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1 .  S U M M A R Y  

There are wildlife species able to exploit the resources offered by urban environments. Wild 

boars can explore urban and peri-urban areas, but their presence in these areas is a nuisance 

and poses a risk for public health and safety. Interactions between wild boars and people are 

expected to continue rising in Europe owing to increasing wild boar and human population 

trends, particularly in urban settings. This thesis determines the drivers of wild boar presence in 

the urban area of Barcelona, addresses the phenotypic changes shown by urban individuals with 

respect to non-urban ones, and identifies wild boar related public health concerns in an urban 

environment. 

Wild boar presence in the city of Barcelona was positively correlated to proximity to streams in 

the bordering Collserola natural space, higher landscape fragmentation and the presence of 

both urban green areas and stray cat colonies. The presence was also more frequent in spring 

and summer, which could be related to births leading to a higher group size and increased 

energetic needs, juvenile and yearling dispersal and lower availability of food resources in the 

warm seasons in Mediterranean regions. Moreover, urban wild boars used more anthropogenic 

food resources, showed higher body mass and grew faster than non-urban ones. Urban female 

wild boars started reproducing earlier than non-urban ones, probably as a result of achieving 

the required body mass earlier. However, urban wild boars died at a younger age than non-

urban wild boars, indicating a possible cost of exploring the urban area for the wild boar in 

Barcelona. 

This thesis also describes the presence of zoonotic tick-borne and foodborne pathogens carried 

by ticks parasitizing wild boars and wild boars, respectively. Wild boars in the Metropolitan Area 

of Barcelona (MAB) carried ticks belonging to species Hyalomma lusitanicum, Dermacentor 

marginatus, Rhipicephalus sanguineus sensu lato and, anecdotally, Rhipicephalus bursa. 

Screening of tick pools revealed the presence of three emerging zoonotic Rickettsia species (R. 

massiliae, R. slovaca and R. raoultii), whereas wild boar spleen samples yielded negative results. 

Therefore, despite wild boars do not seem to act as reservoirs of Rickettsia spp. in the MAB, 

they could be favouring tick dispersion and promoting Rickettsia spp. circulation among ticks by 

sustaining abundant tick populations and facilitating the transmission via co-feeding. 

Wild boars in the MAB also carried Campylobacter spp., C. lanienae being more prevalent than 

C. coli, and different serovars of Salmonella enterica subsp. enterica. There was a high genetic 

diversity among Campylobacter isolates, some of which showed a high virulence potential. 
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None of the Campylobacter isolates were susceptible to all the antimicrobials tested, and nearly 

60% of C. coli isolates and one Salmonella isolate were multiresistant, the latter being a 

monophasic S. Typhimurium clone of public health concern in Europe. These results provide 

further evidence on the role of wild boars as reservoirs of zoonotic thermophilic Campylobacter 

species, and show that they can carry and spread these foodborne zoonotic bacteria into urban 

and peri-urban areas in the MAB. 

Results from this thesis have management and public health implications, and several 

management measures derived from these results are currently being applied and scientifically 

evaluated in Barcelona. This thesis contributes to improve the incipient knowledge of wild boars 

in urban and peri-urban areas from an ecological, epidemiological and applied management 

approach. 
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1.1. R E S U M  

Els recursos disponibles al medi urbà poden ser aprofitats per diverses espècies de fauna 

salvatge, entre elles el porc senglar (Sus scrofa), que porta temps explorant àrees urbanes i peri-

urbanes. Això causa problemes i riscs per a la seguretat i la salut de les persones. Les 

interaccions entre persones i porcs senglars van en augment, especialment a les àrees 

urbanitzades d’Europa, paral·lelament a les tendències creixents de les seves poblacions. 

Aquesta tesi identifica els factors que determinen la presència de porcs senglars a l’àrea urbana 

de Barcelona, descriu els canvis fenotípics dels porcs senglars urbans respecte als no urbans, i 

posa de manifest l’existència de riscs sanitaris derivats de dita presència a un àrea urbana. 

La presència de porcs senglars a la ciutat de Barcelona va ser més freqüent en punts pròxims a 

les rieres que baixen del massís de Collserola cap a la ciutat, en paisatges urbans fragmentats i 

amb major presència de zones verdes i colònies de gats de carrer. Així mateix, també va ser més 

abundant durant la primavera i l’estiu, possiblement degut a la major grandària dels grups 

familiars en aquestes èpoques i als seus majors requeriments energètics després dels parts a la 

primavera, a la dispersió de juvenils i subadults, i a la menor disponibilitat d’aliment d’origen 

natural durant l’època de calor a les regions mediterrànies. A més, els porcs senglars urbans van 

consumir més aliment d’origen antropogènic, van tenir un creixement més accelerat, assolint 

una major massa corporal que els no urbans. Les femelles d’origen urbà també començaren a 

reproduir-se abans que les d’origen no urbà, probablement pel fet que arribaren abans al pes 

mínim requerit per a la reproducció. No obstant això, l’esperança de vida es va veure minvada 

en els porcs senglars urbans, assenyalant una possible conseqüència negativa derivada 

d’explorar la ciutat. 

Aquesta tesi també descriu la presència de patògens zoonòsics en el porc senglar i en les seves 

paparres. Els porcs senglars de l’Àrea Metropolitana de Barcelona (AMB) es trobaren parasitats 

per paparres de les espècies Hyalomma lusitanicum, Dermacentor marginatus, Rhipicephalus 

sanguineus sensu lato i, de forma anecdòtica, Rhipicephalus bursa. Alhora, les paparres 

analitzades foren portadores de tres espècies zoonòsiques i emergents de Rickettsia (R. 

massiliae, R. slovaca i R. raoultii), tot i que les mostres de melsa de porc senglar en foren 

negatives. Per tant, malgrat que els porcs senglars no semblen actuar com a reservoris de 

Rickettsia spp. a l’AMB, sí que podrien afavorir la dispersió de paparres i desenvolupar un paper 

en la circulació de Rickettsia spp. de manera indirecta en afavorir el cicle, l’abundància i la 

dispersió de les paparres. A més, podrien facilitar la transmissió de Rickettsia spp. entre les 

paparres en alimentar-se simultàniament del mateix hoste. 
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Tanmateix, els porcs senglars de l’AMB també van ser portadors de dues espècies de 

Campylobacter, essent C. lanienae més prevalent que C. coli, i diversos serotips de Salmonella 

enterica subsp. enterica. Els aïllats de Campylobacter mostraren una gran diversitat genètica, i 

alguns a més van exhibir un gran potencial de virulència. Tots els aïllats de Campylobacter van 

ser resistents com a mínim a un dels antimicrobians analitzats, i prop del 60% dels aïllats de C. 

coli i un aïllat de Salmonella van mostrar multirresistència. Aquest aïllat de Salmonella és la 

variant monofàsica del serotip Thyphimurium, amb un perfil de resistència que s’ha relacionat 

amb problemes de salut pública a Europa. Aquests resultats confirmen la importància del porc 

senglar com a reservori d’espècies de Campylobacter zoonòsiques i termòfiles, i posen de 

manifest que els porcs senglars poden ser portadors i potencials propagadors d’aquests bacteris 

a zones urbanes i peri-urbanes. 

Els resultats d’aquesta tesi són rellevants tant per a la gestió del porc senglar a zones urbanes, 

com per a la protecció de la salut pública a l’AMB. Diverses mesures de gestió derivades dels 

resultats d’aquesta tesi ja s’estan aplicant i avaluant a la ciutat de Barcelona. Aquesta tesi 

contribueix de forma transcendent a la millora del coneixement sobre el porc senglar urbà amb 

una perspectiva ecològica, epidemiològica i de gestió. 
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1.2. R E S U M E N  

Ciertas especies de fauna salvaje pueden explotar los recursos disponibles en ambientes 

urbanos. Los jabalíes (Sus scrofa) llevan años adentrándose en zonas urbanas y peri-urbanas, 

con los riesgos que esto supone para la seguridad y la salud de las personas. La interacción 

entre jabalíes y personas sigue una tendencia ascendente, en concordancia con el aumento de 

sus poblaciones, especialmente en zonas urbanizadas de Europa. Esta tesis identifica los 

factores determinantes de la presencia del jabalí en zonas urbanas de Barcelona, describe los 

cambios fenotípicos mostrados por jabalíes urbanos respecto a los no urbanos, y pone de 

manifiesto la existencia de riesgos sanitarios asociados a la presencia de jabalíes en una zona 

urbana. 

La presencia de jabalíes en la ciudad de Barcelona fue más frecuente en puntos cercanos a 

torrenteras que bajan del macizo de Collserola hacia la ciudad, en zonas urbanas con alta 

fragmentación del paisaje y con mayor presencia de zonas verdes y de colonias de gatos 

callejeros. La presencia de jabalíes también fue más abundante en primavera y verano, 

posiblemente debido al mayor tamaño de los grupos familiares y a sus mayores necesidades 

energéticas tras los nacimientos en primavera, a la dispersión de juveniles y subadultos y a la 

menor disponibilidad de alimento de origen natural que se produce en la estación cálida en 

ambientes mediterráneos. Además, los jabalíes urbanos consumieron más comida de origen 

antropogénico, crecieron más rápido y alcanzaron una mayor masa corporal que los jabalíes no 

urbanos. De igual manera, las hembras de origen urbano también se reprodujeron antes que las 

de origen no urbano, probablemente debido a que alcanzaron antes el peso necesario. Por otro 

lado, la esperanza de vida fue menor en jabalíes urbanos que en no urbanos, lo que indica que 

explorar la ciudad tuvo un coste asociado. 

Esta tesis también describe la presencia de patógenos zoonósicos en jabalíes y en sus 

garrapatas. Los jabalíes del Área Metropolitana de Barcelona (AMB) estaban parasitados por 

garrapatas de las especies Hyalomma lusitanicum, Dermacentor marginatus, Rhipicephalus 

sanguineus sensu lato y, de forma anecdótica, Rhipicephalus bursa. Las garrapatas, a su vez, 

portaban tres especies de Rickettsia (R. massiliae, R. slovaca y R. raoultii), las tres zoonósicas y 

emergentes, si bien las muestras de bazo de jabalí fueron todas negativas. Por lo tanto, pese a 

que los jabalíes no parecen actuar como reservorios de Rickettsia spp. en el AMB, sí que podrían 

estar favoreciendo la dispersión de garrapatas y contribuyendo de manera indirecta a la 

circulación de Rickettsia spp. al favorecer con su abundancia el ciclo, la abundancia y la 
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dispersión de las garrapatas. También podrían estar facilitando la transmisión de Rickettsia spp. 

entre garrapatas al alimentarse simultáneamente del mismo hospedador. 

Los jabalíes del AMB también portaban dos especies de Campylobacter, siendo más prevalente 

C. lanienae que C. coli, así como varios serotipos de Salmonella enterica subsp. enterica. Los 

aislados de Campylobacter mostraron una gran diversidad genética, y algunos también 

presentaron un gran potencial de virulencia. Todos los aislados de Campylobacter fueron 

resistentes como mínimo a uno de los antimicrobianos analizados. Cerca del 60% de los aislados 

de C. coli y un aislado de Salmonella fueron multirresistentes. Este aislado de Salmonella es la 

variante monofásica del serotipo Typhimurium, cuyo perfil de resistencia se ha relacionado con 

problemas de salud pública en Europa. Estos resultados confirman la importancia del jabalí 

como reservorio de especies de Campylobacter zoonósicas y termófilas, y muestran que los 

jabalíes del AMB pueden ser portadores y propagar estas bacterias a zonas urbanas y peri-

urbanas. 

Los resultados de esta tesis tienen relevancia para la gestión del jabalí en zonas urbanas y la 

protección de la salud pública en el AMB. De hecho, varias medidas de gestión que se derivan 

de los resultados de esta tesis ya se están aplicando y evaluando en Barcelona. Esta tesis 

contribuye, por tanto, a la mejora del conocimiento sobre el jabalí urbano con un enfoque 

ecológico, epidemiológico y de gestión. 
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2. I N T R O D U C T I O N  
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2.1. Ungulates: trends, relevance and conflict 

In recent decades, ungulate populations are recovering from large declines suffered between 

the 19th and 20th centuries, mostly thanks to changes in land use and cover (reforestation, 

reduction of free-ranging livestock), species management (reintroductions, changes in hunting 

regimes), and legal protection, in addition to an increase in respectful human attitudes towards 

wildlife (Deinet et al., 2013; Linnell & Zachos, 2011; Martínez-Abraín, Jiménez, & Oro, 2019). 

Ungulates are a natural renewable resource; more than 5.2 million are hunted every year in 

Europe, producing 120,000 tonnes of meat and a potential hunting revenue of several hundred 

million euros (Apollonio, Andersen, & Putman, 2010). Ungulates also have aesthetic and cultural 

value, as they are symbolic species with local histories and traditions associated (Kenward & 

Putman, 2011). Moreover, grazing and browsing from wild ungulates are a normal part of 

balanced ecological dynamics of woodlands, and ungulates modulate ecosystem processes such 

as nutrient cycles, net primary production and abiotic disturbance (e.g. fire regimes) (Hobbs, 

1996; Putman, 1996). 

However, ungulates have also become a nuisance due to damages to agricultural crops, 

forestry, traffic accidents, and because they can act as reservoirs of diseases shared with 

livestock and people (Barrios-Garcia & Ballari, 2012; Bruinderink & Hazebroek, 1996; Côté, 

Rooney, Tremblay, Dussault, & Waller, 2004; Putman, 1996). Furthermore, they can exert 

negative effects on the growth and regeneration of plant species, altering the relative 

abundance and composition of plant communities (Putman, 1996; Rooney & Waller, 2003). 

Therefore, there is currently a need for ungulate population management, and the approach 

used should consider ungulates as part of the ecosystem as well as being adaptive, that is, 

subjected to changes based on scientific evidence (Apollonio et al., 2017). 

2.2. Wild boar 

2.2.1. Taxonomy and distribution 

The Eurasian wild boar (Sus scrofa Linnaeus, 1758) is an artiodactyl mammal from the Suidae 

family, within the paraphyletic group of ungulates (Groves & Grubb, 2011). According to 

previous taxonomy classifications, there were 16 different subspecies recognised within the 

Eurasian wild boar species (Groves, 2007; Groves & Grubb, 1993). More recently, most of these 

subspecies were elevated to the species level, and currently there is a minimum of eight species 

and several subspecies within the S. scrofa group (Groves & Grubb, 2011). This new 
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classification, however, needs to be complemented with genetic, genomic, morphometric and 

reproductive analyses (Keuling et al., 2017). The species S. scrofa is the one present in most of 

Europe (including Spain), the Middle East and North Africa. 

Wild boars, together with their domesticated forms, feral pigs and hybrids among them, are one 

of the most widely distributed mammals over the world. Native to Eurasia, wild boars and their 

domesticated forms have been introduced by humans throughout the globe, with some 

introductions dating back to the fifth millennium BC, and they are currently present in all the 

continents but Antarctica (Keuling et al., 2017; Long, 2003). 

2.2.2. Habitat and diet 

Wild boars live in habitats with dense vegetation, such as forests and scrublands, which provide 

food and shelter (Abaigar, Del Barrio, & Vericad, 1994; Meriggi & Sacchi, 2001), but they also 

can inhabit agricultural areas (Herrero, García-serrano, & García-gonzález, 2008; Virgós, 2002). 

Factors such as hunting disturbance and seasonal changes in food and shelter availability affect 

their habitat use (Boitani, Mattei, Nonis, & Corsi, 1994; Santos, Mexia-de-Almeida, & Petrucci-

Fonseca, 2004; Spitz & Janeau, 1995), highlighting the plasticity of this species. Furthermore, in 

recent years they have been increasingly present in urban and peri-urban areas (Licoppe et al., 

2013). 

Wild boars are omnivorous and opportunistic, and their diet depends on energy requirements, 

region, season and food availability (Ballari & Barrios-García, 2014). Plant matter is the main 

component of their diet and includes mast, roots, green plant matter and agricultural crops 

(Schley & Roper, 2003). High-energy seeds such as acorns and pine seeds are preferred (Massei, 

Genov, & Staines, 1996), and agricultural crops including maize, rice, wheat, sorghum and 

potatoes, among others, are part of the wild boar diet when available (Herrero, García-Serrano, 

Couto, Ortuño, & García-González, 2006; Schley & Roper, 2003). Animal matter constitutes a 

small proportion of the wild boar diet, which they obtain through scavenging or predation 

(Barrios-Garcia & Ballari, 2012; Giménez-Anaya, Herrero, Rosell, Couto, & García-Serrano, 

2008), and it includes invertebrates (earthworms, insects and snails, among others), small 

mammals, fish, amphibians, reptiles and birds (Schley & Roper, 2003). 

2.2.3. Activity, movement and social organisation 

In general, wild boars are nocturnal (Brivio et al., 2017), although some populations also show 

activity during daylight, mainly when undisturbed by human activities (Keuling, Stier, & Roth, 
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2008; Podgórski et al., 2013). Searching for food is the main driver of wild boar movements 

(Morelle et al., 2015), and they show high intraspecific variability in home range size, with 

described annual home ranges from 100 to over 6,000 ha (Maillard & Fournier, 1995; Podgórski 

et al., 2013). 

Wild boars form matriarchal groups composed of one to several adult females and their 

offspring from the current and previous years, while adult males are usually solitary but also join 

female groups during the rut season (Dardaillon, 1988; Kaminski, Brandt, Baubet, & Baudoin, 

2005). Regarding dispersion, most wild boars remain within or close to the natal range (Keuling, 

Lauterbach, Stier, & Roth, 2010; Podgórski, Scandura, & Jedrzejewska, 2014). 

2.2.4. Reproduction 

Wild boar is a multiparous species, having from 3.6 to 7.6 piglets per litter (Fonseca, da Silva, 

Alves, Vingada, & Soares, 2011), although lower values have been reported under drought 

conditions (Fernández-Llario & Carranza, 2000). The life-history strategy of wild boar, towards 

the fast end of the fast-slow continuum, is different from what would be expected from a 

mammal of its size; wild boar exhibits high fecundity despite its relatively large size (Bieber & 

Ruf, 2005; Focardi, Gaillard, Ronchi, & Rossi, 2008; Oli, 2004). Litter size and prevalence of 

pregnancies depends on female age and body mass (Massei et al., 1996; Šprem, Piria, Prđun, 

Novosel, & Treer, 2016), food availability, and climate (Bieber & Ruf, 2005; Fernández-Llario & 

Carranza, 2000; Frauendorf, Gethöffer, Siebert, & Keuling, 2016; Santos et al., 2006). Gestation 

duration is approximately 115 days (Henry, 1968b) and pregnancy within the first year of life is 

possible if females reach a body mass of 30-35 kg (Fernández-Llario & Mateos-Quesada, 1998; 

Sabrina, Jean-Michel, Carole, Serge, & Eric, 2009). In Europe, there is a peak of farrowing from 

March through May (Fonseca et al., 2011; Gethöffer, Sodeikat, & Pohlmeyer, 2007), but under 

good environmental conditions births can happen outside this period (Fernández-Llario & 

Mateos-Quesada, 1998). 

2.2.5. Increasing abundance, distribution and conflicts 

Estimating wild boar population numbers is difficult due to their aggregated distribution, 

nocturnal activity and habitat preferences (Náhlik et al., 2017). Nonetheless, wild boar 

populations have increased and expanded across Europe in the last decades, as shown by 

increasing hunting bags, vehicle collisions and damage to crops (Massei et al., 2015; Sáez-

Royuela & Tellería, 1986). Probably more than three million wild boars were harvested in 2012 
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in all Europe, while this number was less than 900,000 individuals twenty years before that 

(Massei et al., 2015). 

The geographic and demographic expansion of wild boar could be explained, as already argued  

more than 30 years ago (Sáez-Royuela & Tellería, 1986), by a combination of socio-economic 

changes including the depopulation of rural areas, changes in agricultural practices, lack of 

predators, limited hunting, additional food, reintroductions, and mild winters. Nowadays, 

authors still agree on most of these causes, but they highlight the importance of 1) 

supplementary food (agricultural crops, food provided by hunters, food available in human-

dominated areas) since it favours wild boar survival and reproduction (Geisser & Reyer, 2005); 

2) reforestation after the abandonment of traditional activities, which increases food and 

shelter (Meriggi & Sacchi, 2001); and 3) insufficient hunting, as recreational hunting is not 

enough to control the wild boar population growth (Massei et al., 2015). 

Regarding the lack of predators, it seems to affect the growth and density of wild boar 

populations, but only when the wild boar density is low and/or the habitat is not optimal 

(Kanzaki, Perzanowski, & Nowosad, 1998). Likewise, global increasing temperatures can 

alleviate the negative effect of cold winters on wild boar survival and reproduction, but mainly 

at high latitudes (Melis, Szafrańska, Jȩdrzejewska, & Bartoń, 2006; Vetter, Ruf, Bieber, & Arnold, 

2015). Despite hybridisation between wild boars and domestic pigs has occurred in some 

regions and could improve the reproductive success of female wild boar (Fulgione et al., 2016), 

it seems to be a minor source of genetic variation for wild boar populations (Scandura, Iacolina, 

& Apollonio, 2011). 

The increase in wild boar abundance and distribution has generated conflicts with humans due 

to crop damages (Schley, Dufrêne, Krier, & Frantz, 2008), road traffic accidents (Lagos, Picos, & 

Valero, 2012) and increased risk of disease transmission to people and livestock (Meng, Lindsay, 

& Sriranganathan, 2009). Furthermore, negative impacts on plant and animal communities due 

to rooting, predation and habitat destruction have been reported (Barrios-Garcia & Ballari, 

2012; Massei & Genov, 2004). 

2.2.6. Management 

Wild boar management depends on the legal framework and the magnitude of the wild boar-

human conflicts to deal with (Náhlik et al., 2017). In Europe, hunting is the main mortality factor 

of the species (Keuling et al., 2013), although there is a mismatch between the number of 

hunted wild boar and the number of hunters (Massei et al., 2015). Hunters are aware of the 



22 

 

problems, solutions and factors contributing to wild boar population increase, but most of them 

do not feel responsible for their management (Keuling, Strauß, & Siebert, 2016). 

Hunting periods vary among countries, and hunting techniques include drive-hunts (with 

beaters and dogs), stalk hunting and lookout hunting (with or without bait) (Náhlik et al., 2017). 

Several studies suggest that the most effective ways to stop further population increases are 

the reduction of supplementary feeding and the selective hunting of juveniles, yearlings and 

adult females, depending on the environmental conditions (Bieber & Ruf, 2005; González-

Crespo et al., 2018). Other management methods, mainly where hunting is not allowed, include 

trapping and euthanasia, fertility control, fencing, repellents, diversionary feeding and 

translocations (Massei, Roy, & Bunting, 2011). 

2.3. Diseases of wild boar 

Wild boars can host many pathogens shared with livestock, companion animals and humans 

(Meng et al., 2009), and the increasing distribution and abundance of wild boar populations are 

increasing the risk for disease transmission (Ruiz-Fons, 2017). In rural areas, wild boars pose a 

threat primarily to the livestock industry, especially the pig industry, because they are reservoirs 

of pathogens that may have been eradicated in domestic pigs but still circulate in wild boar 

populations (Wu et al., 2011; Wyckoff, Henke, Campbell, Hewitt, & VerCauteren, 2009). 

The Catalan wildlife health surveillance programme includes diseases mainly due to their 

relevance to the livestock industry, but also to human and wildlife health. The diseases under 

surveillance in wild boar are classical swine fever (CSF), African swine fever (ASF), swine 

vesicular disease, Aujeszky’s disease, bovine tuberculosis, brucellosis and trichinellosis 

(Generalitat de Catalunya, 2016). 

With natural habitats being replaced by human-altered ones, new scenarios appear where 

environmental changes linked to urbanisation can affect the transmission of zoonotic pathogens 

(Bradley & Altizer, 2007). Moreover, evidence suggests that the loss of biodiversity, as occurs in 

urbanised areas, frequently tends to increase disease transmission (Keesing et al., 2010). Thus, 

in an urban context, shared diseases other than the ones commonly included in wildlife health 

surveillance plans have more relevance because of the risk for people and pets (instead of 

livestock). 
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2.3.1. Parasitic diseases 

Trichinellosis is a parasitic zoonosis caused by a nematode that affects mammals almost all over 

the world (Dupouy-Camet, 2000), and it is, perhaps, the most notorious wild boar-transmitted 

disease among hunters. There are several species within the genus Trichinella; T. spiralis and T. 

britovi are the most relevant for humans, and transmission occurs through the consumption of 

raw or undercooked meat containing larvae, primarily from pork (Gottstein, Pozio, & Nöckler, 

2009). There have also been cases linked to wild boar products (Fichi et al., 2015). Since some 

Trichinella species resist freezing, the best way to prevent human infestation is by cooking the 

meat at a certain combination of temperature and time (Kotula, Murrell, Acosta-Stein, Lamb, & 

Douglass, 1983). 

Another worldwide parasitic zoonosis is toxoplasmosis, caused by Toxoplasma gondii. This 

protozoan affects a wide variety of mammal and avian species and has been detected in 

different wild boar populations, also in Spain (Calero-Bernal et al., 2015; Fredriksson-Ahomaa, 

2019). Most cases in adult humans are subclinical, but toxoplasmosis can be severe and cause 

death in foetuses, children and immunocompromised people. Humans can acquire T. gondii 

through the consumption of raw or undercooked meat containing cysts, or by drinking water 

contaminated with oocysts (Hill & Dubey, 2002). Domestic cats might be the major source of 

contamination, since they shed millions of oocysts (Dubey, 2001). Cooking is, as with Trichinella 

spp., a proper method to kill tissue cysts and prevent infestation (Dubey, Kotula, Sharar, 

Andrews, & Lindsay, 1990). 

Ticks are blood-feeding ectoparasites that can cause paralyses, toxicoses, allergic reactions, and 

are among the most important vectors of viral, bacterial and protozoan pathogens to humans, 

livestock and pets (Estrada-Peña & Jongejan, 1999; Jongejan & Uilenberg, 2004; Parola & 

Raoult, 2001). One of the factors influencing the life cycle of ticks, and therefore the circulation 

of tick-borne pathogens (TBPs), is their host communities, since the abundance of reservoir 

hosts can greatly affect the prevalence of such pathogens (Estrada-Peña & de la Fuente, 2014). 

Ticks are receiving increasing attention in recent years because the spectrum of tick-borne 

diseases of domestic animals and humans has increased, as well as the list of potential TBPs 

(Dantas-Torres, Chomel, & Otranto, 2012). 
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2.3.2. Bacterial diseases 

Rickettsiales infections (rickettsiosis, anaplasmosis and ehrlichiosis) have public health and 

veterinary relevance and are transmitted in most cases via tick bite. Subclinical infections have 

been detected in wildlife and several wild species are considered reservoirs, but whether these 

pathogens pose a threat to their health is still uncertain (Birtles, 2012). Many Rickettsia species 

cause disease to humans, with thousands of cases reported from 2000 to 2010 across Europe, 

where rickettsioses are regarded as emerging diseases (ECDC, 2013; Jones et al., 2008). 

Campylobacter spp. are Gram-negative bacteria distributed worldwide among wild and 

domestic animals, and wild birds and mammals are regarded as reservoirs (Speck, 2012). 

Campylobacteriosis is the most commonly reported zoonosis in Europe since 2005, with over 

246,000 confirmed human cases in 2017 (EFSA and ECDC, 2018). Campylobacter species 

isolated from wildlife include C. coli, C. jejuni and C. lanienae, among others, and while the two 

first species have been associated to disease or lesions in food-producing and companion 

animals, no clinical disease has been described in free-ranging wild animals (Schweitzer et al., 

2011; Speck, 2012). 

Salmonellosis is the most commonly reported zoonosis in Europe after campylobacteriosis, with 

nearly 92,000 confirmed human cases in 2017 (EFSA and ECDC, 2018). The genus Salmonella 

includes two species of Gram-negative bacteria: S. enterica and S. bongori. The former is divided 

into six subspecies, each of which includes different serotypes, and S. enterica subsp. enterica is 

mostly formed by warm-blooded animal pathogens (Gaffuri & Holmes, 2012). Human infections 

are mainly caused by food contaminated with Salmonella spp. and wildlife infections probably 

occur through ingestion of contaminated water or food. Many wildlife species carry Salmonella 

without signs of clinical disease, although clinical infections have been described in free-living 

animals, mainly birds but also mammals including wild boar (Gaffuri & Holmes, 2012). Together 

with Campylobacter spp., Salmonella spp. has been identified as one of the most prone bacteria 

to be transmitted from wild swine to humans in the near future (Ruiz-Fons, 2017). 

Streptococcus suis is an emerging zoonotic agent (Goyette-Desjardins, Auger, Xu, Segura, & 

Gottschalk, 2014). Human cases of meningitis by S. suis have been associated to contact with 

wild boar carcasses (Halaby et al., 2000; Rosenkranz et al., 2003), and this is especially relevant 

since urban wild boars from Barcelona harbour S. suis strains with identical molecular profile as 

local human cases (Fernández-Aguilar et al., 2018). 
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Leptospira interrogans causes leptospirosis, which is a widespread emerging zoonosis affecting 

livestock, pets and humans. It can be acquired through urine-contaminated water or soil and 

most human infections are mild, although they can also be severe and lead to death (Levett, 

2001). Leptospira spp. has also been identified as one of the most prone bacteria to be 

transmitted from wild swine to humans (Ruiz-Fons, 2017), and antibodies against Leptospira 

spp. have been detected in wild boars in the city of Berlin (Jansen et al., 2007). 

Q fever is another widespread zoonotic disease caused by Coxiella burnetii. This disease is 

usually asymptomatic or causes mild clinical signs in humans, although it can sometimes lead to 

severe complications. Domestic animals are frequently the source of infection for humans, and 

over 40 species of ticks can acquire C. burnetii. However, the main route of C. burnetii 

transmission to humans is airborne (Maurin & Raoult, 1999). Coxiella burnetii circulates in 

wildlife, including wild boars in Spain, and they are a potential source of infection for humans 

(Astobiza et al., 2011). Moreover, different species of domestic animals, wild boar and humans 

share the same C. burnetii genotypes (Jado et al., 2012), and antibodies against C. burnetii have 

been found, again, in urban wild boars from Berlin (Henning, Angela, & Wittstatt, 2015). 

Mycobacterium bovis, within the Mycobacterium tuberculosis complex, is the causative agent of 

bovine tuberculosis, a disease with huge socio-economic impact (Caminiti et al., 2016; O’Reilly & 

Daborn, 1995). Bovine tuberculosis affects cattle and other ruminants, as well as humans and 

wildlife, leading to persistent infection with granulomas in lymph nodes, lung and other internal 

organs when becoming systemic (Wedlock, Skinner, De Lisle, & Buddle, 2002). In continental 

Western Europe, Spain has a complex epidemiology involving different Mycobacterium species 

and hosts (Gortázar et al., 2012). Wild boar can become infected from cattle and then turn into 

a reservoir and the source of M. bovis for livestock, even in areas where the risk is supposed to 

be low (Mentaberre et al., 2014). Mycbacterium bovis also causes tuberculosis in humans, 

although the majority of infections are caused by M. tuberculosis (Wedlock et al., 2002). Wild 

boars can be a source of infection especially for hunters and veterinarians (Meng et al., 2009). 

Another bacterial agent with relevance in the livestock industry is Brucella suis, which causes 

brucellosis and leads to abortions and infertility in pigs, wild boars and other animals, with the 

consequent economic losses, especially in developing countries (McDermott, Grace, & Zinsstag, 

2013; Meng et al., 2009). Wild boars can be a reservoir of B. suis (Szulowski et al., 2015) and a 

risk of contagion to domestic pigs (Risco et al., 2014). Brucella suis also cause brucellosis in 

humans, who suffer from fever and reproductive problems, and can be infected through 
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handling wild boar carcasses (Eales, Norton, & Ketheesan, 2010; Franco-Paredes, Chastain, 

Taylor, Stocking, & Sellers, 2017). 

2.3.3. Viral diseases 

Hepatitis E virus (HEV) causes hepatitis E in humans, an endemic disease in tropical and 

subtropical regions that has been increasingly detected in developed countries (Emerson & 

Purcell, 2003; Wichmann et al., 2008). It occurs with increased severity in pregnant women and 

children, and its main way of transmission is faeco-oral, for instance through contaminated 

water (Panda, Thakral, & Rehman, 2007), although human cases have been linked to the 

consumption of raw or undercooked wild boar products (Kim et al., 2011; Matsuda, Okada, 

Takahashi, & Mishiro, 2003). Moreover, a recent study reported that 59% of wild boars from 

Barcelona were seropositive, and HEV RNA was detected in 20% of their faeces (Wang et al., 

2019). 

CSF is a major disease for the pig industry that causes economic losses (Terpstra & de Smit, 

2000). It produces high mortality in young pigs and wild boars, although CSF outbreaks are 

generally self-limiting in wild boar populations after initial mortality (Ruiz-Fons, Segalés, & 

Gortázar, 2008). Wild boars can serve as reservoir hosts and as a source of infection for 

domestic pigs (Artois et al., 2002). 

Aujeszky’s disease affects suids, which are its natural hosts, although it can also affect other 

mammals. It is caused by the pseudorabies virus, and it is another relevant disease of domestic 

pigs worldwide (Müller et al., 2011). Aujeszky’s disease is also widespread in wild boar 

populations, including Spain (Gortázar et al., 2002; Müller et al., 2011), and transmission 

between pigs and wild boars is possible, although the sylvatic and domestic epidemiological 

cycles seem to be independent (Charrier et al., 2018). Moreover, this disease usually causes 

death in dogs, and hunting dogs can become infected by eating infected wild boar tissues (Cay 

& Letellier, 2009; Leschnik et al., 2012). 

