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Abstract

The importance of social and spatial structuring of wildlife populations for disease

spread, though widely recognized, is still poorly understood in many host-pathogen

systems. In particular, system-specific kin relationships among hosts can create con-

tact heterogeneities and differential disease transmission rates. Here, we investigate

how distance-dependent infection risk is influenced by genetic relatedness in a novel

host-pathogen system:wild boar (Sus scrofa) andAfrican swine fever (ASF).Wehypoth-

esized that infection risk would correlate positively with proximity and relatedness

to ASF-infected individuals but expected those relationships to weaken with the

distance between individuals due to decay in contact rates and genetic similarity. We

genotyped 323wild boar samples (243 ASF-negative and 80 ASF-positive) collected in

north-eastern Poland in 2014–2016 and modelled the effects of geographic distance,

genetic relatedness and ASF virus transmission mode (direct or carcass-based) on the

probability of ASF infection. Infection risk was positively associated with spatial prox-

imity and genetic relatedness to infected individuals with generally stronger effect of

distance. In the high-contact zone (0–2 km), infection risk was shaped by the presence

of infected individuals rather than by relatedness to them. In the medium-contact

zone (2–5 km), infection risk decreased but was still associated with relatedness and

paired infections were more frequent among relatives. At farther distances, infection

risk further declined with relatedness and proximity to positive individuals, and was

60% lower among un-related individuals in the no-contact zone (33% in10–20 km)

compared among relatives in the high-contact zone (93% in 0–2 km). Transmission

mode influenced the relationship between proximity or relatedness and infection risk.

Our results indicate that the presence of nearby infected individuals is most important

for shaping ASF infection rates through carcass-based transmission, while relatedness

plays an important role in shaping transmission rates between live animals.
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1 INTRODUCTION

Spatial and social behaviour of the hosts plays a major role in shap-

ing patterns of pathogen spread in animal populations (Albery et al.,

2021; Altizer et al., 2003; Dougherty et al., 2018; Sah et al., 2018).

Host movements define the spatial dimension of pathogen transmis-

sion while social structure determines the encounter rate between

infectedand susceptible individuals. In social systemswith stable group

membership, individual contacts and pathogen transmission occur

mainly within social groups, potentially limiting the speed of disease

spread (Pepin et al., 2020). This type of social structure is typically

based on familial (e.g., matrilineal) groups where social interactions

and disease transmission rates are correlated with genetic relatedness

(Benton et al., 2016; Carter et al., 2013; Grear et al., 2010). In con-

trast, in fission-fusion societies with dynamic group membership, con-

tact rates and disease transmission tend to be independent of related-

ness (Hirsch et al., 2013; Mejía-Salazar et al., 2017; Vander Wal et al.,

2012). The social system can, thus, affect the rate and mechanisms

of pathogen transmission (Altizer et al., 2003; Sah et al., 2018). Con-

tact heterogeneity due to social structure may be particularly rele-

vant for disease transmission at a local scale, where groups are already

in spatial proximity allowing for contact. Understanding the relative

contribution of spatial and social processes in disease transmission at

such scales is important for modelling and managing wildlife diseases

(Dougherty et al., 2018; Pepin et al., 2021). However, investigating the

role of host social and spatial behaviour in disease transmission is chal-

lenging, ideally requiring simultaneous host contact, movement and

infection data and studies addressing this issue with relevant data are

limited. Additionally, host social system and pathogen characteristics

(e.g., infectiousness, transmission mode, lethality) interact to produce

varying spatial infection patterns and epidemiological outcomes (Pepin

& VerCauteren, 2016; VanderWaal & Ezenwa, 2016). Genetic struc-

ture of the population reflects long-term gene flow and social struc-

ture (Rossiter et al., 2012). Because genetic structuring and transmis-

sion of a fast-paced pathogen, such as ASF virus, operate at different

timescales, we were not interested in the interaction of these two pro-

cesses. Instead, we use genetic data to better understand social struc-

turing, at a timescale compatible with pathogen transmission, and test

whether the existing social structure has any role in shaping the spatial

dynamics of the disease.

African swine fever (ASF) is a contagious viral disease with

both direct and environmental, mainly carcass-based, transmission in

Eurasian wild boar Sus scrofa which is the sole wild reservoir of the

disease in Eastern Europe (Chenais et al., 2018). The ASF virus strain

currently circulating in Eastern Europe (genotype II) is highly virulent,

causing lethality approaching 100% within 1–3 weeks post-infection

(Blome et al., 2013) and the disease causes high mortality in suscep-

tible host populations which can reduce wild boar numbers by as much

as 90% during the initial phase of an outbreak (Morelle et al., 2020).

