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Abstract

Camera-trapping-based social network analysis (SNA) is a valuable tool to characterize communities and identify species with an
outstanding role in pathogen maintenance. This study provides new insights into the contentious debate on the effect of biodiversity
on disease risk by combining SNA with the assessment of host diversity indicators and pathogen richness in Spain. The apparent
species richness detected by camera traps at each study site ranged from 10 to 33 species (mean =+ standard error (SE): 20.73 +1.94)
and their apparent diversity rates (i.e., Shannon index) ranged from 0.57 to 2.55 (mean=+ SE: 1.97+0.16). At the community level,
vertebrate host diversity had a marginal dilution effect on the disease risk and was negatively correlated to pathogen richness. The
exposure to multiple pathogens, as a proxy of disease risk, was negatively associated with apparent host diversity. The disease risk
was driven by the interaction of apparent biodiversity with the presence of livestock and with the centrality of the indicator spe-
cies (i.e., the wild boar). The maximum risk of co-exposure to pathogens was reached when the lowest apparent biodiversity rates
coincided with the highest wild boar centrality in the host community or with the presence of livestock, respectively. The highest
confluence of pathogens occurred at lower apparent diversity indexes, higher wild boar relative abundances and predominance of
agricultural lands. Our results suggest that the diversity-disease relationship is not linear and depends on the environment and host
community characteristics, thereby opening avenues for designing new prevention strategies.

Keywords Agricultural landscapes - Biodiversity-disease relationships - Ecoepidemiology - Ecosystem health - Multi-host
multi-pathogen assemblages - Network analysis

Resumen

El anlisis de redes sociales (ARS) basado en el uso de cAmaras trampa es una herramienta valiosa para caracterizar comunidades
de hospedadores e identificar especies con un papel destacado en el mantenimiento de patégenos. Este estudio aporta nuevas per-
spectivas al polémico debate sobre el efecto de la biodiversidad en el riesgo de enfermedad al combinar el ARS con la evaluacién de
indicadores de diversidad de hospedadores y riqueza de patdgenos en Espafia. La riqueza aparente de especies detectada mediante
camaras trampa en cada lugar de estudio oscil6 entre 10 y 33 especies (media=+error estandar (SE): 20.73 +1.94) y sus indices de
diversidad aparente (es decir, el indice de Shannon) oscilaron entre 0.57 y 2.55 (media+ SE: 1.97+0.16). A nivel de comunidad,
la diversidad de hospedadores vertebrados tuvo un efecto marginal de dilucién sobre el riesgo de enfermedad y se correlaciond
negativamente con la riqueza de patégenos. La exposicién a multiples patégenos, como indicador del riesgo de enfermedad, se
asoci6 negativamente con la diversidad aparente de hospedadores. El riesgo de enfermedad estuvo determinado por la interaccion
de la biodiversidad aparente con la presencia de ganado y con la centralidad de la especie indicadora (es decir, el jabali). El riesgo
méximo de coexposicion a patdgenos se alcanzd cuando los indices méas bajos de biodiversidad aparente coincidieron con la mayor
centralidad del jabali en la comunidad de hospedadores o con la presencia de ganado, respectivamente. La mayor confluencia de
patégenos se produjo con indices de diversidad aparente mas bajos, mayores abundancias relativas de jabalies y predominio de
ambientes agricolas. Nuestros resultados sugieren que la relacién diversidad-enfermedad no es lineal y depende del entorno y de las
caracteristicas de la comunidad de hospedadores, lo que abre vias para disefiar nuevas estrategias de prevencion.

P4 Patricia Barroso 2 SaBio Instituto de Investigacién en Recursos Cinegéticos

pbars@unileon.es (IREC) CSIC-UCLM-JCCM, 13071 Ciudad Real, Spain

Department of Animal Health, Faculty of Veterinary
Medicine, University of Leon, Campus de Vegazana,
24071 Leon, Spain

Published online: 04 May 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10344-024-01799-y&domain=pdf

48 Page 2 of 13

European Journal of Wildlife Research (2024) 70:48

Introduction

Pathogens have highly variable host ranges, from pathogens
restricted to a single species (i.e. single-host pathogens) to
those that can infect a wide variety of host species (i.e. multi-
host pathogens). A central goal in disease ecology is the
understanding of the complex dynamics and epidemiology
of multi-host pathogens since 80% of pathogens of domestic
animals and 60% of human pathogens are multi-host. How-
ever, despite their ubiquity and relevance for global health,
these pathogens have been neglected concerning single-host
pathogens (Woolhouse et al. 2001).

