDV) had high oxidative stress. Using blood samples, we measured anti-MV and 

anti-RHDV antibody concentrations and different oxidative stress markers (i.e., 

glutathione peroxidase, glutathione reductase, superoxide dismutase, catalase, and 

malondialdehyde).Our results show that rabbits that were seropositive for both MV and 

RHDV had high concentrations of malondialdehyde. Age and body condition were also 

positively related to dual seropositivity. No significant relationships were observed 

between serostatus and the concentrations of the other oxidative stress markers. 

Although we expected infection with MV and RHDV to be correlated with oxidative 

stress, the influence of external sources of oxidative stress (e.g., climatic conditions) 

likely made it more difficult to detect such relationships in wild rabbits. 
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Introduction 

The wild European rabbit (Oryctolagus cuniculus) is an important keystone 

species in the Mediterranean Basin ecosystem. Over the past several decades, its 

populations have undergone a sharp decline in the Iberian Peninsula, largely due to the 

impact of two major viral diseases: myxomatosis and rabbit haemorrhagic disease 

(RHD) (Calvete et al., 2002; García-Bocanegra et al., 2010). Myxomatosis and RHD are 

currently endemic; significant annual mortality is caused by myxomatosis outbreaks in 

summer and autumn and RHD outbreaks in spring and winter (Calvete et al., 2002; 

Villafuerte et al., 2017). Both myxoma virus (MV) and RHD virus (RHDV) can induce 

significant physiological stress because host metabolic rate climbs during infection 

(Tuñon et al., 2003; Sanchez-Campos et al., 2004; Lastra, 2009; Costantini, 2014).  

In general, immune responses draw upon metabolic processes, increasing 

immunity and disease resistance at an energetic cost (Lochmiller and Deerenberg, 

2000). There are also biological fitness costs (Costantini, 2008). To fight these 

pathogens, rabbits first activate an innate inflammatory immune response. Inflammation 

is a non-specific process during which fluids, compounds, and immune cells (e.g., 

phagocytes) are disseminated through the bloodstream to damaged or infected tissues 

(Sorci and Faivre, 2009). Phagocytes release reactive oxygen species (ROS), 

particularly during neutrophil bursts, to neutralise pathogens (Klebanoff and Clark, 

1978; Swindle and Metcalfe 2007). ROS also play an important role in cell signalling 

and regulation (Thannickal and Fanburg, 2000; Dröge, 2002; Costantini, 2014). 

However, ROS have dose-dependent effects (Gechev et al., 2006; Quan et al., 2008). At 

low levels, they serve as important molecular messengers in biological processes (Apel 

and Hirt, 2004; Foyer and Noctor, 2005; Gechev et al., 2006); at high levels, though, 
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they can induce DNA, lipid, and protein damage (Harman, 1956; Beckman and Ames, 

1998; Dowling and Simmons, 2009; Selman et al., 2012). Therefore, although ROS can 

act as highly effective antimicrobial agents, they can also potentially damage host 

tissues and cells. Such negative side effects can be counteracted by a complex 

antioxidant (AOX) system that consists of a wide range of endogenous and exogenous 

compounds (Halliwell and Gutteridge, 1999; van de Crommenacker et al., 2010), 

although any imbalance between ROS and AOXs in favour of the former gives rise to 

oxidative stress (OS) (Sies,1991; Halliwell and Gutteridge, 2007). OS causes gradual 

deterioration of organismal function and cell senescence over time and is thus believed 

to be an important modulator of life-history trade-offs in vertebrates (Costantini, 2008; 

Nussey et al., 2009; Costantini, 2014).  

Therefore, an organism’s OS level plays an important role in reproductive 

performance and aging, which means it is also significantly linked to body condition 

and biological fitness (Beckman and Ames, 1998; Hulbert et al., 2007). Evaluating OS 

levels is therefore an important part of determining an individual’s health status. Since 

both plasma and serum markers can reveal exposure to stress, biochemical assays that 

characterise blood oxidative profiles could be used to determine the extent of OS in 

wild vertebrates (Costantini, 2008). According to recent findings, at least one marker of 

AOX activity and one marker of oxidative damage should be measured to adequately 

quantify overall OS (Prior and Cao, 1999; Clarkson and Thompson, 2000; Cohen and 

McGraw, 2009; Costantini and Verhulst, 2009; Selman et al., 2012; Christensen et al., 

2015).  

Laboratory and field studies have revealed that mounting an immune response 

can increase oxidative damage and decrease AOX activity (Tanchev et al., 2003; 

Costantini and Moller, 2009; Marri and Richner, 2015; von Schantz et al., 2016). 
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However, despite evidence suggesting that infection risk, OS, and host immune capacity 

are related, little is known about the temporal consistency of relationships among viral 

infections, OS markers, and immune function in wild animals.  

In this study, we tested the hypothesis that immune responses are associated with 

oxidative stress using three wild populations of the European rabbit. We measured anti-

MV and anti-RHDV antibody concentrations as well as markers of AOX activity and 

oxidative damage in serum samples collected over six sampling periods. The goal of our 

study was to improve our understanding of immune response dynamics and changes in 

OS and, more specifically, to determine how animals could physiologically cope with 

oxidative damage resulting from a natural immune challenge. We wished to clarify any 

potential harmful effects on body condition and biological fitness that could threaten the 

viability of natural populations. 

 

Materials and methods 

 

Sampling  

Animals were captured seasonally in the three enclosures of study: six live-

trapping sessions were conducted from autumn 2008 to spring 2010. From a total 6605 

rabbits captured, we selected 669 adult rabbits to take blood samples. Samples were 

analyzed to obtain anti-MV and anti-RHDV serum antibody concentrations (see further 

details on serology protocols in general materials and methods) and also to assay OS 

markers.  



Chapter 4 
 

 
105 

 

Oxidative stress analyses 

Using the serum samples, we assayed five different OS markers: four AOX 

enzymes—glutathione peroxidase (GPX), glutathione reductase (GR), superoxide 

dismutase (SOD), and catalase (CAT)—and one compound that signals oxidative 

damage—malondialdehyde (MDA; a product of lipid peroxidation).  

GPX (U/mg of protein) is an enzyme that catalyses the reduction of hydrogen 

peroxide (H2O2) and a wide variety of organic peroxides (R-OOH) into their 

corresponding stable alcohols (R-OH) and water using cellular glutathione as the 

reducing reagent. Its concentration was determined by estimating NADPH oxidation as 

per Carmagnol et al. (1983). GR (mU/mg of protein) is a flavoprotein that catalyses the 

NADPH-dependent reduction of oxidized glutathione (GSSG) into glutathione (GSH). 

Its concentration was determined as per Cribb et al. (1989). SOD (U/mg of protein) is a 

metalloenzyme that catalyses the dismutation of the superoxide anion into either 

molecular oxygen or hydrogen peroxide; it is thus a crucial part of the cellular 

antioxidant defense mechanism. Its concentration was determined as per McCord and 

Fridovich (1969). CAT (U/mg of protein) is an enzyme that catalyses the decomposition 

of hydrogen peroxide into water and oxygen and is a very important enzyme in 

oxidative metabolism. Its concentration was determined as per Cohen et al. (1969). 

Finally, MDA (nmol/ml) is a low-molecular-weight molecule that is the end-product of 

the peroxidative decomposition of unsaturated lipids. Its concentration was determined 

using the Buege and Aust method (1978).  

All analyses were carried out in the Laboratory of Ecophysiology at the Doñana 

Biological Station (CSIC, Seville, Spain). 
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Body condition 

To estimate rabbit body condition (BC), we calculated a scaled mass index (Peig 

and Green, 2009). This index standardises body mass based on a chosen metric of body 

length (tarsus length in our case) and is designed to account for allometric changes in 

scaling that are observed in many species (Gibbs and Chiucchi, 2012). BC was used in 

combination with serostatus to assess rabbit health costs.  

To calculate BC, mass (in grams) and tarsus length (TL, in mm) were log-

transformed, and Model II Regression (lmodel2 package in R v. 3.3.2; Legendre, 

2008) was used to calculate the slope (bSMA) of the best-fit line using major axis 

regression. Lo was calculated; it was the mean value of TL based on the entire dataset 

(mean TL females=71.7 mm; mean TL males=72.8 mm). We calculated separate 

scaled mass indices for female and male rabbits because, as mentioned above, rabbit 

age was based on mass and patterns differed between the sexes. 

Furthermore, gravid females were excluded because they were expected to be 

heavier relative to their length, which could have biased the calculations. 

 

Data analysis 

We performed generalised linear models (GLMs, stats package in R v. 3.3.2) 

with binomial error distributions and logit link functions. Serostatus was the response 

variable (rabbits seropositive for MV, rabbits seropositive for RHDV and rabbits 

seropositive for both MV and RHDV); the explanatory variables were the serum 

concentrations of the OS markers (GPX, GR, SOD, CAT, and MDA). We also included 

age, sex, BC, and enclosure density as predictors. To minimize data heterogeneity, the 
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numeric explanatory variables were log-transformed before the models were run. 

Correlations among variables were determined to select the explanatory variables 

included in the final model.  

All statistical analyses were performed using R software (v. 3.3.2; R Core Team, 

2016).  

 

Results 

 

We obtained a total of 669 blood samples from 589 adult and 80 juvenile rabbits 

(264, 203, and 202 rabbits in enclosures E1, E2, and E3, respectively). A total of 221 

samples were seropositive for MV alone, 86 samples were seropositive for RHDV 

alone, 133 samples were seropositive for both MV and RHDV (dual seropositivity), and 

229 samples were seronegative.  

None of the OS marker concentrations were significantly associated with MV or 

RHDV serostatus alone. Indeed, we detected one significant positive relationship: 

between MDA concentrations and dual seropositivity (MV/RHDV; p < 0.01; Table 1). 

Both age (p < 0.001; Table 1) and BC (p < 0.01; Table 1) were positively associated 

with dual seropositivity. Age (p < 0.001; Table 1), BC (p < 0.001; Table 1), and rabbit 

density (p < 0.01; Table 1) showed a positive relationship with RHDV seropositivity.  
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Figure 1. Average concentrations of OS markers (mean ± SE) across capture sessions based on rabbit 

serostatus categories: seronegative, seropositive for myxoma virus [Myxo+], seropositive for rabbit 

haemorrhagic disease virus [Rhd+], and seropositive for both viruses [Myxo+/Rhd+]. The marker 

abbreviations are as follows: a) glutathione peroxidase (GPX), b) glutathione reductase (GR), c) catalase 

(CAT), d) superoxide dismutase (SOD), and e) malondialdehyde (MDA). 
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Concentrations of OS markers were quite consistent over time. Overall, markers 

of AOX activity (GPX, GR, SOD, and CAT) were present in low concentrations in 

individuals that were seropositive for MV alone, RHDV alone, and both MV and 

RHDV (Fig. 1). In contrast, MDA concentrations were high in seropositive individuals 

(MV, RHDV, and MV/RHDV) and low in seronegative individuals (Fig. 1). 

Table 2 provides the descriptive statistics for the OS marker concentrations for 

each enclosure and each serostatus group.  
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Discussion 

 

To our knowledge, this study is the first to look at the relationships between MV 

and RHDV seropositivity and OS in wild European rabbit populations.  

We found no association between the concentrations of AOX markers and 

serostatus. One possible explanation is that OS may be relatively minor in wild rabbits 

infected with MV and/or RHDV because other environmental factors (e.g., climatic 

conditions, food availability, and parasite infections) have a much greater impact on an 

animal’s oxidative status (Gassó et al., 2016). However, rabbits seropositive for both 

MV and RHDV did have high concentrations of MDA in their sera (Table 1; Fig. 1). 

This result could lend support to the idea that rabbits infected with MV and/or RHDV 

show augmented ROS and oxidative damage may arise as a consequence. Other factors 

such as BC, age, and enclosure density were significant (Table 1). Interestingly, age was 

positively associated with both MV seropositivity and dual seropositivity, but not with 

RHDV seropositivity. However, this latter result makes sense given RHDV’s lethality. 

Santoro et al. (2014) found that rabbits seropositive for RHDV had low survival rates; 

juveniles were more susceptible than adults because of their immature immune systems. 

Consequently, high mortality in young age classes would mean that a high percentage 

of individuals failed to reach adulthood. BC was positively correlated with RHDV 

seropositivity and dual seropositivity but not with MV seropositivity. It is worth nothing 

that rabbits seropositive for MV have higher survival rates than rabbits that are 

seronegative (Santoro et al., 2014). Nevertheless, the strong immunosuppressive effects 
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of myxomatosis can favour opportunistic infections (Cattadori et al., 2008), and hence 

BC may be of minimal importance. 

We would like to acknowledge some of the limitations of the current study. 