ASF virus is resistant to environmental factors and can remain active

in contaminated tissues from several weeks to months (Fischer et al.,

2020). Transmission through infected carcasses (i.e., indirect) has been

estimated to account for about a half of all infections and contribute

to long-term persistence of the disease particularly at low host densi-

ties (Pepin et al., 2020). Because diseased animals tend to die locally

(i.e., within their home range), they will be a source of infectionsmainly

for the most proximate individuals from their own or neighbouring

social groups. However, transmission rates via indirect and direct (i.e.,

through social interactions) routes will probably differ due to varying

contact dynamics and long availability of infectious carcasses (Cukor

et al., 2020; Probst et al., 2020; Probst et al., 2017). Thus, carcass-based

transmission interacts with direct transmission to shape local infec-

tion patterns (Lange& Thulke, 2016). The spread of infectious diseases

occurs overmultiple spatial scales (Riley, 2007).On the landscape level,

ASF prevalence and spread correlate positively with wild boar den-

sity (Nurmoja et al., 2017; Podgórski et al., 2020), proportion of forest

cover (Dellicour et al., 2020; Podgórski et al., 2020) and negativelywith

distance to previous cases (Podgórski et al., 2020) and physical barri-

ers to wild boar movement (Dellicour et al., 2020). At fine scales, ASF

transmission is likely influencedby a combination of social interactions,

movements and spatial distribution of individuals (Pepin et al., 2021).

Wild boar social structure is based on cohesive, matrilineal social

units (Gabor et al., 1999; Kaminski et al., 2005; Podgórski, Lusseau

et al., 2014). Contact rates are strongly structured socially and spa-

tially. The rate of inter-group interactions is relatively low and declines

sharply with the distance between the groups. The highest contact

rates are between immediately adjacent groups (0–2 km) and drop

to very low levels at a distance as close as 4 km (Pepin et al., 2016;

Podgórski et al., 2018; Yang et al., 2020). Such type of social struc-

ture is not conducive to rapid spread of infectious diseases (Pepin &

VerCauteren, 2016). Social behaviour of wild boar, next to its seden-

tary lifestyle, is probably one of the factors responsible for slow natu-

ral spread of ASF inwild boar populations. The velocity of spread in the

study area was 1.5 km/month (Podgórski & Śmietanka, 2018) but the

estimated speeds may vary widely within the European Union, ranging

from 0.6 to 54 km/month (Iglesias et al., 2019). While wild boar move-

ments were shown to be poor predictors of ASF spread (Podgórski

& Śmietanka, 2018), the role of genetic relatedness as a predictor of

social interaction rates has received little attention as apotential driver

of ASF transmission. A recent model of ASF transmission in wild boar

highlighted a significant role of social structure in shaping spatial and

temporal dynamics of ASF spread and showed that most transmis-

sion events occurred within family groups and within close distance of

less than 1.5 km (Pepin et al., 2021). However, real-time infection and

contact tracing data that could validate predictions from models of

surveillance data are notoriously difficult to obtain from field studies

and no such data exist for the wild boar—ASF system. Here, we used

genetic relatedness as a proxy of social interactions as those two have

been shown to correlate in the kin-based wild boar society (Podgórski,

Lusseauet al., 2014). Kinshiphasbeen shown topredict infection risk in

other wildlife disease systems, for example, chronic wasting disease in

white-tailed deer (Grear et al., 2010) or bovine tuberculosis in badgers

(Benton et al., 2016).

Previous studies have shown that the probability of ASF occur-

rence in wild boar populations increases with proximity to previous

cases at a coarse spatial scale (>10 km) (Podgórski et al., 2020), while
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F IGURE 1 Distribution of wild boar samples used in the study

transmission rates appear to be highest at fine scales (<2 km (Pepin

et al., 2021). Here, we investigate whether distance-dependent infec-

tion risk is influenced by genetic relatedness at a local spatial scale

where relatedness might influence contact structure and, thus, impact

disease transmission. We hypothesized that the infection risk would

correlate positively with proximity and relatedness to ASF-positive

individuals. We expected relationships of infection risk and proximity

or genetic relatedness to become weaker with increasing the distance

between individuals due to decay in contact rates (Pepin et al., 2016;

Podgórski et al., 2018) and genetic similarity (Podgórski, Scandura

et al., 2014; Poteaux et al., 2009). Additionally, we explored the differ-

ences in effects of relatedness and spatial proximity on infection prob-

ability between direct and indirect transmission. We expected that

infection risk in both transmission modes will be distance-dependent

but that relatedness would have a greater effect on infection risk

among live animals compared to carcass-based transmission.