ASF, which affects both pigs and wild boars, among other suids, causes massive losses in the 

pork industry due to mortality, eradication costs and trade restrictions (Costard, Mur, Lubroth, 

Sanchez-Vizcaino, & Pfeiffer, 2013; Halasa et al., 2016). In 2007, ASF was reintroduced into 

continental Europe (in Georgia) and it has since then expanded towards Western Europe 

(Gavier-Widén et al., 2015). The last infected country was Belgium, in late 2018 (Linden et al., 

2019), when the closest affected countries were Poland and Hungary, thus increasing the risk of 

ASF being introduced to the neighbouring countries including France (Andraud, Halasa, Boklund, 
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& Rose, 2019). Wild boars can play an important role in the spread of ASF, but contact with 

infected domestic pigs or other sources seems necessary to maintain the virus circulation in 

wild boar populations (Mur et al., 2012). 

Porcine circovirus type 2 (PCV2) is worldwide distributed in the domestic pig, and has been 

linked to a number of diseases. Among these, postweaning multisystemic wasting syndrome has 

the biggest impact on pig production (Segalés, Allan, & Domingo, 2005). PCV2 antibodies have 

been detected at high rate in different wild boar populations in Europe, including Spain, 

although infections are often subclinical (Vicente et al., 2004). Wild boar PCV2 viruses or close 

relatives have been found in domestic pigs, indicating that virus transmission between the two 

porcine species would be possible (Cságola, Kecskeméti, Kardos, Kiss, & Tuboly, 2006). 

2.4. Wildlife in an urbanising world 

Urbanisation affects land use and cover, hydrosystems, biogeochemical cycles, climate and 

biodiversity, which are five major types of global environmental change (Grimm et al., 2015). 

Focusing on biodiversity, urbanisation reduces species richness and alters species composition, 

causing physical and biological homogenization simultaneously (Chace & Walsh, 2006; 

McKinney, 2006). With the spread of urbanised areas, new opportunities arise for individuals or 

populations that are able to exploit new resources (DeStefano & DeGraaf, 2003), while many 

others disappear along with their natural habitat (McKinney, 2006). 

Urban wildlife ecology has received more attention since the 20th century (Adams, 2005; 

DeStefano & DeGraaf, 2003). Generalist species do better in urban environments than habitat 

specialists, and most studies have focused on birds (Adams, 2005). Wildlife species can adopt 

different strategies, from thriving and even depending on urban areas to survive (urban 

exploiters) to just taking advantage of the resources this environment offers, but still depending 

on the natural habitat (urban adapters; Blair, 1996; Shochat, Warren, Faeth, McIntyre, & Hope, 

2006). 

Urban wildlife species can experience changes in behaviour, morphology or genetics as a 

response to urban selection pressures (Shochat et al., 2006). These changes may come from the 

ability of a species to alter the phenotype within its lifetime (phenotypic plasticity; DeWitt & 

Scheiner, 2004), and can result in shifts in genotypes (microevolution), which do not necessarily 

indicate a process of adaptation to the urban environment because this would confer a 

genetically based fitness advantage (Donihue & Lambert, 2015; McDonnell & Hahs, 2015). 
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Conversely, genetic differences between urban and non-urban populations might arise from 

founder events and random genetic drift, as is the case of red foxes (Vulpes vulpes) in the city of 

Zurich (Wandeler, Funk, Largiadèr, Gloor, & Breitenmoser, 2003). 

From a human perspective, biodiversity in urban ecosystems can improve quality of life and 

education of human population (Savard, Clergeau, & Mennechez, 2000), but the increases in 

wild populations and their interactions with humans can lead to a change in the perception of 

these species from beneficial to pest (DeStefano & DeGraaf, 2003; Kansky & Knight, 2014). 

Human-wildlife conflicts arise when the needs or behaviour of wildlife negatively affect humans, 

or when human activities negatively affect the needs of wildlife (Madden, 2004). However, any 

conflict between people and wildlife can make a certain species be perceived by people as 

problematic, even without consistent evidence, because human perception is shaped by past 

interactions with a species (Angelici, 2016; Conejero et al., 2019; Kansky & Knight, 2014). Thus, 

in urban and peri-urban areas, wildlife management currently faces two opposite challenges: 

the habitat and biodiversity loss, and the problem of overabundant wildlife species (DeStefano 

& DeGraaf, 2003). 

2.4.1. Urban wild boar  

During the last years, increasing attention has been paid to the presence of wild boar in urban 

and peri-urban areas (Amendolia, Lombardini, Pierucci, & Meriggi, 2019; Cahill, Llimona, 

Cabañeros, & Calomardo, 2012), the derived problems (Fernández-Aguilar et al., 2018; Jansen 

et al., 2007; Kotulski & Koenig, 2008), and the relationship between wild boars and the urban 

environment (Cahill et al., 2012; Stillfried, Gras, Börner, et al., 2017). Easy access to food and/or 

water, absence of or insufficient hunting pressure outside the peri-urban area, expanding 

urbanisation into the wild boar habitat, and perhaps rivers and highways as routes of entry 

seem to favour wild boar entrance and/or establishment in these areas (Licoppe et al., 2013; 

Toger, Benenson, Wang, Czamanski, & Malkinson, 2018). Urban food sources include plant 

matter available in parks and gardens, rubbish and food left for stray cats (Cahill et al., 2012; 

Licoppe et al., 2013; Stillfried, Gras, Busch, et al., 2017). 

Different European cities such as Berlin, Vienna, Cracow and Rome, among others, have wild 

boar as visitors (Kotulski & Koenig, 2008; Licoppe et al., 2013). In Spain, wild boar presence has 

been reported in several cities including Barcelona, Zaragoza, Pamplona and Las Rozas de 

Madrid (Cahill et al., 2012; Licoppe et al., 2013; López, López, Gavela, Bosch, & Ballesteros, 

2010; Sanz, 2000). Wild boar presence in the streets causes public concern due to damages to 
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green spaces through rooting (Licoppe et al., 2013) (Figure 2.1), traffic accidents (Zuberogoitia 

et al., 2014) (Figure 2.2), risk of disease transmission to people and pets (Fernández-Aguilar et 

al., 2018), and risk of attacks (Silwal, Kolejka, & Sharma, 2016). 

   

Figure 2.1. Urban green space damaged by wild 

boars through rooting. 

Figure 2.2. Dangerous situation caused by wild 

boars in an urban area. 

Wild boars can be seen as urban adapters (Stillfried, Fickel, et al., 2017; Stillfried, Gras, Busch, et 

al., 2017), which are those species relatively associated to the urban environment, i.e. that still 

use their natural habitat but can exploit urban resources (Blair, 1996; McKinney, 2006). Urban 

wild boars can adjust their spatiotemporal behaviour to avoid human disturbance (Podgórski et 

al., 2013), or develop a higher tolerance to human disturbance (Stillfried, Gras, Börner, et al., 

2017). In addition, urban wild boar stomachs show a high proportion of food from 

anthropogenic origin (Hafeez, Abbas, Khan, & Rehman, 2011), possibly meaning that they 

change their foraging behaviour to exploit food resources in the city. Regarding morphology, 

adult female wild boars habituated to humans have higher body mass than non-habituated 

ones (Cahill et al., 2012). 

The abovementioned changes would be non-evolutionary adaptive responses, which are 

adjustments of physiology, behaviour or morphology in response to urbanisation, not 

necessarily related to changes in gene frequency nor to benefits in their survival or 

reproduction in the new area (McDonnell & Hahs, 2015; Ricklefs, 1990). Since the wild boar is 

widespread and flexible in its responses to different situations (i.e. phenotypically plastic; 

(Gamelon et al., 2013; Podgórski et al., 2013), it is a good model to study how a medium to 

large mammal responds to urban environmental change. 

2.4.1.1. Urban wild boar in Barcelona and Collserola 

The wild boar population in Collserola has been increasing in recent years (González-Crespo et 

al., 2018), according with the aforementioned world trend, to reach a peak density of almost 15 
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wild boars per 100 ha in the hunting season 2012-2013 (Minuartia, 2018). The Serra de 

Collserola Natural Park, within the Collserola massif, is a protected natural area that receives 

three million visitors annually (Generalitat de Catalunya, 2010; Parc de Collserola, n.d.-C). 

Approximately 30% of its surface is covered by urban or peri-urban areas, and the Collserola 

wild boar population is probably partly isolated from other populations because it is surrounded 

by rivers, roads and other human infrastructures (Cahill & Llimona, 2004) (Figure 2.3). 

 

Figure 2.3. Collserola massif and the city of Barcelona. Orthophoto: Institut Cartogràfic i Geològic de 

Catalunya (ICGC). 

In this metropolitan context, isolation caused by barriers, increased urbanisation (and the food 

resources therein) and the abovementioned adaptable nature of wild boars might explain why 

they approach urban and peri-areas during periods of food scarcity (Cahill, Llimona, & Gràcia, 

2003; Llimona et al., 2007). Barcelona is the biggest municipality bordering Collserola, and it is 

home to 1,600,000 people (Institut d’Estadística de Catalunya, 2019). In recent years, the wild 

boar has been approaching the city (Figure 2.4), originating an increasing trend of conflicts from 

two incidents registered in 1998 (Llimona et al., 2007) to over 1,100 calls to the local emergency 

number in 2016 (Ajuntament de Barcelona, 2018). 
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Figure 2.4. Wild boar in the Barcelona-Collserola interface. Credit: Eugenio Fernández Suárez. 

This thesis determines the drivers of wild boar presence in the urban area of Barcelona (Study 

1), addresses the phenotypic changes shown by wild boars captured in Barcelona with respect 

to wild boars hunted in Collserola (Study 2), and identifies TBPs and foodborne pathogens 

carried by ticks and wild boars in the Metropolitan Area of Barcelona (MAB) (Studies 3 and 4). 
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2.5. Hypotheses 

The hypotheses of this thesis are: 

1. Wild boar presence in Barcelona does not follow a random pattern, but is determined 

by temporal, spatial and environmental drivers (Study 1). 

2. Adjusting to the urban environment must be related to behavioural, morphological, 

physiological, and life-history changes in wild boar (Study 2). 

3. Wild boars in the Metropolitan Area of Barcelona (MAB) can carry parasites and 

zoonotic pathogens of public health concern (Studies 3 and 4). 
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2.6. Objectives 

Consequently, the objectives of this thesis are: 

1. To identify the factors driving the presence of wild boar in the urban area of Barcelona. 

(Study 1). 

2. To measure the phenotypic changes shown by wild boars in response to urbanisation in 

Barcelona (Study 2). 

3. To provide a scientific basis for decision-making on management measures in Barcelona 

(Studies 1 and 2). 

4. To identify the tick species parasitizing wild boars in the Metropolitan Area of Barcelona 

(MAB) (Study 3). 

5. To describe the tick-borne pathogens infecting ticks and their wild boar hosts in the 

MAB (Study 3). 

6. To identify zoonotic Campylobacter spp. and Salmonella sp. in wild boar faeces from the 

MAB (Study 4). 

7. To determine the genetic diversity, virulence potential and antimicrobial susceptibility 

of Campylobacter spp. and Salmonella sp. carried by wild boars in the MAB (Study 4).
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3.1. Study 1 

 

Urban wild boars prefer fragmented areas with food resources 

near natural corridors 

Science of the Total Environment, 615 (2018): 282-282 
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3.1.1. Abstract 

Wild boar populations are expanding throughout the world and intruding into peri-urban and 

urban areas. In the last years, wild boar has colonized several European cities, including our 

study area, the city of Barcelona. It is required to identify the main factors driving wild boar into 

urban areas prior to establish management measures. 

We built Boosted Regression Trees using 3,148 wild boar presences registered in the urban area 

of Barcelona from 2010 to 2014 to identify the variables correlated with these presences. The 

variables analysed included proxies for distance to the source population, urban food resources, 

climate and urban habitat structure. 

Wild boars enter the urban area from close natural habitat using corridors such as streams, 

preferably in fragmented urban environment, looking for food such as urban green areas or dry 

pet food from cat colonies. Wild boar presence is higher in spring possibly due to the births of 

piglets and the dispersion of yearlings during that season, and also when natural resources in 

the Mediterranean habitat fail to satisfy the nutritional requirements of the wild boar 

population during the summer season. 

Management measures derived from this study are currently being applied in the city of 

Barcelona, including vegetation clearings in the wild boar entrance areas and an awareness 

campaign aimed at reducing the anthropogenic food availability for wild boars. The 

methodology used can be applied to other cities with wild boar or even other wildlife species 

issues. The comparison between the factors attracting wild boars into different urban areas 

would be helpful to understand the global phenomenon. 

Keywords: Boosted Regression Trees, Mediterranean climate, native invader, wildlife 

management, Sus scrofa, urban area 

3.1.2. Introduction 

Wild boar populations are geographic and demographically increasing throughout the world as 

a result of socio-economic and ecological changes, such as natural forest regeneration, 

increased anthropogenic food resources, limited hunting and translocations (Massei et al., 

2011; Sáez-Royuela & Tellería, 1986; Snow, Jarzyna, & VerCauteren, 2017).  The movement 

ecology of wild boar, together with its high diet plasticity and high prolificacy, have also 

contributed to the worldwide spread of wild boar populations (Morelle et al., 2015). As a 
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consequence of these human-induced changes and natural features of the wild boar, the 

interaction between wild boars, humans and the environment have increased, namely crop 

damages, road traffic accidents, increased risk for shared diseases including zoonoses, altered 

food webs and damage to some plant and animal species (Massei et al., 2011). 

This way, wild boar has been acting as a native invader, spreading within their historical range, 

reaching extreme abundances and producing severe effects on other species (Carey, Sanderson, 

Barnas, & Olden, 2012). The concept “native invader” was introduced by Simberloff (2011) to 

refer to a species that has become invasive in its own native distribution range, but has not 

been widely applied to wild boar yet. However, it is a clear example of a human-wildlife conflict, 

where management strategies applied try to mitigate the symptoms rather than address the 

causes, and then both social and political challenges arise (Carey et al., 2012). 

The easy access to food and water, the absence or insufficient hunting pressure and the 

expanding urbanisation into the forested areas occupied by wild boar have similarly favoured its 

intrusion into peri-urban and urban areas. Rivers and roads act as corridors which facilitate wild 

boar occurrence in these areas (Licoppe et al., 2013). The risks and disturbances associated with 

the wild boar presence in urban environments include, apart from traffic accidents, damages to 

street furniture, parks and private gardens, and ransacking of rubbish bins and containers. They 

can also share diseases with pets and humans (Meng et al., 2009) and may occasionally attack 

people (Cahill et al., 2012). 

In the last years, wild boar has colonized the urban and peri-urban environment in several 

European cities, including Barcelona, Berlin, Budapest, Genoa and Warsaw (Licoppe et al., 

2013). In Barcelona, the wild boar enters the city mainly from the bordering Collserola massif, a 

natural area where wild boar presence was anecdotal in the 80s. Since then, and in accordance 

with the global trends, Collserola wild boar population has increased to reach a density over 

nine wild boars per 100 ha (Minuartia, 2016). This increase may have been favoured by the 

increased urbanisation inside the massif and therefore the increased anthropogenic food 

available for wild boars (domestic rubbish, vegetable material from parks and gardens, pet food 

and direct feeding). This might also have attracted wild boar into peri-urban and urban areas 

during periods of scarcity (Cahill et al., 2012). 

Alternative approaches based on integrated landscape and social management are necessary to 

reduce wild boar populations (Cahill et al., 2003). Moreover, to specifically deal with wild boar 

presence in urban areas it is required to identify the main drivers, in order to establish 
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management measures to reduce their attractiveness. Although several studies have 

investigated the factors related to a species presence or distribution, only a few focus in urban 

wild species, and to the authors’ knowledge no study has tried to identify the factors favouring 

wild boar presence in urban areas. 

The aim of this study is identifying the factors determining the presence of wild boars inside the 

urban area, considering the distance to the source population, climate, food resources and 

urban habitat structure, to provide scientific knowledge allowing the implementation of 

management measures. Since wild boar adaptation to urban environments is widespread and 

increasing, both the analytical approach performed and the results might be useful for other 

urban areas where wild boar is or will shortly be conflictive. 

3.1.3. Material and methods 

Study area 

The study area is the municipality of Barcelona (Catalonia, NE Spain) (Figure 3.1), which has a 

10,100 ha area and a human population of 1,600,000 inhabitants (Institut d’Estadística de 

Catalunya, 2016). The urban area of Barcelona spreads between the Mediterranean seashore 

(SE) and the border with the Collserola massif (NW), and between the Besòs (E) and Llobregat 

(W) rivers. Barcelona landscape is mostly urban but green spaces represent a 35.3% (3611 ha) 

of the city surface, including the Collserola surface which falls within the city limits. Excluding 

this part of the massif, green areas represent an 18.1% (1850 ha) of Barcelona surface. Despite 

the existence of several large parks, the 84% of urban green spaces are less than half hectare in 

size and are, in general, isolated (Ajuntament de Barcelona, 2013). 

Collserola massif is an 11000 ha natural area belonging to the Catalan coastal mountain range 

with an abundant wild boar population (DARP, 2015). It is a hilly area, altitude ranging between 

60 and 512 metres above sea level. It is completely surrounded by human infrastructures and 

receives about two million visitors yearly. Collserola has a Mediterranean climate; mean annual 

temperature is 15°C (average temperature is rarely below 5°C in winter, and around 21°C in 

summer). The annual average rainfall is over 620 mm with two wet seasons, autumn and spring 

(October, 83.1 mm; May, 60.4 mm), and a dry summer period (July, 10.6 mm) (Parc de 

Collserola, n.d.-a). Mediterranean pine forests dominated by Pinus halepensis (40%) and 

sclerophyllous woodlands with Quercus ilex (15%) cover a large part of the massif, but 

Mediterranean and sub-Mediterranean scrubs also represent an important part of the 

vegetation (24%) (Pérez-Haase & Carreras, 2012). 
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Figure 3.1. Study area. Dashed line shows the limit of the municipality of Barcelona (Catalonia, NE Spain). 

Shaded area corresponds to the Collserola massif. The wild boar presences are represented as dots. Map: 

ICGC. 

Data collection 

The Metropolitan Police registered the location and date of 3148 wild boar presence in the 

urban area of Barcelona from 2010 to 2014. A wild boar presence means that a minimum of 

one wild boar was present in the public street at a certain time, alive, wounded or dead (after a 

car accident, for instance). Most of the sightings were reported by citizens through a phone call 

to the local emergency number. The wild boar presences were processed to avoid pseudo-

replication, retaining only one presence if two or more data occurred within 500 m from each 

other within a two hour frame. Therefore, only 2621 (1.4 observations/day on average) of the 

3148 presences registered were finally included in the analysis. Figure 3.1 shows a map of 

Barcelona municipality with the refined wild boar presences. 

Data creation and modelling 

We created wild boar pseudoabsences as a random sample of locations to compare the 

presences with, following (Barbet-Massin, Jiguet, Albert, & Thuiller, 2012). Both wild boar 

presences and pseudoabsences were characterized with factors accounting for climate, 
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distance to source population, urban food resources and habitat structure. Table 3.1 shows the 

predictor variables constructed for the analysis. We used QGIS v2.8.1 Meng (Quantum GIS 

Development Team, 2015) and Fragstats v4.2.1. software (McGarigal, Cushman, & Ene, 2012). 

Table 3.1. Explanatory variables initially considered in the study. Sources of the data, references which 

support the variable selection, mean values and standard deviation are included. 1: Variables included in 

the first model. 2: Variables included in the second model. * Data for cat colonies were available only 

from the districts bordering Collserola massif and only for 2014. 

Indicator/proxy 
for 

Explanatory variable Source 
Mean ± standard deviation  

Presences   Pseudoabsences 

Distance to 
source 

population 

Distance to Collserola massif 
(DistC, in m) 

Catalonia land 
cover map (CREAF 
and Generalitat de 
Catalunya 2009). 
Following Jaeger 

(2000) for 
landscape 

fragmentation. 

532 (± 353) 3391 (± 1,879) 

Distance to watercourses1,2 
(DistW, in m) 

602 (± 372) 3572 (± 1,861) 

Urban food 
resources 

Total surface of urban green 
area in a 250 m buffer 

(Green250, in ha) 
4.7 (± 5.9) 2.9 (± 2.2) 

Total surface of urban green 
area in a 500 m buffer1,2 

(Green500, in ha) 
17.6 (± 24) 10.6 (± 1.1) 

Habitat structure 

Landscape fragmentation in a 
250 m buffer (Frag250, in ha) 

5.9  (± 2.6) 9.9 (± 2.1) 

Landscape fragmentation in a 
500 m buffer1,2 (Frag500, in 

ha) 
18.9 (± 6.7) 31.9 (± 9.7) 

Seasonality 

Date1 (Julian day) 

Unpublished data, 
Barcelona 

Metropolitan 
Police 

183 (± 252) 228 (± 173) 

Minimum daily temperature 
(MinT, in ºC) 

Servei 
Meteorològic de 
Catalunya 2015 

14.1 (± 1.8) 11.6 (± 2.1) 

Mean daily temperature 
(MeanT, in ºC) 

17.5 (± 0.4) 14.8 (± 2.3) 

Maximum daily 
temperature1,2 (MaxT, in ºC) 

22.4 (± 0.7) 19.5 (± 3.8) 

Number of days without 
raining over 10 mm1,2 (Rain10) 

24 (± 6.4) 25.8 (± 8.5) 

Urban food 
resources 

Proximity to cat colonies2 
(Cats, in m)* 

Unpublished data, 
Barcelona city 
Council 2014 

299 (± 
335.2) 

1159 (± 547) 

Before modelling, we used R software (version 3.1.3; R Development Core Team, 2015) to 

perform an exploratory analysis following the protocol proposed by Zuur, Ieno, & Elphick 

(2010), checking for multicollinearity amongst the explanatory variables by calculating Pearson’s 

correlation coefficients. When the variables were highly related (coefficient≥0.7; Dormann et 

al., 2013), only one was retained for model construction (Table 3.1). 

We then built Boosted Regression Trees (BRT) using the gbm library developed by Ridgeway 

(2015) for R software (Elith, Leathwick, & Hastie, 2008) to identify those variables more 

correlated with the wild boar presence in the urban area of Barcelona. We also estimated the 
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relative influence of the predictor variables with the formulae developed by Friedman (2001) 

and implemented in the R gbm library. A first analysis included the whole urban area of 

Barcelona for the complete study period. However, and since 76.8% (2014 out of the 2621) of 

the refined wild boar presences were located in four districts bordering the Collserola massif 

(four districts out of ten for the whole Barcelona), a second analysis was performed to fine-tune 

the factors attracting wild boar in urban areas, adding to the aforementioned variables the 

proximity to cat colonies as an explanatory variable (Table 3.1). 

In order to evaluate the resulting model, we partitioned the data into two subsets: 70% for 

constructing (training) and 30% for testing the model (Acevedo, Jiménez-Valverde, Lobo, & Real, 

2012; Elith et al., 2008). We fitted the model with 10-fold cross-validations, testing different 

values for learning rate (which determines the contribution of each tree to the growing model) 

and tree complexity (which controls whether the interactions are fitted). 

We used the area under the receiver operating characteristic (ROC) curve (AUC) to measure the 

discriminatory capacity of models, following (Jiménez-Valverde, 2012). To assess the model 

performance, we calibrated the model by testing the goodness of fit through the Hosmer-

Lemeshow (HL) test (Lemeshow & Hosmer, 1982).  

3.1.4. Results 

The correlation coefficients amongst all the variables analysed can be found in Supporting 

information (Table S.3.1). The variables without collinearity retained for each one of the two 

models developed are shown in Table 3.1. 

The learning rate (0.005) and tree complexity (10), altogether with bag fraction (0.5), 

determined 2100 as the number of trees necessary to achieve the lowest estimated cross-

validation deviance in the BRT models (Figure 3.2a). The performance of the selected model 

explained 65.3% of the deviance of our data and its discrimination power as measured by the 

AUC was 93.1%. The H-L test did not show significant deviations between the predicted and the 

observed values (H-L: χ2=13.93 and p-value=0.08), so the model was well calibrated. 
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Figure 3.2. Cross-validation model-fitting for the parameters learning rate=0.005, tree complexity=10 and 

bag fraction=0.5. Vertical line indicates the number of trees fitted and horizontal line indicates the mean 

residual deviance achieved. 3.2a: 2100 trees were fitted. Mean residual deviance achieved was 0.42, 

which corresponds to an explained variance of the data of 65.3%. 3.2b: This model included Cats variable. 

1450 trees were fitted and mean residual deviance achieved was 0.37, which corresponds to an explained 

variance of the data of 67.2%. 

The variable with the strongest effects on predicting wild boar occurrence in the urban area of 

Barcelona was the distance to a watercourse (66.1% of relative importance). Landscape 

fragmentation and surface of urban green area (in a 500 m buffer) had a similar lower influence 

(10.2 and 9.2%, respectively), followed by date (6.7%), maximum daily temperature (4.8%) and 

accumulated days without raining over 10mm (3%) (Figure 3.4a). 

When including proximity to cat colonies as a predictor variable and reducing the study area to 

the districts bordering Collserola massif, the model constructed 1450 trees and the explained 

deviance increased to 67.2% (Figure 3.2b). The AUC (discrimination power) was 91.9%. The 

relative importance was more distributed amongst the variables, although the distance to a 

watercourse continued to be the most important variable with a 35.2% of influence. Proximity 

to cat colonies was placed in the fifth position of importance (10.6%) and the rest of the 

predictors remained similar to the model without this variable (Figure 3.4b). However, this 

second model was not well calibrated, showing significant differences between the predicted 

and the observed wild boar presences (H-L: χ2=16.9 and p-value=0.03). 

The partial responses of each explicative variable indicated that wild boar presences are more 

likely closer than 3000 m from the entry of a stream into the urban area and 1500 m from a cat 

colony, when included. Wild boar presences are also more common in highly fragmented urban 



45 

 

landscapes, with green areas around (between 8 and 25 ha in a 500 m diameter area) and from 

March to October (Figures 3.3 and 3.4). Maximum temperature and number of days without 

raining had little effect on the response in the first model, but were more important in the 

second one, with wild boar presence being associated to maximum temperatures between 21 

and 28 oC and 10 to 40 days without raining over 10 mm (Figure 3.4). Density plots for all the 

predictor variables comparing presences and pseudoabsences are shown in Supporting 

information (Figure S.3.1). 

 

Figure 3.3. Seasonal trend of the wild boar presences in the urban area of Barcelona. It represents the 

monthly addition of the presences throughout the study period (2010 – 2014). 

 

Figure 3.4. Partial dependence plots for BRT models developed using tree complexity of 10 and learning 

rate of 0.005, showing the dependencies of wild boar presence on each of the predictors. In brackets: 

summary of the relative contributions of predictor variables for the BRT models, in order of importance. 

3.4a: Without including distance to cat colonies as a variable in the model, wild boar apparition is related 

with short distances to watercourses (DistW, < 3000 m), high landscape fragmentation (Frag500), urban 

green areas (Green500, mostly between 8 and 25h of surface) and from February to October (Date). 
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Maximum temperature (MaxT) and days without raining (Rain10) had little effect on the response. 3.4b: 

Including cat colonies as a variable (Cats), wild boars tend to appear near these sites (< 1500 m). The rest 

of predictors remained similar, except for MaxT (21 – 28 oC) and Rain10 (10 – 40 days without raining 

over 10 mm). 

3.1.5. Discussion 

This study provides evidence on the factors attracting wild boars into urban environments, 

therefore allowing undertaking control measures to correct and/or modify such factors. Both 

the methodology used and the results obtained can be useful as a reference for other cities 

already or near-to-be colonized by this native invader. The local rising trend in urban wild boar 

occurrences observed in Barcelona during the five-year study period agrees with the increasing 

global reports (Cahill et al., 2012; Kotulski & Koenig, 2008; Licoppe et al., 2013; Podgórski et al., 

2013) to suggest that this issue will probably become still more relevant in the near future. 

Spatial distribution of wild boar 

Wild boars harvested in urban areas come predominantly from rural environments and not 

from the city (Stillfried, Fickel, et al., 2017). Accordingly, the spatial variables revealed Collserola 

massif as the source of wild boars entering Barcelona but, more importantly, pointed streams as 

corridors for this entry, even if dry in summer, most probably due to the dense vegetation 

cover. Humid areas with dense vegetation are important for wild boar movement (Morelle, 

Fattebert, Mengal, & Lejeune, 2016) and streams can serve as movement pathways or corridors 

(Rosenberg et al., 1997) which increase landscape connectivity (Beier & Noss, 1998) and would 

facilitate the entrance of wild boars into the city. 

Wild boars make more displacements in urban areas due to dispersed resources (Podgórski et 

al., 2013). Hence, it can be easier for a wild boar to find a suitable patch (e.g. with refuge -

vegetation cover-, food or water resources) in a landscape comprising different and 

interspersed patch types rather than a vast single patch (i.e. a built-up area with large buildings 

and without green areas). According to our model, the probability of wild boar occurrence is 

higher in the fragmented areas of Barcelona, which could be due to a higher likelihood of 

finding scattered resources in the urban matrix and/or to a higher change for wild boars to get 

disoriented. Urban green areas and cat colonies partially explained the wild boar spatial 

distribution within the urban area because wild boars probably use them as a source of food 

and water in periods of scarcity, as already suggested by (Cahill et al., 2012). Moreover, green 

patches can also be used as a daylight resting area, as urban adapted red foxes do in urban 
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environments (Adkins & Stott, 1998; Harris, 1981; Marks & Bloomfield, 2006). In comparison to 

Berlin, the best example of an urban wild boar city, Barcelona green spaces have less forest 

cover and occupy less total area (18.1% vs. 31.4% of city surface; Senate Department for the 

Environment, Transport and Climate Protection, 2017). But both cities are close to forested 

areas where wild boar lives, thus agreeing with the importance of the first variable selected by 

our models. 

The attractiveness of dry cat food for urban carnivores has been previously reported (Contesse, 

Hegglin, Gloor, Bontadina, & Deplazes, 2004; Theimer, Clayton, Martinez, Peterson, & Bergman, 

2015), but to the authors’ knowledge this is the first time it is described for urban wild boars. 

The spatial aggregation of wild boars and cats in feeding points raises public health concerns on 

disease sharing and zoonosis transmission such as salmonellosis, toxoplasmosis, hepatitis E, 

tuberculosis and methicillin resistant Staphylococcus aureus (Meng et al., 2009; Mentaberre et 

al., 2014; Porrero et al., 2013; Tauni & Österlund, 1999).   

Seasonal distribution of wild boar 

In spite of the modest weight in the models of date, maximum temperature and accumulated 

days without raining, the seasonal pattern seems to be related with the climate. In 

Mediterranean climate, urban landscape primary production during summer is higher than in 

non-urban landscapes, due to irrigation and alteration of natural land cover by cultivation of 

introduced plant species (Imhoff, Tucker, Lawrence, Stutzer, & Rustin, 2000). The water 

availability in Mediterranean habitats is low during summer, with dry streams and hardened 

soils which make rooting difficult, whilst green areas are irrigated in the urban area. 

Furthermore, the summer food scarcity period in the natural environment agrees with the 

growth of family groups due to births mainly in spring and the dispersal of the yearlings born 

the previous year (Cahill et al., 2003; Keuling, Stier, & Roth, 2007).  

Conversely, the period with less probability of wild boar records in urban areas (November to 

February) agrees with the higher food availability in Mediterranean habitats (Massei et al., 

1996; Schley & Roper, 2003), inlcuding the acorn fall in Collserola (in October, Cahill et al., 

2012). The water availability is also higher than in summer, due to autumn rains and less 

evaporation resulting from milder temperatures. In addition, wild boar populations have lower 

food needs in winter as compared to spring and summer, when piglets and juveniles are born 

and growing, respectively. 
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Management applications 

The city Council of Barcelona, in collaboration with the Servei d’Ecopatologia de Fauna Salvatge 

(SEFaS) of the Universitat Autònoma de Barcelona (UAB), is currently undertaking the first 

measures aimed at decreasing the entry of wild boars in the urban area of Barcelona. Previous 

studies have suggested reducing rural and peri-urban wild boar population as a measure to 

decrease wild boar penetration in the city (González-Crespo et al., in evaluation; Stillfried et al., 

2017). Therefore, an effort is currently being made in Barcelona to reduce the population of 

peri-urban wild boars through selective capture and euthanasia. However, reducing this 

population may not have a lineal effect on wild boar presence in the urban area if the city is still 

attractive for wild boars. Consequently, the conclusions obtained from this study are currently 

being also used to apply management measures in Barcelona (Table 3.2). Vegetation clearings 

are being carried out in a 100 m wide fringe in the limit between the Collserola massif and the 

urban area to create a less comfortable transition for wild boars. Also, an awareness campaign 

aimed at reducing anthropogenic urban food availability for wild boars is being implemented 

following two main axes: increasing human population knowledge about the negative 

consequences of wild boar presence in the city and reducing dry pet food availability by 

providing cat colony feeders with wild boar-proof feeding devices. In a future phase, vegetation 

management of selected green urban areas will be applied to try to decrease their 

attractiveness to wild boar. All these measures will be monitored and their effect evaluated to 

implement or modify them according to the results obtained in reducing wild boar presence in 

Barcelona. 

Table 3.2. Management applications of the drivers for wild boar presence in the urban area of Barcelona 

identified in this study. 