The characterization of complex multi-host multi-pathogen
systems, frequently involving wild species, livestock and/or
humans, is essential to better understand the dynamics of infec-
tions under changing environmental conditions (Silk et al.
2017; Behdenna et al. 2019; Barroso et al. 2023a). In complex
ecological communities, the pathogen transmission capacity
of a species depends on its abundance, intra- and inter-species
encounter rates, susceptibility, infectiousness or infection dura-
tion, among others (Murray et al. 2011; Barasona et al. 2014b;
Mackenstedt et al. 2015; Huang et al. 2016; Santos et al. 2022).
However, changes in the community composition can affect
species-specific transmission capacities, leading to either a
“dilution” or an “amplification” effect (Van Buskirk and Ost-
feld 1995; Norman et al. 1999; Laurenson et al. 2003). For
example, when diversity declines the more competent species
(i.e. species in which a given pathogen can replicate and spread
to a new susceptible species, and usually highly connected to
the rest of the community),usually remain present in the host
community, showing a higher ecological resilience, while less
efficient species for pathogen transmission decline or disappear
(Ostfeld and Keesing 2012; Gervasi et al. 2017).

The “dilution effect” hypothesis postulates that spe-
cies-richer communities show a lower risk of pathogen
emergence and reduced transmission (Keesing and Ost-
feld 2015). This protective effect of biodiversity has been
reported in many studies on infectious diseases of wildlife,
livestock, humans, and plants (Dizney and Ruedas 2009;
Young et al. 2014; Civitello et al. 2015; Halliday et al.
2020). According to this hypothesis, more diverse com-
munities would be more likely to harbor fewer competent
hosts while less diverse ones may have a higher abundance
of specific hosts (Gervasi et al. 2015). The presence and
abundance of certain species could drive the risk of infection
with certain pathogens (Keesing and Ostfeld 2021). In gen-
eral, competent hosts are widespread and abundant species
(broad geographic ranges) with fast life histories, i.e., early
maturity, short gestation period and large litter size (Han
et al. 2015; Keesing and Ostfeld 2015). These hosts are more
prone to be encountered by pathogens in nature and are usu-
ally less resistant or more tolerant to infection (Martin et al.
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2006). In addition, competent host species are often resil-
ient to disturbance and environmental stressors that cause
biodiversity declines (Cronin et al. 2010; Johnson et al.
2012). Thus, resilient species may persist as biodiversity is
lost from host communities, being able to harbor and trans-
mit pathogens at high rates. As an example, Schmidt and
Ostfeld (2001) evidenced that the prevalence of Borrelia
burgdorferi, in field-collected Ixodes ticks was extremely
lower than expected when ticks fed predominantly on
highly competent reservoirs such as a white-footed mice
(Peromyscus leucopus) and eastern chipmunks (Tamias
striatus). Alternatively, if long-lived species constitute a
more steady environment for parasite survival, host longev-
ity and parasite species richness may be positively asso-
ciated, as had been demonstrated for ungulates (Cooper
et al. 2012). Another related idea, the “diversity begets
diversity” hypothesis, defends that biodiverse ecological
communities also have a higher pathogen diversity, with
infection prevalence and disease severity decreasing with
increasing host diversity (Hechinger and Lafferty 2005;
Wood and Lafferty 2013; Rottstock et al. 2014; Johnson
et al. 2016). For example, Johnson et al. (2016) suggested
that the diversity of amphibian parasites increased consist-
ently with that of their hosts. However, a polarized debate
about the generality of both hypotheses exists, although the
biodiversity-disease relationship seems to depend on the
specificity of the pathogen, its type of transmission, and
habitat features, among others (Wood and Lafferty 2013;
Strauss et al. 2015).

Social network analysis (SNA) is a valuable tool to char-
acterize host communities in terms of their inter-specific
interactions allowing for identifying individuals or key
species for pathogen spread (Martinez-Lépez et al. 2009;
Triguero-Ocaiia et al. 2020). Several network metrics could
be employed to assess the epidemiological relevance of
each node (individual or species) for the overall community.
Among them, centrality measures of nodes are especially
useful since these have been associated with higher pathogen
richness and spread capability, being species with high cen-
trality potentially considered as potential super-spreaders of
pathogens (Gémez et al. 2013). In this regard, broker hosts
are considered those which serve as a bridge to the other
not directly connected species in the network (Lusseau and
Newman 2004). Network characteristics including composi-
tion, interaction structure, and transmission routes may drive
disease transmission and diversity-disease relationship (Su
et al. 2022).