2 MATERIALS AND METHODS

2.1 Study area and sample collection

The study was conducted in north-eastern Poland where ASF was

introduced in February 2014,<1 km from the borderwith Belarus, and

has subsequently spread through the region in wild boar (Podgórski

et al., 2020) and domestic pigs (Taylor et al., 2021). By mid-2016, ASF

cases in wild boar were distributed continuously in the infected region

covering about 4500 km2 and this is where samples used in this study

originate (Figure 1). The area is mostly field-woodland mosaic char-

acterized by extensive agriculture and low human population density

(60 people/km2) and relatively high forest cover (31%). The landscape

is flat (highest elevation 298 ms a.s.l.) with no significant natural or

anthropogenic barriers to wild boar movement. Wild boar are dis-

tributed continually throughout the area with densities at the start of

the ASF epidemic ranging between 0.5 and 5 ind./km2 at the forest dis-

trict level (Regional Directorate of State Forests, Białystok, Poland).
Following the introduction of ASF, an intensive surveillance pro-

gram was implemented in the affected area. The program conducted

laboratory tests of all hunted wild boar (active surveillance) and all

wild boar found dead (passive surveillance). We used surveillance data

routinely collected by the National Reference Laboratory for ASF at

the National Veterinary Research Institute in Puławy, Poland. Wild

boar samples were classified as ASF-positive (hereafter ‘case’) if pres-

ence of viral DNA was confirmed in real-time PCR or antibodies were

detected using an ELISA test and confirmed with a immunoperoxidase

test.Detaileddescriptionof the surveillancedesignand laboratorypro-

cedures can be found in Woźniakowski et al. (2016). A total of 5487

wild boars were sampled in the study area from February 2014 to July

2016 and 168 of them tested positive for ASF. It was not technically

possible to genotypeall of the sampled individuals. Instead,we selected

a subsample of 1078 individuals (including all ASF-positive) evenly dis-

tributed across the study area for further analyses. Even distribution

of samples was secured by selecting ASF-negative samples in a 10 km

buffer around each ASF case which were distributed continuously in

the study area, that is, without separate spatial clusters located beyond

the capacity of wild boar movement. However, many samples, particu-

larly originating from the carcasses, were of poor quality and yielded

too few microsatellite loci (those yielding less than 13 out of 16 loci

were excluded). Finally, we were able to satisfactorily genotype 323

samples (243 ASF-negative and 80 ASF-positive) which comprised a

final dataset.

2.2 Microsatellite genotyping

DNA was extracted from tissue and blood using the Sherlock AX Kit

(A&A Biotechnology, Gdynia, Poland), following the manufacturer’s

protocol. The extracts were quantified with a NanoDrop 2000 spec-

trophotometer (Thermo Scientific, Wilmington, DE, USA). All individ-

uals were genotyped with a panel of 16 polymorphic microsatellite

loci (S090, SW72, S155, S026, S355, S215, SW951, SW857, SW24,

SW122, IGF1, SW461, SW1492, SW2021, SW2496, SW2532), which

had been successfully used to study relatedness and genetic varia-

tion in wild boar populations from the study area (Podgórski, Lusseau

et al., 2014; Podgórski, Scandura et al., 2014). The 16 autosomal STR

loci were amplified in two independent multiplexed mixes using Qia-

gen Master Mix (Qiagen Inc, Hilden, Germany) reagents and fluores-

cently label primers. For the first panel, the fluorochromes were used:

6-FAM for the loci SW72, SW857; VIC for SW1492, IGF1; NED for

S026, S215; PET for SW2021, SW2532 and for second panel 6-FAM

for SW122, S0355;VIC for SW461, SW2496;NED forW24, S0155and

PET for SW951 and S0090. PCR was performed on Veriti® Thermal

Cycler amplifier (Applied Biosystems, Foster City, CA, USA) using the
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following thermal profile: 5 min. of initial DNA denaturation at 95◦C,

followed by 35 cycles of denaturation at 95◦C for 30 s, annealing at

56◦C for 90 s, elongation of starters at 72◦C for 30 s and final elonga-

tion of starters at 60◦C for 30min. Analysis of the obtained PCR prod-

ucts was performed using an ABI 3130xl capillary sequencer (Applied

Biosystems) at the Institute of National Research Institute of Animal

Production (Cracow, Poland). The amplified DNA fragments were sub-

jected to electrophoresis in 7% denaturing POP-7 polyacrylamide gel

in the presence of a standard length of 500 Liz and a reference sample.

The results of the electrophoretic separation were analyzed automati-

cally using theGeneMapper ® Software 4.0 (Applied Biosystems).