Assessments of OS levels can be highly variable due to taxonomic differences, different 

environmental conditions, or the short-term nature of many sampling efforts (e.g., 

because of logistical constraints). Consequently, they may not provide the best evidence 

for addressing the questions we have raised (Costantini et al., 2009; Norte et al., 2009; 

van de Crommenacker et al.,2011; Raja-aho et al., 2012; Rubolini et al., 2012; Pap et 

al., 2014).  

We thus wish to emphasise the need for experimental studies, which could 

elucidate mechanisms underlying OS and facilitate the interpretation of field-study 

results (Costantini, 2008; Monaghan et al., 2009; van de Crommenacker, 2010). That 

said, this study is important because it examines the ability of OS to serve as a proxy for 

the body condition costs that wild rabbits pay when infected with these viral diseases. It 

is crucial to conduct further research to disentangle the consequences of oxidative 

damage on the health and biological fitness of wild European rabbits to ensure the 

viability of natural populations of this keystone species. 

In conclusion, although AOX markers appeared to remain unaffected, we 

observed an increase in oxidative damage to lipids in rabbits seropositive for both MV 

and RHDV. This finding likely suggests that ROS levels were increased in naturally 

infected rabbits. That said, within wild populations, other factors may have a major 

impact on OS levels, potentially masking the contribution of viral infections.  

At present, there is increasing interest in using OS markers to assess animal 

health status in ecological studies of wild populations. However, to date, they have 
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yielded mixed evidence, perhaps because of methodological variation, taxonomic 

differences, variable environmental conditions, or short sampling periods. Further 

research is needed to better understand the influence of pathogens on OS levels in wild 

animals and to unravel the consequences for individual biological fitness and population 

viability. 
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As mentioned at the beginning of this thesis, emerging infectious diseases 

represent one important issue that wild species have to cope with. However, disease is a 

really complex process that rarely is associated to one single pathogen. Indeed, free-

living wild rabbits must face a diverse array of factors as a result of dynamic 

interactions among many species of pathogens, parasites (i.e: biotic factors) and wide 

variety of environmental features (i.e: abiotic factors) (Wobeser, 2007). Such complex 

network determines the severity of disease symptoms, the epidemiology of the pathogen 

species and rabbit fitness within wild populations; thence it plays a pivotal role in the 

regulation of population dynamics (Pedersen and Fenton, 2007).  

Essentially, it is important to recall the major impact that viral diseases (i.e: 

myxomatosis and RHD) and parasitosis (i.e: coccidiosis and helminthiasis) have on 

wild rabbit populations and consequently on the endangered predators that prey upon 

them. Even though the former diseases have become endemic, periodic outbreaks still 

occur and cause significant mortality rates (21-23% annual mortality rates, Calvete et 

al., 2002). Unfortunately, nowadays long-term epidemiological studies are not very 

numerous and often focus on descriptive aspects only, neglecting the interaction among 

different pathogens.  

In this regard, the present thesis provides substantial progress in understanding 

mechanisms that underlie disease process and their effects on the survival of wild rabbit 

populations. The “tandem” composed by myxoma virus (MV) and rabbit haemorrhagic 

disease virus (RHDV) — causative agents of the principal viral diseases in the wild 

European rabbit — as well as their interplay with other parasites (i.e: coccidia and 

nematodes) is of special interest to study rabbit populations’ trends. Here we gain 

further knowledge on how and to what extent these interactions affect rabbits’ survival 



General discussion 
 

 
120 

 

patterns by assessing rabbit physiology through long-term monitoring of biochemical 

and oxidative stress parameters.  

Rabbit survival, as observed in the chapter 1, is not absolutely determined by 

seropositivity. Despite protection conferred by antibodies, negative side effects (i.e: 

immunosuppression) have been described in rabbits infected with MV (Jeklova et al., 

2008). Actually, Boag et al. (2013) reported that MV could compromise rabbit 

immunity to coccidia and nematodes, causing an increase in these parasites’ loads. 

Immune response against macro-parasites (i.e: nematodes) normally elicits Th2 

response, while immunity to micro-parasites (i.: MV, RHDV and coccidia) usually 

involves a Th1 response (Graham et al., 2003). Nevertheless, it has been suggested that 

in the MV-coccidian/nematode coinfection model the Th1/Th2 system is not completely 

polarized (Cattadori et al., 2007), observing MV infected-rabbits with high nematode 

loads. Contrary to results of Boag et al. (2013) and Marques-Silva et al. (2015), that 

supported our baseline hypothesis, we found a negative relationship between MV 

seroprevalence and coccidian load (chapter 2). The reason of such discrepancies could 

be in line with our data that came from adult rabbits exclusively constrained to 

restocking enclosures, whereas the preceding studies dealt with free-ranging rabbits of 

all ages (Boag et al., 2013). Also ecological and environmental conditions were quite 

different since the study areas that those authors selected were characterized by distinct 

climate conditions to the Mediterranean climate herein.  

Characteristically, oocyst counts in wild rabbit populations show considerable 

variability through months and years (Stodart, 1968a, b; Hobbs et al., 1999b; Foronda et 

al., 2005); therefore, the coccidian loads we obtained in this thesis are likely to be 

distinct from the ones other authors reported as a consequence of natural seasonality. 

Similarly, we observed low nematodes load when high MV seroprevalences occurred 
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(chapter 2). This fact supports the aforementioned idea that Th1/Th2 dichotomy is not 

complete. Moreover, Chylinski et al. (2009) suggested that rabbits’ acquired immunity 

can regulate nematodes density by controlling directly and indirectly their growth and 

fecundity. As rabbits mature, the immune response is even more effective and therefore 

this may decrease intensities of nematode infections.  

As noticed in chapter 2, seasonal dynamics of parasites were particularly 

distinctive. The highest intensities of parasites (i.e: coccidia and nematodes) were 

detected during the breeding season just preceding the peak of high population 

abundance. Essentially, when such low rabbit densities occurred, MV and RHDV 

seroprevalences remained at their lowest values. This is in agreement with García-

Bocanegra et al. (2011) and Villafuerte et al. (2017) that indicated that antibody 

prevalence increased in parallel with population density. Once the reproduction takes 

place, the occurrence of myxomatosis and RHD outbreaks are registered as a result of 

the recruitment of susceptible young rabbits. At this point, when parasite loads dropped 

to its minimum and population densities experienced a maximum peak, we observed the 

highest MV and RHDV seroconversion rates.  

As a general tendency, seroconversion to seropositivy was more likely than the 

reverse (chapter 1). Nevertheless, as we suggested previously seropositivy did not 

confer high survival in all cases. Rabbits seropositive for MV experienced considerable 

higher survival rates than seronegatives while RHDV seropositivity was never related to 

an increase in rabbit survival (chapter 1). In this sense, effects derived from the 

haemorrhagic syndrome are likely to overbalance beneficial effects derived from 

immunity and may lead rabbits seropositive for RHDV to high mortality rates (chapter 

1).  
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Negative effects of seropositivity were even more patent among young rabbits 

that showed low survival rates (both seropositives for MV and also seropositives for 

RHDV). In this regard, the production of antibodies would be clearly detrimental for 

young rabbits since their immune system is not fully mature. Definitely, juveniles are 

the most susceptible age class to diseases as confirmed by García-Bocanegra et al. 

(2011) and Villafuerte et al. (2017) who revealed that MV and RHDV seroprevalences 

were lower among young rabbits.  

Epidemiologically, age is a key factor because as rabbits get older they are 

subjected to contact an increasing number of pathogens (i.e: MV, RHDV, coccidia and 

nematodes). As a consequence of the infections they face during their life-time, the 

level of antibodies is considerably higher in adult rabbits than in juveniles. Actually, 

results from chapter 4 supported this point since we observed age was related 

positively to MV seropositivity and also dual seropositivity (MV and RHDV).  

Otherwise we did not find any association between RHDV seropositivity. This 

fact is likely to be associated to the virus lethality with the most pronounced impact in 

early age classes that would prevent them from reaching adulthood. Naturally, wild 

rabbits infected with pathogens (i.e: MV, RHDV, coccidia and/or nematodes) undergo 

dramatic changes in behaviour, nutritional condition and physiology. Such changes are 

the result of pathogens-derived impact and also the ability of the individuals to 

compensate for these damaging effects that influence body condition (i.e: body weight, 

growth rate), capacity for reproduction and hence rabbits’ fitness (Reglero et al., 2007; 

Henzell et al., 2008).  

As disease outbreaks in wild animals are ephemeral events, the detection of new 

outbreaks (in the wild) is a really challenging task. However, most recent studies are 

aimed at detecting prior exposure to specific pathogens (Artois et al., 2009). One 
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feasible approach is to use chemical compounds from blood or tissues as biomarkers 

(i.e: antibodies, blood biochemical parameters and/or OS markers) (Franzmann and 

Schwartz, 1988; Hellgren et al., 1989; Schroeder, 1987; Hellgren et al., 1993;Milner et 

al., 2003). The levels of these compounds would indicate potential physiological or 

biochemical changes likely linked with different stages of infection. In this respect, the 

main advantage of this approach is that it provides epidemiologically useful information 

to detect disease events within wild populations.  

In line with this, we assayed several biochemical parameters (chapter 3) that are 

considered good proxies of physiological condition because they indicate organ 

function, protein metabolism and nutritional status (Harder and Kirkpatrick, 1994; 

Stirrat, 2003). Additionally, in chapter 4 we also measured OS markers which are 

widely used to assess physiological cost of infection in animal health (Lykkesfeldt and 

Svendsen, 2007; Castillo- Rodriguez et al., 2011).  

As described before, seasonality was evidenced with a maximum peak of 

parasites that accorded with low rabbit abundances and also low seroprevalence rates. In 

this period we mostly recorded seronegative rabbits but once new individuals were 

born, viral outbreaks appeared consequently and the number of seropositive rabbits was 

largely increased. Here, high seroconversion rates to seropositive status seemed to be 

associated to an alteration in the level of transaminases (ALT, AST, and GGT) although 

we only found low concentrations of GGT in rabbits with dual seropositivity 

(seropositives for both MV and RHDV). Such a decrease in GGT levels is indicative of 

an impaired hepatic function that is normally observed in rabbits infected with MV 

and/or RHDV. Furthermore, AOX markers apparently seemed unaffected but rabbits 

with dual serostatus (seropositives for both MV and RHDV) showed elevated MDA 

concentrations that is a distinct sign of substantial oxidative damage.  
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Presumably, a large amount of compounds are susceptible to be altered in wild 

rabbits during disease processes. Notwithstanding, they may result unnoticed because 

such changes may be weak and ephemeral in the wild and, it could also occur that other 

factors (i.e: environmental factors) are likely to mask the real impact on OS parameters 

(Ferreira et al., 2004; Wobeser, 2007).  

Besides, myxomatosis and RHD are now enzootic in the IP and have reduced 

their severity, so physiological responses to pathogens might be decreasing also in 

intensity. All this goes to show that despite the recent surge of interest in the use of 

these biomarkers (i.e: blood biochemistry and OS makers) to assess the impact of 

wildlife diseases, further research remains to be done to disentangle sources of variation 

likely to affect these potential physiological indicators.  

To conclude, it is worth to highlight the heterogeneous characteristic patterns 

present in the enclosures studied here. It provides a clear evidence of interactions with 

other environmental factors and also marked variability within individual-level in 

immune and physiological responses in accordance with different life-history traits 

(e.g., developmental, physiological, genetic, and immunological features). All of that 

certainly contributed to the distinctive seasonality we reported in the studied enclosures 

and should be largely considered to get better comprehensive understanding of disease 

dynamics in our study area. 
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I. Seropositivity may affect rabbits’ survival differently as a consequence of a 

trade-off among several factors such as: 1) protective effect of antibodies 2) 

immunosuppressive syndrome and, 3) virus lethality. Rabbits seropositive 

for myxoma virus (MV) had either a positive or a negative effect on survival 

that was likely dependent on the interaction with other factors (e.g. 

physiological condition). Whereas seropositives for rabbit haemorrhagic 

disease virus (RHDV) did not experience higher survival, the haemorrhagic 

syndrome of RHDV would produce higher mortality rates among 

seropositive rabbits.  

 

II. As a general pattern, seroconversion rates from seronegative (status) to 

seropositive (status) occurred more often than the reverse among the studied 

populations. This fact supports the endemic character of myxomatosis and 

rabbit haemorrhagic disease (RHD) in the study area. 

 

III. Th1/Th2 immunological dichotomy seems to not be completely polarized 

since we found higher MV seroprevalences when low coccidian and 

nematode loads occurred. And loads of nematodes and coccidia did not 

explain seasonal RHDV seroprevalence. Parasite dynamics showed high 

variability likely due to: 1) different climatic conditions, 2) variations in wild 

rabbit populations, 3) differences in diversity and richness of intermediate 

hosts and, 4) influence of environmental factors.  
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IV. Given the strong relationship between coccidia and MV infections, the 

control of coccidian loads in the enclosures may minimize the impact of MV 

outbreaks in the populations of study. 

