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Knowledge of animal movement patterns is invaluable to understanding the spread 
of diseases among wildlife populations. One example is the recent African swine fever 
(ASF) outbreak among wild boar Sus scrofa populations across East Asia, where there 
is a lack of information on movements of this species. During a wild boar tracking 
project to inform abundance estimation methods in the Russian Far East’s Sikhote-
Alin Biosphere Zapovednik, the combination of high variability in pulsed resources of 
acorns and pine nuts between fall 2019 and fall 2020, and the outbreak of ASF during 
the latter year, offered the unique opportunity to investigate the relationship between 
wild boar movements to exploit pulsed resources and the potential for disease spread. 
We analyzed relocation data from GPS-collared wild boar in fall 2019 and 2020 and 
compared them to reference data in Belgium, representative of western Europe. We 
found remarkable differences in movement patterns, with Far East wild boar travel-
ling large distances in fall 2020 (maximum observed of 77 km in four days) when 
the availability of acorns was low. In our resource selection analysis, we found clear 
selection for mast-producing forest types that corresponded with the species of greater 
mast production (oak or pine) for that year. Comparing the displacement of individual 
wild boar along a moving window of 1–7 days (time between infection and the onset 
ASF symptoms) highlighted the potential of rapid ASF spread over long distances 
when wild boar are in search of pulsed resources. This work demonstrates the capacity 
of wild boar to move long distances to exploit resources and emphasizes the need to 
consider resource availability when predicting the speed and extent to which diseases 
such as ASF can spread.
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Introduction

Knowledge of animal movement patterns can provide 
an understanding of the potential for a disease to spread 
when infection occurs by contact between individuals or 
between individuals and the contaminated environment 
(Dougherty  et  al. 2018, Pepin  et  al. 2022, Wilber  et  al. 
2022). Patterns of animal movement are largely determined 
by the search for resources (Altizer et al. 2011, Hooten et al. 
2017), so understanding the distribution of resources through 
time and space is key for predicting movement behavior. 
Information provided by resource selection analyses is there-
fore of great value to disease managers as a tool to both plan 
for and prevent disease spread.

One such example, illustrating the intricacies between 
resources distribution, disease, and animal movement, can be 
found in the wild boar Sus scrofa–African Swine Fever (ASF) 
host–disease system. ASF is an ecologically and economically 
dramatic disease affecting domestic pig and wild boar popu-
lations worldwide (Guberti et al. 2022). This deadly hemor-
rhagic disease can result in 95% mortality of infected wild 
boar populations (Morelle et al. 2020, O’Neill et al. 2020, 
Waller  et  al. 2022). In Europe, ASF spreads at a relatively 
slow pace and is driven by seasonality, landscape structure, 
and population density (EFSA  et  al. 2018, Podgórski and 
Śmietanka 2018, Taylor  et  al. 2020). Movements of wild 
boar are unlikely to explain the spread of ASF in Europe into 
uninfected regions due to: 1) the relative sedentary nature 
of wild boar, which rarely travel further than 10 km (Prévot 
and Licoppe 2013, Taylor  et  al. 2020); and 2) the disease 
severity – infected animals usually die within 1–2 weeks of 
exposure, even further reducing the likelihood of highly sed-
entary animals dispersing a disease over any significant dis-
tances (Podgórski and Śmietanka 2018, Morelle et al. 2023). 
Instead, the long-distance spread of ASF in Europe has been 
human-mediated, as exemplified by cases of ASF in Belgium 
and the Czech Republic (Sauter-Louis et al. 2022).

In east Asia, the arrival of ASF puts the livelihoods of local 
human communities at risk (Denstedt  et  al. 2021), threat-
ens endangered species of the Suidae family (Luskin  et  al. 
2020), and reduces the availability of wild boar as a critical 
prey resource for carnivores such as the tiger Panthera tigris 
(Hayward et al. 2012). Because there is little to no informa-
tion on movements of wild boar in Asia, movement rates esti-
mated in Europe are often used as reference by managers in 
Asia during their assessments of rates of spread of ASF virus 
(Guberti et al. 2022). But recent evidence from the Russian 
Far East (Zakharova et al. 2021, Shotin et al. 2022) has shown 
a much quicker spread of ASF in the region. The authors 
cite low biosecurity of the majority of small-holder pig farms 
as a key reason, which enables more frequent domestic pig–
wild boar contact. Another potential reason is the vast extent 
of relatively intact forests in temperate Asia where human 

population density and anthropogenic disturbances are low 
and wild boar can therefore move largely unimpeded. For 
example, in the Sikhote-Alin Mountains, decades of anec-
dotal evidence by hunters and scientists describe wild boar 
traveling great distances in short periods of time to exploit 
the production of pulsed resources of Mongolian oak Quercus 
mongolica acorns along the coast and Korean pine Pinus 
koraeinsis nuts further inland (Bromley and Kucherenko 
1983, Heptner et al. 1988); however, no empirical evidence 
that we are aware of exists to confirm or dispute these claims. 
Such movements would call into question the applicability 
of movement rates estimated in Europe to understand the 
spread of ASF in entirely different ecological contexts such as 
the Russian Far East.