2.3 Analysis of relatedness and spatial-genetic
structure

Basic parameters of microsatellite polymorphism and genetic diversity

were calculated using GENALEX 6.5 (Peakall & Smouse, 2006) and

FSTAT (Goudet, 1995). GENEPOP 4.7 (Raymond & Rousset, 1995)

was used to test loci for departures from linkage equilibrium and

Hardy–Weinberg equilibrium (HWE) using the Markov chain method

(parameters: 1000 dememorization steps, 100 batches, 1000 itera-

tions per batch). The significance levelwas adjusted formultiple testing

across loci using the sequential Bonferroni’s correction (Rice, 1989).

Pairwise genetic relatedness (Queller & Goodnight, 1989) was

calculated with GENALEX 6.5 among all individuals (n = 323) and

subsequently used in all analyses. The Queller and Goodnight estima-

tor is an unbiased measure of relatedness based on population allele

frequencies. It ranges from −1 to 1, where positive values indicate

pairsmore related than average andnegative less related than average.

We used the Queller and Goodnight estimator to allow comparison

with previous studies of wild boar social structure which we build

upon (Podgórski, Scandura et al., 2014). We used dyadic relatedness

as continuous predictor in models explaining variation in infection

probability. To facilitate interpretation of the results, we adopted

three biologically meaningful levels of relatedness: 0 (unrelated,

average inter-group relatedness), 0.25 (2nd degree relatives, average

intra-group relatedness), 0.5 (1st degree relatives, full families) based

on previously published relatedness data (Podgórski, Scandura et al.,

2014) and dychotomized highly related (hereafter ‘kin’) and un-related

(hereafter ‘non-kin’) pairs of individuals using mean within-group

relatedness of 0.247 (Podgórski, Scandura et al., 2014). Analysis of

spatial-genetic structure was performed with GENALEX 6.5. Auto-

correlation coefficients (r) between pairwise genetic and geographic

distance matrices were calculated for pre-defined Euclidean distance

classes (Supporting Information Figure S1) which correspond to

spatial-genetic structure previously observed in wild boar populations

(Pepin et al., 2016; Podgórski et al., 2018; Podgórski, Scandura et al.,

2014; Poteaux et al., 2009). Spatial-genetic structure was examined

among all individuals as well as among ASF-positive and ASF-negative

individuals separately. Spatial autocorrelation coefficients were

compared across distance classes using randomization tests (10,000

permutations) (Manly, 1997).

2.4 Estimating probability of infection

For every sampled individual (n = 323), we selected all other individu-

als within a pre-defined temporal window of potential transmission set

at 30 days prior to sampling. This period reflects the upper limit of lifes-

pan after ASF infection, that is, infection-to-death time (Gallardo et al.,

2017; Pietschmann et al., 2015). For samples originating from car-

casses, the window was set to 60 days prior to sampling and included

infection-to-death time and carcass decomposition time during which

the sample was taken. A decomposition time of 30 days was chosen

arbitrarily because the decomposition status of most carcasses was

unknown and the exact date of death could not be determined. This

time framewas conservative given usually longer decomposition times

of wild boar tissues (Probst et al., 2020) and ASF virus persistence

in them (Fischer et al., 2020). Additionally, the temporal window was

extended by 7 days post-sampling of the focal individual to account

for the retrieval and reporting lag of the ASF-positives. This selection

resulted in 7111 pairs of individuals whowere used in further analysis.

First, we compared relatedness of individuals with paired infections

(pairs where both individuals were infected) and without paired

infection (none or one individual of the pair were infected) within

four distance classes (0–2, 2–5, 5–10, 10–20 km). Relatedness levels

were compared using randomization tests (10,000 permutations)

(Manly, 1997). Four distance classes were selected based on current

knowledge of wild boar socio-spatial ecology: (1) ‘high-contact’ zone

(0–2 km): social contacts among individuals are most frequent, both

within and between groups (Podgórski et al., 2018; Yang et al., 2020),

(2) ‘medium-contact’ zone (2–5 km): interactions among neighbouring

social groups (Pepin et al., 2016; Podgórski et al., 2018), (3) ‘low-

contact’ zone (5–10 km): sporadic contacts between distant groups

with non-overlapping home ranges, distance of most natal dispersal

(Keuling et al., 2010; Podgórski, Scandura et al., 2014; Prévot &

Licoppe, 2013), (4) ‘no-contact’ zone (>10 km): groups do not interact,

occasional long-distance movements (Andrzejewski & Jezierski, 1978;

Podgórski, Scandura et al., 2014). Those distance classes were used to

help interpret modelling results.