 

V. The current enzootic character of myxomatosis and rabbit haemorrhagic 

disesase (RHD) in the study area can reduce the severity of these diseases 

within wild rabbit populations, therefore, alterations in the biochemistry of 

the individuals might result unnoticed as a consequence of attenuated 

physiological responses against these pathogens. 

 

VI. Biochemical parameters here used did show poor sensitivity to detect any 

physiological alteration in rabbits. The use of alternative indicators such as 

markers of oxidative stress that could incorporate more and precise 

information is recommended. 

 

VII. While any association between antioxidant (AOX) and serostatus markers 

was observed, high concentrations of MDA detected among seropositive 

rabbits showed a clear evidence of oxidative damage. As an end product of 

lipid peroxidation, MDA appears to a great extent permanent in the 

organism. Therefore the use of this marker is a highly reliable tool for 

medium-term monitoring in wild rabbit populations. 
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VIII. Generally body condition was positively associated to seropositivity ; rabbits 

seropositive only for RHDV and rabbits seropositive for both viruses were in 

better condition than seronegative rabbits. However, this was not the case for 

rabbits seropositive for MV.  

 

IX. Despite the populations of study experienced similar climatic and 

management conditions we reported heterogeneous patterns as a result of the 

interaction with other environmental factors and also due to the variation 

within individual-level in immune and physiological responses connected to 

different life-history traits (e.g., developmental, physiological, genetic, and 

immunological features). 

 



 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX 



 



Multi-event capture–recapture modeling of
host–pathogen dynamics among European rabbit
populations exposed to myxoma and Rabbit
Hemorrhagic Disease Viruses: common and
heterogeneous patterns
Santoro et al.

VETERINARY RESEARCH

Santoro et al. Veterinary Research 2014, 45:39
http://www.veterinaryresearch.org/content/45/1/39



VETERINARY RESEARCH
Santoro et al. Veterinary Research 2014, 45:39
http://www.veterinaryresearch.org/content/45/1/39
RESEARCH Open Access
Multi-event capture–recapture modeling of
host–pathogen dynamics among European rabbit
populations exposed to myxoma and Rabbit
Hemorrhagic Disease Viruses: common and
heterogeneous patterns
Simone Santoro1†, Isa Pacios2†, Sacramento Moreno2, Alejandro Bertó-Moran2 and Carlos Rouco2,3*
Abstract

Host–pathogen epidemiological processes are often unclear due both to their complexity and over-simplistic
approaches used to quantify them. We applied a multi-event capture–recapture procedure on two years of data from
three rabbit populations to test hypotheses about the effects on survival of, and the dynamics of host immunity to,
both myxoma virus and Rabbit Hemorrhagic Disease Virus (MV and RHDV). Although the populations shared the same
climatic and management conditions, MV and RHDV dynamics varied greatly among them; MV and RHDV
seroprevalences were positively related to density in one population, but RHDV seroprevalence was negatively
related to density in another. In addition, (i) juvenile survival was most often negatively related to seropositivity, (ii)
RHDV seropositives never had considerably higher survival, and (iii) seroconversion to seropositivity was more likely
than the reverse. We suggest seropositivity affects survival depending on trade-offs among antibody protection,
immunosuppression and virus lethality. Negative effects of seropositivity might be greater on juveniles due to their
immature immune system. Also, while RHDV directly affects survival through the hemorrhagic syndrome, MV lack
of direct lethal effects means that interactions influencing survival are likely to be more complex. Multi-event modeling
allowed us to quantify patterns of host–pathogen dynamics otherwise difficult to discern. Such an approach offers a
promising tool to shed light on causative mechanisms.
Introduction
Emerging and re-emerging infectious diseases present
one of the most pressing issues facing wild vertebrate
populations in the 21st century [1]. However, relatively
little is yet known about the exposure dynamics of infec-
tious agents in their individual hosts, and what deter-
mines their impact on life-history traits such as survival
[2]. A comprehensive understanding of the ecological
processes influencing pathogen dynamics in natural host
populations is of crucial importance to predicting both
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the dynamics of infectious diseases and the risks that
they may entail for animal populations [3,4].
The European wild rabbit (Oryctolagus cuniculus) and

the two main viral diseases that affect them (myxomatosis,
and Rabbit Hemorrhagic Disease) represent an important
system for addressing wildlife eco-epidemiological issues.
European rabbits are a multifunctional keystone species;
not only do they alter plant species composition and
vegetation structure, but they also represent the bulk of
the diet of a wide variety of Iberian predators [5]. These
include the Iberian lynx (Lynx pardinus) and the Spanish
imperial eagle (Aquila adalberti), both seriously threat-
ened [5-7]. The arrival of myxoma virus (MV) and
Rabbit Hemorrhagic Disease Virus (RHDV) on the Iberian
Peninsula has caused a marked decline in rabbit popula-
tions over the last 50 years [8-11], threatening further
l Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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population losses among their predator species [12,13]. In
an attempt to prevent local extinction in its native range,
and to avoid predator co-extinctions, the European rabbit
has been made a conservation priority in both Spain and
Portugal [14-17]. In addition the loss of rabbits, consid-
ered a pest species across most of their introduced range
[18], has in some areas of the Iberian Peninsula caused
large-scale economic loss and environmental degradation
(e.g. [19,20]).
In spite of the ecological and economic relevance of

these issues, disease surveillance still broadly uses simple
counts of infected and uninfected animals, although more
accurate statistical tools that account for imperfect detec-
tion are now available (see [21] for a review of capture–re-
capture modeling in epidemiology). A few studies have
used simple Cormack–Jolly–Seber (CJS) capture–recap-
ture models to investigate MV and RHDV effects on
rabbit population dynamics (e.g. [22,23]). As an extension
of single-state (CJS) models, multi-state capture–recap-
ture models allow the direct estimation and testing of hy-
potheses about seroconversion rates and state-specific
survival rates [24-26]. However, assessment of the infec-
tious status of all captured individuals is often unfeasible,
and some data rearrangement (e.g. data-censoring) is usu-
ally required for the application of multi-state models
(reviewed in [27]). To avoid these limitations, multi-event
capture–recapture models have been recently developed
[28] allowing uncertainty in state assessment to be mod-
eled. Here we apply this novel approach to test hypotheses
about the effects on survival of, and the dynamics of host
immunity to, both MV and RHDV (which occur naturally
in the study area). As a general prediction, based on previ-
ous studies, we expected MV and RHDV seropositives to
have higher survival rates than seronegatives (e.g. [29-31]).
In addition, we aimed to do the following: (i) estimate
monthly survival rates dependent on antibody status, age
(juveniles vs. adults) and sex, (ii) assess monthly serocon-
version rates (from seropositive to seronegative, and vice
versa) with respect to both diseases according to hosts’
age and sex, (iii) quantify the dynamics of seroprevalence
to each virus over time, expressed as the seropositive
probability, and (iv) examine relationships between popu-
lation size and seroprevalence.

Materials and methods
Ethic statement
All animal manipulations reported in this paper were
made in accordance with Spanish and European regula-
tions (Law 32/2007, R.D. 1201/2005 and Council Directive
2010/63/EU).

Study area and sampling
The study was carried out in the southwestern Iberian
Peninsula (Hornachuelos Natural Park; 37°49′ N, 5°15′
W; 100–700 m elevational range), where the climate is
Mediterranean with hot, dry summers and cool, wet
winters [32]. A rabbit breeding program was imple-
mented in the area in 2008 for conservation purposes;
the main objective was to increase rabbit abundance in
the area to enhance survival of threatened predators.
Three enclosures (E1, E2, E3; about 4 ha each) were
built as breeding zones for rabbits, being surrounded by
2.5-m-high chain-link fence to both prevent rabbit dis-
persal and exclude terrestrial predators [33]. Each en-
closure contained 30 regularly distributed artificial
warrens, water and pellet food were supplied ad libitum,
and grass was sown to increase the availability of fresh
food.
From May 2008 to April 2010, nine one-day live-trapping

sessions were carried out at each enclosure. Time-intervals
between capture sessions varied slightly across enclosures
and through the time period; on average a capture session
was performed every 2.9 months (SE: 0.18). Live rabbits
were caught in cage traps placed surrounding each warren
as described in [34], with 50–60% of rabbits from each
warren caught at each session [35]. Captured animals were
handled at the trap-site, being marked with a numbered
ear tag and having their sex and weight recorded. Females
and males weighing more than 750 g and 850 g respect-
ively were considered adults [36-38] (see Additional file 1
for details on sex and age population structures). Blood
samples (1–2.5 mL) were collected from 1125 (17%) of
6605 captured animals over the course of the study. De-
tails of the serology protocols employed are given in
[34]. For both viruses, we considered seropositive those
individuals with antibody concentrations sufficient to con-
fer protection against disease as resulting from the ELISA
test Information brochure (Ingezim Rabbit 1.7., Ingenasa
Laboratory, Madrid, Spain). The probability of either
false-positive or false-negative diagnoses under this para-
digm are negligible (P < 0.02; [34]) making state misclassi-
fication unnecessary to be modeled. Furthermore, since
antibodies against both viral diseases are detectable in
blood for a short time (8–13 days) after exposure to either
pathogen [39], seroprevalence to MV or RHDV provides a
reliable insight into the epidemiological dynamics of the
two diseases.

Multi-event capture–recapture analyses
Capture–recapture sessions were not synchronized among
the three fenced areas (E1–E3), for logistic reasons. As a
result, we ran separate analyses for each enclosure and
disease agent (MV and RHDV). With these populations
serving as breeding zones for restocking purposes, ran-
dom samples of captured individuals were periodically re-
moved during capture sessions (removals of individuals is
coded in the data sets and does not affect estimation of
parameters). Sample sizes for capture–recapture analyses
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(i.e. number of captures minus number of removals) were
2573, 1771 and 1400 for E1–E3 respectively. Numbers of
animals captured per trapping session, divided by the sur-
face of the trapped enclosure, were used as indices of
rabbit density [35] for each capture session and enclosure.

Goodness of fit
Since no goodness of fit (GOF) is available for multi-
event models, for each population we used U-CARE
2.3.2 [40] to test the fit of the Cormack–Jolly–Seber
(CJS) model that accounted only for time variation in
survival and capture probabilities. The CJS model is
therefore more restrictive than those fitted for testing
hypotheses that do account for the effect of serological
status on recapture and transition probabilities. Hence,
this approach is conservative given that if the CJS model
adequately fits the data, then the multi-event models are
also expected to fit. For each population/GOF analysis,
we defined four groups according to age at first capture
(adult vs. juvenile) and gender. U-CARE allows testing
for specific lack of fit due to a transience effect (i.e. a
higher than expected presence of individuals showing
up only once; test component 3.SR) and/or to trap-
dependence (i.e. capture probability depending on the
fact they were captured or not; test component 2.CT).
When the overall (all the groups and components to-
gether) goodness-of-fit tests were significant, sources of
extra-binomial variation were accounted for in the
multi-event global models by including transience and/
or trap dependence (according to the output of tests 3.
SR and 2.CT on each specific group). Over-dispersion
factors (c-hat) were then calculated as the ratio between
the sum of χ2 values and degrees of freedom of the non-
significant test components [41].
For E1, the global goodness-of-fit test indicated lack of

fit of the CJS model (χ2 = 112.47; d.f. = 87; P = 0.034),
detecting “trap-happiness” among both adult males and
females (P = 0.01 and < 0.01 respectively). For E2 and E3,
there was no evidence of lack of fit (χ2 = 73.53; d.f. = 88;
P = 0.87, and χ2 = 73.53; d.f. = 88; P = 0.8, respectively).
We thus modeled trap-dependence among adults for E1
(see [42] and Additional file 2 for details on the prob-
abilistic framework used). Correction for over-dispersion
(c-hat = 1) was not needed for any analysis. Both survival
and seroconversion rates have probably varied through-
out the study period. However, because of limited sam-
ple sizes, and because our primary interest was in the
net immunological effects on rabbit dynamics, we chose
not to include a time effect on Survival and Seroconversion
parameters.