Biodiversity, pathogen maintenance and inter-species trans-
mission may be also driven by biotic and abiotic factors includ-
ing disturbance. Human impacts causing land-use modifica-
tions affect species richness and mammal health status with
a subsequent impact on infectious disease risk (Young et al.
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2013; Keesing and Ostfeld 2021). Agriculture, in particular
livestock grazing, could modify ecological niches and patho-
gen transmission, exerting both positive and negative con-
sequences for biodiversity (Broom et al. 2013; Barroso and
Zanet 2024). The main impacts include the overexploitation
of the vegetation and the alteration of water quality when
the stocking densities are elevated, the potential transmis-
sion of shared pathogens, the alteration of wild communities
and habitat structure, as well as the subsequent ecological
cascading effects (Barroso and Gortazar 2024). Benefits of
livestock presence for biodiversity comprise, among others,
its role as ecosystem engineers (creating suitable habitats
for certain wildlife species breeding and survival) and the
increase in the availability of water bodies for wildlife which
are built and/or maintained for livestock (Severson 1990;
Thiere et al. 2009). Some examples of these advantages are
the mutualistic relationships established by livestock and
certain wild species such as cattle egrets (Bulbuculus ibis)
or the positive effects of livestock-driven structural changes
in the habitat for termites, arboreal geckos and insects in
traditional pastoral systems in Africa (Riginos et al. 2012).
The costs or benefits of livestock grazing depend on the type
of breeding, management and stocking densities, grazing
intensity, season, climate, and the community composition,
and are thus species- and context-specific (Schieltz and
Rubenstein 2016; Barroso and Gortazar 2024).

The wild boar (Sus scrofa) is a ubiquitous species with
large home ranges which exhibits high tolerance to human
disturbance. Therefore, this species overlaps its habitat with
livestock and humans, acting as a link between natural areas
and humanized settings (Macdonald and Laurenson 2006;
Torres et al. 2020). Thus, wild boar may play a key role as
a reservoir or carrier of several pathogens and antimicro-
bial resistances in the wildlife-human-livestock interface
(Fredriksson-Ahomaa 2019; Torres et al. 2020), serving as
a perfect model species to unveil the emergence, spread and
persistence of pathogens in complex host communities.

In a context of global pathogen emergence, we hypoth-
esized that the disease risk, using the wild boar as the indi-
cator species, will generally be higher in areas with lower
biodiversity. This relationship should be determined by other
factors linked with connectivity (species centrality) between
hosts and human-driven factors.

Methods

Population monitoring and estimation of mammal
species richness and diversity indexes

Eleven study sites were selected because they were repre-
sentative, i.e. were distributed throughout the main wildlife
bioclimatic units, of mainland Spain in terms of habitats,

climates and wildlife management systems (Fig. 1) (Barroso
et al. 2023b; MAPA 2024). In 2021, a grid of approximately
20 unbaited camera traps (Browning Strike Force HD ProX,
Browning Arms Company®, Morgan, Utah, USA) was ini-
tially deployed for 40 days in each study site. The grids were
of variable size according to the surface of each study site
ranging from 14 to 24 (mean: 18 cameras). Cameras were
deployed facing north, 50 cm above ground, and with the
sensor angled parallel to the slope of the ground. Cameras
were set to be operative 24 h, to record a burst of eight con-
secutive pictures at each activation, with a one second delay
between consecutive activations. The sensitivity of the infra-
red sensor was set to medium. Photographs of individuals
taken more than ten minutes apart were considered inde-
pendent captures (see Barroso et al. 2023b) for a detailed
methodology).

Images from cameras which were operative less than five
days were discarded. Subsequently, survey effort was har-
monized to 339 camera-days (range: 222-358 camera-days).
Relative abundance, namely trapping rate, was calculated for
each species including 24 wild mammal species, 6 domestic
mammal species and 50 bird species (O’Brien 2011). It was
calculated as the number of independent captures per camera
and operative day.

Species richness and Shannon’s index (H) were calculated
for the overall pool of species found (30 mammals and 50
bird species), and for wildlife species (24 mammal and 50
bird species). These metrics were computed through camera
trap records (number of encounters of each species) by using
ggvegan R package. Therefore, these values comprised the
species detected by the cameras and not necessarily all those
present, so these metrics were named as “apparent species
richness” and “apparent diversity rate” (Oliver et al. 2023).
Static social networks were constructed for mammals of
each study site and the centrality node metrics (i.e., degree,
weighted strength, closeness, betweenness; Martinez-Lopez
et al. 2009) were estimated, both using the igraph R pack-
age (Fig. 1; Csardi and Nepusz 2006). The weights assigned
to nodes correspond to the number of spatial coincidences
between nodes/species (i.e. the photo-capture of individu-
als by the same camera during a 24 h window, based on the
environmental survival of the target pathogens) (Niedballa
et al. 2019). These metrics obtained, defined in Supplemen-
tary Material 1, are the most relevant epidemiologically
(Silk et al. 2017), allowing to identifying potential super-
spreaders, individuals who mediate the spread of infection
between the host community or exposure of individuals to
infection. For each study site, the number of species with
higher centrality metrics was calculated. For this purpose,
the arithmetic mean of each species’ metrics was calculated
considering all the study sites, and the total number of spe-
cies with values above the mean was counted.