Second, we selected pairs of the focal individual (ASF-positive

or ASF-negative) and ASF-positive individual (hereafter carrier)

(n= 1928 pairs). However, for furthermodellingwe only retained pairs

of individuals who were 20 km or less apart (n = 705) because this

spatial scale was relevant for our questions and allowed investigating

how genetic relatedness and contact heterogeneity relate to disease

transmission at a local scale. The geographic distance (Supporting

information Figure S2) and genetic relatedness (Supporting infor-

mation Figure S3) between individuals in each pair were used as

covariates explaining the binary response of ASF infection status of

the focal individual (0—negative, 1—positive). These two covariates

were weakly correlated (Spearman’s R=−0.11).

We analyzed the effects of distance and relatedness on the prob-

ability of ASF infection using a generalized additive model with a

binomial error structure (GAM 1) in the ‘mgcv’ package implemented

in R (Wood, 2020). We set ASF infection status of the focal individual

as a response variable. Explanatory variables included both main and
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interactive effects of geographic distance and genetic relatedness

between the focal individual and ASF carrier that were fitted as

non-parametric smoothing term. We assumed the same level of curvi-

linearity in the effect of geographic distance and genetic relatedness,

thus, we set the same smoothing range. The probability of ASF infec-

tion reflects the chance of any sampled individual from the study area

testing positive for ASF within the 2.5 years of the study period based

on the covariates. Next, we investigated whether the origin of the

ASF carrier (dead or alive), that is, the transmission mode, influenced

the relationship between proximity or relatedness and infection risk.

To identify if transmission mode shaped the effect of distance and

relatedness on the probability of ASF infection, we fitted GAM 2

with the same error structure and smoothing settings as in GAM 1.

To get separate results for the two transmission modes, apart from

the variables used in GAM 1, we added transmission mode (0–sample

collected from live, i.e., hunted) individual and 1–sample collected from

dead individual, i.e., carcass) as an additional variable implemented to

the model formulation with argument ‘by’. All statistical analyses were

performed in R 4.0.2 (R Core Team, 2020).

3 RESULTS

3.1 Spatial-genetic structure and relatedness

In total, 135 alleleswere detected across 16 analyzed loci. All loci were

polymorphic with the number of alleles per locus ranging from 3 to

18 (mean ± SE: 8.4 ± 0.94). Missing data (i.e., % of missing alleles)

amounted to 2.4% of the dataset and no individual was typed at less

than 13 loci. Expected and observed heterozygosity averaged 0.61 ±

0.06 and 0.56 ± 0.06, respectively. Following sequential Bonferroni’s

corrections, the overall population showed deviation from HWE at

eight loci and from linkage equilibrium in 2 out of 120 pairs of loci. Such

deviation from equilibrium was most likely attributed to the inherent

substructure of the population (i.e., presence of kin groups) and all loci

were retained for statistical analyses.

Spatial autocorrelation analysis revealed the presence of genetic

structure, as indicated by an autocorrelation coefficient (r)greater than

at random, at a distance of up to 20 km at the population level and

up to 10 km among ASF-positive individuals, with genetic similarity

between individuals declining from the smallest distance (Supporting

information Figure S1). Genetic structuring was stronger among ASF-

positive individuals compared to ASF-negative ones within each dis-

tance class up to 10 km (0–2.5 km distance class: rpos = 0.078 ± 0.003

and rneg =0.033±0.001, p< .001; 2.5–5 kmdistance class: rpos = 0.028

± 0.002 and rneg = 0.015 ± 0.001, p < .001; 5–10 km distance class:

rpos = 0.019 ± 0.001 and rneg = 0.011 ± 0.0004, p < .001; Supporting

information Figure S1).

Considering the entire study area, the coefficient of relatedness in

the population averaged 0.0003 ± 0.002 and relatedness among indi-

vidualswith paired infectionswasmuch higher than among thosewith-

out paired infections (0.049± 0.009 and−0.003± 0.002, respectively,

p < .001). The differences were influenced by the distance between

F IGURE 2 Distribution of relatedness values among pairs of
individuals with or without paired ASF infection (both individuals ASF
positive vs. one/none individual ASF positive) across four distance
classes (0–2 km: 78 dyads; 2–5 km: 183 dyads; 5–10 km: 511 dyads;
10–20 km: 1590 dyads). The violin plots show smoothed histogram of
the data withmean (circle) and standard error (horizontal line).
Statistical significance of the differences between themeans
(**.001< p< .01, n.s.p> .05) was obtained with randomization tests

pairs (Figure 2). Relatedness among animals with paired infections was

highest in the 0–2 km and 2–5 km distance classes (0.129 ± 0.054 and

0.129 ± 0.055, respectively) and lower in the subsequent classes (5–

10 km: 0.018± 0.017;10–20 km: 0.030± 0.014). Relatedness between

individuals with paired infections was consistently higher than among

those without paired infections, except within the 5–10 km distance

class (Figure 2).