Multi-event design
During each field session (excluding the fifth, for logis-
tical reasons) a variable and random sample of captured
individuals were blood-sampled (regardless of sex, age,
and encounter history) and their MV and RHDV im-
munological statuses (seropositive or seronegative) were
assessed. To account for uncertainty in state-assessment
when an individual is not bled (sensu “partial observa-
tion”; [27]) we used multi-event capture–recapture
models [28] in E-SURGE 1.8.5 [43]. Unlike traditional
methods for handling partial information on states, like
data censoring or the extra-state approach [26], capture
records in the multi-event framework are defined as
events (i.e. reflecting the way the underlying biological
states are observed in the field). It is therefore possible
to define a specific event to record the capture of an in-
dividual whose state is unknown. Here we considered
four events (not seen, 0; seen, bled and assessed as sero-
negative, 1; seen, bled and assessed as seropositive, 2;
seen and not bled, 3) and three possible states (dead, †;
alive seronegative, SN; alive seropositive, SP). A slightly
different set of states was used in models accounting for
trap-dependence (details on the probabilistic framework
are given in Additional file 2).
Multi-event models include three parameter types,

Initial State (related to the probability of being in some
specific state when first captured), Transition (related to
the probability of transition between states) and Event
(related to the probabilities of being re-sighted according
to the event-mediated information on states). We decom-
posed Transition into two steps: Survival (the survival
probability) and, conditional on still being alive, Sero-
conversion (the seroconversion probability). Event was
decomposed into two steps: Capture (accounting for re-
capture probability) and, conditional on being captured,
State Assignment (accounting for the probability the
immunological status was assessed). In this study, Initial
State estimates the probability one first-captured indi-
vidual is seropositive. Therefore, by assuming that the
probability of first captured individuals being seropos-
tive reflects the percentage of seropositive individuals in
the population (but see [44,45] for a discussion on this),
Initial State can be a proxy for the seroprevalence in
each population.
We ran six analyses, one for each population–disease

combination. We used QAICc values [46], to test for ef-
fects of immunity, age and sex on both rabbit survival
and seroconversion rates (from seropositive to seronega-
tive, and vice versa). Since populations were closed to
immigration and emigration, survival rates referred to
real survival rates [47]. We assumed that time intervals
were short enough that multiple transitions between
serological states were unlikely to occur between two
consecutive sessions and no bias was expected on sero-
conversion estimates [48]. In E-SURGE we marked the
“uneven time intervals” option to allow monthly esti-
mates of both survival and seroconversion probabilities



Table 1 Myxoma Virus model-selection best models

Enclosure Parameter Model effects np; Dev; QAICc; wi

E1 Survival Age*sex 58; 6694.55; 6813.05; 0.66

Age 56; 6700.78; 6815.10; 0.23

Age*immun 58; 6699.49; 6817.99; 0.06

Seroconversion Sex*immun 62; 6691.23; 6818.08; 0.92

E2 Survival Age*sex*immun 53; 4733.87; 4053.88; 0.88

Age*immun 49; 4750.48; 4059.29; 0.06

Serocoversion Sex*immun 53; 4733.87; 4053.88; 1

E3 Survival Immun 48; 3664.89; 3764.20; 0.69

Age*sex*immun 54; 3654.65; 3766.85; 0.18

Sex*immun 50; 3664.83; 3768.43; 0.08

Seroconversion Immun 52; 3656.86; 3764.76; 0.71

Sex*immun 54; 3654.65; 3766.85; 0.25

np, number of parameters; Dev, Deviance; QAICc, Quasi-Akaike Information Criterion
corrected for over-dispersion; wi, Akaike weight (support of the current model with
respect to the candidate set of models). Model notation: immun, the immunological
status: for survival it means a different survival rate according to immunological
status whereas for seroconversion it means that seroconversion rate from
seropositive to seronegative is different than seroconversion from seronegative
to seropositive; age, juveniles vs. adults; sex, females vs. males.
For each analysis, only models accounting for more than 90% of cumulative
Akaike weights are reported.
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even though intervals between capture sessions were not
on a monthly basis. We also used the best model from
each analysis to test the effect of population density on
Initial State (seroprevalence). For each analysis, we com-
puted the significance and percentage of Initial State
variation explained by density using analysis of deviance
(ANODEV) [49]. This procedure compares the deviance
and number of estimable parameters of three models
identical except for the parameter of interest (Initial
State in this case) which is: (i) constant, (ii) full-time
dependent, or (iii) dependent on density.

Model selection
Based on preliminary model exploration, Initial State and
State Assignment depended on, respectively, time and
time-by-immunological status and were not further mod-
eled. The other parameters of the global model accounted
for these effects: (i) Survival on age-by-sex-by-immuno-
logical status, (ii) Seroconversion on sex-by-immunological
status; Capture on sex plus age-by-immunological status-
by-time (in E1 also on trap-response).
For each population–disease combination, we first mod-

eled recapture probabilities. The structure for recapture
probabilities was then fixed as per the model with the low-
est QAICc value, and Survival and Seroconversion prob-
abilities were modeled independently. While we modeled
Survival we kept the most parameterized structure for
Seroconversion, and vice versa. For each parameter we
considered a set of candidate models made of models
nested to the global model. To keep the number of tested
models as low as possible [46], we only considered inter-
active effects for parameters whose time-variation was not
modeled (i.e. Survival and Seroconversion).
A final set of models combined the best structures for

both Survival and Seroconversion (lowest QAICc when
modeled independently) ([50], for a similar approach).
Hence we used this set of models to compute, for each
parameter, model-averaged estimates from models lying
within 2 Δ of the best model [46].

Results
Myxoma virus and survival
The relationship between MV seropositivity and sur-
vival varied among populations (Table 1, Figure 1, and
Additional file 3 for numerical values of parameters). In
E1, rabbit survival was variable among the age and sex
classes but not between seropositives and seronegatives.
In E2, MV-seropositive juveniles appeared to have lower
survival rates than seronegatives (on average 25.1% lower,
hereafter percentage differences refer to point estimates)
but estimates were very imprecise; the same pattern was
more evident among adult females (seropositive survival
9.6% lower) but the opposite trend was found among
adult males (seropositive survival 6.8% higher). In E3,
seropositives had higher survival rates than seronegatives
in all age and sex classes (8.2% higher).
Rabbit hemorrhagic disease and survival
The relationship between RHDV seropositivity and sur-
vival also varied among populations (Table 2, Figure 1,
and Additional file 3). However, there was a general pat-
tern of seropositives tending to have lower survival than
seronegatives. In E1, there was no clear relationship be-
tween RHDV seropositivity and either juvenile or adult
female survival, whereas it was related to lower survival
(12.6%) in adult males. In E2, seropositivity was related
to lower juvenile survival (20%), but no relationship was
observed for adults. In E3, seropositive juveniles appeared
to survive less (7.1%) than seronegatives, whereas no clear
effect was found for adults.
Myxoma virus seroconversion
Overall, the probability of becoming MV seropositive
was higher than that of becoming seronegative (Table 1,
Figure 2, and Additional file 4 for numerical values of
parameters). In E1, both males and females became sero-
positive at a faster rate than the reverse; for females the
probability of becoming seronegative was null suggesting
that female rabbits once seropositive remain so. Males
appeared to become seropositive at a faster rate than fe-
males. In E2, females became seropositive at a faster
rate than the reverse, and faster than males. In E3, the



Figure 1 Average monthly survival probability according to serological status (to MV and RHDV), age and gender in the three
enclosures (E1, E2, and E3). Only estimates related to effects selected in models with lowest QAICc are shown (e.g. if sex effect on survival was
found to be negligible by model selection, one common estimate is shown for both males and females). Estimates with 95% confidence intervals
are shown. Notation: juv, juvenile; SN, seronegative; SP, seropositive; mal, males; fem, females.
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probability of becoming seropositive was the same for
both genders, and the reverse was null.
Rabbit Hemorrhagic Disease Virus seroconversion
We found very different patterns of RHDV seroconversion
among enclosures (Table 2, Figure 2, and Additional file 4).
In E1, no difference was observed among genders, with
all rabbits becoming seropositive at a faster rate than
the reverse. In E2, there were no consistent differences
in seroconversion rates of males, while females became
seropositive at a higher rate than the reverse (and faster
than males). In contrast, in E3 both sexes became seroposi-
tive at an unusually high rate, and faster than they became
seronegative (from model without sex effect: respectively,
0.72, SE: 0.05; 0.14, SE: 0.02).

Seroprevalence and density
Seroprevalence to myxoma and RHD viruses varied across
time in all populations (Table 3, and Additional files 5, 6
and 7, respectively), but high levels of uncertainty on sev-
eral estimates made it difficult to discern time-trends.
Population size in the three enclosures followed similar

patterns, being lower during the winter and higher during
the spring. The three populations reached maximum peak
densities at the same time in May 2010, while minimum
densities occurred at different times. Average rabbit dens-
ities (no./hectare) per enclosure (± 95% CI) over the whole



Table 2 Rabbit Hemorrhagic Disease Virus model-
selection best models

Enclosure Parameter Model effects np; Dev; QAICc; wi

E1 Survival Age*sex*immun 83; 6518.66; 6689.61; 0.73

Sex*immun 79; 6530.35; 6692.83; 0.15

Immun 77; 6535.99; 6694.24; 0.07

Seroconversion Immun 81; 6519.89; 6686.59; 0.74

Sex*immun 83; 6518.66; 6689.61; 0.16

E2 Survival Age*immun 49; 4724.47; 4037.61; 0.62

Age*sex*immun 53; 4718.07; 4040.71; 0.13

Age 47; 4733.35; 4040.81; 0.13

Age*sex 49; 4729.07; 4041.44; 0.09

Serocoversion Sex*immun 53; 4718.07; 4040.71; 0.82

Sex 51; 4726.87; 4043.82; 0.17

E3 Survival Age*immun 42; 3830.64; 3917.17; 0.42

Age 40; 3835.32; 3917.62; 0.34

Immun 40; 3837.85; 3920.15; 0.09

Age*sex 42; 3834.10; 3920.63; 0.07

Seroconversion Sex*immun 46; 3827.61; 3922.65; 0.54

Immun 44; 3832.35; 3923.13; 0.43

See Table 1 footnote for notations used.
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study period were 79.6 ± 53.1, 49.9 ± 31.4, and 52.5 ± 38.5
(for E1–E3 respectively). We observed a marginally sig-
nificant positive relationship between rabbit density and
MV seroprevalence for E1 (slope on logit scale: 1.73; SE:
0.3; P: 0.07; 66% variation explained), and a negative
such relationship for E3 (slope on logit scale: −1.13; SE:
0.26; P: 0.06; 71% variation explained). We also observed a
marginally significant positive relationship between dens-
ity and RHDV seroprevalence in E1 (slope on logit scale:
1.41; SE: 0.17; P: 0.06; 73% variation explained).

Recapture probability
Recapture rates varied through time in all analyses
(average estimates ± SD from best models of MV ana-
lyses: E1, 0.61 ± 0.22; E2, 0.48 ± 0.19; E3, 0.28 ± 0.19).
We found either sex, age, or immunological status af-
fected the probability of being recaptured (in E1 trap
happiness was also confirmed throughout model selec-
tion). However, very heterogeneous causal effects on re-
capture probabilities were found among and within the
rabbit populations.

Discussion
Our study confirms that rabbit populations respond very
differently in terms of host survival and epidemiological
dynamics when exposed to MV and RHDV, even if geo-
graphically close to each other [51,52]. Multiple interact-
ing causes likely explain this heterogeneity. However,
some general patterns were observed in our study: (i)
RHDV seropositivity was never related to increased rabbit
survival; (ii) seropositivity to both MV and RHDV was
negatively related to survival more frequently for juveniles
than for adults; and (iii) once MV seropositive, rabbits
rarely lost such status.

Survival
Our results do not conform to the overall published pat-
tern of MV and RHDV seropositive rabbits always having
higher survival rates than seronegatives [29-31]. Only in
one case, MV seropositives had considerably higher sur-
vival rates than seronegatives. However, it should be noted
that our populations were in semi-natural captive con-
ditions allowing high densities, which greatly exceeded
wild population densities (e.g. c. 3 rabbits/ha for the
central Iberian Peninsula; [53]). Therefore our results
could be extrapolated to high density scenarios in the
wild (e.g. [54,55]).
Seropositivity to MV and RHDV could potentially confer

both advantages and disadvantages to rabbits. While it
may confer higher immunity to these pathogens, several
authors have recognized that (for MV at least) seropositiv-
ity has an immunosuppressive effect that may cause
higher rates of co-infection with other pathogens [56-58].
With the target organ of RHDV (the liver) being part of
the immune system, RHDV may also cause an immuno-
suppressive syndrome in addition to reduced survival due
to hemorrhagic effects [59-61]. Rabbits seropositive to ei-
ther virus are thus likely to be more susceptible to damage
from other infections. A shifting balance of advantages
and disadvantages is thus one explanation for contrasting
patterns, and is likely influenced by interactions with other
environmental, epidemiologic and individual factors. For
example, in our population E3 rabbits were in a better
physiological status than in the others as a result of avail-
ability of higher water quality (e.g. in streams, manuscript
in preparation). We suggest that this reduced the negative
effect of the MV-seropositive-related immunosuppression,
explaining why they had higher survival rates than sero-
negatives. As another example, RHDV seropositivity never
being associated with higher survival rates could indicate
that the negative effects of the hemorrhagic syndrome
outweighed any beneficial effects. Finally, seropositive
juveniles tending to survive less than seronegatives may
be explained by the immaturity of the juvenile immune
system with full immunity not yet being fully acquired.
In light of this, it is possible that negative influences
such as immunosuppression and the hemorrhagic syn-
drome of RHDV had greater influence on juveniles than
adults.