@ Springer



48 Page 4 of 13

European Journal of Wildlife Research (2024) 70:48

NORTHERN COAST

Livestock: cattle, sheep
and goat
Type: open area

CANTABRIAN
MOUNTAINS

Livestock: cattle and horse
Type: open and protected

PRE-PYRENEES

Livestock: sheep and goat
Type: open area

area (natural park)

CENTRAL SYSTEM e
4

Livestock: cattle, sheep

and goat B L
Type: open area >

j .5
Livestock: absent o
Type: fenced area 8

CEEITTEY .

Livestock: absent
Type: fenced area

GUADALQUIVIR
VALLEY

Livestock: cattle and horse
Type: open and protected
area (National Park)

e CATALONIAN COAST
o3 W—'\—\"’\'A‘ Livestock: sheep and goat

Type: open and protected
/ ’
.10;

o area (natural park)

Livestock: absent
Type: fenced area

IBERIAN SYSTEM

Livestock: sheep
Type: open area

Livestock: absent
Type: open area

Fig.1 Map of the 11 pilot monitoring sites with information on the presence of livestock and type of area. Green and red squares represent areas
with and without livestock. Squares with dashed lines show protected areas

Health monitoring and disease risk assessment

According to previous studies, the Eurasian wild boar
was selected as an indicator species of the health status
of the host community, i.e., the species which serves best
to detect the emergence or changes in the prevalence of
multi-host pathogens (Halliday et al. 2007; Barroso et al.
2023b, 2024) (Fig. 2). From 2020 to 2021, a total of 468
sera from hunter-harvested wild boar from the 11 study
sites were assayed for antibodies against six different
pathogens (hepatitis E virus (HEV), Toxoplasma gondii,
Mycobacterium tuberculosis complex -MTC-, Brucella
sp, Aujezsky’s disease virus -ADV-, Porcine circovirus
type 2 -PCV2-; data published in Barroso et al. 2023b)
using commercial indirect enzymatic immunoassays fol-
lowing manufacturer’s instructions (see Supplementary
Material 2 for methodological details). Co-exposure was
defined as the simultaneous positive diagnosis (presence
of antibodies) to pathogens in an individual (Barroso et al.
2023a). The number of pathogens implicated was used to
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arbitrarily categorize the severity of the co-exposure into
mild (2 pathogens) and severe (>3 pathogens).

For each study site, the disease risk was estimated fol-
lowing three approaches: the pathogen richness (antibody
richness) in the indicator species, the average seroprevalence
of pathogens (%), and the presence/severity of co-exposure
to pathogens (Huang et al. 2016). The risk of viruses (HEV,
PCV2, ADV), and multi-host/zoonotic IMTC, T. gondii,
HEV and Brucella), water-borne (MTC, T. gondii, HEV),
and swine pathogens (HEV, PCV2, and Brucella) were also
computed (Dubey 2004; Meng and Lindsay 2009; Yugo and
Meng 2013; Barasona et al. 2017, 2019).

Statistical analyses

The pathogen (antibody) richness, average seroprevalence
of pathogens and prevalence of co-exposure to pathogens
in wild boar was used as a proxy of the disease risk and
health status of the entire host community since wild boar
was established as an indicator species according to previous
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Fig.2 Glossary of network node metrics and definition of the types of species considered in this study

studies (Barroso et al. 2023b, 2024). Bivariate analyses were
performed to assess the relationships between apparent spe-
cies diversity, node/network metrics and disease risk at the
sampling site level (n=11) by using Spearman’s rank tests,
and Kruskal Wallis sum rank tests for the continuous and
categorical variables, respectively.