3.2 Probability of infection

We found a positive relationship between ASF infection probability

and proximity (X2= 31.33, p < .001) as well as relatedness (X2= 4.71,

p = .03) to infected individuals (Table 1; Figure 3). At short distances

to ASF carriers (0–2 km, high-contact zone), mean (± SE) probability

of infection was 90 ± 0.3%. At further distances of 2–5 km (medium-

contact zone) infection risk averaged 78± 0.7%, while within distances

of 5–10 km (low-contact zone) and 10–20 km (no-contact zone) mean

probability of infection decreased to 64 ± 0.9% and 42 ± 1%, respec-

tively. Effect of relatedness was not consistent across the range of

inter-individual distances, as indicated by significant interaction term

(X2= 1.16, p = .029; Table 1). At the distance of 2 km, infection risk
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TABLE 1 . Results of generalized additive models exploring the association between the probability of ASF infection in wild boar in and (1) the
interactive effects of geographic distance and genetic relatedness to ASF-positive individuals (GAM1); (2) the interactive effects of geographic
distance and genetic relatedness to the ASF-positive individuals for two ASF virus transmissionmodes: Direct (ASF carrier sampled from hunted
animals) and indirect (ASF carrier sampled from carcass) (GAM2)

Variable Estimate± SE or edf Test statistics p-value R2adj AIC

GAM1 0.15 865.0

Parametric terms z

Intercept −0.005± 0.09 −0.06 .95

Smooth terms Χ2

Distance 2.86 31.3 <.001

Relatedness 1.00 4.71 .03

Distance×Relatedness 1.06 1.16 .03

GAM2 0.16 857.9

Parametric term z

Intercept 0.12± 0.09 1.31 .19

Sample type (carcass vs. hunted) −0.82± 0.25 −3.29 .001

Smooth terms Χ2

Distance 2.95 5.81 .18

Relatedness 0.0001 0 .99

Distance×Relatedness (carcass) 2.00 7.26 .03

Distance×Relatedness (hunted) 2.51 7.23 .08

varied only slightly across relatedness to ASF carriers; ranging from

84% at relatedness 0 (unrelated individuals, from different groups), to

87%at relatedness0.25 (2nddegree relatives, groupmembers), to89%

at relatedness 0.5 (1st degree relatives, full families) (Figure 3). This

indicates that within 2 km variation in infection risk was shaped by the

presence of infected individuals rather than by relatedness to them.

However, infection risk among kin (relatedness ≥ 0.25) within 2 km

was high. All of the animals which were surrounded by ASF-positive

kin (n = 17) tested positive, while none of the animals surrounded by

ASF-negative kin (n = 7) tested positive. Among animals surrounded

only by infected non-kin between 0 and 2 km (n = 18), the proportion

of ASF-positive individualswas 83%, indicating that at distanceswithin

2 km individuals were 17% less likely to become infected by a non-kin

individual compared with kin individual on average. At the distance of

5 km, infection risk ranged from 65% at relatedness 0 to an ASF car-

rier, to 70%at relatedness 0.25, to 76%at relatedness 0.5 (Figure 3). At

the distance of 10 km, infection risk ranged from 53% at relatedness 0,

to 59% at relatedness 0.25, to 65% at relatedness 0.5 (Figure 3). The

effect of relatedness to ASF carriers tended to be more pronounced

at larger distances. The difference in infection risk from kin and non-

kin carriers was 6% on average (93 and 87%, respectively) in the high-

contact zone (0–2 km), 12% (84 and 72%) in the medium-contact zone

(2–5km), 16% (71and55%) in the low-contact zone (5–10km)and17%

(50 and 33%) in the no-contact zone (10–20 km).

We found that relatedness and proximity affected infection risk dif-

ferently depending on whether the carrier was sampled dead (carcass)

or alive (hunted). The importance of transmissionmodewas confirmed

by the significantly better fit and lower AIC values of themodel split by

carrier sample type (GAM 2) compared with less complex main model

(GAM1) (ANOVA:Χ2=14.7, p= .006; Table 1). Effect of relatedness on

infection risk was less consistent across the range of inter-individual

distances for carcass-based transmission, as indicated by a significant

interaction term (X2= 7.26, p = .027; Table 1), in comparison to direct

transmission (i.e., from hunted carriers), as indicated by a marginally

significant interaction term (X2= 7.23, p = .08; Table 1). Relatedness

tended to have a larger effect on the probability of infections acquired

through direct transmission than through carcass-based transmission,

particularly at close distances (Figure 4). For paired infections between

live individuals, the difference in infection risk from kin and non-kin

carriers was 13% on average at 0–2 km (90 and 77%, respectively),

23% at 2–5 km (77 and 54%) and 26% at 5–10 km (64 and 38%). For

paired infections between a carcass and a live individual, the difference

in infection risk fromkin andnon-kin carrierswas5%at 0–2km (93 and

88%, respectively), 11% at 2–5 km (84 and 73%) and 15% at 5–10 km

(72 and 57%).