Factor Variable Measure Feasibility 
Application in 

Barcelona 

Distance to 
source 

population 

Distance to 
streams 

Vegetation clearings in conflictive areas 
between Collserola massif and the city 

Feasible Currently 

Habitat 
structure 

Urban landscape 
fragmentation 

Ecological urbanism Difficult No 

Urban food 
resources 

Proximity to cat 
colonies 

Wild boar-proof feeding devices Feasible Currently 

Surface of green 
areas 

Vegetation change to native species 
and not irrigated green areas 

Feasible Future 

Unspecific food 
availability (direct 

and indirect 
feeding) 

Awareness campaign Feasible Currently 
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Seasonality 

Environmental 
variables 

(temperature, 
rain) 

Management of the effects of high 
temperatures and drought in wild boar 

habitat 

Counter-
productive 

No 

Wild boar 
population 

requirements 

Rural and peri-urban wild boar 
population management (hunting or 

capture) 
Difficult Currently 

3.1.6. Conclusions 

This study shows that wild boars appear in the urban area of Barcelona mainly through natural 

corridors such as streams from the bordering Collserola massif and in fragmented urban 

landscape. They possibly enter into the city in the search for anthropogenic food resources, 

including (but not only) urban green areas and dry pet food. This happens mainly during the 

natural food shortage period, i.e. the warmer and drier months, when food resources are more 

abundant in the city than in the natural Mediterranean habitat and spatial and energetic 

demands of the wild boar population are higher. 

The conclusions obtained from this study are currently being used to address the main drivers 

of wild boar presence in Barcelona. The methodology used in this study can be therefore 

applied to identify the main factors driving wild boar or even other wildlife species in urban 

contexts. However, these drivers may vary according to environmental and urban 

circumstances for each particular case (e.g., in northern latitudes winter might be a harsher 

period than summer for wild boar). 
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3.1.8. Supporting information 

Table S.3.1. Pearson correlation coefficients of the explicative variables: date expressed as Julian day 

(Date), mean, maximum and minimum daily temperature (MeanT, MaxT and MinT), days accumulated 

without raining over 10 mm (Rain10), surface of urban green area in 250 m and 500 m buffers (Green250 

and Green500), distance to Collserola massif (DistC), distance to a watercourse or a stream (DistW) and 

landscape fragmentation in 250 m and 500 m buffers (Frag250 and Frag500). Coefficients of the highly 

related variables (≥ 0.7) appear in bold. 

 

 

 

Date MeanT MaxT MinT Rain10 
Green 

250 

Green 

500 
DistC DistW Frag250 Frag500 

Date 

 

0.4 0.4 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

MeanT 

  

1.0 1.0 0.1 -0.1 -0.1 0.0 0.0 0.0 0.0 

MaxT 

   

0.9 0.1 -0.1 -0.1 0.0 0.0 0.0 0.0 

MinT 

    

0.1 -0.1 -0.1 0.0 0.0 0.0 0.0 

Rain10 

     

0.0 0.0 0.0 0.1 0.0 0.0 

Green250 

      

0.8 -0.2 -0.2 -0.1 0.0 

Green500 

       

-0.2 -0.2 -0.2 -0.1 

DistC 

        

1.0 0.3 0.3 

DistW 

         

0.3 0.2 

Frag250 

          

0.8 

Frag500 
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Figure S.3.1. Density plots showing the variable distribution for all predictors and wild boar presences 

(green dashed line) and pseudoabsences (red line). 5a: variables included in the first analysis. 5b: 

variables included in the second analysis. DistW: distance to a watercourse (in m), Frag500: landscape 

fragmentation in a 500m buffer (in ha, low values mean high fragmentation), Green500: surface of urban 

green area in a 500m buffer (in ha), Date: date expressed as Julian day, MaxT: maximum daily 

temperature (in Co), Rain10: accumulated days without raining over 10mm, Cats: distance to a cat colony 

(in m).  
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3.2. Study 2 

 

Pigs in the city: Phenotypic responses to urban environmental 

change 
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3.2.1. Abstract 

Urbanisation is a global human-induced environmental change and one of the most important 

threats to biodiversity. However, some wildlife species thrive in urbanised areas even better 

than in natural ones. These species may adjust to the challenges posed by the urban 

environment either through behaviour, morphology, physiology and/or genetic changes. We 

aim to measure these changes in the urban wild boar (Sus scrofa), in the city of Barcelona (NE 

Spain), including body mass, growth rate, life expectancy, use of anthropogenic food, metabolic 

changes, female age at first reproduction and drivers of female breeding status. We compared 

data and samples from 445 and 183 wild boars from Barcelona (urban area) and Collserola 

(non-urban area), respectively, gathered from 2013 to 2019. Wild boars reached higher body 

mass in the urban area (mean body mass of adults 24 to 36 months old: 68.4 vs. 44.8 Kg), grew 

faster (mean growth rate: 1.8 vs. 1 Kg/month), but had shorter life expectancy at birth (mean 

age of death: 17.7 vs. 32.9 months). Urban wild boars used anthropogenic food sources more 

frequently than non-urban ones (39.2% vs. 4.4%), and had higher serum triglyceride (male 

adults) and urea (females) concentrations. First reproduction in females happened earlier in the 

urban area (12.5 vs. 16.2 months of age) and pregnancy was positively associated with body 

mass. Wild boars show behavioural, morphological, physiological and reproductive acclimatory 

responses to the urban environment. By changing their foraging behaviour to eat protein and 

fat-rich anthropogenic food, urban wild boars grow heavier and faster, which favours early 

reproduction and pregnancy probability in females. However, thriving in the urban environment 

might have a cost, as shown by the shorter life expectancy in the urban area. 

Keywords: anthropogenic, body mass, growth, life expectancy, phenotypic plasticity, 

reproduction, Sus scrofa, weight, wild boar 

3.2.2. Introduction 

Urbanisation is a global, human-induced rapid environmental change (Sih, Ferrari, & Harris, 

2011) and one of the most important threats to biodiversity, as it reduces species richness and 

increases biotic homogenisation (Chace & Walsh, 2006; Marzluff, 2001; McKinney, 2006). 

However, the so called synurbic species (Andrzejewski, Babińska-Werka, Gliwicz, & Goszczyński, 

1978) or urban exploiters (Blair, 1996) can thrive in urban environments better than in their 

natural habitats and they even depend on anthropogenic resources to survive. Urban adapters, 

in turn, can live in urban areas but also utilise natural resources (Blair, 1996; McKinney, 2006). 
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On the contrary, urban avoiders cannot cope with the challenge of urbanisation and disappear 

from urban habitats. 

Selective pressures such as predation or seasonal shortage in food and water are often less 

strict in urban environments (Shochat et al., 2006). However, the urban habitat entails novel 

challenges to wildlife such as anthropogenic disturbances of different nature (Fernández-Juricic 

& Tellería, 2000; Reijnen, Foppen, & Veenbaas, 1997) and increased disease transmission 

(Bradley & Altizer, 2007), although the effects of urban life on animals are species- and context-

dependent (Birnie-Gauvin, Peiman, Gallagher, de Bruijn, & Cooke, 2016). Regarding population 

structure, urban environments can act as islands where a population is differentiated after an 

initial founder event, according to the ‘urban island hypothesis’ (Gloor, Bontadina, Hegglin, 

Deplazes, & Breitenmoser, 2001; Wandeler et al., 2003); but also become an attractive sink for 

rural dispersers, according to the ‘population pressure hypothesis’ (Gloor et al., 2001; Pulliam, 

1988), if there are enough food resources and the population size is below carrying capacity due 

to human induced mortality (Delibes, Gaona, & Ferreras, 2001; Gundersen, Johannessen, 

Andreassen, & Ims, 2001). 

The key to survive in human-altered habitats is adjusting to the new selection pressures (Lowry, 

Lill, & Wong, 2012), which can alter the behaviour, morphology, physiology and genetic 

structure of urban populations (McDonnell & Hahs, 2015; Shochat et al., 2006). Phenotypically 

plastic species achieve this by producing different phenotypes from the same genotype under 

different environmental conditions (DeWitt & Scheiner, 2004) and rates of phenotypic change 

are greater in human-related environments than in natural or non-urban anthropogenic 

environments (Alberti et al., 2017; Hendry, Farrugia, & Kinnison, 2008). For example, plastic 

species can exploit anthropogenic food sources (Lewis et al., 2015), use artificial structures as 

shelter (Herr, Schley, Engel, & Roper, 2010), reproduce earlier (O’Leary & Jones, 2006) or 

modify their communication signals (Slabbekoorn & Peet, 2003). However, the underlying 

mechanisms of phenotypic changes and whether they are linked to genetic adaptation, 

phenotypic plasticity or genetic drift are generally poorly known (Donihue & Lambert, 2015; 

Lowry et al., 2012). Vertebrate responses to urbanisation have been mostly studied in birds 

(Chace & Walsh, 2006; Marzluff, 2001), but also on small or medium sized urban mammals, 

such as European red foxes, European badgers Meles meles and raccoons Procyon lotor 

(Bateman & Fleming, 2012). However, less is known about large or medium-sized mammal 

changes in urbanised areas, with few studies involving the black bear Ursus americanus 

(Beckmann & Berger, 2003; Beckmann & Lackey, 2008), the white-tailed deer Odocoileus 

virginianus (Grund, McAninch, & Wiggers, 2002) and the Eurasian wild boar (Cahill et al., 2012; 
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Stillfried, Gras, Börner, et al., 2017). The final output –urban islands or (attractive) sinks– of 

urban environments will depend on the capability of the species to cope, adjust and/or adapt to 

specific urban challenges, both individually and at population level. 

The wild boar and its domesticated forms, the feral pig and hybrids of wild boar and feral pig, 

are one of the most widely distributed mammals in the world (Keuling et al., 2017). Their 

population numbers and geographical range have been growing all over Europe for nearly five 

decades (Massei et al., 2015; Sáez-Royuela & Tellería, 1986), and reports on urban wild boar 

urbanisation are increasing accordingly (Cahill & Llimona, 2004; Cahill et al., 2012, 2003; 

Licoppe et al., 2013; Stillfried, Fickel, et al., 2017; Stillfried, Gras, Börner, et al., 2017). Since the 

wild boar fits both the description of urban adapter (Stillfried, Fickel, et al., 2017; Stillfried, Gras, 

Busch, et al., 2017) and phenotypically plastic (Gamelon et al., 2013; Podgórski et al., 2013), it is 

a suitable model to improve our knowledge about the adjustment of large mammals to urban 

areas (Stillfried, Gras, Börner, et al., 2017). Examples of wild boar phenotypic plasticity in urban 

areas are few but increasingly present in literature, mainly reporting behavioural changes 

(Davidson, Malkinson, & Shanas, 2018; Podgórski et al., 2013; Stillfried, Gras, Börner, et al., 

2017). However, and to the best of our knowledge, there are no studies on wild boar 

physiological responses to urban environments such as growth and body mass gain, changes in 

reproduction, metabolism or life expectancy. 

In our study area, in north-east Spain, wild boars have been exploring urban and peri-urban 

areas of Barcelona at least since 1998 (Minuartia, 2005). The city of Barcelona is next to the 

Collserola massif, a natural area where a growing wild boar population thrives (González-Crespo 

et al., 2018; Minuartia, 2017). A recent study showed that wild boars entered Barcelona mainly 

through streams and were attracted by green areas and cat colonies probably because of the 

food available there (Castillo-Contreras et al., 2018). In line with this, Cahill et al. (2012) 

reported that human-habituated (i.e. not afraid of people) female wild boar from peri-urban 

areas in Collserola were heavier than non-habituated ones and the authors attributed it to the 

consumption of food from anthropogenic origin. 

In this study, our aim is to measure the phenotypic changes shown by an urban adapter species, 

the wild boar, in the city of Barcelona. The variables studied include body mass, growth rate, life 

expectancy, use of anthropogenic food, metabolic changes (serum concentrations of 

triglycerides, urea and creatinine), age at first reproduction in females and drivers of breeding 

status. This information will provide new insights into the ecology of urban wildlife and be 

useful for establishing measures to manage human-wild boar conflicts in urban areas. 
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3.2.3. Material and methods 

Study areas 

Barcelona municipality, in north-east Spain, has 1,600,000 inhabitants in 10,100 ha of surface 

(Idescat, 2017). It is a city predominantly urbanised, although with 1,077 ha of public urban 

green areas (11% of the city surface; Ajuntament de Barcelona, 2013). Barcelona is located 

south-east to Collserola, a massif that belongs to the Catalan coastal range. It is approximately 

10,000 ha in surface (Generalitat de Catalunya, 2010), partially protected (over 8,000 ha, as 

Serra de Collserola Natural Park), and wild boar hunting is allowed on approximately 30% of the 

surface (two hunting areas: 2,309 and 767 ha, respectively; DARP, 2018) (Figure 3.5). 

 

Figure 3.5. Study areas. Orthophoto: ICGC. 
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Data collection and sampling 

Sampling and data collection took place from 2013 to 2018 in Barcelona and from 2015 to 2018 

in Collserola, and we sampled three Collserola females in January and February from 2019. 

We recorded location, date, sex, age, body mass, stomach contents and reproductive status 

(the latter only for females) and collected blood samples of 445 wild boars captured in the 

urban area of Barcelona and 183 wild boars harvested in the Collserola massif. For simplicity, 

we will call “urban” those wild boars captured within the Barcelona municipality limits, in 

contrast to “non-urban”, which are the wild boars hunted in Collserola. 

The urban wild boars were dart-anesthetized xylazine, tiletamine and zolazepam (3 mg/kg each) 

by a veterinarian within the framework of the contracts 13/051, 15/0174, 16/0243-00-CP/01 

and 16/0243-00-PR/01 with the Ajuntament de Barcelona. They were captured either when 

causing potentially dangerous situations or in planned events in sensitive areas in order to 

prevent conflicts. Once captured, urban wild boars were blood sampled, euthanized (T-61®; 1.2 

mL/10 kg) and transported to the necropsy room facilities in the Veterinary Faculty of the UAB 

to complete data and sample collection. Conversely, non-urban wild boars were shot during the 

regular hunting season, from October to February, in drive hunts conducted by local hunters in 

the Collserola hunting areas (see Figure 3.5). Once harvested, we partially sampled them in the 

field and transported the offal to the necropsy room facilities of the Veterinary Faculty of the 

UAB to finish sample processing. We kept the blood samples at 4°C in a cold box until arrival at 

the laboratory, and centrifuged them for serum separation at 1800 x g for 10 min. Sera were 

stored at −20 °C until analysis. 

We estimated wild boar age through tooth eruption, replacement and wear patterns (Iff, 1978; 

Matschke, 1967), and classified them as piglets (0-6 months), juveniles (>6-12 months), 

yearlings (>12-24 months) or adults (>24 months). We classified the stomach contents as 

“anthropogenic” if the stomach contained food from human origin (food wrappers, food waste, 

pet food, exotic fruits, and other) and “natural” otherwise. As for female reproductive status, 

we determined if they were pregnant, lactating or neither through macroscopic examination of 

the reproductive tract and mammary glands, and measured the crown-rump length of foetuses, 

when applicable. 

 

 



59 

 

Statistical analyses 

We performed an exploratory analysis following Zuur et al. (2010) to detect possible outliers, 

collinearity of explanatory variables, and to identify the type of distribution of our response 

variables and the relationship between response and explanatory variables. 

We performed all statistical procedures using R software (version 3.5.0; R Development Core 

Team, 2018). In order to assess residual normality, homoscedasticity and independence, we 

visually explored the residuals from all the parametric models through a histogram, a normal 

probability plot (QQ plot) and plots of the residuals against fitted values and predictor variables. 

We explored residuals from non-parametric models in the same way although not looking for 

normality. 

Effects of urbanisation on wild boar body mass and growth rate 

We analysed the effect of urbanisation on wild boar body mass and growth rate in 233 wild 

boars, 112 from Barcelona and 121 from Collserola, between four months and three years of 

age, sampled from October to February. This restriction was necessary due to lack of non-urban 

wild boars outside this period, the lack of non-urban piglets younger than four months, and 

because age determination based on tooth wear may increase error margin beyond three years. 

We applied generalized additive models (GAMs hereafter; Wood, 2011) to assess differences in 

the relationship between body mass (in Kg) and age (in months, as a continuous variable) in 

urban vs. non-urban wild boars. We chose this statistical approach because of a non-lineal 

relationship between wild boar mass and age. We also included sex as predictor. Thus, we 

constructed a set of GAMs with body mass as the response variable and a combination of age 

(smoothed), area (urban/non-urban) and sex (female/male) as predictors, with and without 

interactions among them. We used the gam function within the mgcv library (Wood, 2011) 

following Zuur (2012) instructions to construct GAMs, and selected the best model(s) by means 

of the Akaike’s Information Criterion (AIC) (Akaike, 1973; Burnham & Anderson, 2002). 

In addition to GAMs, we compared the mean body mass between areas of piglets (four to six 

months old), juveniles (6 to 12 months), yearlings (12 to 24 months) and adults (24 to 36 

months) included in the GAM analysis by means of a t-test or a Wilcoxon rank sum test. We also 

calculated an overall growth rate (increase of body mass per unit of time, in this case Kg/month) 

per area, and a growth rate per each age class and area. 
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Effects of urbanisation on wild boar diet 

We compared the stomach contents from 236 urban wild boars (74 from October to February, 

simultaneous to the hunting season, and 162 from March to September) and 180 non-urban 

wild boars (October through February) to look for differences in the use of anthropogenic food 

resources between areas. 

We used a Pearson's Chi-squared test to determine whether the stomach contents 

(anthropogenic/non-anthropogenic) were related to the origin (urban/non-urban). 

Effects of urbanisation on wild boar life expectancy 

We used the wild boar age, which was the age at death, as an indicator of their life expectancy. 

Again, we considered the period from October to February to avoid seasonal bias, as non-urban 

wild boars could only be sampled during this period. We applied generalised linear models 

(GLMs, hereafter; McCullagh & Nelder, 1989) to explore the effects of area and sex on the wild 

boar age at death. We used the glm function (R stats package, version 3.7.0) for Poisson 

distributed errors, with “log” as the link function (Crawley, 2007b), and selected the best 

model(s) by means of the AIC. 

Effects of urbanisation on wild boar physiology 

We determined the concentration of triglycerides, urea and creatinine in sera from 100 urban 

wild boars using an Olympus AU400 (Olympus, Mainz, Germany) analyser. We also included 

sera from 54 non-urban wild boars (sampled from 2005 to 2013) from a previous study carried 

out in the nearby Natural Park of Sant Llorenç del Munt i Serra de l’Obac (SLMO) (Casas-Díaz et 

al., 2015). 

We used the abovementioned GLMs (family Poisson and link function “log”) to assess the 

concentration of triglycerides in wild boar serum, and linear models for urea and creatinine 

concentration. We included area (urban/non-urban), age class (adult/juvenile/piglet) and sex 

(female/male) as predictors in all models, as well as interactions among them. In this case, we 

considered as adults those wild boars above 12 months of age. To apply the aforementioned 

models, we needed to transform the triglycerides variable into an integer one, and to replace 

urea and creatinine variables by their square root for them to be normal distributed. After 

fitting these models, we used the package lsmeans from R to perform two-way comparisons 

with the Tukey adjustment method (Mangiafico, 2016). 
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Effects of urbanisation on female wild boar reproduction 

We compared the estimated age of first conception, as indicative of first reproduction, in 16 

pregnant and lactating female wild boars younger than 20 months from Barcelona (n=12) and 

Collserola (n=4). We used the foetuses crown-rump length to calculate their age according to 

Henry (1968a), or the age of piglets (in case of lactating females) to estimate how old were they 

at the time of conception, considering 115 days the gestational period length (Henry, 1968b). 

We used a Wilcoxon rank-sum test to analyse whether the age at the time of first conception 

depended on the area (urban/non-urban). 

Furthermore, to test if urbanisation had an effect on reproduction of female wild boars in 

general, not only on the primiparous ones, we compared pregnant (n=28) to non-pregnant 

(n=191) females. We applied GLMs, using pregnant (yes/no) as binomial response and age class 

(juvenile/yearling/adult), body mass (Kg) and area (urban/non-urban) as predictors, as well as 

interactions among them. We used the abovementioned glm function from the R stats package, 

but for binomial distributed errors, using the link function “logit” (Crawley, 2007b). We selected 

the best GLM based on an AIC comparison. 

3.2.4. Results 

Table 3.3 contains the sample size of each analysis performed. Please see Table 3.4 for details 

on wild boars per area, sex and age class. 

Table 3.3. Sample size of each analysis. Barcelona (urban) wild boars were sampled all year round, 

whereas Collserola (non-urban) wild boars were sampled from October to February (the hunting season). 

SLMO: Natural Park of Sant Llorenç del Munt i Serra de l’Obac. 

Analysis 
Sample size Age 

(months) 

Season 

Urban Non-urban Urban Non-urban 
Body mass and growth rate 112 121 4 to 36 October to February 

Use of anthropogenic food 236 (all year 
round)  / 
74 (October 
to February) 

180 > 4 
All year round / 
October to 
February 

October to 
February 

Classification of 
anthropogenic food 

Triglycerides, urea and 
creatinine in serum 

96 54 > 0.5 All year round 
All year round 
(SLMO origin) 

Life expectancy 121 185 > 4 October to February 

Female first reproduction 12 4 6-20 All year round 
October to 
February 

Drivers of reproductive 
status (being pregnant or 
not) 

127 92 > 6 All year round 
October to 
February 

Total sample size 445 183 0-120 All year round 
October to 
February 
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Table 3.4. Wild boars sampled per area, sex and age class. Urban wild boars from Barcelona were 

sampled all year round, whereas non-urban (Collserola) wild boars were sampled during the hunting 

season (October to February). Adults: > 24 months; yearlings: 12 to 24 months; juveniles: 6 to 12 months; 

piglets: 0 to 6 months. 

 
Urban area Non-urban area Total 

Females Males Total Females Males Total Females Males Total 

Adults 60 17 77 57 50 107 117 67 184 

Yearlings 43 65 108 20 25 45 63 90 153 

Juveniles 38 62 100 12 9 21 50 71 121 

Piglets 83 77 160 7 3 10 90 80 170 

Total 224 221 445 96 87 183 320 308 628 

Effects of urbanisation on wild boar body mass and growth rate 

The best model to explain wild boar body mass data variance (GAM 1) included age (smoothed), 

area and sex as predictors, with two-term interactions between the smoother of age (s(Age), 

hereafter) and area, and between s(Age) and sex. Two other models had an AIC value similar 

enough to that of the best model (Burnham & Anderson, 2002); one of them (GAM 2) did not 

include sex as a predictor and the other one (GAM 3) was equal to GAM 1 but included a third, 

non-significant interaction term between area and sex. Please see Table 3.5 for details on these 

models. 

Table 3.5. Selected generalised additive models (GAMs) to explain wild boar body mass. Variables or 

interactions with significant effects (p<0.05) are shown in bold. The asterisk indicates an interaction 

between two variables. Df: degrees of freedom, AIC: Akaike’s information criterion, R-sq (adj): percentage 

of body mass variance explained by the model adjusted by the number of predictors, s(Age): smoother of 

age.  

Model Selected explanatory variables and interactions df AIC R-sq (adj) 

GAM 1 Area, sex, s(Age)*area, s(Age)*sex 22.2981 1715.391 75.4% 

GAM 2 Area, s(Age)*area 17.5960 1717.280 74.7% 

GAM 3 Area, sex, area*sex, s(Age)*area, s(Age)*sex 23.2687 1717.350 75.3% 

Regarding GAM 1, the main effect of area on wild boar body mass was significant, showing that 

non-urban wild boars had lower body mass than urban wild boars (t=-8.809 and p=4.6e-16). On 

the contrary, the model did not detect differences in body mass between females and males 

(t=35.690 and p=0.14). All the interactions between s(Age) and area and s(Age) and sex, 

however, resulted significant (see F and p values in Table 3.6), indicating that wild boar age had 

a significant effect on body mass but the relationship between age and body mass differed 

between urban and non-urban wild boars (see Figure 3.6) and also between females and males 

(see Figure 3.7). Therefore, urban wild boars reached higher body mass than non-urban wild 
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boars (mean body mass of adults 24 to 36 months old: 68.4 vs. 44.8 Kg; W=441, p<0.001) and 

gained body mass faster (overall growth rate: 1.8 Kg/month for urban and 1 Kg/month for non-

urban wild boars), despite the body mass of piglets four to six months old was not different 

between areas (12.4 vs. 13.3 Kg; W=69, p=0.59). The difference in body mass between urban 

and non-urban wild boars was also observed in juveniles (24.9 vs. 18.13 Kg; W=748, p=0.003) 

and yearlings (49.75 vs. 37.05 Kg; t=4.48, df=65.45, p<0.001). The growth rate per age class and 

area was 1.9 Kg/month for urban piglets, 2.1 for urban juveniles, 2.1 for urban yearlings and 1.6 

for urban adults, and 2.1, 0.8, 1.6 and 0.6 Kg/month for non-urban piglets, juveniles, yearlings 

and adults, respectively. 

 

Figure 3.6. Wild boar body mass (in Kg) per area. The city (in grey) represents Barcelona and the forest (in 

green) represents Collserola. 

Table 3.6. Approximate significance (threshold set at p<0.05) of smoothed terms of GAMs 1 to 3 in 

interaction (indicated by an asterisk) with area or sex. Edf: effective degrees of freedom; F: F statistic; p: p 

value. 

Model and interactions Edf F p 

GAM 1 

s(Age)*Area (Urban) 0.750 10.703 0.005043 

s(Age)*Area (Non-urban) 7.221 2.013 0.047043 

s(Age)*Sex (Female) 1.946 4.879 0.009450 

s(Age)*Sex (Male) 8.382 3.618 0.000254 

GAM 2 

s(Age)*Area (Urban) 6.604 62.84 <2e-16 

s(Age)*Area (Non-urban) 7.992 25.01 <2e-16 

GAM 3 

s(Age)*Area (Urban) 0.750 10.648 0.005158 



64 

 

s(Age)*Area (Non-urban) 7.200 1.997 0.049493 

s(Age)*Sex (Female) 1.939 4.771 0.010016 

s(Age)*Sex (Male) 8.379 3.593 0.000276 

Even though the main effect of sex in GAM 1 was non-significant, the mentioned significant 

interaction between s(Age) and sex showed that the body mass changed with age differently in 

females and males. Approximately, while males were heavier up to 16-18 months of age and 

reached a higher final weight from 30-32 months onwards, females showed a higher weight 

from 18-20 to 30 months (Figure 3.7). These shifts in the heavier gender according to age 

probably prevent the model from finding a significant effect of sex on body mass across all ages. 

GAM 1 explained the 75.4% of body mass variance. 

With respect to GAM 2, the main effect of area on wild boar body mass was also significant 

(non-urban wild boars had lower body mass than urban ones; t=-9.267, p<2e-16), as well as the 

interaction between s(Age) and area (see Table 3.6), and it explained 74.7% of the variance. 

GAM 3 was basically the same model as GAM 1, because it maintained the significant difference 

between urban and non-urban wild boars (t=-6.118, p=4.55e-09) and the similarity between 

female and male body mass (t=1.052, p=0.294), but included a non-significant interaction term 

between area and sex (t=-0.059, p=0.953). This interaction indicates that body mass tended to 

differ between females and males between areas, as we can also see in Figure 3.7. In fact, the 

different growth periods for males and females tended to differ between areas, although the 

overall pattern was consistent in both areas. In line with GAM 1, GAM 3 also produced 

significant interactions between s(Age) and area, and between s(Age) and sex (Table 3.6), and 

explained almost the same amount of variance, 75.3% (Table 3.5). Residuals of the three GAMs 

met the model assumptions of normality, homoscedasticity and independence. 
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Figure 3.7. Wild boar body mass (in Kg) per sex and area. Females: black dots, males: brown triangles. a: 

Barcelona and Collserola wild boars altogether; b: Barcelona wild boas; c: Collserola wild boars. 
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Effects of urbanisation on wild boar diet 

Non-urban wild boars presented anthropogenic contents in stomachs in a significantly lower 

proportion (4.4%, 8/180) than urban wild boars, both when considering stomachs from urban 

wild boars collected during the hunting season (39.2%, 29/74; X-squared 48.12, df=1, p<0.001) 

or collected during the whole year (48.7%, 115/236; X-squared 94.05, df=1, p<0.001). The 

anthropogenic contents included food or items that can be found in rubbish bins or the streets 

such as food waste (in almost 68% of the year-round stomachs classified as “anthropogenic”), 

food wrappers, plastic bags or other plastic pieces (nearly 50%) and pet food (19%), among 

others (Table 3.7). 

Table 3.7. Classification of food and other items from anthropogenic origin found in urban (Barcelona) 

and non-urban (Collserola) wild boar stomachs: “food waste” included fruits, meat, cold meat, bread, rice 

and pasta, among others; “plastic items” included food wrappers, food labels, plastic bags and other 

plastic pieces; “pet food” included dry or wet food for companion animals; “other” included human hair, 

hair and other remains from animals found in urban areas (cat, pigeon, parrot) and non-edible items also 

found in urban areas. 

Stomach contents 
Urban area, 

all year round 

Urban area, 
October to 
February 

Non-urban area, 
October to 
February 

Total 

Natural 121/236 (51.3%) 45/74 (60.8%) 172/180 (95.6%) 293/416 (70.4%) 

Anthropogenic 115/236 (48.7%) 29/74 (39.2%) 8/180 (4.4%) 123/416 (29.6%) 
Food waste 78/115 (67.8%) 23/29 (79.3%) 4/8 (50.0%) 82/123 (66.7%) 

Plastic items 57/115 (49.6%) 11/29 (37.9%) 2/8 (25.0%) 59/123 (48.0%) 
Pet food 22/115 (19.1%) 3/29 (10.3%) 0/8 (0.0%) 22/123 (17.9%) 

Other 19/115 (16.5%) 5/29 (17.2%) 2/8 (25.0%) 21/123 (17.1%) 

Effects of urbanisation on wild boar life expectancy 

The wild boar life expectancy depended on the area, as shown by the selected GLM (not 

shown). The area had a significant effect on the wild boar age of death, indicating that urban 

wild boars died younger (mean 18 and median 12 months) than non-urban wild boars (mean 33 

and median 28 months; t=4.497, p<0.001; Table 3.8). There also was a marginally non-

significant effect of sex, indicating that females tended to live longer than males (mean 30 vs. 

24 months and median 23 vs. 18 months, respectively) for both areas altogether (t=-1.709, 

p=0.09). In fact, while the maximum age recorded for males was approximately four-five years 

in the urban area and six-seven years in the non-urban one, some females reached up to five-six 

years in the urban area, and nine years in the non-urban one (Table 3.8). The variance explained 

by this GLM was 12.3% and residuals did not show any patterns when plotted against fitted 

values or explanatory variables. 
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Table 3.8. Mean, 95% confidence interval, median and range of wild boar life expectancy (age of death, in 

months) per area and sex. We considered wild boars older than four months of age and sampled from 

October to February. Age determination is based on tooth wear and therefore approximate beyond 36 

months. 

 Urban   

 Females Males Total 

Mean [95 % CI] 20.3 [15.8-24.7] 15.2 [12.6-17.9] 17.7 [15.1-20.4] 

Median 12 11 11 

Range 4.5-66 4.5-54 4.5-66 

 Non-urban 

 Females Males Total 

Mean [95 % CI] 35.9 [30.6-41.2] 29.4 [25.3-33.5] 32.9 [29.4-36.3] 

Median 30 23 27.5 

Range 4.5-108 4.5-78 4.5-108 

 Total   

 Females Males Total 

Mean [95 % CI] 30 [26.1-33.9] 23.5 [20.7-26.4] 26.9 [24.4-29.3] 

Median 22.5 18 18.5 

Range 4.5-108 4.5-78 4.5-108 

Effects of urbanisation on wild boar physiology 

GLMs or linear models and subsequent two-way comparisons showed that urban adult wild 

boars had significantly higher concentration of triglycerides than the non-urban ones (z=3.166, 

p=0.02), and that urban males had significantly higher concentration of triglycerides than the 

non-urban ones (z=3.550, p=0.002). Moreover, triglycerides concentration decreased with age 

only in non-urban male wild boars (adults vs. piglets: z=-2.934, p=0.039). Also, non-urban 

females showed higher triglyceride values than non-urban males (z=2.657, p=0.039). Regarding 

urea, urban females showed significantly higher values than non-urban ones (t=4.108, 

p=0.0004). As for creatinine, the two selected linear models agreed on that creatinine increased 

with age only in urban wild boars (piglets vs. juveniles: t=5.553, p<0.0001; juveniles vs. adults: 

t=6.433, p<0.0001), and that non-urban piglets showed higher values than urban ones (t=-

7.143, p<0.0001). 

Further information on the selected models can be found in Table 3.9, and please see Table 

3.10 for a comprehensive list of means and 95% confidence intervals of triglycerides, urea and 

creatinine concentrations per wild boar age class, sex and area. Residuals from these models 

were normally distributed (in the case of linear models), homoscedastic and showed no 

patterns when plotted against fitted values and predictors. 
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Table 3.9. Selected generalized linear model (GLM) and linear models (LMs) explaining triglycerides, urea 

and creatinine concentrations in wild boar serum. Variables and interactions (indicated by an asterisk) 

with significant effects (p<0.05) are shown in bold. Df: degrees of freedom, AIC: Akaike’s information 

criterion, R-sq(adj): explained variance adjusted by the number of predictors, Weight: weight of each 

model in the selection. 