Two sets of generalized linear mixed models (bino-
mial response) were fitted in the R library /me4 to assess
the diversity-disease relationships and their potential
determinants (Bates et al. 2019) (Supplementary Material
3). The presence of co-exposure to pathogens (yes/no) and
co-exposure severity were selected as response variable as
a proxy for disease risk. This variable allowed analyzing a
larger sample (individual level). The study site was included
as a random factor. The variance inflation factor (VIF) was
calculated for all covariates to measure multicollinearity,
and variables with a VIF<3 were retained in the model.
Among the indexes calculated, Shannon index was selected
as an indicator of apparent species diversity for statistical
analyses because it is broadly used in the literature, being
almost universal for general ecological use, and since it is
less affected by sample size and allows to capture biologi-
cal information (Fedor and Zvarikova 2018). The predic-
tors included in the models were the apparent biodiversity
index (Shannon index), coverage of agricultural lands (%)
(information acquired from Corine Land Cover dataset

including arable land, permanent crops, prairies, and
heterogeneous agricultural areas, obtained by a principal
component analysis because of the higher collinearity
found land cover variables), presence of livestock, and
centrality and relative abundance of wild boar (indicator
species). The wild boar centrality index selected was the
weighted strength, being the measure less correlated with
the other explanatory variables (VIF < 3) (Barrat et al.
2004). Model selection was based on corrected Akaike's
Information Criterion (AICc). The Akaike weight (wi), i.e.
the probability that a model is the best among those com-
pared, was also estimated (Burnham and Anderson 2002).
All models with an increase in lower than two AICc units
(AAICc < 2) were considered suitable to explain the vari-
ability observed in the response variable. Once the best
model was selected, normality and the absence of residual
pattern in data variation were checked. All analyses were
conducted using R software 4.0.2 (R Core Team 2019).

Results
Vertebrate species diversity

Species registered by camera traps at each study site
are displayed in Supplementary Material 4. The overall
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apparent species richness of each study site (mean + SE:
20.73 +£1.94; range: 10-33) and their apparent diversity
indexes (mean H index + SE: 1.97 +0.16; range: 0.57-2.55)
are shown in Table 1.

Diversity-disease relationships at study site level

1. Antibody prevalence

Apparent wildlife species diversity (Shannon H)
showed a seeming tendency to reduce the disease risk
when expressed as the average seroprevalence of patho-
gens, but it was not statistically significant. As for the
disease risk by groups of pathogens, a lower risk of
viruses was correlated with a higher diversity of both
overall species (R -0.67 p: 0.03) and of wildlife species
(R -0.72 p: 0.02) (Fig. 3a). The risk of pathogens linked
to swine presence was negatively correlated to apparent
biodiversity indexes (R: -0.62 p: 0.05) (Fig. 3b).
Coinfections

A negative correlationship between the disease risk
and the apparent species diversity was demonstrated at
the study site level when considering the co-exposure to
pathogens as a proxy of the disease risk (Overall H: R:
-0.85 p<0.02; Wildlife H: R: -0.9 p <0.02). The number
of pathogens to which wild boar were co-exposed was
negatively related to apparent biodiversity levels (KW:
21.13; p<0.02).

Species centrality-disease relationships at study site level

Supplementary Material 5 displays centrality node met-
rics for overall nodes and wild boar. Pathogen richness
(overall and multihost/zoonotic pathogens) in the host
communities seemed to decline as the number of spe-
cies with elevated betweenness increased (above average
values of each species’ betweenness among study sites)
(overall: R: -0.77 p<0.01; multihost/zoonotic patho-
gens: R: -0.62 p: 0.04), i.e., a greater number of broker
hosts was correlated to lower pathogen richness (Fig. 3c¢).
However, the contrary occurred with species closeness
(overall R: 0.70, p: 0.02): pathogen richness increased
with species closeness.

Factors driving diversity-disease relationships
at individual level

The relationship between apparent biodiversity and dis-
ease risk (risk of co-exposure to pathogens at the indi-
vidual level) was driven by the interaction of apparent bio-
diversity with the presence of livestock, as well as with the
centrality of the indicator species, since both models were
considered as best models (AAICc <2). In this regard,
the maximum disease risk was reached when the lowest
apparent biodiversity rates co-occurred with the highest
wild boar centrality in the host community or with the

Table 1 Apparent biodiversity

- . Study site Apparent Apparent Shan-  Pathogen Average seropreva-
metrics, pathogen richness species rich-  non diversity richness lence of pathogens
and average seropreyglence ness index (%)
of pathogens (hepatitis E
virus, Toxoplasma gondii, Northern coast 24 2.52 3 31.54
Mycobacterium tuberculosis 1)
complex, Brucella sp, Cantabrian Mountains 33 255 5 16.67
Au]e'zsky's dlsfaase virus, and' )