4 DISCUSSION

Our results showed that the risk of ASF infection was shaped by inter-

acting effects of spatial proximity and genetic relatedness to infected

individuals.While both proximity and relatedness to ASF carriers were

positively associated with infection risk, the effect of proximity was

generally stronger. Relatedness tended to have a weaker effect at

close distances. In the high-contact zone (0–2 km), where frequency of

social interactions and probability of encountering a carcass are high,
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F IGURE 3 Predicted effect of inter-individual distance and relatedness to ASF-positive individuals on the probability of ASF infection in wild
boar. Upper panel shows relationships between relatedness and infection risk at different distances: 2 km (high-contact zone), 5 km
(medium-contact zone) and 10 km (no-contact zone). Right panel shows relationships between relatedness and infection risk at different
relatedness levels: 0 (population average, inter-group), 0.25 (second-order relatives, intra-group), 0.5 (first-order relatives, full families)

infection riskwas shaped by the presence of infected individuals rather

than by relatedness to them. Nevertheless, infections were more fre-

quent among close relatives, that is, kin or group members, indicat-

ing that familial relationships could have played a significant role in

ASF transmission. In the medium-contact zone (2–5 km), infection risk

decreased but was still associated with relatedness and paired infec-

tions were more frequent among more related individuals. At larger

distances, infection risk further declined with relatedness and proxim-

ity to carriers, dropping by 60% from relatives in the high-contact zone

(0–2 km) to un-related individuals in the no-contact zone (10–20 km).

Transmission mode influenced the relationship between proximity or

relatedness and infection risk, which provides a novel insight into how

transmission mechanisms determine variation in ASF incidence in wild

boar. While distance played a major role in predicting infection risk in

both transmission modes, relatedness tended to have a larger effect

on the probability of infections acquired from live carriers than from

infected carcasses, particularly at close distances to ASF carrier.

Social contacts directed toward relatives can lead to local cluster-

ing of disease prevalence (Blanchong et al., 2007; Delahay et al., 2000).

Social relationships in wild boar tend to correlate with genetic relat-

edness and are the strongest among closely related group members

(Gabor et al., 1999; Podgórski et al., 2018; Podgórski, Scandura et al.,

2014). Therefore, we predicted a strong effect of relatedness on dis-

ease transmission at close distances (0–2 km) due to socially-driven

contact heterogeneity. Indeed, ASF infection risk was the highest at

close distances but the effect of relatedness was weaker than at fur-

ther distances. This suggests a dominant role of proximity to ASF carri-

ers over relatedness to them. However, our descriptive analysis found

that individuals who were infected simultaneously (i.e., paired infec-

tions) tended to be more related than those un-infected. This trend

was particularly noticeable at the upper range of relatedness distribu-

tion, that is, among close kin or group members. This apparent incon-

sistency could be explained by a smaller number of positive samples

from hunted individuals relative to those found dead (16 and 84%,

respectively). Our results showed that relatedness tended to have a

larger effect on the probability of infections acquired from live carri-

ers, particularly, at close distances. Such a pattern is consistent with

kin-biased associations in wild boar manifested in more regular and

longer lasting contacts with relatives (Podgórski, Lusseau et al., 2014;

Poteaux et al., 2009) which can facilitate disease transmission. On the

other hand, inter- and intra-group contacts in wild boar occur most

frequently at a similar spatial scale of 0–2 km (Podgórski et al., 2018;

Yang et al., 2020). This spatial overlap in social connectivity can lead

to the highest transmission rates in the high-contact zone, as observed
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F IGURE 4 Predicted effect of distance and relatedness to the ASF-positive individuals on the probability of ASF infection in wild boar split by
the status of ASF-positive individuals at sampling: (a) hunted, reflecting direct transmission, (b) carcass, reflecting indirect transmission. Upper
panels show relationships between relatedness and infection risk at different distances: 2 km (high-contact zone), 5 km (medium-contact zone),
10 km (no-contact zone). Right panels show relationships between relatedness and infection risk at different relatedness levels: 0 (population
average, inter-group), 0.25 (second order relatives, intra-group), 0.5 (first order relatives, full families)
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in this study and previously (Pepin et al., 2021) while confounding the