Seroconversion
With ongoing persistence 50 and 30 years after the arrival
of myxomatosis and RHD respectively on the Iberian



Figure 2 Myxoma and Rabbit Hemorrhagic Disease Virus seroconversion rates in the three enclosures (E1, E2, and E3). Estimates with
95% confidence intervals are shown. Notation: SN→ SP, average monthly rate at which individuals change their immunological status from
seronegative to seropositive; SP→ SN, from seropositive to seronegative; mal, males; fem, females.

Table 3 Effect of rabbit density on Initial State
(seroprevalence of MV and RHDV)

Myxo – Prev RHD – Prev

E1 4.65; 0.07; 0.66 5.11; 0.06; 0.73

E2 0.25; 0.63; 0.03 0.80; 0.4; 0.11

E3 5.01; 0.06; 0.71 2.94; 0.13; 0.42

From left to right: the Fisher–Snedecor statistic (F1,7 for Initial State and F1,6 for
the others), P-value (in bold if < 0.1), and R2. All statistics were computed
following the ANODEV procedure. Myxo, myxoma virus; RHD, Rabbit
Hemorrhagic Disease Virus; Prev, prevalence.
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Peninsula [62], it is reasonable to classify the viruses as
endemic. Accordingly, rabbits should gain MV and
RHD antibodies as fast as or faster than they lose them.
Seroconversion to seropositive status tending to occur
at a faster rate than the reverse in our study (and also
[62] and [31]) supports this expectation. However, this
was not the case for RHDV in E3, where seroconversion
to seronegative status occurred at a higher rate. We sug-
gest this result does not disprove the endemic disease
behavior hypothesized above, but is driven by asyn-
chrony between population and virus dynamics. In fact,
RHDV was found in this population over the 7 years of
monitoring (SM, unpublished data), but the population
had a delayed breeding season that, differently from in
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the other enclosures, occurred after the RHD outbreak.
Thus, in E3 the naïve kittens would have lost their ma-
ternal antibodies after 2 months [63] and, since they
were not exposed to RHDV, a large number of seronega-
tive adults (many of them born the spring just before)
would have occurred in the next autumn. This would
result in a large number of seronegatives over the study
period and explain this seemingly inconsistent result. It
should also be noted that, in contrast to general belief
[64], the average monthly probability of losing anti-
bodies was not necessarily null for either RHDV or MV.
This indicates that rabbits can lose immunity to these
diseases (albeit with a very low probability). The effect
of sex on the rate at which individuals became seroposi-
tive varying among populations further illustrates the
varying behavior of these diseases across individuals and
populations [51,52].

Antibody prevalence and density
In general, seroprevalence did not follow a consistent
pattern either within or among populations for either
disease. This was in agreement with previous findings
from some authors, stating these diseases behave very
differently among populations [51,52], but contrasts with
a study in the Canary Islands [65] where they found no
difference in RHDV prevalence across four neighboring
geographic zones.
Host infection by both viruses also occurs by means of

contact with an infected individual. Population size is
thus recognized as an important factor promoting MV
and RHDV dynamics [52,66-68]. However, even though
in some cases a great amount of variation in seropreva-
lence appeared to be explained by density, in no case did
we find this hypothesis was strongly supported (P-values
were marginally significant at the 0.05 level). The pattern
of increasing prevalence with population size observed
in E1 for both MV and RHDV was unsurprising. How-
ever, we observed no such relationships in E2 and a
negative relationship between MV prevalence and popu-
lation size in E3. This last result may have been caused
by a correlation between decreasing density due to gradual
habitat degradation (authors personal observation) leading
to individuals under nutritional stress being more suscep-
tible to infection.

Conclusion
This is the first multi-event study focusing on MV and
RHDV host–pathogen dynamics in rabbit populations.
We found that while MV seropositivity had either a positive
or negative effect on survival that was likely dependent on
interaction with other factors (e.g. physiological condition),
the hemorrhagic syndrome caused by RHDV led seroposi-
tive rabbits to suffer higher mortality rates. Our study high-
lights that the host–pathogen dynamics of these viruses
are highly variable among populations even when these
share similar management and climatic conditions. These
findings have important implications for rabbit population
management, particularly where their scarcity could com-
promise ecosystem conservation. Additional well-defined
capture–recapture analyses may shed further light on the
still many obscure mechanisms driving host–pathogen
dynamics (e.g. [69,70]).

Additional files

Additional file 1: Sex and age population structures in each
enclosure (E1, E2 and E3). Frequency of males and females, juveniles
and adults, as resulting from captured individuals for each session
capture in the three enclosures.

Additional file 2: Probabilistic framework of the multi-event analyses.
Matrice structure for each parameter (Initial State, Survival, Seroconversion,
Capture or Trap-Dependence, and State Assignment) is given and its
notation explained.

Additional file 3: Survival estimates with 95% CI for each enclosure
(E1, E2 and E3). Survival estimates in the three enclosures as depending
on the main effects found through model selection.

Additional file 4: Seroconversion estimates with 95% CI for each
enclosure (E1, E2 and E3). Seroconversion estimates in the three
enclosures as depending on the main effects found through model
selection. No age effect was tested because juveniles remain juveniles
only for a short time and no recapture from one individual in juvenile
state exists.

Additional file 5: Myxoma virus and RHDV antibody prevalence in
enclosure E1. Myxoma virus and Rabbit Hemorrhagic Disease Virus
seroprevalences over the study period as proxied by Initial State in
enclosure E1. Prevalence estimates refer to the probability one first-
captured individual is seropositive. This probability is corrected for the
specific session probability of capture of seronegatives and seropositives.
Vertical bars represents 95% confidence intervals.

Additional file 6: Myxoma virus and RHDV antibody prevalence in
enclosure E2. Myxoma virus and Rabbit Hemorrhagic Disease Virus
seroprevalences over the study period as proxied by Initial State in
enclosure E2. Prevalence estimates refer to the probability one first-captured
individual is seropositive. This probability is corrected for the specific session
probability of capture of seronegatives and seropositives. Vertical bars
represent 95% confidence intervals.

Additional file 7: Myxoma virus and RHDV antibody prevalence in
enclosure E3. Myxoma virus and Rabbit Hemorrhagic Disease Virus
seroprevalences over the study period as proxied by Initial State in
enclosure E3. Prevalence estimates refer to the probability one first-captured
individual is seropositive. This probability is corrected for the specific session
probability of capture of seronegatives and seropositives. Vertical bars
represent 95% confidence intervals.
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Additional file 1. Sex and age population structures in each enclosure (E1, E2 and E3). Frequency 

of males and females, juveniles and adults, as resulting from captured individuals for each session 

capture in the three enclosures. 
 

 



 

 

 

 

 

 

 



 

 

 

 



 

Multievent probabilistic framework of the study 

Multievent models combine information from events with the underlying states to estimate 

probabilities of several parameters. A multievent model accounts for three parameter types: 

Initial State, State Transition and Event probabilities. 

In this study we defined three underlying biological states: 

✝ - Death 

SN - Seronegative alive 

SP - Seropositive alive 

And four events, numbered as they appear in the data set: 

0 - Rabbit not captured 

1 - Rabbit captured, bled and classified as seronegative 

2 - Rabbit captured, bled and classified as seropositive 

3 - Rabbit captured, not bled 

Groups: 

Groups are coded within the “headed format” data file (see [43]) as: (1) Juvenile Male, (2) 

Juvenile Female, (3) Adult Male, and (4) Adult Female. 

INITIAL STATE 

This parameter refers to the probability that, an individual is seropositive when first captured. 

As stated by Pradel [28]: “The “initial state probabilities”, [...] describe the probability that 

an individual is in one or another state when it is first encountered [...] This is an entirely 

new type of parameter from multistate models. Dependent on the kind of study, it can be 

related to the sex-ratio, the prevalence of a disease or the percentage of breeders in the 

population”. 

This parameter here relates to the proportion of seropositives among the new unmarked 

individuals captured. By assuming that (i) the serological status does not seriously affect the 

probability of being captured, and (ii) the sampling scheme has not varied during the study 

period, this parameter can be related to the seroprevalence of the population (see [28,45] for a 

discussion on this). By definition, the probability of being first captured as a death individual 

is zero. Therefore, the initial state probabilities are: 

SN SP 

1-π π 

where π is the probability, at a certain occasion t, a first captured rabbit has to be seropositive 

(note that no age or sex effect has been modeled on this parameter). 

 

Additional file 2. Probabilistic framework of the multi-event analyses. Matrice structure for each 

parameter (Initial State, Survival, Seroconversion, Capture or Trap-Dependence, and State Assignment) 

is given and its notation explained. 



STATE TRANSITION 

This parameter type was divided in two steps. These probabilities are best represented in the 

form of stochastic matrices with departure states in rows and arrival states in columns. 

Step 1 Survival; this step computes the probability that an individual first captured on 

occasion t survives in the interval between t and t + 1. 

 SN SP ✝ 

SN φSN 0 1-φSN 

SP 0 φSP 1-φSP 

✝ 0 0 1 

Where φSN and φSP refer respectively to the probability a seronegative or a seropositive has of 

surviving in the interval after its first capture. 

Step 2 Seroconversion (conditional on Survival); this step computes the probability a 

survived individual has of changing its state between t and t + 1. 

 SN SP ✝ 

SN 1-ψSN ψSN 0 

SP ψSP 1-ψSP 0 

✝ 0 0 1 

Where, conditioned on having survived the current interval, ψSN and ψSP refer respectively to 

the probability a seronegative has to become a seropositive and a seropositive has to become a 

seronegative. 

EVENT 

The Event probabilities relate the events to the underlying biological states. This parameter 

type has been divided into two steps. 

Step 1 Capture. This estimates the probability one individual has to be recaptured at t + 1. 

 not captured SN captured SP captured 

SN 1 - βSN βSN 0 

SP 1 - βSP 0 βSP 

✝ 1 0 0 

Where βSN and βSP refer respectively to the probability a seronegative and a seropositive have 

to be captured. 

 

 



Step 2 State Assignment (conditional on Capture); this estimates, conditional on being 

captured, the probability one individual has to be bled when captured. In columns are the 

events as they are coded in the data set. 

 0-not 

captured 

1-captured SN 

bled 

2-captured SP 

bled 
3-captured not bled 

not captured 1 0 0 0 

SN captured 0 γSN 0 1-γSN 

SP captured 0 0 γSP 1 - γSP 

Where, conditioned on have being captured the current session, γSN and γSP refer respectively 

to the probability a seronegative and a seropositive have to be bled. 

TRAP-DEPENDENCE PARAMETERIZATION (used for E1 data set) 

When modeling trap-dependence (trap-happiness in our case) we followed the 

parameterization indicated by [42]. This parameterization consists of a modification of the 

number of states and an additional transition parameter step that specifically addresses trap-

dependence. States are hence defined according to the fact one individual was captured just 

before (trap Aware) of the current session or not (trap Unaware). This way the capture 

probabilities appear as a step of transition parameters, more details are given in [42]. In our 

case we defined five underlying biological states: 

✝ - Death 

SN(U) - Seronegative alive not captured at the previous session 

SN(A) - Seronegative alive captured at the previous session 

SP(U) - Seropositive alive not captured at the previous session 

SP(A) - Seropositive alive captured at the previous session 

The events remained the same as before: 

0 - Rabbit not captured 

1 - Rabbit captured, bled and classified as seronegative 

2 - Rabbit captured, bled and classified as seropositive 

3 - Rabbit captured, not bled 

INITIAL STATE 

SN(U) SN(A) SP(U) SP(A) 

1-π 0 π 0 

where π is the probability, at a certain occasion t, a first captured rabbit has to be seropositive. 

Note that: (i) a previously captured individual has, by definition, zero probability of being 

first-time captured at the current occasion and, (ii) no age or sex effect has been modeled on 

this parameter. 

STATE TRANSITION 

Step 1 Survival; this step computes the probability that an individual first captured on 

occasion t survives in the interval between t and t + 1
-
 (the instant just before t + 1). 



 SN(U) SN(A) SP(U) SP(A) ✝ 

SN(U) φSN(U) 0 0 0 1- φSN(U) 

SN(A) 0 φSN(A) 0 0 1- φSN(A) 

SP(U) 0 0 φSP(U) 0 1- φSP(U) 

SP(A) 0 0 0 φSP(A) 1- φSP(A) 

✝ 0 0 0 0 1 

Where φSN and φSP refer respectively to the probability a seronegative or a seropositive has of 

surviving in the interval after its first capture and notation (U) and (A) refers respectively to 

individuals not captured (trap-unaware) and captured (trap-aware) at the previous occasion. In 

E-SURGE, we constrained φSN(U) = φSN(A) and φSP(U) = φSP(A) so that the trap-awareness 

process had no effect on survival probabilities. 