Model Explanatory variables df AIC R-sq (adj) Weight 

Triglycerides 

GLM-t Age class + Sex + Area +  Age 
class*Area 

145 NA 12.48% NA 

Urea 

LM Age class + Sex + Area + 
Sex*Area 

140 126.5 12.39% 0.462 

Creatinine 

LM-c 1 Age class + Area + Age 
class*Area 

140 383.4 48.04% 0.472 

LM-c 2 Age class + Area + Sex + Age 
class*Area 

139 385.1 47.84% 0.196 

Table 3.10. Mean concentration and 95% confidence interval of triglycerides, urea and creatinine in wild 

boar sera per age class, sex and area. Significant differences (p<0.05) obtained with two-way comparisons 

after the (generalized) linear models are shown in bold; asterisks and crosses indicate differences 

between areas, superscript letters indicate differences among age classes within each area, and 

superscript numbers indicate differences between sexes within each area. Piglets: 0-6 months, juveniles: 

6-12 months, adults: >12 months. SLMO: Sant Llorenç del Munt i Serra de l’Obac.  

 Age 
class 

Urban (Barcelona) Non-urban (SLMO) Total 

  Females Males Total Females Males Total Females Males Total 

Tr
ig

ly
ce

ri
d

es
 (

m
m

o
l/

L)
 

M
ea

n
 [

9
5

%
 C

I]
 

Adult 
 

0.60 
[0.49-
0.71] 

0.50* 
[0.38-
0.62] 

0.54* 
[0.46- 
0.62] 

0.41 
[0.11-
0.71] 

0.11+a 
[0.05-
0.18] 

0.21+a 
[0.08-
0.34] 

0.57 

[0.46-
0.67]  

0.41 

[0.30-
0.52] 

0.47a 

[0.39-
0.55] 

Juve
nile 

0.44 
[0.28-
0.61] 

0.49 
[0.32-
0.66] 

0.47 
[0.35-
0.59] 

0.45 
[0.30-
0.60] 

0.40 
[0.24-
0.56] 

0.42 
[0.31- 
0.53] 

0.45 
[0.33-
0.56] 

0.46 
[0.33-
0.58] 

0.45 
[0.37-
0.53] 

Piglet 
0.62 
[0.43-
0.81] 

0.67 
[0.30-
1.05] 

0.64 
[0.46- 
0.82] 

0.66 
[0.47- 
0.84] 

0.54b 
[0.41-
0.67] 

0.61b 
[0.49-
0.73] 

0.64 
[0.51-
0.77] 

0.59 

[0.43-
0.75] 

0.62b 

[0.52-
0.72] 

Total 
0.55 
[0.46- 
0.64] 

0.52* 
[0.42-
0.61] 

0.53 
[0.47-
0.60] 

0.541 
[0.42-
0.66] 

0.36+2 
[0.26-
0.45] 

0.45 
[0.37- 
0.53] 

0.55 
[0.48-
0.62] 

0.46 
[0.39-
0.53] 

0.5 
[0.45-
0.55] 

U
re

a 
(m

m
o

l/
L)

 

M
ea

n
 [

9
5

%
 C

I]
 

Adult 
4.78 
[3.98-
5.59] 

3.65 
[3.04-
4.27] 

4.13 
[3.62-
4.65] 

3.03 
[2.38-
3.67] 

3.57 
[2.78-
4.36] 

3.39 
[2.82-
3.96] 

4.48 
[3.75-
5.21] 

3.63 
[3.13-
4.14] 

3.97 
[3.55-
4.40] 

Juve
nile 

4.16* 
[3.45-
4.88] 

3.59 
[3.28-
3.89] 

3.86 
[3.48- 
4.24] 

2.66+ 
[1.67-
3.66] 

3.03 
[1.88- 
4.18] 

2.85 
[2.10-
3.59] 

3.59 
[2.95-
4.23] 

3.39 
[2.93-
3.84] 

3.48 
[3.1-
3.87] 

Piglet 
4.72 
[3.64- 
5.80] 

4.10 
[3.03-
5.17] 

4.51 
[3.72- 
5.31] 

3.64 
[3.15- 
4.14] 

4.43 
[3.20-
5.66] 

3.96 
[3.38-
4.54] 

4.13 
[3.54- 
4.72] 

4.3 
[3.47-
5.14] 

4.2 
[3.72-
4.67] 

Total 
4.55* 
[4.07-
5.03] 

3.67 
[3.31-
4.03] 

4.09 
[3.78- 
4.40] 

3.17+ 
[2.70-
3.65] 

3.63 
[2.98-
4.27] 

3.40 
[3.00-
3.80] 

4.05 
[3.66-
4.43] 

3.66 
[3.34-
3.98] 

3.85 
[3.6- 
4.1] 
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C
re

at
in

in
e 

(μ
m

o
l/

L)
 

M
ea

n
 [

9
5

%
 C

I]
 

Adult 
113.51a 
[104.15-
122.86] 

103.26a 
[97.18-
109.35] 

107.62a 
[102.19-
113.06] 

112.05 
[108.15-
115.95] 

111.53 
[93.33-
129.73] 

111.74 
[101.13-
122.34] 

113.3 
[105.47-
121.05] 

104.77 
[98.83-
110.70] 

108.34 
[103.51-
113.18] 

Juve
nile 

84.59b 
[72.74-
96.44] 

82.26b 
[74.66-
89.86] 

83.36b 
[76.58-
90.13] 

91.94 
[81.04-
102.83] 

94.27 
[86.97-
101.56] 

93.22 
[87.04-
99.39] 

87.23 
[78.72-
95.74] 

86.81 
[81.02-
92.61] 

87.01 
[82.04-
91.98] 

Piglet 
56.66*c 
[50.89-
62.44] 

59.23*c 
[53.97-
64.48] 

57.52*c 
[53.35-
61.68] 

92.07+ 
[85.36-
98.79] 

99.01+ 
[89.87-
108.15] 

94.50+ 
[88.26-
100.74] 

76.68 
[68.1-
85.26] 

82.43 
[68.62-
96.24] 

78.65 
[71.35- 
85.95] 

Total 
91.09 
[82.39-
99.79] 

91.30 
[85.43-
97.17] 

91.20 
[86.06-
96.34] 

95.10 
[89.42-
100.78] 

99.97 
[92.95-
106.98] 

97.43 
[92.95- 
101.92] 

92.54 
[86.62-
98.45] 

94.11 
[89.47-
98.75] 

93.33 
[89.6-
97.07] 

Effects of urbanisation on female wild boar reproduction 

We found 14 pregnant (14/127, 11%) and 113 non-pregnant urban females. Pregnant urban 

females were sampled from March to July, with peaks in March (five out of 14) and April (six out 

of 14). On the other hand, we found 14 pregnant (14/92, 15.2%) and 78 non-pregnant non-

urban females. Non-urban pregnant females were sampled from December to February, with a 

peak in February (ten out of 14). 

Urban females reproduced for the first time at 12.5 months of age on average, as indicated by 

the estimated age of conception, whereas non-urban females reproduced significantly later, at 

16.2 months of age (W=6, p=0.03). Mean body mass at sampling was 60 Kg for urban and 41.8 

Kg for non-urban females. Estimated ages at the time of conception suggest that the youngest 

urban females to become pregnant were nine months old, whereas the youngest pregnant non-

urban female was 14 months old. 

The two selected GLMs with pregnant as response categorical variable (Table 3.11) agreed on 

that being pregnant was positively influenced by body mass, although this influence was small 

(model estimates were close to 0). One of them (GLM-p 1, the best in terms of AIC and model 

weight) also detected that pregnancy was significantly more likely in the non-urban area. 

Moreover, the significant interaction between body mass and age class in both models 

indicated that the significantly higher body mass of pregnant females varied according to the 

age class. However, two-way comparisons following the models (either GLM-p 1 or GLM-p 2, 

not shown) did not show significant differences in body mass among age classes (all p values 

were above 0.05). Please see Table 3.12 for further information on these models. 
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Table 3.11. Selected generalised linear models (GLMs) with pregnant (yes/no) as the response variable. 

Variables and interactions (indicated by an asterisk) with significant effects (p<0.05) are shown in bold. 

AIC: Akaike’s information criterion, Weight: weight of each model in the selection, R-sq(adj): explained 

variance adjusted by the number of predictors. 

Model Explanatory variables AIC Weight R-sq (adj) 

GLM-p 1 Age class + Area + Body mass + Age class*Body mass 134.8 0.507 20.46% 

GLM-p 2 Age class + Area + Body mass + Age class*Body mass 

+ Area*Body mass 

136.7 0.194 20.54% 

Table 3.12. Variables and interactions (indicated by an asterisk) included in the selected generalized linear 

models (GLMs) with pregnant (yes/no) as the response categorical variable. The reference category was 

“Urban” for area and “Adult” for age class. Significant effects (p<0.05) are shown in bold. sd: standard 

error of model estimates, z: z statistic; p: p value. 

Model Explanatory variables and interactions Estimate sd z p 

GLM-p 1 

Body mass 0.06176 0.01912 3.230 0.00124 

Area (Non-urban) 1.91348 0.61043 3.135 0.00172 

Age class (Juvenile) -3.45002 3.66313 -0.942 0.34628 

Age class (Yearling) -4.62374 2.71078 -1.706 0.08807 

Age class (Juvenile)*Body mass 0.12086 0.08068 1.498 0.13410 

Age class (Yearling)*Body mass 0.11546 0.04916 2.349 0.01883 

GLM-p 2 

Body mass 0.05289 0.02651 1.995 0.04605 

Area (Non-urban) 0.94207 2.09090 0.451 0.65231 

Age class (Juvenile) -3.51929 3.79958 -0.926 0.35432 

Age class (Yearling) -4.71981 2.74087 -1.722 0.08507 

Age class (Juvenile)*Body mass 0.11909 0.08318 1.432 0.15221 

Age class (Yearling)*Body mass 0.11646 0.04944 2.356 0.01848 

Area (Non-urban)*Body mass 0.01687 0.03508 0.481 0.63048 

3.2.5. Discussion 

In this study we describe not only a higher body mass in urban wild boars as compared to non-

urban ones, as previously reported (Cahill et al., 2012), but we also demonstrate that these 

differences are due to differences in growth in all age classes but piglets and for both sexes. 

Moreover, we found that these differences in the growth pattern are accompanied by other 

acclimatory responses such as changes in the foraging behaviour, physiology and reproduction 

(McDonnell & Hahs, 2015; Ricklefs, 1990), which can help clarify the responses shown by 
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wildlife species in urban areas and the ecology of urban colonisation by these species as a 

consequence of global change urbanisation processes. 

The urban wild boars were not only heavier, but also acquired body mass faster than non-urban 

wild boars. Although several studies have compared body mass or weight between urban and 

rural populations of wildlife species (Auman, Meathrel, & Richardson, 2008; Beckmann & 

Berger, 2003; Cypher, 2010), few describe the trend in body mass increase with age, as ours 

does. Post-natal growth of piglets below six months depends on the females in the family group 

rather than on the environment (Gaillard, Pontier, Brandt, Jullien, & Allainé, 1992; Kaminski et 

al., 2005), which would explain the lack of differences in body mass between urban and non-

urban piglets. However, the higher body mass and growth rate in urban wild boars over six 

months old, and the increase with age in serum creatinine (directly related to muscular mass; 

Braun & Lefebvre, 2008) only in urban wild boars, suggest that urban wild boars are thriving in 

an environment favouring their body mass and muscular mass increase since gaining 

independence from their mothers (Kaminski et al., 2005). Moreover, as increases in body mass 

have been related to consistent increasing population trends (Ozgul et al., 2010), the higher 

body mass of urban wild boars may further favour the population increase and spread of this 

species. 

The main factor favouring this higher growth, body mass body and muscular mass gain could be 

the higher use of anthropogenic food resources by urban wild boars, previously suggested in 

the study area (Cahill et al., 2012; Castillo-Contreras et al., 2018) and confirmed by our results. 

A similar percentage (58%) of urban wild boars in Islamabad (Pakistan) had garbage in their 

stomachs (Hafeez et al., 2011). Conversely, urban wild boars in Berlin selected natural over 

anthropogenic food resources, due to a combination of seasonality (late autumn-winter) and 

reduced availability of anthropogenic food achieved through supplementary feeding banning 

(Stillfried, Gras, Busch, et al., 2017). Being wild boar an opportunistic species (Schley & Roper, 

2003), this difference in the use of anthropogenic resources could be related to differences in 

the relative availability of anthropogenic vs. “natural” resources between Berlin and Barcelona, 

since Berlin contains a 30.4% of public green areas and forests inside the city (Senate 

Department for the Environment, Transport and Climate Protection, 2017), whereas the 

percentage of public green areas in Barcelona is 11% (Ajuntament de Barcelona, 2013). This 

further emphasizes that different urban environments are part of different ecosystems and 

determine different uses and/or changes of wild species thriving in them. 
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Thus, we demonstrated that wild boars have changed their foraging behaviour in Barcelona by 

utilising anthropogenic food resources, which is a common behavioural response of wildlife in 

urban environments (Lowry et al., 2012). Moreover, the predictability in space and time of food 

resources in urban areas may lead to a reduction in the foraging time and improve body mass 

(Oro, Genovart, Tavecchia, Fowler, & Martínez-Abraín, 2013), which would also agree with our 

findings. Anthropogenic food and the consequent improvement in body mass could improve 

wild boar survival through harsh periods, i.e. hot and dry summers in Mediterranean areas 

(Cahill & Llimona, 2004; Massei, Genov, Staines, & Gorman, 1997), because they would be able 

to find food and water when these are scarce. Furthermore, a diet rich in protein and fatty 

acids, as the one that wild boars might be able to obtain from human organic waste (Hansen, 

Jansen, Spliid, Davidsson, & Christensen, 2007), could explain the higher concentration of urea 

and triglycerides detected in female and adult urban wild boars, respectively (Braun & Lefebvre, 

2008; Bruss, 2008; Van Dam & Hunter, 2012). Plus, the significant triglyceride concentration 

reduction with age in the non-urban wild boars but not in the urban ones would suggest that 

urban wild boars maintained a fat-rich diet throughout their life. 

However, studies in wildlife supplemented with food for tourism purposes have shown that 

long-term feeding practices can lead to reliance on supplemented food, habituation to humans, 

disruption of normal activities and nutritional problems (Murray, Becker, Hall, & Hernandez, 

2016; Newsome & Rodger, 2008). In addition, the consumption of anthropogenic food could 

expose the wild boar to pollutants, poisons or toxins (Birnie-Gauvin et al., 2016; Murray et al., 

2016) and increase disease contact and/or spread (Becker, Streicker, & Altizer, 2015; Bradley & 

Altizer, 2007; Murray et al., 2016). Habituation to humans has previously been reported in 

urban wild boars (Cahill et al., 2012; Stillfried, Gras, Börner, et al., 2017), and we show for the 

first time pathophysiological changes, such as higher urea and triglyceride concentrations, 

predisposing them to metabolic diseases (Braun & Lefebvre, 2008; Murray et al., 2016; 

Newsome & Rodger, 2008). 

In addition to the differences in wild boar body mass, growth and use of anthropogenic food, 

we found another effect, potentially negative, of exploring the urban area, which is the 

shortening of urban wild boar lifespan. The life expectancy at birth of an urban wild boar was 

roughly half of that of a non-urban one. This could be explained by several reasons, namely 1) 

there is an age bias in the capture method towards young individuals (teleanaesthesia with a 

blowpipe in Barcelona vs. drive hunts in Collserola), 2) wild boar boldness (willingness to take 

risks), exploratory behaviour or other personality traits are more associated to young 

individuals, which are the ones that decide to explore the urban area, 3) the wild boar 
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colonisation of Barcelona is a recent phenomenon and they have not had enough time to reach 

the same age than in Collserola, or 4) urban wild boars die younger because mortality is higher 

in Barcelona than in Collserola. Since 1) teleanaesthesia using a blowpipe is an operator-

activated capture system and therefore shows no bias for sex or age (Kock, Jessup, & 

Burroughs, 2012), 2) personality traits such as boldness and exploratory behaviour are 

repeatable in the wild boar (Vetter et al., 2016) and hence they do not change with age, and 3) 

reports of wild boar-related conflicts in Barcelona date back to 1998 (Minuartia, 2005) and 

probably started earlier; we would argue that the most likely explanation to the shorter life 

expectancy in Barcelona is that 4) wild boar mortality is higher in the urban area. This mortality 

is probably caused by humans, e.g., through capture and removal of problem individuals or car 

accidents (Ajuntament de Barcelona, 2018; Tenés, Cahill, Llimona, & Molina, 2007) and we 

would suggest that higher mortality or dying younger is a cost of exploring the urban area for 

the wild boar in our study area. 

Regarding reproduction, we described for the first time that urban females started breeding 

earlier than non-urban ones, which would be in accordance with studies reporting that good 

food supply favours an early reproduction in the wild boar (Fernández-Llario & Mateos-

Quesada, 1998; Massei et al., 1996; Santos et al., 2006). However, our sample size of 

presumably primiparous non-urban females was low, which could limit our conclusion. 

Nonetheless, being pregnant (when considering all females, not only the younger ones) was 

positively influenced by female body mass in both areas, as in previous studies (Fernández-

Llario & Mateos-Quesada, 1998; Massei et al., 1996), and an early reproduction in urban 

females agrees with faster-increasing body mass in urban wild boars. Thus, urban females 

would reach the required body mass for reproduction, which is above 30 Kg in the Iberian 

Peninsula (Fernández-Llario & Mateos-Quesada, 1998; Fonseca et al., 2011; Rosell, Navàs, & 

Romero, 2012), earlier than non-urban females. The higher probability of a non-urban female 

from Collserola of being pregnant, however, could just reflect a bias due to the difference in 

sampling season between areas: all year round for urban females and October to February for 

non-urban females (hunting season). Since the overlap of the non-urban sampling period with 

the wild boar mating season in the Iberian peninsula (Fernández-Llario & Carranza, 2000; 

Fonseca et al., 2011) was higher than for the urban sampling period, pregnant females might be 

overrepresented among the non-urban Collserola wild boars. 

Female wild boar reproducing earlier in their life in the urban area might collaborate to increase 

the number of urban wild boars, probably along with an increase in human-wild boar number 

and intensity of conflicts. However, survival in the urban environment has to be also accounted 
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for. For instance, while female black bears started reproducing earlier and had more cubs in an 

urban area in Nevada, mortality of females of certain age classes was higher in the urban area 

(Beckmann & Lackey, 2008). Provided that wild boar life expectancy was shorter in urban wild 

boars, we would suggest that higher mortality might counter the improved reproduction 

performance shown by the primiparous urban females. In fact, the probability of urban 

environments to act as attractive sinks or to become the place for founder populations to 

establish will depend on the balance between increased productivity and recruitment (for 

instance through higher food resources, increased fertility and increased young survival) and 

increased mortality (such as those due to urban-related risks and lethal management 

measures). 

Body mass and growth rate were affected by sex together with age, while life expectancy 

tended to differ between males and females although without statistical significance. On one 

hand, and agreeing with our results, sexual morphological dimorphism in wild boar, with males 

showing higher body mass and/or growth rate, has been described over 18 to 30 months, 

depending on the study (Focardi et al., 2008; Gallo Orsi, Macchi, Perrone, & Durio, 1995; 

Pedone, Mattioli, & Mattioli, 1995). This could be explained by males having a longer growth 

period than females (Gaillard et al., 1992; Spitz, Gleize, & Duncan, 1990), or by females 

investing energy in both growth and reproduction instead of only growth (Gallo Orsi et al., 

1995). 

On the other hand, the tendency of a lower life expectancy in male wild boars could be 

explained by higher both non-urban and urban mortality. In Collserola, this tendency could be 

due to a bias towards males in hunted wild boar (Keuling et al., 2013, 2016). In Barcelona, males 

would suffer more from the risk of exploring urban areas, since they are more prone to quit the 

maternal group. This is further suggested by the life expectancy of urban males in this study (13 

to 18 months), which matches the age of maximum dispersal rate in male wild boar yearlings 

(Truvé & Lemel, 2003).  

In summary, urban wild boars had higher body mass and faster growth; changed their foraging 

behaviour by using fat and protein-rich anthropogenic food sources, which induced significant 

physiological and metabolic changes; and females reproduced earlier as compared to non-

urban ones. Moreover, urban wild boars also had a shorter life expectancy, probably due to 

human-induced mortality (Table 3.13). We have for the first time demonstrated such 

simultaneous morphological, behavioural, physiological, and reproductive adaptive responses to 

urban environmental change in a medium-sized mammal. Although there is growing evidence of 
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microevolutionary changes linked to adaptive responses to urban areas (McDonnell & Hahs, 

2015), whether the traits we observed in urban wild boars are due to microevolution or 

phenotypic plasticity is a matter that requires further study. For instance, to distinguish 

between plasticity and actual urban evolution, we must 1) measure phenotypic changes, 2) 

establish their genetic basis and fitness benefits, and 3) experimentally identify the drivers 

inducing these adaptations (Donihue & Lambert, 2015). We have now identified the phenotypic 

changes in an urban wild boar population; however, determining genetic-related fitness 

benefits and identifying adaption drivers would require experimental studies to be conducted. 

Table 3.13. Morphological, behavioural, physiological and reproductive responses of wild boars (WBs) in 

the urban area with respect to the non-urban area. 

Finding Evidence Potential consequences 

Higher body mass 

- Higher body mass in urban juvenile, 
yearling and adult WBs 
- Increase in serum creatinine with age in 
urban WBs 

- Increased survival 
- Increased recruitment 
- Earlier reproduction onset 
- Higher productivity 

Higher growth rate 

- Similar urban and non-urban piglet 
body mass 
- Higher mean body mass of urban 
juvenile, yearling and adult WBs 

- Increased survival 
- Increased recruitment 
- Earlier reproduction onset 
- Higher productivity 

Higher use of 
anthropogenic 
food resources 

- Higher proportion of stomachs with 
anthropogenic contents in urban WBs 
- Higher concentration of urea in urban 
female WBs 
- Higher concentration of triglycerides in 
urban male adult WBs 
- No reduction in triglycerides 
concentration with age in urban WBs 

- Increased survival 
- Increased recruitment 
- Earlier reproduction onset 
- Higher productivity 
- Increased body mass and growth 
rate 
- Metabolic diseases 

Shorter life 
expectancy 

- Lower mean and median age of death 
in urban WBs  

- Increased population turnover 
- Faster growth, earlier onset of 
reproduction and increased 
productivity positively selected 

Earlier 
reproduction in 
females 

- Lower age at first conception in urban 
female WBs 
- Higher body mass in urban female WBs 
(except piglets) 

- Urban population increase 
- Selection pressures favouring WBs 
that utilise anthropogenic food and 
grow fast 

Wild boars may explore urban areas for several reasons, including anthropogenic food 

availability (Castillo-Contreras et al., 2018). The use of predictable anthropogenic food sources 

and the consequent increase in body condition and growth rate may increase individual fitness 

and boost opportunistic species populations (Oro et al., 2013; Ozgul et al., 2010). Increased 

food availability could be perceived for the wild boar as an environmental proxy for good 

habitat quality, misleading them into an area where their life expectancy is shorter. When bad 

habitats are perceived as good ones (reviewed in Battin, 2018) and are selected instead of 

avoided, they are called attractive sinks or deceptive sources (Delibes, Gaona, et al., 2001). In 
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fact, sinks can occur just because the mortality is increased by animal removal by humans 

(Gundersen et al., 2001). Genetic studies can help to clarify whether urban populations are just 

rural dispersers, therefore urban areas acting as attractive sinks, or founders establishing a new 

population, according to the urban island hypothesis (Stillfried, Fickel, et al., 2017). This would 

depend on the trade-off between benefits and risks in the urban ecosystem as compared to the 

surrounding non-urban one. 

The methodology, information gathered and results obtained in our study could be a useful 

model for future research on the adjustment of wildlife species to urban environments, beyond 

the wild boar and Barcelona context. 

3.2.6. Conclusions 

Wild boars from Barcelona used anthropogenic food resources more than wild boars from 

Collserola, showed higher body mass and grew faster. Furthermore, urban female wild boars 

started reproducing earlier than non-urban ones, probably as a result of achieving the required 

body mass earlier. However, urban wild boars had a shorter lifespan than non-urban wild boars, 

indicating a possible cost of exploring the urban area for the wild boar in Barcelona. 

3.2.7. Acknowledgements 

We want to express our gratitude to Marià Martí, Lluís Cabañeros and other of members of the 

Consorci del Parc Natural de la Serra de Collserola for their logistic support, as well as to local 

hunters from Collserola, especially Pere Martín, Joan Carles Montagut, Jesús Esquerrà and Jorge 

Sánchez, for allowing us access to harvested wild boar. We also wish to thank Josep Maria 

López, from Departament d’Agricultura, Ramaderia, Pesca i Alimentació (Generalitat de 

Catalunya) for serving as a liaison among public administration, management and research. 

Finally, we are thankful to the many SEFaS collaborators and colleagues who helped in the wild 

boar samplings both in the field and the necropsy room facilities, especially Johan Espunyes, 

Arián Ráez, Xavier Fernández, Andreu Colom, Carles Conejero and Carlos González. 

This study was funded by the contracts 13/051, 15/0174, 16/0243-00-CP/01 and 16/0243-00-

PR/01 between Universitat Autònoma de Barcelona and Ajuntament de Barcelona. RCC, XFA 

and ACC benefited from pre-doctoral grants co-financed by Agència de Gestió d’Ajuts 

Universitaris i de Recerca (Generalitat de Catalunya) and the European Social Fund, file numbers 

2016FI_B 00425, 2017FI_B1 00040 and 2018FI_B2_00030. JE benefited from a pre-doctoral 

grant from the Government of Andorra, file number ATC015-AND-2015/2016, 16/17 and 17/18. 



77 

 

3.3. Study 3 

 

Ticks carried by wild boar in the Metropolitan Area of 

Barcelona are infected with spotted fever group rickettsiae 
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3.3.1. Abstract 

Tick-borne pathogens (TBPs) constitute an emerging public health concern, and both the 

number of TBPs and the incidence of tick-borne diseases are increasing globally as a result of 

multidimensional global changes. Wildlife species can play a significant role in TBP epidemiology 

such as favouring tick abundance and acting as reservoir hosts. Eurasian wild boar populations 

have increased and expanded for the last decades, and since wild boar can both promote tick 

abundance and act as reservoir of zoonotic pathogens, we aim to assess the risk of human tick-

borne diseases derived from wild boar and tick presence in a highly populated area. 

Between 2014 and 2016, we collected 167 spleen samples and 2256 ticks from 261 infested 

wild boars in the MAB (northeast Spain). We morphologically identified four tick species, 

namely Hyalomma lusitanicum (infestation prevalence of 33.6%), Dermacentor marginatus 

(26.9%), Rhipicephalus sanguineus sensu lato (18.9%) and Rhipicephalus bursa (0.2%). Then, we 

pooled the ticks according to species and individual host, and screened 180 tick pools and all 

spleen samples by reverse line blot hybridization assay and/or real time PCR for Ehrlichia sp., 

Anaplasma sp., Babesia sp., Theileria sp., Rickettsia sp., Borrelia burgdorferi sensu lato and 

Coxiella burnetii. Seventy-two out of 180 tick pools were positive to Rickettsia spp. (minimum 

prevalence of 8.7%), including the species Rickettsia massiliae, Rickettsia slovaca and Rickettsia 

raoultii. We did not detect Rickettsia spp. in wild boar spleens, or other TBPs in ticks or wild 

boars. 

Since the tick species found can bite humans and the spotted fever group (SFG) rickettsiae 

identified are emerging zoonotic pathogens, there is a risk of SFG rickettsiae transmission for 

MAB inhabitants. Wild boar is not a Rickettsia spp. reservoir in this area according to the spleen 

negative results. However, its abundance could be favouring tick life cycle and abundance and 

facilitating Rickettsia spp. transmission among ticks via co-feeding, which together with 

proximity to humans could promote the vector capacity of ticks for Rickettsia spp. Managers 

and policy makers must be aware of this risk and encourage further research and application of 

monitoring, prevention and management measures. 

Keywords: Dermacentor marginatus, Hyalomma lusitanicum, Rhipicephalus sanguineus, Sus 

scrofa, tick-borne pathogen, urban 
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3.3.2. Introduction 

Ticks are among the most important vectors of disease transmission to livestock, pets and 

humans (Jongejan & Uilenberg, 2004) and both the number of TBPs and the incidence of tick-

borne diseases is increasing globally as a result of multidimensional global changes (Colwell, 

Dantas-Torres, & Otranto, 2011; Dantas-Torres et al., 2012). In fact, tick-borne diseases of 

humans are emerging (Doudier, Olano, Parola, & Brouqui, 2010; Mansfield et al., 2009; Parola & 

Raoult, 2001) and constitute a major public health concern (Estrada-Peña & Jongejan, 1999). 

Tick ecology and therefore TBP epidemiology are driven by environmental factors including host 

assemblages and abundance (James et al., 2013; Randolph, 2004; Ruiz-Fons, Fernández-de-

Mera, Acevedo, Gortázar, & de la Fuente, 2012). The greater the host density, the higher the 

probability of ticks finding a suitable host, completing their life cycle and multiplying (Estrada-

Peña & de la Fuente, 2014; Randolph, 2004). Hence, wildlife species can play a significant role in 

TBP epidemiology, as they can act as reservoir or amplifying hosts of numerous human 

pathogens, can carry ticks with them elsewhere and can favour tick abundance (Dantas-Torres 

et al., 2012; James et al., 2013; Ruiz-Fons et al., 2012). Moreover, with the increasing number of 

human-wildlife interactions in urban or highly populated areas, we face new scenarios where 

zoonotic pathogens, TBPs among them, can be transmitted and even favoured by urban-

adapted hosts (Bradley & Altizer, 2007; Mackenstedt, Jenkins, & Romig, 2015). 

We can assess the risk of transmission of TBPs to people through the study of ticks carried by 

sympatric species, and the Eurasian wild boar may be a good sentinel. Wild boar is commonly 

infested by hard ticks (Ortuño et al., 2007; Ruiz-Fons et al., 2006), its populations have 

increased across Europe since 1965 (Massei et al., 2015; Sáez-Royuela & Tellería, 1986) and it is 

increasingly close to humans as it is using urbanised and/or highly populated areas (Licoppe et 

al., 2013). These conditions occur in the MAB, in northeast Spain, where wild boars have grown 

in numbers for the last 20 years (Minuartia, 2017) and they are often seen in urban areas 

including the city of Barcelona (Cahill, Llimona, Cabañeros, & Calomardo, 2009; Castillo-

Contreras et al., 2018). Most of these areas are within or around the Collserola massif, a natural 

space with high densities of wild boar (González-Crespo et al., 2018; Minuartia, 2017) and 

intensively used by MAB inhabitants for leisure activities (Parc de Collserola, n.d.-c). 

Previous studies report different tick species on wild boars in Spain (Ortuño et al., 2007; Ruiz-

Fons et al., 2006), the most common being Hyalomma marginatum marginatum, Rhipicephalus 

bursa and Dermacentor marginatus (Ruiz-Fons et al., 2006). However, Dermacentor reticulatus, 
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Rhipicephalus turanicus and Ixodes ricinus can also parasitize them in north Spain (Astobiza et 

al., 2011; García-Pérez et al., 2016; Ortuño et al., 2007; Ruiz-Fons et al., 2006). 

Regarding the pathogens that can be transmitted by these ticks, some of them have been 

previously detected in ticks collected from wild boar, for instance Ehrlichia sp., Anaplasma sp., 

Rickettsia sp. and Babesia sp., along with Borrelia burgdorferi sensu lato (de la Fuente et al., 

2004; Estrada-Peña, Osácar, Pichon, & Gray, 2005; Iori et al., 2010; Ortuño et al., 2006; Toledo 

et al., 2009). Most of these and other TBPs such as Theileria sp. and Coxiella burnetii have been 

also identified in wild boar tissues or sera in Czech Republic, Italy, Spain and Portugal (Astobiza 

et al., 2011; Faria et al., 2015; Petrovec et al., 2003; Selmi, Martello, Bertolotti, Bisanzio, & 

Tomassone, 2009; Tampieri et al., 2008; Zanet et al., 2014). However, to the best of our 

knowledge, studies on most of these pathogens have yielded negative results in tissues from 

wild boars from Spain (de La Fuente et al., 2005; García-Pérez et al., 2016; Gimenez, Casado, 

Criado-Fornelio, Álvarez de Miguel, & Dominguez-Peñafiel, 2009; Lledó et al., 2014). 

At this point, an increased risk of TBP infection for MAB inhabitants could be suspected as a 

consequence of direct and indirect effects of wild boar expansion and proximity to humans. Our 

aim is to make a first assessment of this risk through two specific objectives: 1) identifying the 

tick species parasitizing wild boars and 2) describing the TBPs infecting ticks and their wild boar 

hosts inhabiting the MAB. 

3.3.3. Material and methods 

Study area 

The study area comprises several locations within the MAB, in Catalonia, northeast Spain (Figure 

3.8). The MAB comprises 36 municipalities, has 3,239,337 inhabitants and occupies 63,600 ha; 

this means that 42.8% of the whole Catalan population is concentrated in around 2% of the 

territory, resulting in an average density of 5,093 inhabitants per 100 ha (AMB, 2012). We 

performed this study in three different areas within the MAB: the Collserola massif, the city of 

Barcelona and the campus of Bellaterra from UAB, in the municipality of Cerdanyola del Vallès 

(Figure 3.8). 