effects of inter- versus intra-group transmission (i.e., relatedness). Indi-

rect transmission through infected carcasses plays an important role

in the spread and persistence of ASF virus (Chenais et al., 2018). This

mechanism accounts for more than half of ASF infections in wild boar

population (Pepin et al., 2020). In our study, infection risk from carcass

was mostly distance-dependent and the effect of relatedness was rel-

atively weak, especially in close proximity. Because diseased animals

tend to die locally (within their home range), they will be a source of

infection mainly for the most proximate individuals from their own or

neighbouring social groups. Susceptible animals can come into contact

with nearby infected carcass of the individual which was a member of

a different but spatially overlapping social group and was not closely

related. Abundance of infectious carcasses in the surrounding environ-

ment could, thus, lead to infection regardless of relatedness.

Positive association between infection risk and relatedness

extended beyond the closest socio-spatial environment (>2 km)

suggesting that kin relationships can coincidewith higher transmission

rates even if inter-individual contacts are less frequent. This pattern is

unlikely to have resulted from the dispersing individuals infected in the

natal groups because it typically takes longer to disperse (Podgórski,

Scandura et al., 2014) than it takes the disease to hamper movements

(Blome et al., 2013). To alleviate symptoms of the disease, infected

wild boar seek specific habitats which differ from those regularly used

(Morelle et al., 2019). These preferences and restricted mobility of

sick animals can separate them from the group and result in dispersion

of diseased group members and wide distribution of samples from

related individuals. Additionally, kin-directed interactions over larger

distances could be maintained by temporal fission-fusion events of

core groups, similar to that observed in African elephants (Archie et al.,

2006) or giraffes (Carter et al., 2013). These dynamics could provide a

mechanism for disease transmission among distant relatives. However,

fission-fusion dynamics in wild boar has not been systematically

studied and it is difficult to tell whether temporal scales of social and

disease dynamics would match and help explain patterns observed in

our study. Direct transmission is unlikely to play a significant role in

shaping infection risk at distances over 5 km since inter-group contacts

are very rare at those distances (Pepin et al., 2016; Podgórski et al.,

2018). While a distance of 5–10 km exceeds the size of typical home

range, it is within a range of daily travel (Podgórski et al., 2013) and

could be covered during dispersal, foraging or mating forays leading

to distant transmission events. These behaviours, however, are not

typically seeking contact with kin and particularly in case of mating or

dispersal are often seeking non-kin to avoid inbreeding (Archie et al.,

2007; Biosa et al., 2015; Hoffman et al., 2007). The observed effect of

distant infected individuals on infection risk could be also a by-product

of correlated local enzootic dynamics (i.e., spatial and temporal co-

occurrence of cases) rather than direct transmission. Spatial clusters

of increased ASF prevalence identified previously were measured

at 20–40 km (Podgórski et al., 2020; Taylor et al., 2021). However,

these studies used data aggregated over time periods (months-years)

exceeding temporal windows of ASF transmission (days-weeks) and,

thus, could not capture fine-scale disease dynamics well. Our results

indicate that ASF outbreaks in wild boar are highly localized. This is

supported by strong genetic structuring among infected animals (Sup-

porting information Figure S1) and rapid decay of infection probability

with distance (71%at 5 km, 60%at 10 km, 34%at 20 km; Figure 3). The

spatial limits of transmission highlight the possibility to control out-

breaks if containment measures, such as fencing, zoning and carcass

removal, are employed immediately and early detection is ensured by

effective surveillance. Our results show that ASF infection risk on the

landscape was mostly distance-dependent with a modulating effect

of relatedness. Therefore, it appears more practical and cost-efficient

to apply distance-based measures for disease control than population

genetics tools.

Together our results show that ASF infection risk declines with dis-

tance, matching spatial changes in contact intensity and proximity to

infectious carcasses. Infection-causing contacts correlated with relat-

edness particularly among live animals. At close distances, infections

were more frequent among close kin while at medium distances relat-

edness predicted infection risk more consistently. This indicates that

physical kin relationships can extendbeyond the immediate social envi-

ronment and induce differential transmission rates, similarly to trans-

mission of chronic wasting disease in white-tailed deer (Grear et al.,

2010). Nevertheless, infection risk was primarily influenced by the dis-

tance to infected individuals and carcasses, conforming to the previ-

ous modelling study which found that most transmission events occur

within <1.5 km with some rare events at longer distances (Pepin et al.,

2021). In future studies, it may be informative to examine the potential

importance of other variables, such as seasonality in social dynamics,

movements and demography to explain variation in infection probabil-

ity that is unexplained by ourmodels.
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