Porcine circovirus type 2; %) in

11 study sites from Spain g;e-pyrenees 23 2.04 4 26.19
Catalonia coast 21 2.10 5 20.28
C)}
Iberian System 25 2.31 5 8.90
)
Central System 22 2.31 6 22.39
(6
Toledo Mountains 10 0.57 6 30.16
@
Guadiana valley 17 1.78 6 24.13
®
Sierra Morena Mountains 22 1.96 6 30.00
&)
Cordillera bética Mountains 11 1.80 5 18.33
(10)
Guadalquivir valley 20 1.78 5 30.06
an
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Fig. 3 Biodiversity-disease risk relationships (wild boar as indica-
tor species) from 11 study sites in Spain. Apparent biodiversity rates
(Shannon diversity index H) in relation to a the average seropreva-
lence of antibodies against viruses (hepatitis E virus -HEV-, Aujeszky
disease virus -ADV-, and porcine circovirus type 2 -PCV2-; %), b the
average seroprevalence of swine pathogens (HEV, PCV2, and Bru-
cella sp; %), and ¢ number of species with higher betweenness (i.e.,
above the mean of each species considering all the study sites) in a
host community in relation to its pathogen richness. Shaded bands
represent 95% confidence intervals

presence of livestock, respectively (Fig. 4a and Table 2).
On the contrary, in the absence of livestock or at low wild
boar connectivity the effect of apparent biodiversity was
not significant (Fig. 4b).
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Fig.4 Predicted probability of co-exposure to pathogens (Myco-
bacterium tuberculosis complex, Brucella sp, Toxoplasma gondii,
hepatitis E virus, Aujeszky disease virus, and porcine circovirus
type 2) in wild boar (n=360) from 11 study sites in Spain in rela-
tion to a the interaction between apparent wildlife diversity (Shannon
diversity index) and the centrality of wild boar in the host commu-
nity (weighted strength of wild boar), and b the interaction between
apparent wildlife diversity (Shannon diversity index) and the presence
of livestock. Shaded bands represent 95% confidence intervals

For the severity of disease risk (number of pathogens
to which individuals were co-exposed), the full model was
selected since there were no differences <2 AAICc with the
rest of the best models. The severity of disease risk was best
explained by the additive effect of apparent host diversity,
wild boar relative abundance, wild boar centrality, presence
of livestock, and coverage of agricultural lands. The highest
confluence of pathogens occurred at lower apparent diversity
indexes (p: 0.05), and higher wild boar relative abundance (p:
0.11), and coverage of agricultural lands (p: 0.07, marginally
significant) (Supplementary Material 6 and Table 3).
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Table 2 Results of the final generalized linear mixed models (GLMMs)
examining the relationship between the co-exposure to pathogens (Myco-
bacterium tuberculosis complex, Brucella sp., Toxoplasma gondii,
hepatitis E virus, Aujeszky disease virus, and porcine circovirus type
2) in wild boar and (a) the interaction between apparent wildlife diver-
sity index (Shannon index H) and the centrality of wild boar in the host

community (weighted strength log-transformed) or (b) the interaction
between apparent wildlife diversity index (Shannon index H) and the
presence of livestock, in 11 study sites from Spain. The reference cate-
gory was absence of livestock for the variable livestock presence

a- Variables F Estimate + SD p
xy)
Apparent wildlife diversity (H) 13.22 3.53+£1.60 0.03
(1, 359)
Centrality of wild boar (Weighted strength log-trans- 1.72 1.51+£0.53 <0.01
formed) (1, 359)
Apparent wildlife diversity * Centrality of wild boar 7.46 -0.82+0.30 <0.01

(Weighted strength log-transformed) (1,359)

Random intercept variance (62): 3.29
Marginal R 0.09

Algebraic expression

logit (p;=- 6.46+3.53 X apparent wildlife diversity;+ 1.51 X centrality of wild

boar;; — 0.82 x apparent wildlife diversity; X centrality of wild boar;+a;

/)

a,~N (0, 3.29)

b- Variables F
(%,y)

Estimate + SD P

13.92
(1, 359)
Livestock presence 0.04

(1, 359)
Apparent wildlife diversity (H) * Livestock presence 7.08
(1, 359)

Apparent wildlife diversity (H)

-0.36+0.32 0.26
Present: 2.72+1.04 <0.01

-1.45+0.54 <0.01

Random intercept variance (62): 3.29
Marginal R%: 0.08

Algebraic expression

Livestock absent: logit (p;=0.95 — 0.36 X apparent wildlife diversity;+a;
2;~N (0, 3.29)