Step 2 Seroconversion (conditional on Survival); this step computes the probability a 

survived individual has of changing its state at t + 1
-
 (the instant just before t + 1). 

 SN(U) SN(A) SP(U) SP(A) ✝ 

SN(U) 1- ψSN(U) 0 ψSN(U) 0 0 

SN(A) 0 1- ψSN(A) 0 ψSN(A) 0 

SP(U) ψSP(U) 0 1-ψSP(U) 0 0 

SP(A) 0 ψSP(A) 0 1- ψSP(A) 0 

✝ 0 0 0 0 1 

Where, conditioned on having survived the current interval: (i) ψSN and ψSP refer respectively 

to the probability a seronegative has to become a seropositive and a seropositive has to 

become a seronegative and, (ii) notation “(U)” and “(A)” have the same meaning as from step 

1. In E-SURGE, we have constrained ψSN(U) = ψSN(A) and ψSP(U) = ψSP(A). 

Step 3 Trap-Dependence (conditional on Survival and Seroconversion); this step 

computes the probability an individual alive and in a certain serological state at t + 1
-
 (the 

instant just before t + 1) has of changing its trap-awareness state between t + 1
-
 and t + 1

+
, i.e. 

between the instant just before the t + 1 and the instant just after it. 

 SN(U) SN(A) SP(U) SP(A) ✝ 

SN(U) 1-SN(U) SN(U) 0 0 0 

SN(A) 1-SN(A) SN(A) 0 0 0 

SP(U) 0 0 1-SP(U) SP(U) 0 

SP(A) 0 0 1-SP(A) SP(A) 0 

✝ 0 0 0 0 1 

Where, conditioned on having survived the current interval and being in a certain serological 

state in t + 1
- 
: (i) SN and SP refer respectively to the probability of being trap-aware at t +1

+
 , 

i.e. of being captured at t + 1, and, (ii) notation "(U)" and "(A)" have the same meaning as 

from previous step 1. 



EVENT 

The Event probabilities here relates uniquely to the State Assignment process. 

Step 1 State Assignment (conditional on Capture); this step computes, conditional on being 

captured at t + 1 (see step 3 in Transition), the probability one individual has to be bled when 

captured. In columns are the events as they are coded in the data set.  

 0-not captured 1-captured SN bled 2-captured SP bled 3-captured not bled 

SN(U) 1 0 0 0 

SN(A) 0 γSN 0 1-γSN 

SP(U) 1 0 0 0 

SP(A) 0 0 γSP 1 - γSP 

✝ 1 0 0 0 

Where, conditioned on have being captured the current session, γSN and γSP refer respectively 

to the probability a seronegative and a seropositive have to be bled. 

 



Main effects Estimates Low 95% 

CI 

High 95% 

CI 

E1 MYXO 
   

juv mal 0.84 0.79 0.88 

juv fem 0.83 0.78 0.87 

ad mal 0.91 0.89 0.92 

ad fem 0.93 0.92 0.95 

E1 RHD 
   

juv mal SN 0.92 0.83 0.97 

juv mal SP 0.96 0.47 1 

juv fem SN 0.88 0.80 0.94 

juv fem SP 0.87 0.71 0.95 

ad mal SN 0.95 0.92 0.97 

ad mal SP 0.83 0.77 0.88 

ad fem SN 0.95 0.93 0.96 

ad fem SP 0.92 0.88 0.95 

E2 MYXO 
   

juv mal SN 0.94 0.80 0.99 

juv mal SP 0.78 0.61 0.89 

juv fem SN 0.98 0.51 1 

juv fem SP 0.65 0.47 0.80 

ad mal SN 0.89 0.84 0.92 

ad mal SP 0.95 0.87 0.98 

ad fem SN 0.96 0.91 0.99 

ad fem SP 0.87 0.82 0.91 

E2 RHD 
   

juv SN 0.92 0.86 0.95 

juv SP 0.74 0.59 0.84 

ad SN 0.92 0.89 0.94 

ad SP 0.94 0.90 0.97 

E3 MYXO 
   

SN 0.86 0.83 0.89 

SP 0.94 0.92 0.96 

E3 RHD 
   

juv SN 0.88 0.82 0.92 

juv SP 0.81 0.68 0.90 

ad SN 0.92 0.89 0.95 

ad SP 0.96 0.83 0.99 

 

Notation: juv, Juveniles; ad, Adults; fem, Females; mal, Males; SN, Seronegatives; SP, 

Seropositives. 

Additional file 3. Survival estimates with 95% CI for each enclosure (E1, E2 and E3). Survival estimates in 

the three enclosures as depending on the main effects found through model selection. 



Main effects Estimates Low 95% 

CI 

High 95% 

CI 

E1 MYXO    

mal SN   SP 0.39 0.27 0.54 

mal SP   SN 0.07 0.03 0.17 

fem SN   SP 0.22 0.15 0.32 

fem SP   SN 0 0 0 

E1 RHD    

SN   SP 0.28 0.23 0.35 

SP   SN 0.13 0.09 0.18 

E2 MYXO    

mal SN   SP 0.04 0.01 0.24 

mal SP   SN 0.08 0.01 0.42 

fem SN   SP 0.31 0.18 0.47 

fem SP   SN 0.03 0.01 0.14 

E2 RHD    

mal SN   SP 0.14 0.07 0.29 

mal SP   SN 0.15 0.04 0.41 

fem SN   SP 0.44 0.28 0.61 

fem SP   SN 0.18 0.08 0.34 

E3 MYXO    

SN   SP 0.20 0.12 0.30 

SP   SN 0 0 0 

E3 RHD    

mal SN   SP 0.13 0.10 0.18 

mal SP   SN 0.68 0.54 0.79 

fem SN   SP 0.14 0.09 0.20 

fem SP   SN 0.73 0.62 0.82 

Notation: as from Additional file 3. 

 

Additional file 4. Seroconversion estimates with 95% CI for each enclosure (E1, E2 and E3). Seroconversion 

estimates in the three enclosures as depending on the main effects found through model selection. No age 

effect was tested because juveniles remain juveniles only for a short time and no recapture from one individual 

in juvenile state exists. 



 

 Additional file 5. Myxoma virus and RHDV antibody prevalence in enclosure E1. Myxoma virus and rabbit 

haemorrhagic disease virus seroprevalences over the study period as proxied by Initial State in enclosure 

E1. Prevalence estimates refer to the probability one first captured individual is seropositive. This 

probability is corrected for the specific session probability of capture of seronegatives and seropositives. 

Vertical bars represents 95% confidence intervals. 



 

 Additional file 6. Myxoma virus and RHDV antibody prevalence in enclosure E2. Myxoma virus 

and rabbit haemorrhagic disease virus seroprevalences over the study period as proxied by Initial 

State in enclosure E2. Prevalence estimates refer to the probability one first-captured individual is 

seropositive. This probability is corrected for the specific session probability of capture of 

seronegatives and seropositives. Vertical bars represent 95% confidence intervals 



 

 
Additional file 7. Myxoma virus and RHDV antibody prevalence in enclosure E3. Myxoma virus and 

Rabbit Hemorrhagic Disease Virus seroprevalences over the study period as proxied by Initial State 

in enclosure E3. Prevalence estimates refer to the probability one first-captured individual is 

seropositive. This probability is corrected for the specific session probability of capture of 

seronegatives and seropositives. Vertical bars represent 95% confidence intervals.  
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Alejandro Bertó-Moran,1,4 Isabel Pacios,1 Emmanuel Serrano,2 Sacramento Moreno,1 and
Carlos Rouco1,3

1 Ethology and Biodiversity Conservation Department, Doñana Biological Station-CSIC, Américo Vespucio s/n, 41092,
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ABSTRACT: The interaction among several parasites in European rabbits (Oryctolagus cuniculus)
is crucial to host fitness and to the epidemiology of myxomatosis and rabbit hemorrhagic disease.
These diseases have caused significant reductions in rabbit populations on the Iberian Peninsula.
Most studies have focused on the epidemiology and pathogenesis of these viruses individually, and
little is known about interactions between these viruses and other parasites. Taking advantage of an
experimental restocking program in Spain, the effects of coccidian and nematode infections on the
probability of having detectable antibody to myxoma and rabbit hemorrhagic disease viruses were
tested in European wild rabbits. For 14 mo, we monitored rabbit abundance and parasite loads
(coccidia and nematodes) in three reintroduced rabbit populations.While coccidian and nematode
loads explained seasonal antibody prevalences to myxoma virus, the pattern was less clear for
rabbit hemorrhagic disease. Contrary to expectations, prevalence of antibody to myxoma virus was
inversely proportional to coccidian load, while nematode load seemed to play a minor role. These
results have implications for viral disease epidemiology and for disease management intended to
increase rabbit populations in areas where they are important for ecosystem conservation.

Key words: Coinfection, disease management, immune response, Oryctolagus cuniculus,
restocking, viral diseases.

INTRODUCTION

The arrival of two viral diseases, myxo-
matosis in the 1950s and rabbit hemor-
rhagic disease (RHD) in the 1980s, was
the primary cause of a significant reduc-
tion in the European rabbit (Oryctolagus
cuniculus) population on the Iberian
Peninsula (Delibes-Mateos et al., 2009).
Because the European rabbit is the staple
prey for more than 30 predators in Spain,
this population crash caused a significant
perturbation to the ecosystem (Delibes-
Mateos et al., 2008). Populations of some
predators, including the Iberian lynx (Lynx
pardina) and the Iberian Imperial Eagle
(Aquila adalberti), are now endangered
(Ferrer and Negro, 2004); therefore, the
recovery of wild rabbit populations has
become a major goal of nature conservation
in Spain. Although management tech-
niques have been applied (Moreno and
Villafuerte, 1995; Calvete et al., 2004;

Cabezas and Moreno, 2007; Rouco et al.,
2008, 2011), they have been only partly
successful in mitigating viral diseases, and
annual outbreaks of myxomatosis and RHD
cause high mortality in European Mediter-
ranean ecosystems. Most studies have
focused on the epidemiology and patho-
genesis of these diseases separately (Calvete
et al., 2002), and the potential role of
coinfection has been so far neglected.
Studies have shown different coinfec-

tion relationships between myxoma virus
(MV) and parasite infections (Boag, 1988;
Boag et al., 2001; Lello et al., 2005). Two
long-term monitoring studies (Cattadori
et al., 2007, 2008) have led to two im-
portant conclusions concerning the dy-
namics of coinfection under natural con-
ditions. Rabbits infected with MV are
more susceptible to nematode infection,
and rabbits with existing nematode infes-
tations suffer longer MV infections.
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The immune response plays a key role
in these interactions. It is generally accepted
that after infection, naı̈ve T helper (Th) cells
begin to differentiate into Th1 and Th2
cells, each characterized by a specific type of
interleukin (IL). Thus, the response trig-
gered by MV (as a microparasite) biases the
system toward Th1, but immune defense
against nematodes (macroparasites) re-
quires a Th2 response (Cox, 2001; Pedersen
and Fenton, 2006). An experimental study
showed that if both pathways occur simul-
taneously, the relaxation of the immune
response provokes higher mortality (Kerr et
al., 2004). Thus, the interactions between
the two viral diseases and other parasites
remain unclear, and there is little informa-
tion about the ways in which other factors,
such as host age, sex, body condition,
reproductive stage, season, or abundance,
influence these pathogen interactions.

We tested whether the loads of micro-
parasites (belonging to the family Eimeri-
idae, subclass Coccidiasina) and macro-
parasites (gastrointestinal nematodes)
influence the ability of rabbits to generate
an appropriate immunologic response
against MV and rabbit hemorrhagic dis-
ease virus (RHDV). Because susceptibility
to a given pathogen would be affected by
the ongoing cytokine response due to a
preexisting infection (Graham et al.,
2007), we tested two predictions: (1)
Populations with higher nematode loads
will present lower antibody prevalences to
both viruses, because gastrointestinal
nematodes would polarize the immune
system toward Th2, and (2) populations
with higher coccidian loads will have
higher antibody prevalences, because coc-
cidia and viruses are regulated by the
same Th1 pathway (Yun et al., 2000;
Pedersen and Fenton, 2006).

MATERIALS AND METHODS

Study area

The study was carried out in a mountainous
area in SW Spain (37u499N, 05u159W), be-
tween 100 and 700 m elevation. Climate is
Mediterranean with hot, dry summers and

cool, wet winters (Pinilla et al., 1995). The
rabbit restocking program was carried out in
2008 in the Hornachuelos Natural Park for
conservation purposes. Rabbits for restocking
were captured in a natural area 50 km away,
within the range of the same subspecies
(Oryctolagus cuniculus algyrus). The objective
was to create three areas with high rabbit
population density, where animals would
maximize their productivity and become do-
nors for neighboring areas. Three plots (4 ha
each) were surrounded by 2.5-m-high chain-
link fence and were provided with shelter and
ad-libitum food and water. One release (150
rabbits) was made into each netting fence in
May 2008. We took advantage of this existing
conservation program for our study.