Collserola is a massif that belongs to the Catalan coastal range, roughly 10,000 ha in size, 

located in the centre of the MAB and with its highest point at 510 m above sea level 

(Generalitat de Catalunya, 2010). It includes two areas where wild boar hunting is allowed since 

1995 (DARP, 2018) and recent estimations indicate that the wild boar population in Collserola 
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increased by almost ten times (from 165 to 1500 individuals) in the core area of the massif 

(8,000 ha) from 2000 to 2015 (González-Crespo et al., 2018). Collserola landscape is composed 

by a mixture of forests, scrublands, meadows, croplands and also human infrastructures such as 

roads, recreational spaces and residential areas. The vegetation is typically Mediterranean, with 

abundant and diverse scrub species (Generalitat de Catalunya, 2010). Collserola is also used by 

MAB inhabitants for leisure activities such as running, biking, hiking, walking or going on a picnic 

and it receives approximately three million visitors every year (Parc de Collserola, n.d.-c). 

 

Figure 3.8. Study areas: Collserola (solid green line), Barcelona (heavy black line) and UAB (dashed black 

line), in the Metropolitan Area of Barcelona (MAB, thin black line). Top left: location of MAB (black 

square) in the Iberian peninsula. Orthophoto: ICGC. 

The city of Barcelona is located southeast to Collserola, with a population of 1,600,000 

inhabitants in 10,100 ha of surface (Idescat, 2017). In contrast to Collserola, Barcelona is mostly 

urbanised, although it comprises 1,077 ha of public green areas (Ajuntament de Barcelona, 

2013). In addition, the northern districts of Barcelona are adjacent to Collserola and frequently 

visited by wild boars, which in the whole city cause 700 incidents (phone calls to local 

emergency number) a year on average (Ajuntament de Barcelona, 2018). 
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The UAB campus is located north to Collserola, roughly 260 ha in size, and regularly used by 

more than 45,000 people, including the student body and staff (UAB, 2018). It is surrounded by 

urbanised, forestry and agricultural areas, and forestry and agricultural patches cover 

approximately 60% of its surface (UAB, 2019a). Moreover, there are several gardens, some of 

them with ornamental plants and irrigation (UAB, 2019b). The wild boar is present in the UAB 

campus and between 15 and 30 individuals are removed every year as part of the wild boar 

management plan aimed at preventing damages in gardens, crops and other negative 

interactions with people (vehicle collisions, attacks) (Lavín et al., 2017). 

The climate in the MAB is Mediterranean, with mild winters, hot dry summers and two rainy 

seasons, spring and autumn. Mean annual temperatures range from 6 to 11°C in winter and 

from 20 to 23°C in summer, and mean annual precipitation is 600-650 mm (Servei Meteorològic 

de Catalunya, 2016a, 2016b). 

Sampling 

Between 2014 and 2016, we examined 438 wild boars, either hunted or captured and 

euthanized, from Collserola (n=122, mainly from October to February), Barcelona (n=230, all 

year round), UAB campus (n=80, mainly from May to September) and other locations within the 

MAB (n= 12, from May to December). 

Wild boars were removed for either population or conflict management purposes, not for 

research, and according to national laws. Hunted wild boars were shot by authorized local 

hunters, and euthanized wild boars were previously anesthetized with a blowpipe by a 

veterinarian within the framework of the contracts 13/051, 15/0174, 16/0243-00-CP/01 and 

16/0243-00-PR/01 with the Ajuntament de Barcelona (Barcelona City Council) and the 

authorisation of Generalitat de Catalunya (Government of Catalunya), reference numbers 

AC/059, AC/190 and AC/215. 

We performed a post-mortem external and internal examination of wild boar carcasses. We 

manually removed all ticks feeding on each wild boar and stored them in sterile 5 ml transport 

tubes, one per wild boar host. We also collected spleen samples and stored them in 5 ml tubes 

at -20ºC until further processing. To study wild boar parasitization, we recorded wild boar age 

class, sampling area, month and year of collection. We determined wild boar age using 

dentition patterns and wear (Iff, 1978; Matschke, 1967) and assigned the corresponding age 

class: piglet (up to 6 months), juvenile (6 to 12 months), yearling (12 to 24 months) and adult 

(over 2 years). We assigned a season according to the month of collection: winter (January, 
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February, March), spring (April, May, June), summer (July, August, September) and autumn 

(October, November, December). 

Tick identification and pooling 

We identified tick specimens with binocular lens according to morphological identification keys 

(Estrada-Peña, 2000; Estrada-Peña, Bouattour, Camicas, & Walker, 2004; Manilla, 1998). We did 

not differentiate between two Rhipicephalus species included within the sanguineus complex 

(Rhipicephalus sanguineus sensu stricto and Rhipicephalus turanicus) due to their morphological 

similarities and because of the impracticality of using the molecular techniques required for 

accurate classification (Zahler, Filippova, Morel, Gothe, & Rinder, 1997). We also determined 

tick life stage (adult, nymph or larva) and sex (female or male). We made pools (n=575) by wild 

boar host, tick species, life stage and sex, and stored them into sterile 1.5 ml microcentrifuge 

tubes at -20°C until further processing. 

Tick-borne pathogen analyses 

For TBP analyses, we selected 180 out of 575 tick pools, containing 827 ticks in total, in order to 

obtain representation of the four tick species found, the different areas, seasons and wild boar 

age classes. We also included 167 spleen samples belonging to the wild boar hosts from which 

the selected tick pools were collected. The selected tick pools comprised a variable number of 

adult ticks (one to six) of the same species, with no sex discrimination. In the case of wild boars 

co-infested with more than one tick species, we selected only one tick species per host. And in 

the case of wild boars with both male and female ticks from the same species, we mixed both 

sexes into the same pool. 

We processed tick pools individually and washed each pool three times with sterile water and 

once with 70% ethanol. We air dried the tick specimens and collected them in sterile tubes. We 

then physically disrupted the ticks using sterilized scissors and conical tissue grinders in 200 ml 

of sterile phosphate buffered saline (PBS). We also mechanically disrupted and homogenized 10 

mg of each of the 167 wild boar spleen samples in 200 ml of PBS. 

Next, we used the QIAamp cador Pathogen Mini Kit (Qiagen, Hilden, Germany) to extract DNA 

from ticks and spleen samples in a single step (Ammazzalorso, Zolnik, Daniels, & Kolokotronis, 

2015; Halos et al., 2004). We followed the manufacturer instructions and stored the resulting 

DNA extracts at -20°C until further analysis. 
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We screened the extracted 180 tick pools and 167 wild boar spleen samples by Real Time PCR 

(RT-PCR) for Rickettsia spp., C. burnetii and B. burgdorferi (s.l.), and by Reverse line blot 

hybridization assay (RLB) for Rickettsia spp., Ehrlichia spp., Anaplasma spp., Babesia spp. and 

Theileria spp. If the same pathogen was targeted by two different assays (RT-PCR and RLB), we 

considered as positive those samples yielding a positive results in both. Information on 

amplification mixtures and conditions can be found in Supporting Information S.3.3 to S.3.6, 

while target regions, expected length of the PCR products and oligonucleotide sequences of 

primers and probes are detailed in Table 3.14. 

 Table 3.14. Tick-borne pathogens (TBPs) targeted in this study. RT-PCR: Real Time PCR, RLB: Reverse line 

blot hybridization assay, PCR: conventional PCR, bp: base pairs, F: forward primer, R: reverse primer. 

Probes were labelled at the 5’ and 3’ ends with 6-carboxy-fluorescein (6-FAM) and 6-carboxyl-

tetramethyl-rhodamine (TAMRA), respectively. 
 

For DNA amplification of Rickettsia sp., C. burnetii and B. burgdorferi (s.l.) by RT-PCR, we used a 

DNA Engine Opticon 2 Continuous Fluorescence Detector CFD-3220 (MJ Research, Canada). For 

DNA amplification of the rest of pathogens, plus Rickettsia sp., by RLB, we used a Prime Elite 

Thermal Cycler (Techne, UK). A detailed RLB protocol for membrane preparation, hybridization 

and detection can be found in O’Sullivan, Zhou, Sintchenko, Kong, & Gilbert (2011), and further 

details on the specific membrane used and the oligonucleotide probes included are available in 

Lorusso et al. (2016). 

TBP 
(type of 
assay) 

Target 
gene 

Length 
(bp) 

Oligonucleotide sequence of primers and probes 
(5'-3') 

Reference 

Rickettsia 
(RT-PCR) 

gtlA 165 
RKND03F: GTGAATGAAAGATTACACTATTTAT 
RKND03R: GTATCTTAGCAATCATTCTAATAGC 
RKND03: 6FAM-CTATTATGCTTGCGGCTGTCGGTTC-TAMRA 

Rolain et al. (2009) 

C. burnetii 
(RT-PCR) 

IS1111 200 
IS1111F: GCGTCATAATGCGCCAACATA 
IS1111R: CGCAGCCCACCTTAAGACTG 
IS1111: 6FAM-TGCTCAGTATGTATCCACCG-TAMRA 

Brouqui, Rolain, 
Foucault, & Raoult 

(2005) 

C. burnetii 
(RT-PCR) 

IS30a 120 
Cbis30aF: AATGTCTGCGGGAAATAGGC 
Cbis30aR: GAGGCCTTTTACCGGAATTC 
IS30a: 6FAM-TCGAGATCATAGCGTCATT-TAMRA 

Brouqui et al. (2005) 

B. 
burgdorferi 

(RT-PCR) 

23S 
rRNA 

75 
Bb23Sf: CGAGTCTTAAAAGGGCGATTTAGT 
Bb23Sr: GCTTCAGCCTGGCCATAAATAG 
Bb23Sp: 6FAM-AGATGTGGTAGACCCGAAGCCGAGTG-TAMRA 

Courtney, Kostelnik, 
Zeidner, & Massung 

(2004) 

Rickettsia 
(RLB) 

16S 
rDNA 

350-
400 

Rick-F1: GAACGCTATCGGTATGCTTAACACA 
Rick-R2: Biotin-CATCACTCACTCGGTATTGCTGGA 

Lorusso et al. (2016) 

Ehrlichia/ 
Anaplasma 

(RLB) 

16S 
rDNA 

460-
520 

16S8FE: GGAATTCAGAGTTGGATC(A/C)TGG(C/T)TCAG 
BGA1B-new:  Biotin-
CGGGATCCCGAGTTTGCCGGGACTT(C/T)TTCT 

Lorusso et al. (2016) 

Theileria/ 
Babesia 

(RLB) 

18S 
rDNA 

460-
540 

RLB-F2:  GACACAGGGAGGTAGTGACAAG 
RLB-R2:  Biotin-CTAAGAATTTCACCTCTGACAGT 

Lorusso et al. (2016) 

Rickettsia 
(PCR) 

gltA 850 
CS409d: CCTATGGCTATTATGCTTGC 
Rp1258n: ATTGCAAAAAGTACAGTGAACA 

Roux, Rydkina, 
Eremeeva, & Raoult 
(1997); Tijsse-Klasen 

et al. (2011) 
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For Rickettsia sp. sequencing, we used the protocol described in Tijsse-Klasen et al. (2011) to 

amplify a 850 bp fragment of the gltA gene, which encodes for a citrate synthase protein. 

Oligonucleotide sequences of primers can be found in Table 3.14 and amplification mixture and 

conditions, in S5. Sanger sequencing was performed at the Servei de Genòmica i Bioinformàtica 

(Bellaterra, Spain), using an ABI 3130XL sequencer (Applied Biosystems, California). We aligned 

sequenced data in MEGA (version X; Kumar, Stecher, Li, Knyaz, & Tamura, 2018) and identified 

the species by comparison with the nucleotide collection (GenBank, EMBL, DDBJ, PDB and 

RefSeq sequences) through NCBI BLAST (http://www.ncbi.nlm.nih.gov/blast). We accepted a 

result when both the BLAST query cover and identity were equal to or above 99%. 

Statistical analyses 

We used the R software (version 3.5.0; R Development Core Team, 2018), to perform all 

statistical analyses. For 95% confidence intervals, we used the binconf function from the Hmisc 

package (Harrel Jr, 2018). 

We looked for patterns in the spatio-temporal distribution of the different tick species 

identified, as well as for wild boar age-related patterns, in the infested wild boar from Collserola 

(n=82), Barcelona (n=139) and UAB (n=38), through GLMs (McCullagh & Nelder, 1989). We 

applied GLMs using the glm function within the stats package (R Core Team, 2019), with 

binomial family and logit link function. The response variable was the presence/absence of each 

tick species on a specific wild boar, and the predictors were area (Collserola, Barcelona or UAB), 

sampling year (2014 to 2016), season (winter, spring, summer or autumn) and wild boar age 

class (piglet, juvenile, yearling or adult). We did not include in this analysis ticks from seven wild 

boars sampled within the MAB but in areas other than the three previous ones due to the low 

available sample size. 

Regarding TBPs, we applied another GLM to explore the Rickettsia sp. positivity in tick pools; the 

response variable was the positive or negative result obtained from each tick pool from the 

laboratory tests, and the predictors were tick species, area, sampling year, season and wild boar 

age class. Moreover, to test whether there was a relationship between the tick species and the 

Rickettsia species identified, we applied a Fisher’s exact test for count data with the function 

fisher.test. 

For model selection, we used the function dredge from the package MuMIn (Bartoń, 2018) to 

choose the best GLM(s) according to their AIC value (Burnham & Anderson, 2002). We also used 
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the rsq function from the package with the same name to estimate the percentage of data 

variation explained by the independent variables (adjusted R-squared) of our models. 

3.3.4. Results 

Ticks 

We collected 2256 ticks feeding on 261 out of 438 wild boars examined (59.6%). We identified 

four different tick species, namely Hyalomma lusitanicum (1156/2256, 51.2%), Rhipicephalus 

sanguineus sensu lato (557/2256, 24.7%), D. marginatus (542/2256, 24%) and R. bursa (1/2256, 

0.04%). See Table 3.15 for details on the life stage and sex of these ticks. 

Table 3.15. Ticks collected from wild boar per tick species, life stage and sex, and relative frequency of 

each. 

Tick species Nymphs (%) Adults (%) Adult females (%) Adult males (%) 

H. lusitanicum 94 (93.1) 1062 (49.3) 265 (32.4) 797 (59.6) 

R. sanguineus (s.l.) 7 (6.9) 550 (25.5) 305 (37.3) 245 (18.3) 

D. marginatus 0 (0) 542 (25.2) 248 (30.3) 294 (22) 

R. bursa 0 (0) 1 (0.05) 0 (0.0) 1 (0.07) 

Sum 101 2155 818 1337 

At host level, the average number of ticks per wild boar was 8.6 and the median was five, 

ranging from one to 70 ticks per wild boar. The species parasitizing most wild boars was H. 

lusitanicum (infestation prevalence of 33.6%, 95% CI: 29.3-38.1%), followed by D. marginatus 

(26.9%, 95% CI: 23-31.3%) and R. sanguineus (s.l.) (18.9%, 95% CI: 16.4-23.9%), while R. bursa 

was present on one wild boar (0.2%, 95% CI: 0.01-1.3%). Most wild boars were infested by one 

tick species, but there were also two and three tick-species infestations (see Table 3.16 for 

further details). 

Table 3.16. Wild boars parasitized by each tick or combination of tick species with respect to the total 

amount of infested wild boars (n=261). 

Tick species 
Wild boars 

infested (%) 

H. lusitanicum 147 (56.3) 

D. marginatus 118 (45.2) 

R. sanguineus (s.l.) 87 (33.3) 

R. bursa 1 (0.4) 

One tick species infestation 173 (66.3) 

Only H. lusitanicum 67 (25.7) 

Only D. marginatus 68 (26.1) 

Only R. sanguineus (s.l.) 38 (14.6) 

Only R. bursa 0 (0) 

Two tick species infestation 84 (32.2) 

H. lusitanicum + D. marginatus 38 (14.6) 
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H. lusitanicum + R. sanguineus (s.l.) 37 (14.2) 

D. marginatus + R. sanguineus (s.l.) 8 (3.1) 

H. lusitanicum + R. bursa 1 (0.4) 

Three tick species infestation 4 (1.5) 

H. lusitanicum + D. marginatus + R. 
sanguineus (s.l.) 

4 (1.5) 

Total wild boars infested 261 (100) 

With regard to sampling areas, H. lusitanicum parasitized over half of the infested wild boar 

from Barcelona and over 30% of those from Collserola. One of the two selected GLMs 

confirmed that its presence was significantly higher in wild boars from Barcelona than in wild 

boars from UAB (GLM-h1: Z=-5.24, p<0.001) and both GLMs agreed on that H. lusitanicum was 

more frequently collected from Collserola than from UAB wild boars (GLM-h1: Z=3.72, 

p=0.0002; GLM-h2: Z=3.48, p=0.0005). Dermacentor marginatus selected GLM, in turn, 

revealed that this tick was more frequently found on wild boars from Collserola and UAB than 

from Barcelona (Collserola vs. Barcelona: Z=2.58, p=0.01; UAB vs. Barcelona; Z=3.37, p=0.0008). 

As for R. sanguineus (s.l.), over 60% of the infested wild boars from UAB carried this tick, but the 

corresponding GLMs could not find significant differences among areas. 

Regarding seasonality, H. lusitanicum parasitized over 50% of the infested wild boars from April 

to October, and the two selected GLMs confirmed a seasonal pattern, with a maximum in 

summer and a minimum in winter (summer vs. autumn, GLM-h1: Z=4.52, p<0.001, and GLM-h2: 

Z=3.74, p=0.0002; winter vs. autumn, GLM-h1: Z=-3.07, p=0.002, and GLM-h2: Z=-3.88, 

p=0.0001; spring vs. autumn, GLM-h1: Z=3.24, p=0.001). D. marginatus was mainly found from 

October to February, when almost all wild boars carried this tick, and the corresponding GLM 

proved that it was significantly more frequent on infested wild boars during autumn, followed 

by winter, than during spring and summer (spring vs. autumn: Z=-4.83, p<0.001; summer vs. 

autumn: Z=-5.23, p<0.001; winter vs. autumn: Z=-2.23, p=0.03). On the other hand, R. 

sanguineus (s.l.) ticks were collected primarily from February to July, and most wild boars were 

infested with this tick from March to June, but the corresponding GLMs could not prove a 

season-related pattern. The single R. bursa was collected in September. 

Furthermore, and according to one of the selected H. lusitanicum GLMs, its presence 

significantly increased from piglet to adult wild boars (GLM-h1: Z=-2.76, p=0.006), and also from 

2014 to 2016 (GLM-h1: Z=3.17, p=0.002). On the contrary, R. sanguineus (s.l.) presence seemed 

to decrease with wild boar age, as indicated by one of the three selected R. sanguineus (s.l.) 

GLMs (juveniles vs. adults, GLM-r3: Z=2.49, p=0.013). Piglets and yearlings showed the same 

pattern although without statistical significance. 
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The explained variance was 41.3% and 44.5% for the two H. lusitanicum selected models, 54.4% 

for the D. marginatus selected model and 74.1%, 75.3% and 62.4% for the three R. sanguineus 

(s.l.) selected models. 

Tick-borne pathogens 

We found 72 out of the 180 tick pools (40%) to be positive for Rickettsia spp., which yields an 

overall minimum prevalence of 8.7% (95% CI: 7-10.8). The minimum prevalence per tick species 

was 14.7% for R. sanguineus, 12.2% (95% CI: 9.1-16.1) for D. marginatus and 0.7% (95% CI: 0.2-

2.5) for H. lusitanicum (see Table 3.17 for further information). Since we selected one tick pool 

per wild boar host, the number of wild boars with positive tick pools was 72 (72/180, 40%, 95% 

CI: 33.1-47.3). 

Table 3.17. Rickettsia-positive tick pools, minimum prevalence and Rickettsia species identified per tick 

species. 

Tick species 
Positive tick 

pools (%) 
 Minimum positive ticksa 

(minimum prevalence, 95% CI) 
Rickettsia species identified 

D. marginatus 40/74 (54.1) 40/329 (12.2; 9.1-16.1) 
R. slovaca (24), R. raoultii (9), 
Rickettsia sp. (7) 

R. sanguineus (s.l.) 30/43 (69.8) 30/204 (14.7; 10.5-20.2) R. massiliae (28), Rickettsia sp. (2) 

H. lusitanicum 2/62 (3.2) 2/293 (0.7; 0.2-2.5) R. slovaca (1), Rickettsia sp. (1) 

R. bursa 0/1 (0) - - 

Total 72/180 (40) 72/827 (8.7; 6.97-10.82) 
R. massiliae (28), R. slovaca (25), 
R. raoultii (9), Rickettsia sp. (10) 

a Minimum number of positive ticks within the total amount of ticks included in the pools. 

Being positive to Rickettsia spp. strongly depended on the tick species. More precisely, the 

selected GLM revealed that Rickettsia spp. was positively associated to R. sanguineus (s.l.) 

(Z=2.82, p=0.005) and negatively associated to H. lusitanicum (Z=-3.96, p<0.001), when 

compared to D. marginatus tick pools. Positivity to Rickettsia spp. also depended on the 

sampling area; there were less positive tick pools in UAB than in Barcelona (Z=-2.53, p=0.01) 

and Collserola (Z=-2.795, p=0.007), although Collserola tick pools were no different from 

Barcelona ones (Z=0.954, p=0.3). However, as tick species were not equally distributed per area, 

we must point out that most positive tick pools from UAB and Barcelona wild boars belonged to 

R. sanguineus (s.l.) species, while almost all positives from Collserola wild boars came from D. 

marginatus pools (see Figure 3.9). Sampling year, season and wild boar age class were not 

included in the selected GLM and the explained variance was 32.95%. 
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Figure 3.9. Rickettsia spp. positive (black) and negative (grey) tick pools per tick species and sampling 

area. Eleven tick pools are not included in the figure because they were obtained in areas other than 

Collserola, Barcelona or UAB. UAB: Universitat Autònoma de Barcelona. 

Among the Rickettsia-positive pools, 62 of them could be sequenced. The Sanger sequencing 

revealed three different Rickettsia species, namely Rickettsia massiliae (28/62, 45.2%), 

Rickettsia slovaca (25/62, 40.3%) and Rickettsia raoultii (9/62, 14.5%). Ten other positive pools 

could not be identified at the species level (Table 3.17). Tick species significantly affected the 

Rickettsia species identified in them (Fisher’s test, p<2.2e-16). Rickettsia massiliae was only 

detected in R. sanguineus (s.l.) tick pools, while R. slovaca and R. raoultii were both detected in 

D. marginatus pools. R. slovaca was also the species identified in the one H. lusitanicum pool 

that could be sequenced (Table 3.17). 

We did not find Rickettsia spp. DNA in wild boar spleens. As for the other TBPs included in our 

study, we did not detect C. burnetii, B. burgdorferi (s.l.), Ehrlichia sp., Anaplasma sp., Babesia sp. 

or Theileria sp. either in the 180 tick pools or the 167 wild boar spleen samples analysed.  

3.3.5. Discussion 

Ticks 

The prevalence of tick infestation on wild boars in this study, close to 60%, was within the range 

of prevalence previously found on Spanish wild boars, which varies from 9 to 70% depending on 

the region (Ortuño et al., 2007; Ruiz-Fons et al., 2006). The four tick species identified are 

commonly found in areas with Mediterranean climate and there are several domestic animals 

among their hosts (Estrada-Peña et al., 2004). All four species have been collected from wild 

boars in Spain (de la Fuente et al., 2004; Márquez, 2009; Ruiz-Fons et al., 2006) but, to our 
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knowledge, only D. marginatus had been previously reported on wild boars from our region, in 

northeast Spain (Ortuño et al., 2007, 2006). The anecdotal observation of one R. bursa, which is 

common in livestock from Mediterranean areas (Estrada-Peña et al., 2004), could be related to 

the marginal presence of free-ranging domestic ruminants in our study area (Parc de Collserola, 

n.d.-b). 

We did not find I. ricinus, which is commonly reported to parasitize wild boars in our country 

(García-Pérez et al., 2016; Márquez, 2009; Ruiz-Fons et al., 2006) and central Portugal (Pereira 

et al., 2018). We did not find D. reticulatus either, which has been found on wild boars from 

north and northwest Spain (Astobiza et al., 2011; Ruiz-Fons et al., 2006), or H. marginatum, 

already described on wild boars from central Spain (Ruiz-Fons et al., 2006) and central Portugal 

(Pereira et al., 2016). 

Regarding the spatial distribution of the tick species collected, H. lusitanicum significantly 

differed among areas, being wild boars from UAB less frequently parasitized than wild boars 

from Barcelona and Collserola. On one hand, the difference detected between Barcelona and 

UAB comes primarily from the comparison during spring-summer, which was the sampling 

period shared by these areas. And this difference could be related to food resource aggregation 

in urbanised areas, as Wright & Gompper (2005) showed through an experiment with urban 

raccoons. In that study, they proved that clumped food resources made the raccoons 

aggregate, so their contact rates were higher and, as a result, the infection prevalence with 

endoparasites increased. It would be possible that wild boars from Barcelona aggregate in 

specific locations where food is available (garbage bins, green areas or pet food dispensers; 

Castillo-Contreras et al., 2018; Licoppe et al., 2013), therefore increasing direct contact and tick 

transmission. Since H. lusitanicum can be found in large numbers in rock crevices and rabbit 

burrows (Estrada-Peña et al., 2004), the lesser availability of resting areas in the more urbanised 

Barcelona could be also favouring wild boar aggregation. Finally, other factors that have not 

been evaluated in this study, such as differences in wild boar abundance or in the composition 

of the community of hosts (Estrada-Peña & de la Fuente, 2014), could also be limiting H. 

lusitanicum presence in UAB wild boars. On the other hand, the difference in H. lusitanicum 

infestation between Collserola and UAB wild boars arises from its comparison during autumn-

winter, provided that this is the sampling period shared by the two areas. However, as the 

sample size of UAB wild boars during autumn-winter was very low (n=5), we would attribute the 

difference found by the model to a bias in the sampling strategy. 
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Regarding seasonality, the intra-annual variation of H. lusitanicum infestation is probably due to 

its questing behaviour, as adults reach a peak in their questing activity in May-July and again in 

October-November (Estrada-Peña et al., 2004; Requena-García, Cabrero-Sañudo, Olmeda-

García, González, & Valcárcel, 2017; Valcárcel, González, Pérez-Sánchez, Tercero-Jaime, & 

Olmeda, 2015). The preferred host size of this tick, e.g. large and medium-sized domestic and 

wild ungulates (Apanaskevich, Santos-Silva, & Horak, 2008), is possibly the reason why we found 

more wild boars parasitized by this tick as they grew older. Last, there was also an increase in 

the number of wild boars parasitized by H. lusitanicum from 2014 to 2016. A recent study in 

central Spain has revealed that H. lusitanicum questing activity is positively related to 

temperature but negatively related to humidity (Requena-García et al., 2017). Mean annual 

temperature in Catalonia was higher in 2016 than in 2014, and annual precipitation was lower 

in 2016 than in 2014 (Servei Meteorològic de Catalunya, 2015, 2017). Therefore, 2016 might 

have been better, in terms of temperature and humidity, than 2014 for H. lusitanicum activity. 

As for D. marginatus, this tick usually prefers areas with dense bushes and tree cover (Estrada-

Peña et al., 2004) and this could explain why the wild boars from Collserola and UAB were more 

parasitized than the Barcelona ones. Moreover, D. marginatus seasonal pattern agrees with the 

period of activity of this tick, as adults are active at the end of autumn and throughout winter 

(Estrada-Peña et al., 2004; Rubel et al., 2016). 

Regarding R. sanguineus (s.l.), its presence was related to wild boar age class, and while H. 

lusitanicum preferred older wild boars, R. sanguineus (s.l.) apparently selected younger ones. 

This ticks might avoid adult wild boars because of some physical feature such as skin or hair that 

is not suitable for the proper attachment to the host or because it is easier for the wild boars to 

remove the attached ticks by grooming. In this regard, Rhipicephalus ticks have a hypostome 

shorter than usual so they attach more superficially than other ticks (Dantas-Torres et al., 2012), 

and Welch, Samuel, & Wilke (1991) suggested that differences in hair coat among ungulates 

could affect their ability to remove ticks by grooming. 

Concerning the almost absence of R. sanguineus (s.l.) ticks in Collserola wild boars, although the 

selected GLMs did not show a significant difference with respect to area, we would argue that 

the hunting season is probably the cause, as spring-summer was the period when we collected 

most ticks of this species in the other areas but hunting in Collserola is limited to autumn and 

winter. 
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Tick-borne pathogens 

The minimum prevalence of Rickettsia spp. that we obtained for R. sanguineus (s.l.), nearly 15%, 

falls within the range previously described, despite it is difficult to draw any conclusions from 

our result because the sanguineus group includes more than one species with different vector 

competence (Zahler et al., 1997). In fact, Rickettsia spp. prevalence in R. sanguineus (s.l.) varies 

depending on the region and/or the host. For instance, 13% of R. sanguineus (s.l.) collected 

from domestic and wild animals in Portugal harboured rickettsial DNA (Pereira et al., 2018), 25% 

of R. sanguineus (s.s.), also from domestic and wild animals, were Rickettsia-positive in central 

Spain (Toledo et al., 2009), whereas less than 2% of R. turanicus ticks from goats were positive 

in Sardinia (Chisu et al., 2014). Conversely, several studies on D. marginatus ticks from wild 

boars have reported a Rickettsia spp. infection prevalence higher than the 12% reported here: 

nearly 34% in south Italy (Selmi et al., 2009), over 50% in south Spain (Márquez, 2009) or 65% in 

northeast Spain – our region – (Ortuño et al., 2007). However, we must take into consideration 

that our estimations are minimum prevalences, assuming that each of the Rickettsia-positive 

tick pools just contained one positive tick. Hence, the actual prevalence values in our study are 

probably higher. As for H. lusitanicum, none of the 94 specimens collected in a study with 

domestic and wild animals in central Spain carried rickettsial DNA (Toledo et al., 2009), and just 

one out of 50 was positive in another study in Portugal (Pereira et al., 2018), which is in 

accordance with our low minimum prevalence (less than 1%) and might indicate that this tick is 

a less competent vector of Rickettsia spp., as already suggested by (Toledo et al., 2009). 

Regarding the spatial distribution of Rickettsia-positive ticks, the proportion of positive tick 

pools was lower in ticks collected from wild boars from UAB than from the other areas. The fact 

that Rickettsia positivity depended on the tick species and that almost all positive tick pools 

from Collserola wild boars were D. marginatus prevent us from comparing Collserola with the 

other two areas. Hence, the difference between Barcelona and UAB, where most positive pools 

belonged to R. sanguineus (s.l.) ticks, could be explained by the dilution effect (Ostfeld & 

Keesing, 2000). These authors observed that an increase in the diversity of host species caused 

a decrease in B. burgdorferi prevalence in ticks because these fed on inefficient disease 

reservoirs rather than focusing on white-footed mice (Peromyscus leucopus), the most 

competent reservoir hosts in North America. Since UAB contains patches of forest and 

scrubland and is also surrounded by this type of vegetation, there might be a greater variety of 

R. sanguineus (s.l.) potential hosts in UAB than in Barcelona, allowing the ticks to feed on 

different hosts (ones with better competence as reservoirs than others) and thus decreasing the 
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number of Rickettsia-positive ticks. In the case that some or all ticks that we classified as R. 

sanguineus (s.l.) were R. sanguineus (s.s.), the higher abundance of positive tick pools in 

Barcelona could be associated to a higher abundance of dogs, its main host, in Barcelona. More 

contact between wild boars and dogs could lead to an increased transmission of ticks and, 

therefore, of the pathogens they carry. 

With regard to the Rickettsia species identified, previous studies support a strong relationship 

between them and the hosting tick species. R. massiliae has been detected in R. sanguineus 

(s.l.) ticks collected from wild boar (Chisu et al., 2014; Leulmi et al., 2016), whereas R. slovaca 

and R. raoultii have both been identified in D. marginatus ticks, also from wild boar (Márquez, 

2009; Selmi et al., 2009). On the contrary, and to the best of our knowledge, this is the first time 

that R. slovaca is reported in H. lusitanicum ticks, either collected from wild boar, other hosts or 

the environment. Nonetheless, the detection of DNA of a certain pathogen in ticks might 

demonstrate that they have been exposed but not their role in pathogen transmission, so 

studies to confirm H. lusitanicum competence as a vector of R. slovaca should be performed. 

In contrast to our negative results, Ehrlichia, Anaplasma, Babesia and B. burgdorferi (s.l.) species 

have been previously detected in ticks collected from wild boar, either in Spain (de la Fuente et 

al., 2004; Estrada-Peña et al., 2005) or in other countries such as Czech Republic, Italy or 

Germany (Honig et al., 2017; Iori et al., 2010; Silaghi, Pfister, & Overzier, 2014). Conversely, our 

negative results for Theileria sp. and C. burnetii agree with previous findings in wild boar ticks 

(Astobiza et al., 2011; Iori et al., 2010; Leulmi et al., 2016). 

Regarding TBPs in wild boars, to the best of our knowledge, there are no reports of Anaplasma, 

Rickettsia, Theileria or Babesia sp. in wild boar tissues in Spain, which agrees with our results. 

Conversely, C. burnetii, the agent of Q fever, has been found in wild boar tissues in northern 

Spain and the Canary Islands (Astobiza et al., 2011; Jado et al., 2012), which differs from our 

results. Some of these pathogens have also been detected in wild boar tissues in other 

countries. For instance, Anaplasma phagocytophilum, the causative agent of human 

granulocytic anaplasmosis and tick-borne fever of ruminants, has been reported in wild boars 

from Czech Republic, Romania, Germany and Slovakia (Kazimírová et al., 2018; Kiss, Cadar, 

Krupaci, Bordeanu, & Spînu, 2014; Petrovec et al., 2003; Silaghi et al., 2014), and different 

species of Rickettsia, Theileria and Babesia, capable of causing disease in humans or domestic 

animals, have been detected in wild boars from Italy or Algeria (Selmi et al., 2009; Tampieri et 

al., 2008; Zanet et al., 2014; Zeroual, Leulmi, Bitam, & Benakhla, 2018). Lastly, B. burgdorferi 

(s.l.), responsible for Lyme disease in humans, and Ehrlichia sp., some of which cause disease in 
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humans and domestic animals, have not been reported yet in wild boar tissues (Kazimírová et 

al., 2018; Pereira et al., 2016; Silaghi et al., 2014), in accordance with our results. 