Livestock present: logit (p;=0.95 — 1.81 X apparent wildlife diversity;+2.72+a;

a,~N (0, 3.29)

*Represents interaction terms

Discussion

Multi-host multi-pathogen systems are common in nature
(Robles-Fernandez et al. 2022; Barroso et al. 2023a). These
systems are dynamic, making it challenging to study their
epidemiology and ecology, as well as designing appropriate
control strategies (Fountain-Jones et al. 2018). In this con-
text, it is essential to elucidate the effect of species richness
and diversity on disease risk since biodiversity oscillations
lead to changes in host community competence for patho-
gen maintenance (Barasona et al. 2019; Stewart Merrill and
Johnson 2020). By combining the assessment of host com-
munity composition, apparent diversity, and species cen-
trality with that of disease risk indicators, this study offers
insight into the contentious diversity-disease relationship
(Halsey 2018; Rohr et al. 2019).

@ Springer

Species centrality-disease relationships

Centrality measures of a network reflect the importance of
each species to the host community in terms of the extension
of its indirect links with other species (Martinez-Lopez et al.
2009). The number of species which serve as key brokers
between many others (highest betweenness) was negatively
associated with pathogen richness. A large number of spe-
cies that connect different species subgroups within the host
community (see Supplementary Material 1) implies a higher
number of indirect routes between pairs of species, i.e., the
species were less directly linked, thus potentially reducing
the probability of competent host encounters (Gémez et al.
2013). Similarly, pathogen richness was positively related
to the number of species with elevated closeness, an indica-
tor of how closely connected a species is to the others, and
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Table 3 Results of the final generalized linear mixed models (GLMMs)
examining the relationship between the severity of co-exposure to patho-
gens (Mycobacterium tuberculosis complex, Brucella sp., Toxoplasma
gondii, hepatitis E virus, Aujeszky disease virus, and porcine circovirus
type 2) in wild boar and apparent wildlife diversity index (Shannon index

H), the relative abundance of wild boar, the centrality of wild boar in the
host community (weighted strength log-transformed), the presence of live-
stock, and the coverage of agricultural landscapes in 11 study sites from
Spain. The reference category was absence of livestock for the variable
livestock presence

Variables F Estimate + SD P
x.y)

Apparent wildlife diversity (H) 2.29 -0.74+0.38 0.05
(1, 359)

Relative abundance of wild boar 1.93 0.59+0.38 0.12%
(1, 359)

Centrality of wild boar (Weighted strength log-transformed) 1.57 -0.13+0.09 0.17
(1, 359)

Livestock presence 0.01 Present: 0.24 +0.41 0.55
(1,359)

Coverage of agricultural landscapes 3.34 0.02+0.01 0.07*
(1, 359)

Random intercept variance (62): 3.29

Marginal R%: 0.06

Algebraic expression Livestock absent: logit (p;=0.85 - 0.73 X apparent wildlife

diversity;+0.59 Xrelative abundance of wild boar; — 0.13 X centrality of
wild boar;;+0.02 X coverage of agricultural landscapes;; +a;

a;~N (0,

3.29)

Livestock present: logit (p;=0.85 — 0.73 X apparent wildlife
diversity;+0.59 X relative abundance of wild boar; — 0.13 X centrality of
wild boar;+0.24 +0.02 X coverage of agricultural landscapes;; +a;

a;~N (0,

y

3.29)

*Marginally significant results

specifically to wild boar closeness as one relevant reservoir
and super-spreader for several of the pathogens studied (San-
tos et al. 2015). Previous studies on social network analysis
in epidemiology stated that node closeness mirrors the “time-
until-arrival” of pathogens if infection occurs through the
shortest path (Borgatti 1995; Corner et al. 2003). Thus, iso-
lated species in the network are less likely to become infected
and infect others whereas highly connected ones will be effi-
cient at spreading pathogens through the network (Corner
et al. 2003), and represent optimal indicators.

Drivers of the diversity-disease relationship

Our results at the study site level support a dilution effect
of apparent biodiversity on disease risk in terms of both
the probability of co-exposure to pathogens and the number
of implicated pathogens (severity). However, the models
(individual level) revealed that the diversity-disease relation-
ship depends on several factors including indicator species
centrality, livestock presence, relative abundance of hosts
and abiotic factors, which was in accordance with previous
studies on multi-host multi-pathogen assemblages (Wang
etal. 2019).