Monitoring of rabbit populations

From January 2009 to April 2010, five live-
trapping sessions were conducted in each plot.
Most captured animals (see following) were
handled at the capture site and immediately
released. For all specimens, we recorded sex,
weight to 0.1 g, and ear and tarsus length
(measured with a caliper to 0.01 mm). Age was
estimated according to body weight (rabbits
with .800 g were considered adults [Moreno
et al., 2004]), and each rabbit was marked with
a numbered ear tag. Among 6,605 captured
rabbits, 563 adults (253 females and 310
males) without clinical signs of myxomatosis
or RHD were selected and transported to a
field laboratory within each plot. Blood
samples (1–2.5 mL) were taken from each
animal via the ear vein for determination of
antibody status. In the end, all rabbits were
released in their own warren. None of the
sampled rabbits had been previously captured,
so no animals were sampled twice.

Serology

Blood samples were centrifuged in Eppen-
dorff tubes, and serum was kept at280 C until
analyzed. Serum antibody concentrations (see
following) against MV and RHDV were
determined using commercial enzyme-linked
immunosorbent assay (ELISA) kits (described
in the following) according to diagnostic
techniques recommended by the World Or-
ganisation for Animal Health (OIE, 2012), in
the Physiological Ecology Laboratory of the
Doñana Biological Station, Seville, Spain.
For MV, sera were diluted 1:40, and a

relative immunity index (RI) was obtained as
a coefficient between the optical density
(OD) of controls (positive and negative) and
the OD of the sample. The RIs ranged from 1
to 10. All rabbits with RI.2 were considered
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antibody-positive (CIVTest cuni, Hipra Labora-
tory, Gerona, Spain). Tests for antibody against
RHDV were carried out using commercial
ELISA Ingezim rabbit (Ingenasa Laboratory,
Madrid, Spain). Sera were screened at 1:200,
1:400, 1:800, and 1:1,600, and samples with an
OD.0.3 were considered positive. Specificity
and sensitivity of this test were 83.1% and
98.5%, respectively, and had a 93% correspon-
dence with the reference technique (OIE, 2012).

Rabbit abundance

Rabbit abundance was estimated using
pellet counts in fixed recounting stations
(0.5 m2 each) located inside the fences, in
the same habitat type (Cabezas and Moreno,
2007). Thirty fixed stations per plot were
randomly arranged. Monthly, pellets were
counted and removed from each counting
station. Because persistence of pellets in the
field may vary according to habitat and season
(Iborra and Lumaret, 1997; Palomares 2001),
the daily persistence of pellets was calculated
in our study area following Palomares (2001).

Parasitologic analysis

To analyze the load of coccidia and nema-
todes within each plot, 20 samples with five
fresh pellets each were randomly collected
each month (Coudert et al., 2000). To avoid
samples from juveniles, only pellets .6 mm in
diameter were collected (Rouco et al., 2012).
Fecal egg and oocyst counts were determined
by the modified McMaster technique (Ray-
naud, 1970), and results are expressed as
oocysts per gram (opc) of feces for coccidia or
eggs per gram (epg) of feces for nematodes.
No other group of parasites was found.

Data analyses

To evaluate the predictions, a model selec-
tion approach was followed performing gen-
eralized linear mixed models (GLMMs) using
a binomial distributed error with a logistic link
function. The probability of being antibody-
positive (categorical variable: antibody-nega-
tive50, antibody-positive51) for both MV and
RHDV (as response variables) was explained
by the single effect and the two-way interac-
tions of the following explanatory variables:
nematode load (epg), coccidian load (opg),
rabbit abundance (pellets/m2), sex, month, and
body condition. Body condition was obtained
with residual values after performing a simple
linear regression between log-transformed
body weight and tarsus length (Cabezas et al.,
2006). Because animals were systematically
sampled from the same plots, the study site

was included as a random factor in our
analyses. Because all samples came from adult
animals, age was excluded from the analysis.
Model selection was performed following a

theoretic information approach based on
Akaike’s information criterion (AIC; Anderson
et al., 2001; Johnson and Omland, 2004).
Briefly, for each candidate model, the AIC
was estimated by selecting the model with the
lowest value; we then ranked the remaining
competing models according to their AIC value
and subsequently estimated their Akaike dif-
ferences (Di) with respect to the best model
(lowest AIC). Subsequently, the Akaike weights
(wi) were estimated, defined as the relative
probability of each model to be the best one
among those being compared (Anderson et al.,
2001). The absence of a pattern in residual
values of the selected models was confirmed
(Zuur et al., 2009). In order to discuss the effect
size, the explained deviance of the best model
and the pure deviance of each variable were
calculated (Zuur et al., 2007). Statistical anal-
yses were done using R version 2.12.2. Specif-
ically, GLMMs were implemented using the
‘‘lme4’’ package, R package version 0.999375-
35 (R Development Core Team, University of
Auckland, Auckland, New Zealand).

RESULTS

Myxoma virus antibody prevalence
peaked seasonally in February and Octo-
ber and was similar in the three plots
(Fig. 1). For RHDV, plots 2 and 3 (but not
plot 1) had annual maxima in April and
October (Fig. 1). Coccidian and nematode
loads had specific monthly patterns with
maximum values in April (Fig. 1).
The model selection showed that preva-

lence of antibody against MV was influenced
by both coccidian and nematode loads in each
plot (Table 1 and Fig. 2). In the best model
for MV (wiMo+Coccidian load+Nematode load,
Table 1), 16% of the observed variability in
the probability of being antibody-positive was
explained by month (bMo520.04, standard
error [SE]50.008, t-value525.4) and also for
the coccidian (bCoccidian520.49, SE50.05,
t529.23) and nematode (bNematodes520.22,
SE50.03, t526.22) loads in each plot.
However, coccidian and nematode loads
shared 1.7% of the explained deviance
(they were positively correlated, b50.25,
SE50.03, t56.8, R257.7%). Correcting for
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this, the pure effect of coccidian load was
about 4%, and that of nematode load was
1.4%. The influence of parasites persisted
after correcting for season, being less
intense in winter-spring (e.g., January,
February, and April, bCoccidian520.37,
SE50.06, t525.7, and bNematodes520.94,

SE50.18, t525.2, explaining for both
factors 14% of the observed variability in
MV antibody prevalence) than in sum-
mer-autumn (e.g., August and October,
bCoccidian520.48, SE50.07, t526.5, and
bNematodes520.36, SE50.14, t522.46,
explaining for both factors 15.8% of the

FIGURE 1. Average monthly prevalence of myxoma virus (MV) and rabbit hemorrhagic disease virus
(RHDV) and coccidian and nematode (helminth) load in three European rabbit (Oryctolagus
cuniculus) populations.

TABLE 1. Model selection for probability of having detectable antibody to myxoma and rabbit hemorrhagic
disease (RHD) viruses in a sample of 563 European wild rabbits (Oryctolagus cuniculus) in the southwestern
Iberian Peninsula. Models with substantial support for being the best model are represented in bold.a

Biological models K AIC Di wi

Myxoma virus

Mo+coccidian load+nematode load 6 707.39 0 0.99
Coccidian load+nematode load 5 726.24 18.80 ,0.001
Mo 3 810.98 103.48 ,0.001

RHD virus

Abundance+coccidian load+nema-
tode load

6 706.97 0 0.30

Mo 3 707.06 0.09 0.29
Helminth load 4 708.65 1.68 0.13
Coccidian load+nematode load 5 709.54 2.57 0.09
Body condition+nematode load 5 710.62 3.65 0.05
Body condition 4 711.03 4.05 0.04
Abundance+coccidian load 5 712.48 5.51 0.02
Abundance+nematode load 5 713.23 6.26 0.01
Abundance 4 713.25 6.28 0.01
Mo+nematode load 5 713.33 6.36 0.01
Coccidian load 4 713.38 6.41 0.01
Sex 4 714.21 7.24 ,0.001
Body condition+coccidian load 5 715.73 8.76 ,0.001

a K 5 number of parameters including intercept; AIC 5 Akaike Information Criterion; Di 5 difference of AIC with
respect to the best model; wi 5 Akaike weight; Mo 5 null model only with the constant term.

BERTÓ-MORAN ET AL.—PARASITIC AND VIRAL INFECTIONS IN EUROPEAN RABBITS 13



observed variability in MV antibody
prevalence).

Other factors, such as strict rabbit
abundance (bAbundance50.15, SE50.05,
t53.05, explaining 1.1% of the observed
variability in MV antibody prevalence) or
body condition (bBody condition50.55, SE5
0.34, t51.5, explained deviance50.2%),
had a slight positive effect on the probabil-
ity of being antibody-positive. Sex had no
effect on the rate of MV antibody prevalence
(bSex50.04, SE50.04, t50.9, deviance ex-
plained50.07%). There was no clear effect
of parasite load, rabbit abundance, body
condition, or sex for RHDV antibody-
prevalence, since the null model (Mo) was
placed at 0.09 points from the best model,

and the AIC weights for both models were
similar (Table 1).

DISCUSSION

Parasite load was a clear explanatory
factor for prevalence of antibody to MV
but not RHDV in European hares. How-
ever, contrary to our initial prediction, in
the three populations, higher prevalence
to MV occurred at low coccidian load.
Before discussing our results, a methodo-
logical limitation should be considered.
Data on antibody prevalence come from
individual rabbits, while data on coccidian
and nematode load represent the entire
population. It was impossible to obtain
both blood and fresh pellet samples from
the same captured rabbits, as would have
been ideal. However, both kinds of
samples were taken simultaneously and
always represent the same adult popula-
tion. Thus, our results are likely to be a
reliable approximation that could be
tested in the laboratory.
Coccidian infection is one of the main

predisposing factors for intestinal enter-
opathies and can cause higher fatality rates
than nematodes (Varga, 1982; Hobbs et
al., 1999), especially as animals that have
recovered from coccidiosis are immuno-
compromised (Yun et al., 2000). Never-
theless, in our study, coccidian infections
were more common than nematode infec-
tions in the wild, as others have also found
(Peeters et al., 1981). Thus, it is likely that
coccidian load has played a key role in
generating an immunologic response,
since there is higher probability of both
pathogens (MV and coccidian) occurring
in the same animal. Contrary to our initial
hypothesis, populations with lower coccid-
ian load had higher prevalences of anti-
body to MV. These patterns of coinfection
(e.g., nematode-coccidian-MV) could be
partially due to an immunosuppressive
effect of MV by decreasing circulating Th
cells, and the remaining Th cells polarize the
system to Th2 (Jeklova et al., 2008). Thus,
the immune response against nematodes is

FIGURE 2. Effect of coccidian and nematode
load on probability of having detectable antibody to
myxoma virus in three European rabbit (Oryctolagus
cuniculus) populations.
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not completely disrupted by the response
to MV (Cattadori et al., 2008), but dealing
with coccidia and MV simultaneously
requires a high Th1 response that the
immune system is unable to produce. In
spite of this, the trade-off of the Th1/Th2
response must not be the only mechanism
of the immune system to deal with
coinfections (Cox, 2001). Other ecologic
and environmental factors likely play an
important role that was not considered in
this study. In any case, it seems to be
clear that coccidian control could play a
key role in combating rabbit diseases
(Peeters et al., 1984).

In the context of RHDV coinfection,
our model showed no relationship be-
tween the explanatory variables and the
ability to develop RHDV antibody. Dif-
ferences in the pathogenesis of both
viruses could explain these results. The
way our explanatory variables work is
easier to understand in an immunosup-
pressive virus (MV), and, therefore, dif-
ferent variables should be considered to
understand the ability to mount an anti-
body response to RHDV.

We were surprised that the model did
not select rabbit abundance as an influenc-
ing variable because several authors have
reported a strong relationship between this
variable and MV antibody prevalence
(Calvete et al., 2002; Fouchet et al.,
2008). Moreover, the transmission of MV
is density dependent; the virus disappears
after an epidemic in smaller populations
but becomes endemic in large ones (Fou-
chet et al., 2008). Because antibodies
against MV are maintained in rabbits for
life (Fouchet et al., 2008), and the virus is
widespread in the wild in southern Spain
(Garcıa-Bocanegra et al., 2010), MV anti-
body prevalence is higher in dense popu-
lations. The absence in our analysis of data
from juvenile rabbits, responsible for the
overall seroconversion rates, was probably
the cause of these results.