The negative results obtained from wild boar tissues prevent us from concluding a reservoir role 

of this species for Rickettsia spp. in our study area. These results contrast with previous findings 

of specific spotted fever group (SFG) Rickettsia antibodies in wild boars from central and 

northeastern Spain (Fernández de Mera et al., 2013; Ortuño et al., 2007), proving exposure and 

suggesting that wild boars can serve as hosts of Rickettsia spp. Altogether this might indicate 

both susceptibility of wild boar to Rickettsia infection and its ability to control the infection 

through undetermined immune responses. This ability has been previously suggested for A. 

phagocytophilum through an experimental infection in wild boars (de la Fuente & Gortázar, 

2012). 

Therefore, since Rickettsia spp. can be transmitted trans-stadially (from one life stage to the 

next) and transovarially (from females to their eggs), ticks in our study could have acquired 

Rickettsia spp. while feeding on a previous infected host, most probably during immature stages 

(Azad & Beard, 1998). Similarly, the study of Millán et al. (2016) showed that Rhipicephalus ticks 

collected from carnivores were infected with Rickettsia spp. but their carnivore hosts were not, 

suggesting that the infection occurred when feeding on small mammals as immature ticks. Also, 

the positive ticks in our study could have been infected via co-feeding, as this way of 

transmission has already been proven for some Rickettsia species (Moraes-Filho, Costa, Gerardi, 

Soares, & Labruna, 2018; Zemtsova, Killmaster, Mumcuoglu, & Levin, 2010). 

Despite the wild boar does not seem to be a Rickettsia spp. reservoir in our study area, both the 

wild boar abundance and expansion into highly populated areas could be acting as promoter 

factors of the vector capacity of ticks for Rickettsia spp. It has already been suggested that the 

vector capacity of ticks – the real ability to transmit a pathogen under natural conditions – is 

determined, either upwards or downwards, by factors other than mere vector competence 

(Duron, Sidi-Boumedine, Rousset, Moutailler, & Jourdain, 2015; Varela-Castro et al., 2018). On 

one hand, the increasing trend of wild boar populations during the last years (Massei et al., 

2015) is probably facilitating the life cycle of ticks and, therefore, their abundance (Estrada-Peña 

& de la Fuente, 2014). Moreover, wild boars could be favouring the Rickettsia spp. transmission 

among ticks via co-feeding, even if wild boars are not (Moraes-Filho et al., 2018; Zemtsova et 

al., 2010). On the other hand, human-wildlife coexistence is generating new paradigms of 

interactions (Soulsbury & White, 2015) due to increased wildlife populations, bidirectional 

fearless behaviours (Martínez-Abraín et al., 2019) and different perceptions of people towards 
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wildlife (Conejero et al., 2019). This may acquire bigger dimensions in a scenario where wild 

species and humans live in sympatry, human population at risk is considerable, and hence there 

is an increased health risk for people (Arce et al., 2013), such as in the MAB. 

The three Rickettsia species identified – R. massiliae, R. slovaca and R. raoultii – belong to the 

SFG, which represents a public health concern as these pathogens are emerging and cause 

rickettsioses in humans (Brouqui, Parola, Fournier, & Raoult, 2007; Oteo & Portillo, 2012). Both 

R. slovaca and R. raoultii, for instance, cause tick-borne lymphadenopathy (TIBOLA), also known 

as Dermacentor-borne necrosis erythema and lymphadenopathy (DEBONEL; Parola et al., 2009; 

Raoult, Berbis, Roux, Xu, & Maurin, 1997), the most prevalent tick-borne rickettsiosis in Europe 

after Mediterranean spotted fever (Oteo & Portillo, 2012). R. massiliae infection, although less 

common, has also been described as a cause of disease in humans since its first description 

(Vitale, Mansueto, Rolain, & Raoult, 2006); see Eldin et al. (2018) for a comprehensive list of 

cases. 

In north Spain, most ticks collected from people attending a health care centre were identified 

as D. marginatus. Some of these specimens were found infected with Rickettsia spp., exposing 

the risk for transmission to people in that area (Merino et al., 2005). Another study carried out 

in our region, Catalonia, revealed the presence of antibodies against R. slovaca in 5.5% of 

patients attending a hospital for reasons other than infectious diseases, also suggesting an 

exposure of people to this pathogen (Antón et al., 2008). Since the three Rickettsia species 

identified in our study are zoonotic and the ticks found on wild boars can bite humans (mainly 

D. marginatus; Estrada-Peña & Jongejan, 1999), there is a risk of Rickettsia spp. transmission for 

people living in the MAB. In fact, between 2012 and 2017, and despite we cannot discard 

imported cases, 99 people attended a health care centre in the MAB and were diagnosed with 

some kind of rickettsiosis, and 13 of them required hospital care (AQuAS, 2018a, 2018b). 

Many MAB inhabitants may be at risk when practising their daily or leisure activities either in 

Barcelona, Collserola or UAB, and information to visitors should be provided through 

informative or warning panels and information campaigns. Nevertheless, the risk may spread 

further, since hosts can disperse infected ticks (Palomar et al., 2012). Wild boars can travel 

distances of several kilometres daily (Podgórski et al., 2013) and, as we already mentioned, 

some of them are colonising urban and peri-urban areas such as the city of Barcelona (Cahill et 

al., 2012; Castillo-Contreras et al., 2018; Licoppe et al., 2013). In the particular case of 

Barcelona, wild boar presence occurs within and around the city such as in urban parks, private 

and public gardens (Castillo-Contreras et al., 2018), so ticks and TBPs may reach places where 
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the risk is supposed to be low or non-existent and hence more difficult to predict. Managers 

and policy makers must be aware of this risk in order to encourage the design and application of 

monitoring, prevention and management measures. 

To better characterise tick ecology, TBPs epidemiology and improve risk prevention, further 

studies should be directed at collection and identification of questing ticks from vegetation, on 

one hand, to assess the relationship between wild boar abundance and tick abundance, and on 

the other hand, to screen them for TBPs, especially Rickettsia spp. This would allow us to 

identify other tick species present in our study area and, since we would presumably collect 

nymphs and larvae, TBP results would also help us elucidate in which life stage do D. marginatus 

and R. sanguineus (s.l.) acquire Rickettsia spp. 

3.3.6. Conclusions 

The MAB is home to three million people that live in sympatry with wild boars, some of which 

carry ticks infected with zoonotic Rickettsia species. In this study we described the presence of 

four tick species, three of which had not been previously collected from wild boars in our 

region. Moreover, we identified three emerging zoonotic pathogens belonging to the SFG, 

namely R. massiliae, R. slovaca and R. raoultii, in ticks parasitizing wild boars. However, we did 

not detect these pathogens in wild boar tissues, and thus we cannot conclude a reservoir role of 

wild boar for Rickettsia spp. In spite of this, the increasing trend of wild boar populations could 

be promoting tick abundance in natural areas, as well as the wild boar presence in urbanised 

areas could be favouring the dispersion of ticks into these areas. Moreover, wild boars could be 

facilitating the Rickettsia spp. transmission among ticks through co-feeding. Therefore, a 

tangible risk of human exposure to Rickettsia spp. can be expected, even in urban locations 

where both the presence of ticks and the infection risk is supposedly low or non-existent, and 

hence more difficult to predict. 
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3.3.8. Supporting information 

S.3.3. Molecular detection of Rickettsia spp. DNA was performed using a total PCR volume of 20 

μL, which comprised 5 μL of extracted DNA and 15μL of PCR mixture. PCR mixture and 

conditions were designed following manufacturer instructions and included 10 μL of MyTaq™ 

Mix (Bioline), 0.5 μl (20 pmol/μl) of forward primer RKND03F, 0.5 μl (20 pmol/μl) of reverse 

primer RKND03R, 2 μl (2 pmol/μl) of FAM and TAMRA-labelled probe RKND03R (Taqman®),  and 

2 μL of distilled water. Amplification conditions started with a first step at 95°C for 3 minutes, 

followed by 40 cycles of denaturation at 92°C for 1 second and annealing and extension at 60°C 

for 35 seconds, and one last cycle at 42°C for 30 seconds. Samples with cycle threshold (Ct) 

values lower than 35 were considered positive. Distilled water was used as negative control and 

a laboratory-cultured Rickettsia conorii strain was the positive control. 

S.3.4. Molecular detection of Coxiella burnetii was performed following a protocol described in 

Brouqui et al. (2005), which consisted on the amplification of two different target regions 

through two different PCRs. For the first one, a total volume of 20 μL including 5 μL of extracted 

DNA and 15μL of PCR mix was used. The PCR mix included: 10 μl of MyTaq™ Mix (Bioline), 0.5μl 

(10 pmol/μL) of forward primer IS1111F, 0.5μl (10 pmol/μL) of reverse primer IS1111R, 2 μl (2 

μmol/μL) of FAM and TAMRA-labelled probe IS1111 and 2 μL of distilled water. The same mix 

was used for the second PCR, but the primers and probe were replaced by Cbis30aF, Cbis30aR 

and IS30a, respectively. Amplification conditions included a first step at 95°C for 15 minutes, 

followed by 40 cycles of denaturation at 95°C for 1 second, and annealing and extension at 60°C 

for 60 seconds. Samples with Ct values lower than 35 for both genes were considered positive. 

Distilled water was used as negative control and a known C. burnetii strain served as positive 

control. 
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S.3.5. Molecular detection of B. burgdorferi (s.l.) was performed following a modified protocol 

from Courtney et al. (2004). The total PCR volume was 20 μL and comprised 2 μL of extracted 

DNA and 18 μL of PCR mix. The mix included 10 μL of MyTaq™ Mix (Bioline), 1 μl (10 pmol/μl) of 

forward primer Bb23Sf, 1 μl (10 pmol/μl) of reverse primer Bb23Sr, 1 μl (10 pmol/μl) of FAM 

and TAMRA-labelled probe Bb23Sp-FAM and 5 μL of distilled water. Amplification conditions 

included a first step at 95°C for 10 minutes, followed by 40 cycles of denaturation at 95°C for 15 

seconds and annealing and extension at 60°C for 60 seconds. Samples with Ct values lower than 

35 were considered positive. Distilled water was used as negative control and a known B. 

burgdorferi strain served as positive control. 

S.3.6. Molecular amplification of Rickettsia spp., Ehrlichia spp., Anaplasma spp., Babesia spp. 

and Theileria spp. DNA through RLB consisted on three different amplifications, one for 

Rickettsia spp., one for Ehrlichia/Anaplasma spp. and one for Babesia/Theileria spp. The total 

volume of all three PCRs was 25 μL and comprised 2.5 μL of extracted DNA and 22.5 μL of PCR 

mix. The mix included 10 μL of MyTaq™ Red Mix (Bioline), 1 μl (20 pmol/μl) of forward primer, 1 

μl (20 pmol/μl) of reverse primer and 10.5 μL of distilled water. There were three different sets 

of primers; one pair for Rickettsia sp., one pair for Ehrlichia/Anaplasma sp. and another pair for 

Theileria/Babesia sp. PCR amplification conditions included a first denaturation step at 98°C for 

30 seconds, followed by 10 cycles of: denaturation at 98°C for 5 seconds, annealing at 67°C for 

5 seconds (with a 1°C decrease per cycle) and extension at 72°C for 7 seconds, followed by 40 

cycles of: denaturation at 98°C for 5 seconds, annealing at 57°C for 5 seconds and extension at 

72°C for 7 seconds, with a final extension step at 72°C for 60 seconds. Distilled water was used 

as negative control and a laboratory-cultured Rickettsia conorii strain, a known Ehrlichia 

ruminantium and a known Babesia bigemina served as positive controls for Rickettsia sp., 

Ehrlichia/Anaplasma sp. and Theileria/Babesia sp. assays, respectively. 

S.3.7. Molecular amplification of an 850 bp fragment from the gltA gene from Rickettsia sp. was 

performed following a protocol modified from Tijsse-Klasen et al. (2011). A total volume of 20 

μL including 2 μL of extracted DNA and 18μL of PCR mix was used. The PCR mix was designed 

according to manufacturer instructions and included: 10 μl MyTaq™ Red Mix (Bioline), 1μl (10 

pmol/μL) of forward primer CS409d, 1μl (10 pmol/μL) of reverse primer Rp1258n and 6 μL of 

distilled water. PCR conditions consisted on a first step at 94°C for 15 minutes, followed by 40 

cycles of: 94°C for 30 seconds, 54°C for 30 seconds and 72°C for 55 seconds, and a final 

elongation step at 72°C for 7 minutes. Distilled water was used as negative control and a 

laboratory-cultured Rickettsia conorii strain served as positive control. 
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3.4. Study 4 

 

Zoonotic Campylobacter spp. and Salmonella sp. carried by 

wild boars in a metropolitan area: occurrence, antimicrobial 

susceptibility and public health relevance 
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3.4.1. Abstract 

Campylobacteriosis is the most commonly reported zoonosis in Europe, followed by 

salmonellosis, and both are among the four most reported causes of foodborne illness 

worldwide. Although wildlife is not the main source of human infection, both Campylobacter 

and Salmonella can be transmitted from wildlife to humans. Wild boars can harbour a wide 

variety of zoonotic pathogens shared with livestock, companion animals and humans, including 

these two zoonotic bacteria. In the MAB (northeast Spain), wild boars enter the city of 

Barcelona from the bordering Serra de Collserola Natural Park, where the wild boar population 

has increased in recent years. In order to assess the potential public health risk of this wild boar 

population, from June 2015 to February 2016 we collected stool samples from 130 wild boars 

from three distinct areas in the MAB, to determine the Campylobacter spp. and Salmonella sp. 

occurrence and the antimicrobial susceptibility of the isolates. Also, we investigated the genetic 

diversity and virulence potential of Campylobacter isolates. Most wild boars carried 

Campylobacter spp. (60.8%, 95% CI: 52.2-68.7); among these, 46.2% carried C. lanienae (95% CI: 

37.8-54.7) and 16.2% carried C. coli (95% CI: 10.8-23.4). Although Salmonella enterica subsp. 

enterica was only detected in four wild boars (3%, 95% CI: 1.2-7.6), notably one of them carried 

the multidrug resistant (ASSuT) monophasic S. Typhimurium clone associated with human 

infections and pig meat in several EU countries, including Spain. We observed a high genetic 

diversity of Campylobacter species using pulse-field gel electrophoresis (PFGE) and multilocus 

sequence typing (MLST), and identified new sequence types. Campylobacter lanienae were not 

typeable with flaA-RFLP, and the restriction enzyme SmaI was more suitable than KpnI for 

typing both Campylobacter species by PFGE. Thirty per cent of C. coli and 12.5% of C. lanienae 

isolates showed a high virulence potential. None of the Campylobacter isolates tested were 

susceptible to all the antimicrobials and 58.8% of C. coli isolates were multiresistant. Wild boars 

could be a reservoir of Campylobacter spp. or simply carry and spread these foodborne zoonotic 

bacteria in urban and peri-urban areas in the MAB, posing a threat to people since the wild boar 

population, their presence in urban and peri-urban areas and interaction with humans are 

increasing. 

Keywords: Campylobacter coli, Campylobacter lanienae, MLST, PFGE, Sus scrofa, urban 

3.4.2. Introduction 

Zoonoses such as campylobacteriosis and salmonellosis are an important cause of human 

morbidity worldwide and an obstacle to socio-economic development (WHO, 2015). 



101 

 

Campylobacteriosis has been the most commonly reported zoonosis in Europe since 2005, 

representing almost 70% of all reported human cases in 2017, followed by salmonellosis (EFSA 

and ECDC, 2018), and they are the second and fourth most reported causes of foodborne illness 

worldwide, respectively (WHO, 2015). 

The vast majority of human cases of campylobacteriosis are caused by Campylobacter jejuni 

(84.4%), followed by Campylobacter coli (9.2%) (EFSA and ECDC, 2018). Handling, preparation 

and consumption of broiler meat account for 20-30% of human cases, whereas 50-80% might 

have their origin in chicken not only in the food chain but also through the environment or by 

direct contact (EFSA, 2010). Other sources include raw milk and water (Silva et al., 2011), and 

wildlife has been associated to the transmission of Campylobacter spp. into the food chain 

(Greig et al., 2015). Some species of Campylobacter have been associated to disease or lesions 

in food-producing and companion animals, but no clinical disease has been described in free-

ranging wild animals (Schweitzer et al., 2011; Speck, 2012). 

Typing of bacterial isolates is useful for tracing the source and routes of infection, which is key 

to design effective control measures and prevent further infections (Dingle et al., 2002). 

Furthermore, determining the presence of genes encoding for putative virulence factors may 

help understanding their potential to cause disease (Bang et al., 2003; Datta, Niwa, & Itoh, 

2003). Complications associated to campylobacteriosis only occur in 1% of cases, including the 

Guillain-Barré syndrome, reactive arthritis, or irritable bowel syndrome (Chlebicz & Śliżewska, 

2018). 

The genus Salmonella contains two species, S. bongori and S. enterica, the latter comprises six 

subspecies, which are further subtyped into serovars according to flagellar antigens (Grimont & 

Weill, 2007; Tindall, Grimont, Garrity, & Euzéby, 2005). The main sources of human infection 

are food (poultry meat, eggs, milk) and vegetables or water contaminated with manure (EFSA 

and ECDC, 2017; WHO, 2018). Salmonella can also be found in the environment (water, soil, 

foods, etc.) (Winfield & Groisman, 2003), and wildlife species can be the source of human 

infection via different routes (Greig et al., 2015; Hilbert, Smulders, Chopra-Dewasthaly, & 

Paulsen, 2012). A few wild bird and mammal species are susceptible to Salmonella infection, 

whereas many others simply carry the organism in their intestine without showing clinical signs, 

as with Campylobacter spp. (Gaffuri & Holmes, 2012). 

Food can also be a source of antimicrobial resistant bacteria and resistance genes for humans, 

and the presence of such resistance genes in pathogenic bacteria such as Campylobacter spp. 

and Salmonella spp. pose a risk of infection following ingestion or handling of contaminated 
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products (Newell et al., 2010). Moreover, human activities strongly affect the carriage of 

antimicrobial resistant bacteria by wildlife through their impact on natural habitats, and 

omnivorous species such as the wild boar are among the ones at a higher risk of being carriers 

and potential spreaders these bacteria (Vittecoq et al., 2016). 

Wild boars may harbour a wide variety of zoonotic pathogens shared with livestock, companion 

animals and humans, including Campylobacter and Salmonella spp. (Meng et al., 2009; Ruiz-

Fons, 2017). Wild boar populations have been increasing and expanding across Europe for the 

last decades (Massei et al., 2015), which increases the disease transmission potential due to 

increased contacts (Ruiz-Fons, 2017). 

Moreover, wild boars inhabit a wide range of habitats (Abaigar et al., 1994; Meriggi & Sacchi, 

2001; Virgós, 2002), including urban and peri-urban areas (Licoppe et al., 2013), where they 

cause conflicts with humans such as traffic accidents, damage to green spaces and even attacks 

on people and pets, in addition to the risk they pose of disease transmission (Fernández-Aguilar 

et al., 2018; Soulsbury & White, 2015; Wang et al., 2019). In these areas, people are at risk 

because wild boars may defecate, feed and drink water from public spaces. Furthermore, 

hunters are at risk of direct transmission when handling wild boar carcasses (Brown, Bowen, & 

Bosco-Lauth, 2018). 

In the MAB (northeast Spain), wild boars enter the city of Barcelona from the bordering Serra de 

Collserola Natural Park (Castillo-Contreras et al., 2018), where the wild boar population has 

increased in recent years (González-Crespo et al., 2018). Similarly, in recent years wild boars 

have been entering and causing damages in the Bellaterra campus of Universitat Autònoma de 

Barcelona (UAB) (Lavín et al., 2017), located north of Collserola and Barcelona. 

Given the presence of wild boar in urban and peri-urban areas in the MAB and their potential 

role as reservoir hosts or carriers of numerous zoonotic pathogens, our aim is to assess the 

occurrence of zoonotic Campylobacter and Salmonella spp. in wild boar faeces from the MAB, 

as well as the antimicrobial susceptibility of the isolates, and to characterise Campylobacter 

isolates in terms of genetic diversity and virulence potential. 

3.4.3. Material and methods 

Sampling 

From June 2015 to February 2016, we collected stool samples from 130 wild boars from three 

distinct areas in the MAB (northeast Spain); a natural area (Collserola massif, n=73) and two 
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urbanised ones (Barcelona municipality, n=32, and the Bellaterra Campus of the Universitat 

Autònoma de Barcelona-UAB, n=25) (Figure 3.10). 

We obtained sterile swabs from the wild boar rectum, and then placed the swabs in Amies 

transport medium containing charcoal (Deltalab, Barcelona Spain). We kept the swabs 

refrigerated until arrival and processing at the laboratory, which occurred within the next 24h. 

Wild boars were harvested by local hunters in Collserola, or anaesthetised with a blowpipe by a 

veterinarian in Barcelona (tele-anaesthesia, contracts 15/0174, 16/0243 and 16/0243-00-PR/01 

with Ajuntament de Barcelona-Barcelona city council) and UAB (using cage traps prior to 

anaesthesia, authorization AC/190 from Generalitat de Catalunya-Government of Catalonia). In 

Barcelona and UAB, we used an anaesthetic combination of xylazine, tiletamine and zolazepam 

(3 mg/kg each). Wild boars were captured or hunted for the regular population management 

purposes, not for research, and according to national and local legislation. 

Study area 

 

Figure 3.10. Study area: Collserola (solid green line), Barcelona (heavy black line) and UAB (dashed black 

line), in the Metropolitan Area of Barcelona (MAB, thin black line). Top left: location of MAB (black 

square) in the Iberian Peninsula. Orthophoto: ICGC. 
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Collserola massif, Barcelona municipality and UAB (Figure 3.10) campus belong to the MAB 

(Catalonia, northeastern Spain), which is home to over 3,200,000 people (Institut d’Estadística 

de Catalunya, 2015). Collserola massif is roughly 10,000 ha in surface, mostly covered by 

scrubland, forest and meadows, but it also contains recreational spaces, roads, built-up areas 

and roads (Generalitat de Catalunya, 2010). Moreover, it receives 3 million visitors each year 

(Parc de Collserola, n.d.-c). On the contrary, Barcelona is a 10,100 ha city inhabited by 

1,600,000 people (Institut d’Estadística de Catalunya, 2019), and UAB, in turn, is a 260 ha 

university campus regularly used by 45,000 people (UAB, 2018). 

Campylobacter and Salmonella isolation and identification 

We performed Campylobacter sp. isolation and identification as described by Urdaneta, Dolz, & 

Cerdà-Cuéllar (2015). We preserved Campylobacter sp. isolates in brain heart infusion broth 

with 20% glycerol at -75ºC until further analysis. For species identification, we used a multiplex 

PCR targeting lipid A gene lpxA (Klena et al., 2004), with forward primers lpxA-C. coli 5’- 

AGACAAATAAGAGAGAATCAG-3’ and lpxA-C. jejuni 5’-ACAACTTGGTGACGATGTTGTA-3’, and a 

reverse primer lpxA-RKK2m 5’-CAATCATGDGCDATATGASAATAHGCCAT-3’ for both C. coli and C. 

jejuni. For C. lanienae, we used another PCR using the primers CLAN76F (5’-

GTAAGAGCTTGCTCTTATGAG-3’) and CLAN1021R (5’-TCTTATCTCTAAGAGGTTCTTA-3’), as 

described by Logan, Burnens, Linton, Lawson, & Stanley (2000). 

We performed Salmonella sp. isolation and identification following Antilles, Sanglas, & Cerdà-

Cuéllar (2015). We preserved the Salmonella sp. isolates in brain heart infusion broth with 20% 

glycerol at -75ºC until further analysis. Salmonella sp. isolates were serotyped at the Laboratori 

Agroalimentari (Cabrils, Spain) from the Catalan Government (Departament d’Agricultura, 

Ramaderia, Pesca i Alimentació), according to White-Kauffmann-Le Minor scheme (Grimont & 

Weill, 2007). 

Molecular typing of the isolates 

In order to assess the genotypic diversity of Campylobacter strains, we first used two different 

typing methods, namely restriction fragment length polymorphism of the flaA gene (flaA-RFLP) 

for C. coli, and enterobacterial repetitive intergenic consensus PCR (ERIC-PCR) for 

Campylobacter lanienae. We considered as the same strain those isolates from the same wild 

boar host showing identical band patterns (either from flaA-RFLP or ERIC-PCR), and selected 

one of each (83 C. lanienae and 70 C. coli isolates) for further typing by pulse-field gel 
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electrophoresis (PFGE). Based on PFGE results, we selected 29 isolates (8 C. lanienae and 21 C. 

coli) for further analysis by multilocus sequence typing (MLST). 

ERIC-PCR 

We performed ERIC-PCR as described by Antilles et al. (2015), using primers ERIC-1R 5’-

ATGTAAGCTCCTGGGGATTCAC-3’ and ERIC-2 5’-AAGTAAGTGACTGGGGTGAGCG-3’ (Versalovic, 

Koeuth, & Lupski, 1991). We resolved the PCR products by electrophoresis in 2% agarose gel in 

1x tris-acetate-electrophoresis (TAE) buffer at 60V for 3h. 

FlaA-RFLP 

We performed flaA-RFLP according to the CAMPYNET protocol (Harrington, Moran, Ridley, 

Newell, & Madden, 2003). For amplification of the flaA gene we used the forward A1 (5’-

GGATTTCGTATTAACACAAATGGTGC-3’) and reverse A2 (5’-CTGTAGTAATCTTAAAACATTTTG-3’) 

primers (Nachamkin, Bohachick, & Patton, 1993). The amplified PCR product (1.7 kb) was 

digested with the restriction enzyme DdeI (HypF3I, FastDigest®, Thermo Fisher Scientific, 

Waltham, MA, USA), and separated by electrophoresis in 2.5% agarose gel in 1x TAE buffer at 

90V for 3h. 

PFGE 

We followed the standard operating protocol from PulseNet 

(www.pulsenetinternational.org/protocols/pfge/) for PFGE typing of the selected 

Campylobacter isolates (83 C. lanienae and 70 C. coli). We digested the genomic DNA with SmaI 

and KpnI restriction enzymes (Roche Applied Science, Indianapolis, IN, USA). Electrophoresis 

was performed in a CHEF-DR III System (Bio-Rad, Hercules, CA, USA). 

We analysed PFGE band patterns with Fingerprinting II v3.0 software (Bio-Rad, Hercules, CA, 

USA), as previously described (Moré et al., 2017). We obtained a dendrogram per each 

Campylobacter species and restriction enzyme used, and another dendrogram combining SmaI 

and KpnI enzymes. Similarity matrices were calculated using the Dice coefficient with tolerance 

and optimization values of 1.0%. Dendrograms were constructed using an unweighted-pair 

group method with arithmetic mean (UPGMA). We considered PFGE band patterns with a 

similarity ≥ 90% to be the same pulsotype and named them according to the restriction enzyme 

used. 

 

http://www.pulsenetinternational.org/protocols/pfge/
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MLST 

 Based on PFGE results, we selected 29 isolates (8 C. lanienae and 21 C. coli) for MLST typing, 

which was performed according to Miller et al. (2012) for C. lanienae. For C. coli isolates, we 

followed the procedure and primers reported by Miller et al. (2005) and when no amplicon was 

obtained, we used those primers reported by Korczak, Zurfluh, Emler, Kuhn-Oertli, & Kuhnert 

(2009). Primer sets are shown in Tables 3.18 and 3.19. Sanger sequencing of the PCR purified 

products was undertaken by Geneservice Source BioScience (Nottingham, United Kingdom). 

Table 3.18. C. coli primer sets used for MLST. 

Locus Primer Forward 5'-3' Primer Reverse 3’-5’ Reference 

aspA aspAF1 
GAGAGAAAAGCWGAAGAA
TTTAAAGAT 

aspAR1 
TTTTTTCATTWGCRSTAA
TACCATC 

Miller et al. (2005) 

 aspA_Cjc-L 
CAACTKCAAGATGCWGTAC
C 

aspA_Cjc-R 
ATCWGCTAAAGTATRCA
TTGC 

Korczak et al. (2009) 

atpA atpAF 
GWCAAGGDGTTATYTGTAT
WTATGTTGC 

atpAR 
TTTAADAVYTCAACCATT
CTTTGTCC 

Miller et al. (2005) 

 atpA_Cjc-L 
CAAAAGCAAAGYACAGTGG
C 

atpA_Cjc-R 
CTACTTGCCTCATCYAAA
TCAC 

Korczak et al. (2009) 

glnA glnAF 
TGATAGGMACTTGGCAYCA
TATYAC 

glnAR 
ARRCTCATATGMACATG
CATACCA 

Miller et al. (2005) 

 glnA_Cjc-L 
ACWGATATGATAGGAACTT
GGC 

glnA_Cjc-R 
GYTTTGGCATAAAAGTK
GCAG 

Korczak et al. (2009) 

gltA gltAF 
GARTGGCTTGCKGAAAAYA
ARCTTT 

gltAR 
TATAAACCCTATGYCCA
AAGCCCAT 

Miller et al. (2005) 

 gltA_Cjc-L TATCCTATAGARTGGCTTGC gltA_Cjc-R 
AAGCGCWCCAATACCT
GCTG 

Korczak et al. (2009) 

glyA glyAF 
ATTCAGGTTCTCAAGCTAAT
CAAGG 

glyAR 
GCTAAATCYGCATCTTTK
CCRCTAAA 

Miller et al. (2005) 

 glyA_Cjc-L 
AGGTTCTCAAGCTAATCAAG
G 

glyA_Cjc-R 
CATCTTTTCCRCTAAAYT
CACG 

Korczak et al. (2009) 

pgm pgmF1 
CATTGCGTGTDGTTTTAGAT
GTVGC 

pgmR1 
AATTTTCHGTBCCAGAA
TAGCGAAA 

Miller et al. (2005) 

 glmM_Cjc-L 
GCTTATAAGGTAGCWCCKA
CTG 

glmM_Cjc-R 
AATTTTCHGTTCCAGAA
TAGCG 

Korczak et al. (2009) 

tkt tktF1 
GCAAAYTCAGGMCAYCCAG
GTGC 

tktR1 
TTTTAATHAVHTCTTCRC
CCAAAGGT 

Miller et al. (2005) 

 tkt_Cjc-L 
AAAYCCMACTTGGCTAAAC
CG 

tkt_Cjc-R 
TGACTKCCTTCAAGCTCT
CC 

Korczak et al. (2009) 

Table 3.19. Campylobacter lanienae primer sets used for MLST (Miller et al., 2012). 

Locus Primer Forward 5'-3' Primer Reverse 3'-5' 
aspA LANaspF TTTAGCCACAGCTATGGAGTATCTCAA LANaspR ATATGGGTTRAAWGCTGTAACRATACC 

 *HFLaspXF AAYATGAAYGCAAACGAAGTTATAGC LANaspR ATATGGGTTRAAWGCTGTAACRATACC 

atpA LANatpF AACCAAAAAGGTCAAGATGTTATATG LANatpR ATTTTCTACTGGAAGTGGGCTATAAGG 

glnA LANglnF TGGCAYCAYGTATCWTATAATATAAAAGC LANglnR ATGGACRTGCATACCRCTWCCATTATC 

 *HFLglnXF TTTYGAATWTTGTRAWGAAAATGAAGT *HFLglnXF AGAGTAWGTWAGAATGCTTGGKGCTTC 

gltA LANgltF ATGCATAGMGGMTATGATATAGCGTGG LANgltR CATCAACTCTATCTGGAGTWCCKATCA 

glyA LANglyF TGCWAATGTTCAGCCAAATAGCG LANglyR CAAGAGCGATATCRGCRTCTTTACC 

pgm LANpgmF GCTTACYTTAAAAGGCCTRMGAGTTGT LANpgmR AAGAAGCAGYCTAATCAAATTYTCTGT 

tkt LANtktF CATCTAAAKCAYAATCCMAAAAATCC LANtktR ATCTCWKCGCCAAGMGGAGC 

*Alternative MLST primer. 

We used the Fingerprinting II v3.0 software to edit and analyse the Sanger sequencing results, 

assigned alleles and sequence types (STs) based on the MLST scheme provided on the 
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Campylobacter PubMLST database (http://pubmlst.org/campylobacter), and submitted novel 

alleles and STs to this database. Moreover, to assess the phylogenetic relationship among C. 

lanienae isolates we constructed a maximum likelihood tree based on concatenated MLST loci, 

using the MEGA X software (Kumar et al., 2018). 

Virulence-associated genes 

In total, we tested 8 C. lanienae and 20 C. coli isolates by PCR for the presence of 14 genes 

encoding putative virulence factors. These included genes related to motility (flaA and flaB), 

adhesion and colonization (cadF, dnaJ, racR, pldA, virB11), invasion (ceuE, ciaB), cytotoxin 

production (cdtA, cdtB, cdtC and wlaN) and the type 6 secretion system (T6SS) (Bolton, 2015; 

Dasti, Tareen, Lugert, Zautner, & Groß, 2010). Primer sets and corresponding annealing 

temperatures are indicated in Table 3.20. 

Table 3.20. Primers of virulence factors used and annealing temperatures. 