A dilution gradient from more to less marked was
observed depending on the presence of livestock and the
centrality of the wild boar in the network representing the
host community. A noticeable dilution effect of apparent
biodiversity on pathogen risk occurred in communities
with livestock, while this diversity-disease relationship was
not as evident in the absence of livestock. Homogeneous
(diversity-poor) communities containing livestock were the
riskiest ones for exposure to multiple pathogens while, also
under the presence of livestock, high rates of biodiversity
gave rise to the lowest risk. Previous studies reported a pos-
itive relationship between livestock density and pathogen
diversity (Arneberg 2002; Byrne et al. 2019). Free-ranging
livestock under low-intensive silvopastoral systems is known
to harbor higher biodiversity than other agricultural systems
(Fox 2013; Broom et al. 2013). Thus, circumstances of high
diversity and livestock presence could be also associated
not only with lower livestock densities (and reduced patho-
gen richness) but also with a higher biodiversity implying
the presence of many potentially incompetent hosts limiting
the abundance of competent hosts, e.g., by competition for
resources (Ostfeld and Keesing 2012; Huang et al. 2013;
Wang et al. 2019).

@ Springer
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In our study systems, the biodiversity-disease relation-
ship also depends on wild boar centrality in the network.
In communities in which the wild boar was highly con-
nected to other species (i.e., frequently overlaps spatially
with the other species of the community), the potential
epidemiological consequences of the encounter of this
superspreader with other competent hosts could be diluted
by high diversity rates, thus decreasing the risk of expo-
sure to pathogens (Ostfeld and Keesing 2012; Keesing
and Ostfeld 2015). On the contrary, communities with
highly central wild boar and low biodiversity represented
the highest risk. However, when the wild boar was more
isolated in the network, the disease risk remained stable
(i.e., unaffected by biodiversity).

Regarding the severity of co-exposure, the animals
were exposed to the maximum number of pathogens when
they belonged to low apparent biodiverse communities, to
communities with high wild boar abundance, and/or areas
with high agricultural use. Once again, our results showed
that biodiversity may reduce the probable number of circu-
lating pathogens. Other factors, namely the abundance of
indicator species such as wild boar or agricultural use also
explained the number of pathogens to which the host com-
munity was exposed. Both factors have been associated
with increased overlap among wild boar and other wild
and domestic ungulates (Kukielka et al. 2013; Barasona
et al. 2014a).

This study had several limitations. It comes from a pilot
project on integrated wildlife monitoring, and thus, given
the exploratory and descriptive nature of the study, the
results are observational and do not follow specific hypoth-
eses and/or experimental designs. More study sites and
more pathogens (both multi-host and single-host) would
provide more robust insights. Adding some vector-borne
pathogens would be pertinent. To compensate for the low
number of study sites (n=11) we modelled some disease
risk indicators at the individual level (n=468). The uni-
form effort carried out in all sites may help to avoid bias
in the results. Although more and more studies indicate
its potential as a tool to measure vertebrate diversity and
abundance, camera trapping should be combined with addi-
tional techniques focused on species whose detectability is
lower but whose epidemiological importance is elevated,
such as small mammals or birds (Steenweg et al. 2017).
These additional techniques could include public available
platforms on wildlife observations, sound detectors and/
or artificial intelligence tools (Oliver et al. 2023; Pérez-
Gonzalez et al. 2024). These tools should be considered
in future studies although the high number of bird species
detected by camera traps in this study indicates its potential
to provide a significant contribution also to bird diversity
and distribution monitoring.

@ Springer

Conclusions and implications

Our results offer insights in the debate on the diversity-disease
relationship by highlighting that it is not invariant but rather
depends on certain characteristics of the host communities
and the environment. This could give rise to better risk mitiga-
tion and prevention strategies.

Social network analysis is a useful tool to combine with
integrated wildlife monitoring systems. This new approach
would provide researchers and decision makers with a more
detailed and comprehensive picture of the host community
by identifying potentially key species for pathogen spread
that in turn determine biodiversity-disease relationships.
Host communities with a greater number of closely con-
nected individuals presented a higher risk of disease, high-
lighting wild boar connectivity in particular as a determinant
for the transmission of multiple pathogens in homogene-
ous (apparent low biodiverse) communities. Similarly, a
larger number of indirect routes to connect pairs of species
decreased the disease risk, probably together with all the
other routes by undetected species.

A dilution effect was observed. At the individual level,
the biodiversity-disease relationship depended on biotic and
abiotic factors such as livestock presence and the centrality
of wild boar in the networks. Since those sites with livestock
presence characterized by high biodiversity rates were less
risky for pathogens, promoting biodiversity becomes essen-
tial for disease control. This could impact on public health
and the economy, since land use, management of wild popu-
lations and biodiverse agro-livestock systems play a crucial
role in preventing pathogen emergence.
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