Our results agree with those of Blasco
et al. (1996), who found that the highest
prevalences of parasitization occurred

during the breeding season, preceding peak
population abundance; thus, a delay be-
tween coccidian and nematode levels and
rabbit abundance occurs. For this reason,
the highest MV seroconversion rates would
occur in rabbit populations that have lower
parasite loads and higher densities.
Several authors have demonstrated that

rabbit abundance plays a similar role in
the epizootiology of RHDV and MV
(Calvete et al., 2002; Cooke, 2002). Yet,
we did not find a clear relationship
between population abundance and
RHDV antibody prevalence. Further stud-
ies are needed to understand this absence
of a relationship.
Although more information is required,

antibody prevalence to MV clearly depend-
ed heavily on coccidian load. High preva-
lence occurred when coccidian load was low,
while nematode load played a minor role in
this process. Our results have implications
not only for the viral disease epizootiology,
but ultimately, for disease management
aimed to increase rabbit populations in areas
where the rabbit is a keystone species for
ecosystem conservation.
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Myxomatosis and rabbit hemorrhagic disease (RHD) are the major viral diseases that affect the wild European
rabbit (Oryctolagus cuniculus). These diseases arrived in Europewithin the last decades and have causedwild rab-
bit populations to decline dramatically. Both viruses are currently considered to be endemic in the Iberian Pen-
insula; 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 deteriora-
tion. 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 threewild rabbit populations over a two-year period. Blood sampleswere collect-
ed 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 be-
tween 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.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Diseases can representmajor threats forwild animal populations be-
cause they can lead to decline and extinction (Viggers et al., 1993;
Woodroffe, 1999; Morner et al., 2002). In fact, acquiring a better under-
standing 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
and Ray, 2006; Hudson et al., 2006). Even thoughmost previous studies
have focused on one-host, one-pathogen systems, such dynamics are
actually rare in nature. Individual hosts are often co-infected bymultiple
pathogens, which interact in complex ways with each other (Pedersen
and Fenton, 2007). 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 con-
trol target and non-target parasite species.

Despite its relevance for wildlife conservation andmanagement, the
physiology of wild species is rarely studied because physiological pa-
rameters are difficult to quantify. Furthermore, it is challenging to com-
bine physiological information with other data, such as antibody
concentrations, at the population level. By incorporating indices of
host physiological condition into population surveillance and monitor-
ing efforts, we will gain deeper insight into the range of host responses
and pathogen effects. Such tools could reveal the status of major patho-
gens 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 Iberi-
an Peninsula; they cause periodic outbreaks that significantly impact
natural populations (Calvete et al., 2002). Outbreak patterns suggest
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that these viruses are in continuous recirculation and are largely associ-
ated with the breeding season; myxomatosis outbreaks occur predom-
inantly 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 po-
tential 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 and
Woodroofe, 1953; Liu et al., 1984; Xu, 1991; Cooke, 2002; Calvete et
al., 2002; Stanford et al., 2007; Abrantes et al., 2012; Santoro et al.,
2014). Myxoma virus (MV) and rabbit hemorrhagic disease virus
(RHDV) dramatically alter the physiology of infected rabbits. These al-
terations 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, 1977; Gershwin et al.,
1985; Møller et al., 1998). Therefore, rabbits in poor physiological con-
dition 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
Schwartz, 1988; Hellgren et al., 1989; Schroeder, 1987; Hellgren et al.,
1993;Milner et al., 2003).Moreover, as compared tomore conventional
measures, biochemical parameters are highly sensitive, meaning they
change to reflect an individual's physiological state in a matter of mi-
nutes. Consequently, the use of blood biochemistry may make it possi-
ble to identify rabbits experiencing extreme stress in general (Milner
et al., 2003).

In this study we monitored blood chemistry and MV and RHDV
serostatus in wild populations of the European rabbits. Our main objec-
tives were the following 1) to assess the usefulness of biochemical pa-
rameters 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 aremore likely to be se-
ropositive for MV and RHDV; and 3) to establish baseline values for bio-
chemical parameters of rabbits with different serostatus in wild rabbit
populations.

2. Material and methods

2.1.1. Ethics statement

All animal experimentation was carried out in accordance with
Spanish and European regulations (Law 32/2007, R.D. 1201/2005, and
Council Directive 2010/63/EU, R.D. 53/2013, ECC/566/2015).

2.1.2. Study site

The studywas conducted in Hornachuelos Natural Park (100–700m
a.s.l.), which is located in a mountainous area in the southwestern Ibe-
rian 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 endan-
gered 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 em-
igration 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.

2.1.3. Sampling

From autumn 2008 to spring 2010, we conducted seven live-trap-
ping sessions in each enclosure. Rabbits were captured using cage
traps placed in the proximity of each warren, as described by Bertó-
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 N750 g and 850 g, respectively, were considered
to be adults (Villafuerte et al., 1994; Alves and Moreno, 1996).

To characterize biochemical parameters and antibody concentra-
tions, blood samples (1–2.5 ml) were collected by venipuncture of the
auricular marginal vein. The blood samples were kept at cold (4 °C ap-
proximately, without direct contact to ice), then transported to the
field laboratorywhere theywere immediately centrifuged in Eppendorf
tubes. The serum obtained was stored at−80 °C until further analysis.
(Evans, 2008; Maceda-Veiga et al., 2015)

2.1.4. Biochemical and immunological analyses

We processed the serum samples using a COBAS INTEGRA 400 plus
analyzer (Productos Roche España, Madrid, Spain). We determined
the concentrations of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), bilirubin (BILI), lactate dehydrogenase (LDH), gamma
glutamyltransferase (GGT), urea (BUN), creatinine (CREA), albumin
(ALB), and total proteins (TP). These biochemical parameters are indica-
tors of organ function, proteinmetabolism, andnutritional status,which
means they should be good proxies for physiological condition (Harder
and Kirkpatrick, 1994; Stirrat, 2003). Since they were expressed in dif-
ferent 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 immunosor-
bent 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 individ-
uals. RI values ranged from 1 to 10. All rabbits with an RI N 2 were con-
sidered 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
1:1600. Samples with optical densities N0.3 were considered to be anti-
body positive, since such antibody concentrations should be sufficient
to confer protection against the disease (see Bertó-Moran et al., 2013).
The test's specificity and sensitivity were 83.1% and 98.5%, respectively,
and therewas a 93% correspondencewith the reference technique (OIE,
2012).

Biochemical and immunological analyses were performed by
the Physiological Ecology Laboratory of the Doñana Biological Station
-CSIC (Seville, Spain).

2.1.5. Data analysis

All statistical analyses were performed using R version 3.0.1 (R Core
Team, 2013). Employing generalized linear mixed models (GLMM,
glmer function, lme4 package) with a binomial distribution and a logit
link function, we tested the relationships between the different bio-
chemical parameters and serostatus for individuals in the three enclo-
sures. 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
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seropositive for both MV and RHDV. To avoid possible confounding ef-
fects, in all the analyses, we considered that individuals were seronega-
tive 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 analyses. Serostatus was the response variable. We
also included sex and rabbit density as predictor variables in themodels.
Some individuals were sampled more than once by chance. To account
for the increase in type I error (rejection of the null hypothesiswhen it is
true) due to pseudoreplication (Hurlbert, 1984), we included the fol-
lowing random variable: capture session nested within individual iden-
tity 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 rel-
ative importance could be compared. We selected the best-fit models
via backward stepwise selection (anova function with maximum likeli-
hood, Crawley 2012; p b 0.05 as the threshold value). Each of the final
models contained only the significant predictors.

3. Results

Through the course of the study, we got samples from720 adult rab-
bits (274, 242, and 204 rabbits in E1, E2, and E3, respectively). A total of
346 samples were seropositive only for MV, 101 samples were seropos-
itive only to RHDV, 200 samples were seropositive to both, MV and
RHDV, and 245 sampleswere seronegative. Some individualswere sam-
pled more than once and not always had the same antibody titre that is
why the number of samples obtained does not match with the total
number of individual animals handled.

None of the biochemical parameters analyzed were significantly as-
sociated withMV or RHDV serostatus. The only significant relationships
we foundwere a positive association between rabbit density andMV se-
ropositivity (p b 0.001; Table 1) and a negative association between
GGT levels and seropositivity to both viruses (p b 0.05; Table 1).

Each enclosure displayed different seroprevalence patterns (Fig. 1).
In E1, the percentage of rabbits seropositive for MV, RHDV, or both
remained fairly constant over time. More specifically, MV seropreva-
lence was high for most of the trapping sessions. In contrast, RHDV se-
roprevalence was low; it peaked at 24.4% in session 3 (Fig. 1). 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
(Fig. 1). Remarkably, no rabbits were seropositive for RHDV in session
7. In E3, therewas a higher percentage of individuals that were seropos-
itive for both viruses, as compared to E1 and E2. It was also the enclo-
sure with the lowest percentage of seronegative rabbits; this value
climbed as high as 55.6% in session 4 (Fig. 1). Notably, there were no se-
ronegative 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 ses-
sion 3 (Fig. 1).

In general, the ranges of values observed for the biochemical param-
eters remained fairly consistent, although some noticeable changes in
certain parameters occurred during certain capture sessions (Fig. 2). In
E1, most of the biochemical parameters had relatively constant values,
but GGT and BILI fluctuated slightly. The pattern in E2wasmore hetero-
geneous. Almost all the parameters varied somewhat, except for BUN,
TP, ALB, and BILI. In the case of the transaminases—ALT, AST, and
GGT—maximum values occurred in sessions 2, 5, and 7 (Fig. 2). CREA
levelswere fairly constant over time but hit a low in session 3,which co-
incided with the minimum values for the transaminases (Fig. 2). Blood
biochemistry patterns were most distinct in E3. As in E2, BUN, TP, ALB,
and BILI varied little while the transaminases and CREA fluctuated dra-
matically (Fig. 2). ALT and AST followed parallel patterns, both peaking
in sessions 4, 6, and 7 and dropping to their minimum values in session
2 (Fig. 2). GGT presented an irregular pattern—levels 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 (Fig. 2).

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

4. Discussion

To our knowledge, this is the first study conducted in the field to ad-
dress the relationship between MV and RHDV seropositivity and the
physiological status ofwild European rabbits using large numbers of an-
imals 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 relationshipwe observedwas that rab-
bits seropositive for both MV and RHDV had lower GGT concentrations
(Table 1). However, the lack of significant findingsmight be due to spu-
rious results generated by data heterogeneity and the presence of con-
founding 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 rab-
bits. Consequently, most of the information currently available has
been obtained using rabbits reared under laboratory conditions
(Calvete et 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 ge-
netics, environmental contexts, breeding conditions, individual respon-
siveness, 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 thatmyxomatosis and RHDhave declined in severity
because they have become endemic in the Iberian Peninsula (Ross,
1986; Ross et al., 1989; Marchandeau and Boucraut-Baralon, 1999;
Calvete et al., 2002; Marchandeau et al., 2014). Endemic diseases have
strong initial effects and cause high mortality rates in afflicted popula-
tions. However, the individuals that survive experience constant

Table 1
Results for the generalizedmixedmodels 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 (β), estimated standard errors (SE), and p-values (p) are listed.* indicates statistically significant value, Pb0.005

MV RHDV MV & RHDV

Β SE p β SE p β 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
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reinfections over time, ultimately leading to high immunity levels with-
in 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 en-
zootic (Calvete et al., 2002; Cooke, 2002; Fouchet et al., 2008). This state
of affairs is consistentwith our results (Fig. 1). Although the three enclo-
sures 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 endem-
ic in the study populations. It is also worth noting the fluctuating per-
centage 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.

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
(therewere a number of outbreaks that season, as described in the liter-
ature [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 mini-
mum values.

This result lends support to the idea that rabbits that have been ex-
posed to the viruses, and that consequently develop immunity, are like-
ly 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 inci-
dence 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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Fig. 1. Variation in MV and RHDV seroprevalence in rabbit populations (E1, E2, and E3) over the two-year study period.
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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
patternmay reflect the impaired hepatic function seen in rabbits infect-
ed with MV and/or RHDV.

In addition to the shortcomings mentioned above, the lack of signif-
icantfindings 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 varie-
ty of factors, including rabbit handling and sampling procedures, field-
work 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 re-
sponses 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 indica-
tors 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 vari-
ables could include the following: (1) rabbit age; (2) outbreak timing;
(3) the ELISA seropositivity thresholds; (4) the response speed of bio-
chemical parameters; and (5) the lack of reference values for wild
rabbits.

Onemajor 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 prob-
ability of being infected by a wide variety of potentially serious patho-
gens 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 responsiveness changes over its lifetime, which means
that individuals of different ageswill have different biochemical profiles
and immunological experience.

Outbreak timing is also important but difficult to characterize.
Myxomatosis and RHD outbreaks show some seasonal and geo-
graphic 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 as a result of delayed
breeding and variable climatic conditions, which can affect the abun-
dance and activity of the pathogens' vectors. Determining the mo-
ment of infection is nearly impossible, so outbreak timing is only
approximate.

Asmentioned above,wild rabbits are naturally exposed to awide va-
riety 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 Euro-
pean 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 path-
ogen 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 in-
fected 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 individuals in target wildlife popu-
lations. Selecting the right methods and biochemical parameters is es-
sential if we wish to more rapidly detect and control diseases in wild
species, which would help improve management and conservation
programs.Ta
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