Locus Primer Sequence 5'- 3' Primer Sequence 5'- 3' Ta Reference 

flaA flaA664 
AATAAAAATGCTGATAAAACA
GGTG 

flaA1494 
TACCGAACCAATGTCTGCT
CTGATT 

55 Datta et al. (2003) 

flaB flaB-F 
AAGGATTTAAAATGGGTTTTA
GAATAAACACC 

flaB-R 
GCTCATCCATAGCTTTATCT
GC 

55 Goon et al. (2003) 

cadF 
cadF-
F2B 

TTGAAGGTAATTTAGATATG cadF-R1B 
CTAATACCTAAAGTTGAAA
C 

55 Datta et al. (2003) 

ceuE 
(Cc) 

COL1 
ATGAAAAAATATTTAGTTTTT
GCA 

COL2 
GATCTTTTTGTTTTGTGCTG
C 

55 Bang et al. (2003) 

racR racR-25 GATGATCCTGACTTTG racR-593 TCTCCTATTTTTACCC 40 Datta et al. (2003) 

dnaJ 
dnaJ-
299 

AAGGCTTTGGCTCATC 
dnaJ-
1003 

CTTTTTGTTCATCGTT 40 Datta et al. (2003) 

virB11 
virB-
232 

TCTTGTGAGTTGCCTTACCCCT
TTT 

virB-701 
CCTGCGTGTCCTGTGTTAT
TTACCC 

45 Datta et al. (2003) 

ciaB 
ciaB-
403 

TTTTTATCAGTCCTTA 
ciaB-
1373 

TTTCGGTATCATTAGC 45 Datta et al. (2003) 

pldA pldA-84 AAGCTTATGCGTTTTT pld-981 TATAAGGCTTTCTCCA 45 Datta et al. (2003) 

cdtA DS-18 CCTTGTGATGCAAGCAATC DS-15 ACACTCCATTTGCTTTCTG 55 
Hickey et al. 
(2000) 

cdtB 
cdtB-
113 

CAGAAAGCAAATGGAGTGTT cdtB-713 
AGCTAAAAGCGGTGGAGT
AT 

55 Datta et al. (2003) 

cdtC 
cdtC-
192 

CGATGAGTTAAAACAAAAAG
ATA 

cdtC-351 
TTGGCATTATAGAAAATAC
AGTT 

55 Datta et al. (2003) 

wlaN 
wlaN-
DL 39 

TTAAGAGCAAGATATGAAGG
TG 

wlaN-DL 
41 

CCATTTGAATTGATATTTTT
G 

53 Linton et al. (2000) 

hcp hcp-F CAAGCGGTGCATCTACTGAA hcp-R TAAGCTTTGCCCTCTCTCCA 56 
Corcionivoschi et 
al. (2015) 

 *gltA-F GCCCAAAGCCCATCATGCACA *gltA-R 
GCGCTTTGGGGTCATGCAC
A 

56 
Corcionivoschi et 
al. (2015) 

* Internal positive control of the PCR. a Annealing tempertaure (ºC). 

Antimicrobial susceptibility testing 

We tested one Campylobacter isolate per pulsotype and area (n=7 C. lanienae and n=17 C. coli 

isolates) and all Salmonella isolates (n=4) for antimicrobial susceptibility according to the 

http://pubmlst.org/campylobacter
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National Veterinary Institute (Uppsala, Sweden) minimum inhibitory concentration (MIC) 

system. We followed the VetMIC Camp EU protocol 

(https://www.sva.se/globalassets/redesign2011/pdf/analyser_produkter/vetmic/anvandarinstru

ktioner/vetmic-camp-eu.pdf) for Campylobacter isolates and the VetMIC GN-mo protocol 

(https://www.sva.se/globalassets/redesign2011/pdf/analyser_produkter/vetmic/vetmic_gn.pdf) 

for Salmonella isolates. After incubation, we checked each well for growth (as a pellet in the 

bottom of the well and/or turbidity) and established the MIC at the lowest concentration 

inhibiting visible growth. Then, we designated each isolate as wild type (susceptible) or non-wild 

type (non-susceptible) depending on the break-points determined by EUCAST for each 

antimicrobial and bacterial species 

(https://mic.eucast.org/Eucast2/SearchController/search.jsp?action=init), which correspond to 

cut-off values appropriate to detect biological resistance, not therapeutic efficacy. When such 

break-points were not available, we used those from Escherichia coli for Salmonella sp., and 

those from C. coli for C. lanienae isolates. 

For Campylobacter isolates, antimicrobials included erythromycin (1-128 µg/ml), ciprofloxacin 

(0.12-16 µg/ml), nalidixic acid (1-64 µg/ml), tetracycline (0.5-64 µg/ml), streptomycin (0.25-32 

µg/ml) and gentamicin (0.12-16 µg/ml). For Salmonella isolates, the antimicrobials tested were 

ampicillin (1-128 µg/ml), cefotaxime (0.016-2 µg/ml), ceftazidime (0.25-16 µg/ml), ciprofloxacin 

(0.008-1 µg/ml), nalidixic acid (1-128 µg/ml), gentamicin (0.12-16 µg/ml), streptomycin (2-256 

µg/ml), kanamycin (8-16 µg/ml), tetracycline (1-128 µg/ml), florfenicol (4-32 µg/ml), 

chloramphenicol (2-64 µg/ml), colistin (0.5-4 µg/ml), sulfamethoxazole (8-1024 µg/ml) and 

trimethoprim (0.12-16 µg/ml). 

Statistical analyses 

We used the R software, version 3.5.0 (R Development Core Team, 2018). For 95 % confidence 

interval (CI) calculation, we used the binconf function from the Hmisc package (Harrel Jr, 2018). 

To compare the number of Campylobacter-carrying wild boars (any species) among areas, we 

applied a chi-squared test. We also used a 3-sample test for equality of proportions (Crawley, 

2007a) to compare the prevalence of C. lanienae, C. coli and mixed infections, including post-

hoc pairwise comparisons with the holm adjustment method. We used the same methodology 

to address differences in the prevalence of each Campylobacter species among areas, and we 

considered a result as statistically significant at p values below 0.05. 

 

https://www.sva.se/globalassets/redesign2011/pdf/analyser_produkter/vetmic/anvandarinstruktioner/vetmic-camp-eu.pdf
https://www.sva.se/globalassets/redesign2011/pdf/analyser_produkter/vetmic/anvandarinstruktioner/vetmic-camp-eu.pdf
https://www.sva.se/globalassets/redesign2011/pdf/analyser_produkter/vetmic/vetmic_gn.pdf
https://mic.eucast.org/Eucast2/SearchController/search.jsp?action=init
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3.4.4. Results 

Campylobacter and Salmonella prevalence 

We obtained Campylobacter sp. isolates from 79 out of the 130 wild boars (60.8%, see Table 

3.21). Campylobacter lanienae was more frequently isolated than C. coli (X-squared=74.4, df=2, 

p=7.2e-7), mixed infections involving both C. lanienae and C. coli were the least frequent (C. 

lanienae vs. mixed infection: p=7.2e-15; C. coli vs. mixed infection: p=0.0008), and C. jejuni was 

not detected (Table 3.21). 

There were not significant differences among the three study areas, either in Campylobacter 

spp. (X-squared=3.5, df=2, p=0.2) or C. coli prevalence (X-squared=5.3, df=2, p=0.07). The 

prevalence of C. lanienae, on the contrary, differed among areas (X-squared=6.4, df=2, p=0.04), 

although post-hoc pairwise comparisons only showed a tendency in C. lanienae prevalence 

towards being more frequent in wild boars from Collserola than from Barcelona (p=0.06) (Table 

3.21). 

Table 3.21. Campylobacter spp. isolates from wild boars; relative frequency, prevalence and 95% 

confidence interval per species and area. 

 Positive wild boar/Analysed wild boar (prevalence, %) 
[95% confidence interval] 

 Barcelona Collserola UAB Total 

C. lanienae 
9/32 (28.1) 
[15.6- 45.4 

40/73 (54.8) 
[43.4 65.7] 

11/25 (44) 
[26.7-62.9] 

60/130 (46.2) 
[37.8- 54.7] 

C. coli 
8/32 (25) 
[13.3- 42.1] 

7/73 (9.6) 
[4.7- 18.5] 

6/25 (24) 
[11.5- 43.4] 

21/130 (16.2) 
[10.8- 23.4] 

C. jejuni 
0/32 (0) 
[0-10.7] 

0/73 (0) 
[0-5] 

0/25 (0) 
[0-13.3] 

0/130 (0) 
[0-2.9] 

Mixed infection 
2/32 (6.3) 
[1.7- 20.1] 

1/73 (1.4) 
[0.07- 7.4] 

1/25 (4) 
[0.2- 19.5] 

4/130 (3.1) 
[1.2- 7.6] 

Campylobacter 
sp. 

0/32 (0) 
[0-10.7] 

1/73 (1.4) 
[0.07-7.4] 

1/25 (4) 
[0.2- 19.5] 

2/130 (1.5) 
[0.4 5.4] 

Total 
15/32 (46.9) 
[30.9- 63.6] 

47/73 (64.4) 
[52.9- 74.4] 

17/25 (68) 
[48.4-82.8] 

79/130 (60.8) 
[52.2- 68.7] 

We isolated Salmonella enterica subsp. enterica from four out of the 130 wild boars (3.1%, 95% 

CI: 1.2-7.6%), three from Collserola and one from Barcelona, belonging to three different 

serovars, namely S. Typhimurium monophasic (in Collserola), S. Bardo (in Collserola), and S. 

Enteritidis (in Barcelona); the last Salmonella isolate was not typeable. 
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Genetic diversity 

ERIC-PCR and flaA-RFLP 

We initially attempted the typing of 187 C. lanienae isolates (obtained from 60 wild boars) by 

flaA-RFLP, but most isolates were not typeable. Typing by ERIC-PCR revealed 83 different 

profiles. Typing of 70 C. coli isolates (from 21 wild boars) by flaA-RFLP revealed 31 different 

profiles, with eight isolates not typeable with this method. One isolate per profile was selected 

to further type them by PFGE. 

PFGE 

Among the 83 C. lanienae profiles, we obtained 23 different PFGE pulsotypes with the 

restriction enzyme SmaI and nine with the restriction enzyme KpnI. Among the 31 C. coli 

isolates, we obtained 15 different pulsotypes with SmaI and 14 with KpnI. With both restriction 

enzymes combined, PFGE typing revealed 22 different pulsotypes, six for C. lanienae and 16 for 

C. coli. However, as happened with flaA-RFLP, not all isolates were typeable by PFGE; we were 

able to obtain band patterns from 42.2% (35/83) of the C. lanienae isolates and all (31/31) the 

C. coli isolates with SmaI, whereas these numbers were reduced to 20.5% (17/83) and 74.2% 

(23/31), respectively, when using KpnI. 

The combined dendrogram of Smal and Kpnl PFGE profiles grouped all the Campylobacter 

isolates into four clusters with a similarity of approximately 62% (Figure 3.11). Three of these 

clusters comprised only C. coli isolates, whilst the fourth one only contained C. lanienae isolates. 

Two other isolates, one from each Campylobacter species, were grouped separately with a 58% 

similarity. Most wild boars carried a single Campylobacter pulsotype, except one of them which 

carried two different C. lanienae pulsotypes (SK17 and SK19), and three other which carried two 

different C. coli pulsotypes each (SK8 and SK14, SK9 and SK11, and SK11 and SK12). Despite this 

high genotypic diversity, we found two pulsotypes in wild boars from different sampling areas: 

pulsotype SK13 both in Collserola and UAB, and SK16 in Collserola and Barcelona (Figure 3.11). 

Other pulsotypes recovered from several individuals were all from the same sampling area (SK1, 

SK3, SK11). 
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Figure 3.11. Combined dendrogram of Smal and Kpnl PFGE profiles of the C. lanienae and C. coli isolates, 

MLST sequence type (ST) and MLST clonal complex (CC) of C. coli isolates. Sp: species, Puls: PFGE 

pulsotype. Novel STs are shown in bold. B: Barcelona, C: Collserola, U: UAB. 

MLST 

A total of 29 isolates (C. coli n=21, C. lanienae n=8) from the 22 different pulsotypes obtained 

with the combined PFGE dendrogram (Figure 3.11) were selected for the MLST analysis. For C. 

lanienae, all but four alleles (uncA 7, uncA 12, glnA 12, glyA 21) from two different genes were 

novel, and we used a maximum likelihood tree to assess the phylogenetic relationship among 

the C. lanienae isolates (Figure 3.12). Three isolates from two different areas showed 100% 

similarity (SS15069-C2 from Barcelona, SS15127-C1 and SS15190-C1 from Collserola) and 

belonged to the same pulsotype SK16, while two other isolates (SS15102-C1 and SS15132-C2) 

belonging to two different pulsotypes (SK19 and SK18) were closely related and differed only in 

six nucleotides. Isolate SS15102-C4, from a Barcelona wild boar, was the most divergent. 

 

Isolate Sp Year Area Puls ST CC 

SS16036-C1 C.c 2016 B SK1 2814 828 
SS16009-C3 C.c 2016 B SK1 9237 - 

SS16030-C1 C.c 2016 C SK2 854 828 

SS15115-C1 C.c 2015 B SK3 854 828 

SS15117-C1 C.c 2015 B SK3 828 828 
SS15188-C1 C.c 2015 C SK4 9235 - 

SS15100-C1 C.c 2015 B SK5 9235 - 

SS15091-C1 C.c 2015 UAB SK6 854 828 

SS15077-C2 C.c 2015 UAB SK6 2097 828 
SS15068-C1 C.c 2015 UAB SK7 854 828 

SS16005-C2 C.c 2016 UAB SK8 854 828 

SS15118-C1 C.c 2015 C SK9 3020 828 

SS15083-C1 C.c 2015 UAB SK10 - - 
SS16005-C3 C.c 2016 UAB SK11 9238 - 

SS15080-C3 C.c 2015 UAB SK11 9236 - 

SS15080-C2 C.c 2015 UAB SK11 - - 

SS15078-C1 C.c 2015 UAB SK12 827 828 
SS15185-C1 C.c 2015 C SK13 827 828 

SS15068-C4 C.c 2015 B SK14 827 828 

SS15070-C3 C.c 2015 UAB SK15 1058 828 

SS15190-C1 C.l 2015 C SK16 - - 
SS15069-C2 C.l 2015 B SK16 - - 

SS15127-C1 C.l 2015 C SK16 - - 

SS15102-C4 C.l 2015 B SK17 - - 

SS15132-C2 C.l 2015 C SK18 - - 
SS15102-C1 C.l 2015 B SK19 - - 

SS16042-C1 C.l 2016 C SK20 - - 

SS16037-C1 C.c 2016 C SK21 5006 828 

SS16031-C2 C.l 2016 C SK22 - - 
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Figure 3.12. Maximum likelihood tree based on concatenated MLST loci of C. lanienae isolates. Branch 

lengths are based on the number of substitutions per site. 

We obtained the complete MLST profile and therefore the corresponding ST (Figure 3.11 and 

Table 3.22) for 19 out of the 21 C. coli isolates. Overall, we found 12 different STs, four of which 

(ST 9235, ST 9236, ST 9237 and ST 9238) were new. These novel STs consisted on new allele 

combinations (ST 9236, ST 9237 and ST 9238) or new allele sequences (ST 9235, new allele uncA 

588). All the C. coli isolates with existing ST and the novel ST 9236 and ST 9238 belonged to the 

same clonal complex (CC 828). The most frequent ST among C. coli isolates was ST 854, which 

we found in five individuals (isolates SS15068-C1, SS15091-C1, SS15115-C1, SS16005-C2 and 

SS16030-C1) from all three studied areas. The second most common ST was ST 827 (isolates 

SS15185-C1, SS15078-C1 and SS15068-C4), also found in all the areas. We also identified one of 

the novel STs (ST 9235) in two isolates, from Barcelona (SS15100-C1) and from Collserola 

(SS15188-C1). The nine remaining STs (828, 1058, 2097, 2814, 3020, 5006, 9236, 9237 and 

9238) belonged to single isolates and were distributed heterogeneously among the three 

studied areas. 

Table 3.22. MLST allelic profiles and sequence types (ST) of C. coli isolates. Novel STs are shown in bold. 

Isolates are grouped by studied areas. CC: MLST clonal complex. 

Isolate Year Area aspA glnA gltA glyA pgm tkt uncA STa CC 

SS15100-C1 2015 Barcelona 33 39 44 82 118 35 588 9235 - 

SS15115-C1 2015 Barcelona 33 38 30 82 104 43 17 854 828 

SS15117-C1 2015 Barcelona 33 39 30 82 104 43 17 828 828 

SS16009-C3 2016 Barcelona 32 38 30 82 104 44 36 9237 - 

SS16036-C1 2016 Barcelona 32 38 30 82 104 43 36 2814 828 

SS15068-C4 2015 Barcelona 33 39 30 82 104 56 17 827 828 

SS15118-C1 2015 Collserola 33 179 30 79 113 43 17 3020 828 

SS15185-C1 2015 Collserola 33 39 30 82 104 56 17 827 828 

SS15188-C1 2015 Collserola 33 39 44 82 118 35 588 9235 - 

Isolate Year Location Pulsotype 

SS15069-C2 2015 Barcelona SK16 

SS15127-C1 2015 Collserola SK16 

SS15190-C1 2015 Collserola SK16 

SS15102-C1 2015 Barcelona SK19 

SS15132-C2 2015 Collserola SK18 

SS16042-C1 2016 Collserola SK20 

SS16031-C2 2016 Collserola SK22 

SS16031-C2 2016 Barcelona SK17 

Barcelona 

Collserola 
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SS16030-C1 2016 Collserola 33 38 30 82 104 43 17 854 828 

SS16037-C1 2016 Collserola 33 66 30 192 189 43 17 5006 828 

SS15068-C1 2015 UAB 33 38 30 82 104 43 17 854 828 

SS15070-C3 2015 UAB 33 39 30 82 104 35 17 1058 828 

SS15077-C2 2015 UAB 33 38 30 238 104 43 36 2097 828 

SS15078-C1 2015 UAB 33 39 30 82 104 56 17 827 828 

SS15080-C3 2015 UAB 33 4 30 115 104 85 17 9236 828 

SS15080-C2 2015 UAB 33 38 30 115 104 85 - nd - 

SS15083-C1 2015 UAB - - - - - - - nd - 

SS15091-C1 2015 UAB 33 38 30 82 104 43 17 854 828 

SS16005-C2 2016 UAB 33 38 30 82 104 43 17 854 828 

SS16005-C3 2016 UAB 33 39 30 82 118 44 17 9238 828 

a nd: no sequence obtained and thus no allele number could be assigned. 

We obtained a higher number of pulsotypes (16) than STs (12) for C. coli isolates (Figure 3.11 

and Table 3.22). We found different pulsotypes grouped as the same ST (ST 827 in SK13 and 

SK14; ST 854 in SK2, SK3, SK6, SK8 and SK9; ST 9235 in SK4 and SK5) and vice versa, isolates with 

the same pulsotype but different ST (SK3 in ST 854 and ST 828; SK1 in ST 2814 and ST 9237; 

SK11 in ST 9236 and 9238). 

When compared to the C. jejuni and C. coli isolates available in the PubMLST, most of the STs 

from C. coli found in the present study had been previously isolated from a wide range of 

domestic animals such as sheep, cattle and pigs, but most frequently from chickens (Table 

3.23). Besides the novel STs, all STs obtained in our study have also been isolated from human 

stools. In addition, ST 827, 828 and 854 have been found in environmental waters. The main 

source of ST 827 is human stools, which represent a 46.6% of all isolates within this ST in the 

PubMLST database. In the case of ST 828, the predominant source is chicken (64%), while ST 

854 and ST 1058 come primarily from pigs (39.2% and 68.9%, respectively). 

Table 3.23. Sequence type (ST) of C. coli isolates obtained from wild boars in the present study compared 

to the wider population of STs in the PubMLST database. The most frequent source of each ST is shown in 

bold. 

ST 
PubMLST 
isolates 

Chicken 
Chicken 

meat 
Sheep 

Farm 
environment 

Cattle Pig 
Environmental 

waters 

Human 
stool 

Other 
sources 

827 1562 
209 

(14.7%) 
72 

(5.8%) 
138 

(9.7%) 
155 

(10.9%) 
82 

(5.8%) 
5 

(0.4%) 
12 

(0.8%) 
663 

(46.6%) 
226 

(14.5%) 

828 500 
298 

(64%) 
32 

(6.9%) 
1 

(0.21%) - 
4 

(0.9%) 
27 

(5.8%) 
6 

(1.29%) 
70 

(15.02%) 
62 

(12.4%) 

854 433 
150 

(36.5%) 
20 

(4.87%) 
3 

(0.7%) - 8 (2%) 
161 

(39.2%) 
7 

(1.7%) 
36 

(8.8%) 
48 

(11.1%) 

1058 45 
2 (4.4%) 

5 
(11.1%) - - - 

31 
(68.9%) - 

3 
(6.7%) 

4 
(8.9%) 

2097 8 
3 

(37.5%) - - - - - - 
3 

(37.5%) 
2 

(25%) 

2814 4 
- - - - - 1 (25%) - 

3 
(75%) - 
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3020 8 
4 (50%) - - - - - - 

3 
(37.5%) - 

5006 1 
- - - - - - - 

1 
(100%) - 

9235 1 
- - - - - - - - 

1 
(100%) 

9236 1 
- - - - - - - - 

1 
(100%) 

9237 1 
- - - - - - - - 

1 
(100%) 

9238 1 
- - - - - - - - 

1 
(100%) 

Virulence-associated genes 

One C. coli isolate from Collserola (SS16030-C1, ST 854) and another one from UAB (SS15070-

C3, ST 1058) showed the highest number of virulence determinants (12). Six other isolates, five 

C. coli from the three studied areas and one C. lanienae from Barcelona, carried ten or eleven 

virulence determinants (Table 3.24).  

Table 3.24. Presence of virulence-associated genes depicted as blue squares. 

Isolate 
Spe 
ciesa ST 

Virulence genes 

Areab 
Motility Adhesion and colonization T6SS Invasion Toxin production 

fl
a

A
 

fl
a

B
 

ca
d

F 

ra
cR

 

d
n

a
J 

p
ld

A
 

vi
rB

 

1
1

 

h
cp

 

ce
u

E 

ci
a

B
 

cd
tA

 

cd
tB

 

cd
tC

 

w
la

N
 

SS15068-C1 C.c 854                B 

SS15068-C4 C.c 827                B 

SS15100-C1 C.c 9235                B 

SS15115-C1 C.c 854                B 

SS15117-C1 C.c 828                B 

SS16009-C3 C.c 9237                B 

SS16036-C1 C.c 2814                B 

SS15118-C1 C.c 3020                C 

SS15185-C1 C.c 827                C 

SS15188-C1 C.c 9235                C 

SS16030-C1 C.c 854                C 

SS16037-C1 C.c 5006                C 

SS15070-C3 C.c 1058                U 

SS15077-C2 C.c 2097                U 

SS15078-C1 C.c 827                U 

SS15080-C2 C.c -                U 

SS15080-C3 C.c 9236                U 

SS15091-C1 C.c 854                U 

SS16005-C2 C.c 854                U 

SS16005-C3 C.c 9238                U 

SS15069-C2 C.l -                B 

SS15102-C1 C.l -                B 

SS15102-C4 C.l -                B 

SS15127-C1 C.l -                C 

SS15132-C2 C.l -                C 

SS15190-C1 C.l -                C 

SS16031-C2 C.l -                C 

SS16042-C1 C.l -                C 
a C.c: C. coli, C.l: C. lanienae, b B: Barcelona, C: Collserola, U: UAB. 
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We detected the motility gene flaB in all the C. lanienae isolates analysed, and both flaA and 

flaB in all but two C. coli isolates. Regarding genes involved in invasion, we found ceuE in all the 

C. lanienae and C. coli isolates. On the contrary, we detected ciaB in only five out of the 20 C. 

coli isolates analysed, two from Collserola and three from UAB, and in none of the C. lanienae 

isolates. 

With regard to adherence and colonization genes, we found the gene cadF in two out of the 

eight C. lanienae isolates and in all but one C. coli ones, and virB11 (located in the virulence 

related plasmid pVir) in two out of the eight C. lanienae and over half of the C. coli isolates 

analysed, mainly from Barcelona and UAB. Conversely, the presence of racR (response 

regulation protein), dnaJ (heat shock protein) and pldA (phospholipase A) was low in both 

species. We also detected the hcp gene, encoding for a host surface adhesion protein 

(component of T6SS) associated with virulence, in all the C. lanienae and C. coli isolates 

analysed. 

Finally, only two C. lanienae isolates were positive to cdtA, cdtB and cdtC genes, coding for the 

synthesis and deliver of the cytolethal distending toxin (CDT). Almost all the C. coli isolates, on 

the contrary, were positive for all or some of these CDT genes; twelve out of 20 carried all three 

genes, and only one isolate was negative for the three of them. The only virulence-associated 

gene that was not detected in any of C. lanienae and C. coli isolates was wlaN, which is 

associated to Guillain-Barré syndrome. 

Antimicrobial susceptibility 

All the C. lanienae and C. coli isolates were resistant to at least one antimicrobial agent tested 

(Table 3.25). In the case of C. lanienae, most isolates (5/7) were resistant to nalidixic acid only, 

and another one (1/7) was resistant to nalidixic acid and to streptomycin. Regarding the C. coli 

isolates, most of them (14/17) showed resistance to quinolones (nalidixic acid and ciprofloxacin) 

and tetracycline (13/17), and 10/17 were multidrug resistant (MDR, resistant to 3 or more 

classes of antimicrobials). MDR isolates were recovered from wild boars from the three studied 

areas (four isolates in UAB, four in Barcelona and two in Collserola) (Table 3.25). We could not 

determine the antimicrobial susceptibility of one C. lanienae and two C. coli isolates, since they 

poorly grew in the culture medium. 

With regard to Salmonella, two out of the four isolates (S. Enteritidis and S. Bardo) from 

Barcelona and Collserola were pansusceptible, whilst a third isolate from Collserola (SS15133-

S1, S. Typhimurium monophasic) was resistant to four agents (ampicillin, streptomycin, 
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tetracycline and sulphametoxazole, ASSuT). The antimicrobial susceptibility of the fourth 

Salmonella isolate could not be determined. 

Table 3.25. Antimicrobial susceptibility of Campylobacter isolates. 

Isolate  Species Pulsotype ST  
Antimicrobial agentsa 

Area 
Em Nal Ci Tc S Gm 

SS15068-C1 C. coli SK8 854             Barcelona 

SS15068-C4 C. coli SK14 827             Barcelona 

SS15100-C1 C. coli SK5 9235             Barcelona 

SS15115-C1 C. coli SK3 854             Barcelona 

SS16036-C1 C. coli SK1 2814             Barcelona 

SS15118-C1 C. coli SK10 3020             Collserola 

SS15185-C1 C. coli SK13 827             Collserola 

SS15188-C1 C. coli SK4 9235             Collserola 

SS16030-C1 C. coli SK2 854 nd Collserola 

SS16037-C1 C. coli SK21 5006             Collserola 

SS15070-C3 C. coli SK15 1058             UAB 

SS15077-C2 C. coli SK7 2097             UAB 

SS15078-C1 C. coli SK13 827             UAB 

SS15080-C2 C. coli SK12 -             UAB 

SS15083-C1  C. coli SK11 -             UAB 

SS15091-C1 C. coli SK6 854             UAB 

SS16005-C2 C. coli SK9 854 nd UAB 

SS15069-C2 C. lanienae SK16 - nd Barcelona 

SS15102-C1 C. lanienae SK19 -             Barcelona 

SS15102-C4 C. lanienae SK17 -             Barcelona 

SS15132-C2 C. lanienae SK18 -             Collserola 

SS15190-C1 C. lanienae SK16 -             Collserola 

SS16031-C2 C. lanienae SK22 -             Collserola 

SS16042-C1 C. lanienae SK20 -             Collserola 
a Em: erythromycin, Nal: nalidixic acid, Ci: ciprofloxacin, Tc: tetracycline, S: streptomycin, Gm: gentamicin. nd: could 

not be determined. 

3.4.5. Discussion 

Campylobacter and Salmonella prevalence 

In the present study, we report the carriage by wild boars of the two most relevant zoonotic 

bacteria in Europe (EFSA and ECDC, 2018). Moreover, the overall Campylobacter prevalence 

(over 60%) is among the highest reported in wild boars. Previous studies in wild boars describe 

a prevalence ranging from zero to 66% depending on the sample analysed and the country of 

origin (Díaz-Sánchez et al., 2013; Kanai et al., 1997; Stella, Tirloni, Castelli, Colombo, & Bernardi, 

2018). Furthermore, several studies report the occurrence of C. coli and C. jejuni in wild boars or 

feral pigs (Cummings et al., 2018; Díaz-Sánchez et al., 2013; Wahlström et al., 2003), but 

uncommon species such as C. lanienae are less frequent in literature, possibly because it is a 

difficult species to culture (Inglis & Kalischuk, 2003) and Campylobacter isolates are not always 

identified at the species level. 
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In the present study, C. lanienae was more frequently isolated from wild boar than C. coli, which 

could be explained because C. lanienae is predominantly found in wild boars and domestic pigs, 

although it has also been found in other domestic animals (Guévremont, Normand, Lamoureux, 

& Côté, 2008; Navarro-González et al., 2014; Oporto & Hurtado, 2011; Schweitzer et al., 2011). 

C. lanienae prevalence found in this study (46%) is, to our knowledge, the highest reported to 

date in wild boars, which usually ranges between 10 and 27% (Carbonero et al., 2014; Navarro-

González et al., 2014; Sasaki et al., 2013). In addition to the high prevalence, this species has 

already been linked to human diarrhoeal disease (Lévesque, Lemay, Bekal, Frost, & Michaud, 

2016), after its discovery in humans working at an abattoir (Logan et al., 2000). 

The C. coli prevalence found in our study (16%) is also above the ones previously reported in 

wild boars or feral pigs (Atanassova, Apelt, Reich, & Klein, 2008; Carbonero et al., 2014; 

Cummings et al., 2018; Navarro-González et al., 2014), including previous reports from the MAB 

(Navarro-González et al., 2013). Furthermore, the finding of C. coli in wild boars from such a 

highly populated area -the MAB- is especially relevant to public health concern, since C. coli is 

far more relevant in veterinary and human medicine than C. lanienae (Horrocks, Anderson, 

Nisbet, & Ricke, 2009) and is the principal cause causative agent of campylobacteriosis in 

humans after C. jejuni (EFSA and ECDC, 2018). 

Regarding the spatial distribution of Campylobacter-carrying wild boars, we could not detect 

significant differences among areas. This could be either because such differences do not exist, 

or because the spatiotemporal distribution of samples did not allow us to detect any patterns. 

In this regard, although C. lanienae was more frequent than C. coli, we must consider that it is 

not completely accurate to compare the Campylobacter species without taking area and season 

into account, since Campylobacter prevalence varies with both (Carbonero et al., 2014; Gürtler, 

Alter, Kasimir, & Fehlhaber, 2005). 

The low Salmonella prevalence found in the wild boars from this study (3%) is in accordance 

with previous studies in wild boar (Navarro-González et al., 2013; Sasaki et al., 2013), but in 

contrast to others reporting prevalence over 20% (in Portugal) and up to 36% (in Spain) 

(Navarro-González et al., 2012; Vieira-Pinto et al., 2011). S. Enteritidis is one the most frequently 

isolated serovars from game animals in Europe including the wild boar (Paulsen, Smulders, & 

Hilbert, 2012), S. Typhimurium monophasic has also been reported in wild boars in Italy and 

Sweden (Sannö, Jacobson, Sterner, Thisted-Lambertz, & Aspán, 2018; Zottola et al., 2013), and 

S. Bardo in wild boars from Spain and Poland (Díaz-Sánchez et al., 2013; Wisniewski, 2001). 

Despite the latter serovar is rare, it can cause disease to humans (Schmid & Baumgartner, 
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2013), in addition to S. Enteritidis and S. Typhimurium monophasic, which are the first and third 

most commonly reported serovars in human cases acquired in the EU during 2017, respectively 

(EFSA and ECDC, 2018). 

Campylobacter coli, C. jejuni and different serovars of S. enterica have been reported in wildlife 

from urban and peri-urban areas, for instance in kelp gulls (Larus dominicanus) from Cape Town 

(Moré et al., 2017), different wild bird species from the vicinity of Vienna and Brno (Troxler et 

al., 2017), racoons from Central Park in New York (Rainwater et al., 2017), feral pigeons 

(Columba livia var. domestica) from Barcelona (Casanovas, de Simón, Ferrer, Arqués, & Monzón, 

1995) and wild boars also from Barcelona (Navarro-González et al., 2013). However, to the best 

of our knowledge, this is the first report of C. lanienae in wild boars or other wildlife species 

from (peri-)urban areas. According to our results, previous report of a 20% prevalence of 

Campylobacter sp. in urban wild boars from Barcelona and neighbouring areas (Navarro-

González et al., 2013) probably detected C. lanienae but did not perform identification at the 

species level. 

Genetic diversity 

FlaA-RFLP is usually used for typing C. coli and C. jejuni isolates, but no amplification occurred in 

the case of C. lanienae isolates. This can be explained by the absence of the flagellar gene flaA 

in these C. lanienae isolates, or by the lack of recognition of the target region by the primers 

used. As for PFGE, the restriction enzyme SmaI was more suitable than KpnI for typing both C. 

coli and C. lanienae. Nevertheless, it worked with less than half (42.2%) of the C. lanienae 

isolates. This is opposite to previous reports of similar success with both restriction enzymes or 

KpnI being more useful than SmaI when typing by PFGE C. lanienae isolates obtained from 

domestic pigs (Kérouanton, Chidaine, Rose, Samson, & Denis, 2015; Schweitzer et al., 2011). In 

our case, the worse performance of restriction enzymes with C. lanienae isolates might be 

related to the lack of restriction sites, as seen in C. jejuni isolates (Oyarzabal et al., 2008). 

Based on the PFGE and MLST results, we observed a high genetic diversity among 

Campylobacter isolates from both species. This might be attributable to the frequent genetic 

rearrangements that occur in Campylobacter genome (de Boer et al., 2002; Wassenaar, 

Geilhausen, & Newell, 1998), which seem to improve phenotypic fitness to survive and colonize 

different hosts (Ridley, Toszeghy, Cawthraw, Wassenaar, & Newell, 2008). Despite the high 

genetic diversity, most wild boars carried a single pulsotype each, either from C. lanienae or C. 

coli. This agrees with previous reports of some C. jejuni PFGE types showing dominance and 

persistence over others, even in experimental infection with a mixture of two or three types 
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(Ridley et al., 2008). This was explained by some strains having a greater capacity to overcome 

the environmental pressures and colonise the gut of the host, which might also be true for C. 

lanienae and C. coli strains in the present study. 

We found no coincidences between the C. lanienae alleles from wild boars and those published 

in the pubMLST database, probably due to the few C. lanienae STs (n=171) in the MLST 

database, compared with that of C. coli/jejuni which currently contains 9,986 STs. The small 

number of previously described C. lanienae isolates in the pubMLST database can be explained 

by the difficulties to isolate this species, as in most cases conventional culturing methods are 

not successful (Inglis & Kalischuk, 2003; Schweitzer et al., 2011), by the relatively recent 

discovery of this species (Logan et al., 2000), and by the recent association to foodborne human 

disease (Lévesque et al., 2016), driving to a lower research interest. 

In the case of C. coli, we described four new STs and a new allele. The diversity across MLST loci 

is important for the potential identification of alleles or STs that may correlate with animal host 

or geographical location (Dingle et al., 2002; Miller et al., 2006), so we submitted the novel 

MLST data to the corresponding PubMLST, contributing to the understanding of C. coli 

epidemiology.  MLST analysis showed a predominant ST(ST 854) which is overrepresented in 

pigs but it has also been isolated from chicken, livestock and the environment (Sheppard et al., 

2009). All existing STs described in this study have been associated with human disease, and 

some of them (ST 827, ST 828, ST 854 and ST 1058) have a worldwide distribution, thus 

highlighting the role that wild boars can potentially play in human infection. Despite the high 

diversity of STs described among the C. coli isolates, all belonged to the same clonal complex 

(CC 828), indicating a close relationship among them. The high prevalence of this clonal complex 

was consistent with its prevalence in other studies (Cantero, 2017; Sheppard et al., 2009). 

Contrary to the more genetically diverse C. jejuni, few C. coli CCs have been described to date 

and most existing isolates belong to CC 828. 

The differences observed between PFGE and MLST results may be explained by the different 

discriminatory power of these techniques and, as abovementioned, by the high genetic 

instability of Campylobacter genome (Wassenaar et al., 1998). In some cases, same pulsotypes 

belonged to different STs, probably as a result of single nucleotide changes that do not alter the 

restriction sites and therefore are not reflected in band profiles. Conversely, some STs belonged 

to different pulsotypes, possibly indicating that nucleotide changes may have changed the 

restriction sites. 
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We detected certain C. coli and C. lanienae genotypes during the two sampled years in the 

different studied areas, suggesting a possible circulation of strains among areas. This might be a 

consequence of wild boar movement (Jerina, Pokorny, & Stergar, 2014; Podgórski et al., 2014), 

as well as the existence of a common source of infection including other wildlife species (Jones, 

2001). 

Virulence potential 

The present study also provides information on the virulence potential of C. lanienae and C. coli 

isolates. For colonization to take place in the intestine, the bacteria need motility, adhesion to 

intestinal mucosa, invasion and production of toxins (Ketley, 1997; Wassenaar, 1997). On 

average, virulence genes were less prevalent in the C. lanienae isolates than in the C. coli 

isolates. The primers used in both species for PCR amplification of virulence factors were 

designed for C. jejuni and C. coli. Therefore, the specificity of primers along with possible 

significant differences between the C. lanienae and the C. coli alleles could explain the lack of 

amplification of some virulence genes in C. lanienae isolates, rather than their absence. Among 

the flagellar genes, flaB was present in both Campylobacter species, whilst flaA was only 

present in C. coli isolates. Flagellar genes are important for Campylobacter motility, which is 

essential for intestine colonization, as the flagellar filament helps the bacteria to resist gut 

peristalsis and survive in the hostile environment of the stomach (Nachamkin, Yang, & Stern, 

1993). Genes involved in adhesion (cadF, racR, dnaJ; Brás, Chatterjee, Wren, Newell, & Ketley, 

1999; Ziprin et al., 2001) and invasion (ceuE, virB11, ciaB and pldA; Bacon et al., 2000; Bang et 

al., 2003; Konkel, Kim, Rivera-Amill, & Garvis, 1999; Ziprin et al., 2001) were less conserved than 

other genes and presented a heterogeneous distribution within C. lanienae and C. coli isolates 

as previously reported in C. jejuni (Datta et al., 2003). 

In contrast to other studies, the prevalence of virB11 in C. coli isolates was high (70%) (Koolman, 

Whyte, Burgess, & Bolton, 2015). This gene encodes a putative type IV secretion system, a 

mutation of which can reduce the adherence of the bacteria in the intestinal tract, resulting in a 

significant reduced virulence (Bacon et al., 2000). The absence or low prevalence of the wlaN 

gene, involved in the Guillain-Barré syndrome, agrees with previous studies (Datta et al., 2003; 

Koolman et al., 2015). The gene hcp is a component of the T6SS and it is associated with more 

severe forms of campylobacteriosis as it can confer cytotoxicity towards red blood cells 

(Bleumink-Pluym, van Alphen, Bouwman, Wösten, & van Putten, 2013). Moreover, hcp+ strains 

have increased abilities to adhere and invade the host intestine, conferring more virulence to 

strains (Corcionivoschi et al., 2015), and this gene was found in all the C. coli and C. lanienae 
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isolates analysed in our study. Whilst this is the first report of T6SS in C. lanienae, high 

prevalence among C. coli isolates has previously been reported (Corcionivoschi et al., 2015). 

Cytolethal distending toxin genes (cdtABC) had a high prevalence among C. coli isolates, as 

previously reported (Koolman et al., 2015). While cdtB was detected in all the C. coli isolates 

analysed, cdtA and cdtC were detected at a lower frequency, which also agrees with previous 

studies (Bang et al., 2003; Koolman et al., 2015). CdtA and cdtC are necessary for binding to the 

host cell and cdtB is the active subunit that enters to the cell and causes cell death (Konkel et 

al., 1999), but the three of them seem necessary because isolates without either cdtA or cdtC 

genes produce little or no CDT (Bang et al., 2003). 

Antimicrobial susceptibility 

Notably, none of the Campylobacter isolates were pansusceptible. However, all but one C. 

lanienae  were only resistant to nalidixic acid, similarly to previous studies in C. lanienae isolated 

from domestic pigs (Schweitzer et al., 2011). The remaining C. lanienae isolate was resistant to 

nalidixic acid and streptomycin, a phenotype which has been previously reported in isolates 

from wild artiodactyls and domestic pigs (Carbonero et al., 2014; Schweitzer et al., 2011).  

Conversely, more diverse antimicrobial resistance profiles were found in C. coli isolates 

including MDR of ten isolates. These differences between C. coli and C. lanienae susceptibility to 

antimicrobials was also observed in wild artiodactyls (Carbonero et al., 2014), which could be 

related to a lower exposure to antimicrobials of C. lanienae isolates, and hence selection 

pressures have not favoured the survival of resistant strains (Holmes et al., 2016). Similarly to 

our findings, a high frequency of C. coli isolates resistant to ciprofloxacin, streptomycin and 

tetracycline, and a low frequency of erythromycin-resistant isolates have been reported 

(Carbonero et al., 2014). The resistance to ciprofloxacin is especially relevant in C. coli since it is 

one of the two antimicrobials regarded as critically important for treatment of human 

campylobacteriosis (EFSA and ECDC, 2019). Moreover, a high proportion of Campylobacter 

isolates (particularly C. coli) from humans are resistant to ciprofloxacin and tetracycline in 

Europe in 2017 (EFSA and ECDC, 2019), which we also frequently found in our C. coli isolates. 

The antimicrobial resistance profiles found in this study, particularly in C. coli, suggests an 

anthropogenic origin of certain strains, as suggested in previous studies for resistant E. coli 

(Dolejska et al., 2016; Mukerji et al., 2019). 

Regarding the Salmonella isolates, one of them (S. Typhimurium monophasic) was MDR, with 

the typical ASSuT resistance profile of the clone that has emerged in several European countries 
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(Dionisi et al., 2009; Lucarelli et al., 2010; Mossong et al., 2007). Pigs are the likely reservoir of 

infection of this ASSuT resistant serovar for humans (Hopkins et al., 2010), and although 

Salmonella prevalence in our study was low, the multiresistant isolate was found in a hunted 

wild boar, which poses a risk for hunters because of handling and consumption. 

We suggest that wild boars might have become infected with Campylobacter and Salmonella 

strains of anthropogenic origin (human waste or animal products), that is, there has been an 

event of reverse zoonosis, given that wild boars exploit anthropogenic food resources -including 

rubbish- in urban and peri-urban areas (Dolejska et al., 2016; García-Sánchez, Melero, Diez, 

Jaime, & Rovira, 2018; Hafeez et al., 2011). Moreover, all the C. coli STs identified from wild 

boars in the present study have been previously isolated from human stools; two of the 

Salmonella serovars found are among the most reported in human cases; and antimicrobial 

resistance in C. coli and monophasic S. Typhimurium agreed with those most frequently found 

in the respective species or serovar from humans in Spain or Europe. Since there is a strong link 

between the impact of human activities on natural habitats and the carriage of antimicrobial 

resistant bacteria by wildlife (Vittecoq et al., 2016), it is likely that humans have influenced the 

carriage of Campylobacter and Salmonella isolates by wild boars in our study, as well as their 

virulence potential and antimicrobial resistance. Moreover, wild boars can now act as carriers 

and spread these bacteria, which have great impact on human health (EFSA and ECDC, 2018, 

2019). 

Wild boars infected with Campylobacter and Salmonella species are a potential public health 

threat since wild boar populations are expanding and increasing their presence in urban areas 

(Licoppe et al., 2013; Massei et al., 2015). Although the overall influence of wild boars on 

human campylobacteriosis and salmonellosis may be small, hunters may be at high risk of 

exposure when handling wild boar carcasses and through the consumption of contaminated 

meat (Ruiz-Fons, 2017), and wild boars may contaminate the urban environment when feeding 

or defecating in public spaces, since they can bring several zoonotic pathogens into cities 

(Fernández-Aguilar et al., 2018; Jansen et al., 2007; Wang et al., 2019). Besides humans, wild 

boars could also transmit Campylobacter and Salmonella species to companion animals or to 

free-ranging domestic animals present in the MAB (Navarro-González et al., 2014), and 

contaminate fruits and vegetables in agricultural fields (Jay-Russell, Bates, Harden, Miller, & 

Mandrell, 2012). 

To control campylobacteriosis and salmonellosis, which are the most commonly reported 

zoonoses in Europe and within the top four foodborne diseases worldwide (EFSA and ECDC, 
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2017; WHO, 2015), it is necessary to better understand the global epidemiology of the 

pathogens, its reservoirs and the pathogenicity of the different strains. Furthermore, special 

emphasis should be made on wildlife species, since they constitute a reservoir mainly for 

Campylobacter spp. 

3.4.6. Conclusions 

Our results provide further evidence on the role of wild boars as reservoirs of zoonotic 

thermophilic Campylobacter species. We observed a high genetic diversity among both C. 

lanienae and C. coli, and the same clones are circulating in wild boars from urban, peri-urban 

and natural areas. In addition, all the C. coli STs had previously been reported in humans, with 

some isolates showing a high virulence potential, and a number of Campylobacter isolates being 

resistant or MDR. We also report the presence of three zoonotic Salmonella serovars, two of 

them commonly isolated from humans. Notably, one of them was the recently emerged and 

widely spread mutiresistant monophasic S. Thyphimurium. Wild boars infected with 

Campylobacter spp. and Salmonella sp. are a potential public health threat since wild boar 

populations are expanding worldwide and increasing their presence in urbanised areas. 
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4. D I S C U S S I O N  
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4.1. Wild boars in the city: drivers and responses 

This thesis reports the existence of drivers of the wild boar presence in the city of Barcelona 

(Study 1), as well as phenotypic changes in individuals exploring this area (Study 2). Streams 

determined the urban location of wild boars probably due to their role as wildlife corridors 

(Rosenberg et al., 1997), which increase landscape connectivity and might allow the wild boars 

to approach the city under a dense vegetation cover (Beier & Noss, 1998; Morelle et al., 2016). 

Landscape fragmentation was another important driver, in line with the findings in urban wild 

boars in the city of Haifa (Toger et al., 2018). This may be explained because the patches 

resulting from a fragmented landscape might be heterogeneous enough for the wild boars to 

find food, water and shelter, although they spend little time foraging in each patch (Podgórski 

et al., 2013). 

Food resources have been previously suggested as attracting factors for the wild boar in urban 

areas both in our study site and in other cities (Cahill et al., 2012; Toger et al., 2018). Moreover, 

the finding of pet food in wild boar stomachs (Study 2) supports the selection of cat colonies as 

drivers (Study 1), and the finding of food waste and plastic items in urban wild boar stomachs 

(Study 2) suggests that rubbish bins and containers should also be considered factors favouring 

the wild boar presence in Barcelona. Regarding green spaces, plant material can be used by 

urban wild boars, and it is sometimes preferred over anthropogenic food as seen in Berlin 

(Stillfried, Gras, Busch, et al., 2017). 

Through exploring the urban area, wild boar behaviour, morphology and reproduction have 

changed (Study 2; Cahill et al., 2012; Podgórski et al., 2013; Stillfried, Gras, Börner, et al., 2017). 

The availability of human-derived food seems to contribute to faster growth and higher body 

mass in urban wild boars, as occurs in rural populations with higher production of natural food 

resources (Massei et al., 1996). Higher food supply also favours an early reproduction in wild 

boar females (Fernández-Llario & Mateos-Quesada, 1998; Massei et al., 1996; Santos et al., 

2006), as detected in wild boar females in the urban area of Barcelona (Study 2). Nevertheless, 

visiting the urban area might also have a great cost involving a shorter lifespan, which may be 

directly caused by humans through capture and removal of problem individuals (a measure 

currently applied in Barcelona; Ajuntament de Barcelona, 2018) as well as by increased risks 

related to the urban environment (Tenés et al., 2007; Zuberogoitia et al., 2014). 

Benefits of exploring the urban environment are apparently clear, but the shorter lifespan, 

together with other potential costs such as disruption of normal activities and nutritional 
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problems seen in wildlife fed by tourists (Newsome & Rodger, 2008) and exposure to pollutants, 

poisons or toxins (Birnie-Gauvin et al., 2016; Murray et al., 2016), could eventually be 

detrimental for urban wild boars. Furthermore, the output of such complex situation might 

depend on the specific area and wild boar population, since urban wild boars do not show the 

same responses in all urban areas. For example, Barcelona wild boars use anthropogenic food 

resources (Studies 1 and 2), whereas Berlin wild boars prefer natural food resources (Stillfried, 

Gras, Busch, et al., 2017). Whether this process of adjustment to the urban area stays as a 

series of phenotypic changes with or without genetic basis, or continues under the effects of 

urban selection pressures to become urban evolution, remains to be studied in the future. 

Moreover, Studies 1 and 2 provide further evidence on the great plasticity of wild boars, as 

previously suggested in both rural and urban areas (Gamelon et al., 2013, 2017; Podgórski et al., 

2013; Schley & Roper, 2003; Stillfried, Gras, Börner, et al., 2017). Research on urban wildlife 

ecology is not recent (Adams, 2005; DeStefano & DeGraaf, 2003), but the wild boar is a 

newcomer to the urban environment, with most cases arising from 1992 to 1997 (Licoppe et al., 

2013). Using wild boar as a model of urban adapter can allow scientists to advance in the 

knowledge of the process of adjustment (or maybe evolutionary adaptation, if proven in the 

future) of a wild species to the urban environment. 

4.2. Zoonotic diseases of wild boar in urban and non-urban areas 

The wild boar is a reservoir host of several zoonotic pathogens, frequently without showing 

clinical signs of disease (Meng et al., 2009). This thesis (Study 3) provides further evidence that 

wild boars are commonly parasitized by ticks, which can be infected with emerging zoonotic 

Rickettsia species (Brouqui et al., 2007; Oteo & Portillo, 2012). The Study 4 shows that wild 

boars can serve as reservoirs of zoonotic Campylobacter spp., as previously suggested 

(Carbonero et al., 2014; Stella et al., 2018), including strains with high virulence potential and 

multiresistance. 

Considering that direct and indirect contacts between wild boar and humans probably occur in 

the MAB (Rosell & Llimona, 2012), the zoonotic pathogens and parasites found in this thesis 

pose a risk for MAB inhabitants. On one hand (Study 3), urban and peri-urban wild boars from 

Barcelona carry ticks that commonly bite humans, such as D. marginatus (Estrada-Peña & 

Jongejan, 1999), infected with two Rickettsia species that cause TIBOLA/DEBONEL in humans 

(Parola et al., 2009; Raoult et al., 1997). This is the second most prevalent tick-borne 

rickettsiosis in Europe (Oteo & Portillo, 2012). Moreover, increasing ungulate population 
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densities, such as the Barcelona and Collserola wild boar population, is a concern for TBP 

transmission among wild ungulates, domestic animals and humans (Ruiz-Fons et al., 2006). On 

the other hand (Study 4), wild boars can spread zoonotic Campylobacter spp. and Salmonella sp. 

in urban and non-urban areas, which is concerning since these two pathogens are transmitted 

through contaminated food or water and cause the majority of human cases of zoonoses in 

Europe (EFSA and ECDC, 2018). Both Campylobacter spp. and Salmonella sp. have moderate-to-

high transmissibility potential to humans (Ruiz-Fons, 2017), but according to the prevalences 

found in wild boars from the studied areas, wild boars pose a higher risk of transmission of 

Campylobacter sp. than Salmonella sp. 

Hunters are traditionally considered as the group at higher risk of exposition to tick-borne and 

foodborne pathogens, since they handle wild boar carcasses and share the meat (Franco-

Paredes et al., 2017; Ruiz-Fons, 2017). Tick and/or disease transmission, however, could also 

happen when people practise outdoor activities such as running or biking in the MAB, especially 

in the Serra de Collserola Natural Park (Bradley & Altizer, 2007; Parc de Collserola, n.d.-c; Ruiz-

Fons, 2017), or indirectly from wild boars to humans through companion animals (Grech-

Angelini et al., 2019, 2016), free-ranging livestock (Iori et al., 2010; Jori et al., 2016) and 

contaminated food (Jay et al., 2007); the contribution of the two latter is probably minor since 

livestock presence in Collserola is restricted to only a few sheep herds and there are few 

agricultural fields (Parc de Collserola, n.d.-b). However, colonisation of the urban environment 

by wild boars and the increase in both direct and indirect interaction between humans and wild 

boars (Studies 1 and 2; Cahill et al., 2012), coupled with the pathogen carrier status of wild boar 

(Studies 3 and 4; Fernández-Aguilar et al., 2018; Navarro-González et al., 2013; Wang et al., 

2019), create new epidemiological scenarios with new risks for zoonosis transmission. 

The risk of transmission of zoonotic pathogens is not limited to those reported in this thesis or 

detected in wild boars from the same study area (S. suis, Campylobacter and Salmonella spp., 

HEV; Fernández-Aguilar et al., 2018; Navarro-González et al., 2013; Wang et al., 2019) and from 

other urbanised areas (C. burnetii, Leptospira spp.; Henning et al., 2015; Jansen et al., 2007), but 

also to a series of pathogens not investigated up to date. In rural areas, there have been a 

number of human cases of disease transmission associated to wild boar (Franco-Paredes et al., 

2017; Halaby et al., 2000; Matsuda et al., 2003), as well as local disease outbreaks (Fichi et al., 

2015). Since a host species with an already established pathogen is a potential source of an 

emerging pathogen (Woolhouse, Haydon, & Antia, 2005), wild boar is a potential source for 

emerging human diseases and it is likely that human cases of disease linked to wild boar will 
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occur also in urban areas such as Barcelona in the near future. It is also possible that these cases 

already exist but the wild boar origin has not been clarified due to the difficulty of identifying 

indirect routes of transmission (Jansen et al., 2006). Global urbanisation and wild boar 

populations are expected to continue growing (Massei et al., 2015; United Nations, 2018), 

therefore, the space where wildlife and people interact (either in or outside cities) will enlarge 

and there will be increasing interactions between wild boars and humans. All these factors raise 

the need for assessing and monitoring the health status of urban and peri-urban wild boar 

populations, including the one in Barcelona and Collserola. 

Notifiable diseases relevant for livestock, such as ASF, have not been assessed in this thesis, and 

domestic pig farms are not present in the study area. However, since the most significant 

geographic advances in the spread of ASF are presumed to be human-driven (Beltran-Alcrudo, 

Falco, Raizman, & Dietze, 2019; Chenais et al., 2019), the new human-wild boar interface 

described in the Barcelona area (Studies 1 and 2) may pose a potential hazard for the 

introduction of ASF and other human-driven diseases in the wild boar population, becoming a 

hotspot for disease transmission. The consequences of the introduction of ASF in the wild boar 

populations in Spain would have severe detrimental consequences not only for the wild boar 

population (in light of the high mortality observed in experimental infections; Barasona et al., 

2019; Blome, Gabriel, Dietze, Breithaupt, & Beer, 2012; Gabriel et al., 2011), but also for 

domestic pig farming and trade (Halasa et al., 2016). Therefore, no matter how little the hazard 

is, active surveillance for ASF is recommended also in the Barcelona wild boar population. 

4.3. Management recommendations for urban wild boars 

Wild boar presence in urban areas is a current cause of concern and topic of interest, as 

evidenced by the recent and almost simultaneous publication of two studies in 2018 (Study 1; 

Toger et al., 2018) addressing the drivers of wild boar presence in a city. Therefore, research on 

this topic is useful and timely, since urban and peri-urban areas are suffering from wild boar 

colonisation when there is not a consensus on the best management strategy yet (Licoppe et 

al., 2013). Managers should seek assistance from researchers to ensure objectivity in designing, 

implementing and evaluating wild boar management strategies in urbanised areas. 

Despite this thesis does not focus on assessing wild boar management measures in urban areas, 

all four studies yielded results useful to provide recommendations for management purposes, 

especially the identification of drivers of wild boar presence in urban areas and the wild boar 

responses to urbanisation. In fact, some of the measures derived from Study 1 are already being 
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applied in Barcelona, but their evaluation is still ongoing. The management recommendations 

are designed along four main lines: reducing food availability, controlling conflictive individuals, 

hinder the access of wild boar to the urban area, and monitoring the health status of the wild 

boar population. 

Based on the knowledge resulting from this thesis (Studies 1 and 2), together with other studies 

(González-Crespo et al., 2018; Lewis et al., 2015; Minuartia, 2005), reducing the food availability 

for wild boars in urban and peri-urban areas could be one of the most important measures to 

undertake. Wild boar are opportunistic, taking advantage of supplemental feeding (Study 2; 

Ballari & Barrios-García, 2014; Fournier-Chambrillon, Maillard, & Fournier, 1995), and high 

availability of food enhances reproductive success and reduces juvenile mortality (Geisser & 

Reyer, 2005). Therefore, appropriate food-related measures in high-risk areas would involve 1) 

educating people to prevent them from feeding (intentionally or not) the wild boars (Figure 

4.1), followed by applying proactive enforcement (e.g. warnings, fines) (Baruch-Mordo, Breck, 

Wilson, & Broderick, 2011; Farrar, 2007); 2) securing rubbish bins and containers to the ground 

to prevent access by wild boars (Figure 4.2), similarly to what is done to address the same 

problem with urban bears (Lewis et al., 2015); 3) installing wild boar-proof feeding devices in 

feral cat colonies also to prevent access (Figure 4.3); and 4) considering non-irrigated vegetation 

when creating or restoring green spaces to reduce the food and water available for wild boar, 

since irrigated urban green areas are used by them (Study 1; Lavín et al., 2017; Licoppe et al., 

2013). Food-related measures 1 through 3 are currently being applied in Barcelona. 
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Figure 4.1. Information booklet used in Barcelona to educate people on how to prevent wild boars from 

entering the urban area. 

    

Figure 4.2. Rubbish containers secured to the 

ground.  

Figure 4.3. Wild boar-proof feeding device in a cat 

colony. 

Capture and euthanasia of the individuals causing a potentially dangerous situation are needed 

to resolve these kind of situations and prevent risks for people, such as injuries from attacks and 

car accidents (Carrillo, Schmidt, Bergman, & Paz, 2007; Jones & Thomas, 1999; Rowden, 

Steinhardt, & Sheehan, 2008; Zuberogoitia et al., 2014) (Figure 4.4). Specifically targeting 
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problem individuals increases the efficacy of management measures to reduce human-wildlife 

conflicts (Carrillo et al., 2007; López et al., 2010; Swan, Redpath, Bearhop, & McDonald, 2017). 

Furthermore, the removal of bold individuals (those daring most to explore the urban area), 

mainly in the edge area between the natural and urban habitat, could also be useful to reduce 

the number of wild boar-human conflicts by maintaining shyer individuals in the population 

(Honda, Iijima, Tsuboi, & Uchida, 2018). Lethal control of problem animals in urban areas is 

mostly disapproved by the general public (Kotulski & Koenig, 2008; Vaske & Needham, 2007). 

However, translocations are not advised since translocated animals can resume their problem 

behaviour in the new location, especially if they were causing problems in or near residential 

areas (see review by Massei, Quy, Gurney, & Cowan, 2010). The removal of individuals, either 

causing potentially dangerous situations or in planned events in sensitive areas to prevent 

further conflicts, is also currently being applied in Barcelona. 

 

Figure 4.4. A potentially dangerous situation caused by a wild boar in Barcelona that was resolved by 

capturing and euthanasing this individual. 

Furthermore, since streams were identified as corridors used by wild boars to approach 

Barcelona, clearings could reduce the vegetation cover that provides food and shelter (Dexter, 

1998) and allow wild boars to get closer to the urban area without being exposed, as has been 

suggested for ungulates regarding traffic collisions (Seiler et al., 2016). While vegetation 

clearings have been proven effective in reducing the number of traffic and train accidents 

involving moose (Andreassen, Gundersen, & Storaas, 2005; Jaren, Andersen, Ulleberg, 

Pedersen, & Wiseth, 1991; Lavsund & Sandegren, 1991), other studies have not found any 

effect (Eriksson, 2014; Seiler et al., 2016). This measure has not been previously tested to drive 

wildlife away from urban areas and it is also currently being applied in Barcelona. 
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Managers should also take public health into consideration, since both urban and non-urban 

wild boars and ticks can carry zoonotic pathogens in all the study areas included in this thesis, as 

well as in other urban areas (Studies 3 and 4; Fernández-Aguilar et al., 2018; Jansen et al., 2006; 

Navarro-González et al., 2013; Wang et al., 2019). Addressing this issue should include health 

surveillance and monitoring of urban wild boar populations, and public health information 

should be provided in the abovementioned education campaigns in urban areas, and at the 

information centre in the Serra de Collserola Natural Park, as well as through informative or 

warning panels. Emphasis should be put into not bringing food from foreign countries, 

especially those currently affected by ASF (Gavier-Widén et al., 2015). 

4.4. Ongoing and future research 

The present thesis provides novel results and raises questions for further research that will be 

part of ongoing theses. Concerning the wild boar responses to urbanisation, genetic studies 

(e.g. microsatellite typing; Jarne & Lagoda, 1996) are useful to address the wild boar population 

structure and to therefore determine whether there is continuous immigration from Collserola 

to Barcelona (Barcelona could be acting as an attractive sink; Delibes, Ferreras, & Gaona, 2001), 

or there is already an established urban population in Barcelona (“urban islands” theory; Gloor 

et al., 2001; Wandeler et al., 2003), or both, as occurs in Berlin wild boars (Stillfried, Fickel, et 

al., 2017). This is an ongoing study, in collaboration with the Department of Ecological Dynamics 

from the Leibniz Institute for Zoo and Wildlife Research (Berlin). 

Moreover, the study of the spatiotemporal behaviour of urban wild boars by using GPS tracking 

would complement the previous genetic studies and would help gathering information required 

to design management strategies, such as their daily activity pattern, their resting and feeding 

preferences according to the season and daytime, the relationship between the use of natural, 

peri-urban and urban environments, whether there is individual variability and whether their 

spatial ecology is in accordance with population structure results. This is another ongoing study 

in collaboration with the Leibniz Institute for Zoo and Wildlife Research. 

In addition, it would be interesting to continue the monitoring of female reproduction both in 

Barcelona and Collserola to complement the results from Study 2. For instance, studies on wild 

boar reproduction usually involve the number of foetuses or the litter size as a proxy of 

reproductive success (Fonseca et al., 2011), which we could not address due to lack or 

incomplete data. 
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Lastly, regarding health implications of wild boar presence in urban and peri-urban areas, it 

would be useful to collect questing ticks in order to better characterise tick ecology and TBP(s) 

epidemiology. Moreover, the molecular characterization of the rickettsiae found in Study 3 

would be needed to search for epidemiological connections to human cases. To give continuity 

to Study 4 and obtain a more comprehensive picture on the circulation of foodborne pathogens 

in Barcelona, other sympatric wildlife species could be studied, given that Campylobacter and 

Salmonella have been previously reported in urban species such as pigeons and raccoons 

(Casanovas et al., 1995; Rainwater et al., 2017). Also, it would be advisable to monitor other 

pathogens that could eventually jump from wild boars to humans (Fernández-Aguilar et al., 

2018; Jansen et al., 2007) to further assess the risk that wild species pose to humans in urban 

areas and help preventing their emergence. 

4.5. Closing remarks 

The Eurasian wild boar (and derived forms) show a wide distribution (Oliver & Leus, 2008), high 

habitat and diet adaptability (Santos et al., 2004; Schley & Roper, 2003), high fecundity (Focardi 

et al., 2008; Fonseca et al., 2011), resistance to high hunting pressure (Toïgo, Servanty, Gaillard, 

Brandt, & Baubet, 2008), and low natural mortality (Keuling et al., 2013). It is no wonder why, 

according to hunting bags, wild boar populations have been increasing all over Europe for the 

last 50 years and will probably continue to do so in the near future (Massei et al., 2015; Sáez-

Royuela & Tellería, 1986). 

The wild boar is currently regarded as a species that can exploit the resources offered by 

urbanised areas, as red foxes, racoons or bears have been doing for a longer time in other 

locations (Beckmann & Berger, 2003; Doncaster, Dickman, & Macdonald, 1990; Prange, Gehrt, 

& Wiggers, 2003). The wild boar adjustment to urban environments is still an ongoing process, 

with limited (although increasing) scientific evidence and a lot of questions yet to be answered. 

The present thesis contributes to improve the incipient knowledge of urban wild boars with an 

ecological, epidemiological and applied management approach. It can also serve as starting 

point for future research, as wild boars will probably continue exploiting resources from urban 

areas and the number of wild boar-human conflicts will continue escalating, due to the 

expansion and increasing numbers of the former and the ubiquitous nature of the latter. 

In an urbanising world (United Nations, 2018), more research into urban wildlife and the 

ecology of wildlife diseases is needed, since urbanisation is responsible for global environmental 

change at different scales (Grimm et al., 2015) and ecological and epidemiological science 
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cannot be directly extrapolated from non-urban areas (Mackenstedt et al., 2015). Overall, this 

thesis provides relevant insights into this developing and necessary field of knowledge. 
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5 .  C O N C L U S I O N S  
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1. Wild boars use streams as natural corridors to enter Barcelona from the natural 

bordering area, in the search for food resources available in a fragmented landscape 

with green areas and cat colonies. 

2. Wild boars appear in Barcelona mainly from March to October, probably due to a 

combination of low availability of natural food resources, high availability of human-

derived food resources, and spatial and energetic demands of the wild boar population. 

3. Wild boars respond to the urban environment in Barcelona with higher use of 

anthropogenic food, higher body mass, higher growth rate and early female 

reproduction, but have shorter lifespan. 

4. To mitigate wild boar-human conflicts in Barcelona, the potentially most efficient 

management measures include the reduction of food available for wild boars and the 

removal of problem individuals. 

5. The wild boars in the Metropolitan Area of Barcelona (MAB) are infested with 

Hyalomma lusitanicum, Dermacentor marginatus and Rhipicephalus sanguineus sensu 

lato ticks, which can be infected with emerging zoonotic Rickettsia species (R. massiliae, 

R. slovaca and R. raoultii). 

6. The wild boars from the MAB could promote Rickettsia spp. circulation among ticks, by 

supporting abundant tick populations and facilitating the transmission via co-feeding, 

although a reservoir role could not be confirmed. 

7. Zoonotic Campylobacter lanienae, C. coli and Salmonella sp. are carried by wild boars in 

the MAB. 

8. The C. coli genotypes isolated from wild boars in the MAB show high virulence potential 

and multiresistant profiles. 

9. The wild boars carrying Campylobacter spp., Salmonella sp. and Rickettsia-infected ticks 

are a potential public health threat, given the increasing trend in wild boar population, 

urbanisation and human-wild boar interactions. 
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