During a wild boar GPS tracking project to inform abun-
dance estimation methods in the Sikhote-Alin Biosphere 
Zapovednik (2018–2021), two important events occurred 
that added unanticipated value to this dataset. First, we 
observed a reduction in acorn production in fall 2020 com-
pared to fall 2019. In other study systems, decreased avail-
ability of pulsed resources like acorns has been shown to 
increase both wild boar home range size and finer-scale move-
ment rates (Singer et al. 1981, Morelle et al. 2015, Bisi et al. 
2018). Secondly, ASF was also detected in wild boar near 
our study area in September 2020 (OIE 2020), and many 
of our GPS-collared wild boar died after the arrival of the 
disease. These events provided the opportunity to understand 
how wild boar movement in the Far East responds to varying 
mast availability, and how these responses may influence the 
spread of ASF.

In this study, we aimed to better understand the rela-
tionship between wild boar movements to exploit pulsed 
resources and the potential for disease spread – what we call 
the ‘resource–movement–disease cascade’ – by answering two 
questions: 1) how did variability in pulsed resources during 
fall 2019 and fall 2020 influence the movement behavior 
of wild boar in the Russian Far East? And 2) what are the 
implications of this influence for the spread of ASF by wild 
boar to previously uninfected areas? To answer these ques-
tions, we conducted a largely descriptive analysis of wild boar 
movement in the Sikhote-Alin Biosphere Zapovednik dur-
ing these two years of respectively high and low availability 
in the pulsed resources of acorns and pine nuts, and com-
pared these with movements of a wild boar population liv-
ing in another continent and in a different environmental 
context in Belgium, representative of western Europe. We 
analyzed the resource selection process to better understand 
what resources were driving movements during each year. We 
then considered the implications of the observed movement 
behavior for the spread rate of ASF virus. Though we were 
limited by small sample size, we used our results to help eval-
uate whether the current understanding of the relationship 
between wild boar movement and the spread of ASF into 
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uninfected areas – especially in places like the Russian Far 
East with large tracts of undeveloped, mast-producing forests 
– should be reconsidered.

Material and methods

Study area

Sikhote-Alin Biosphere Zapovednik (45.0490°N, 
136.6203°E), an IUCN Category Ia nature reserve, lies 
in the central Sikhote-Alin Mountains of the Russian 
Far East (Fig. 1). Summers in the low-elevation Sikhote-
Alin Mountains (most peaks are < 800 m a.s.l.) are hot 
and wet while winters are cold and dry. The landscape of 
the Zapovednik is heavily forested, predominately with 
Mongolian oak along the coast of the Sea of Japan and with 
mixed forests of broadleaf species such as Costata birch Betula 
costata, Amur linden Tilia amurensis, and Manchurian ash 
Fraxinus mandschurica, growing together with Korean pine 
further inland (Krestov 2003). At higher elevations, forests 
consist of predominantly conifer species such as spruce Picea 
spp. and fir Abies spp. The heterogeneous distribution of both 
coastal Mongolian oak and inland Korean pine forests results 

in important spatial and temporal variation in the availability 
of acorns and pine nuts. The quality and quantity of these 
mast crops is somewhat cyclical (both nuts ripen in the fall, 
but years of abundant production are usually followed by one 
or more years of low productivity), but productivity in any 
given year is highly unpredictable.

Wild boar captures

From spring 2019 to winter 2020–2021, we captured and 
collared 13 adult female wild boars in the southern and cen-
tral parts of Sikhote-Alin Zapovednik using wooden corral 
traps baited with dried, shelled corn. We used a combination 
of tiletamine-zolazepam (Telazol brand, 6.0–9.2 mg kg-1) and 
medetomidine (0.07 mg kg-1) to anesthetize female wild boar 
before fitting them with Lotek GPS Litetrack 420 Iridium 
collars. These were set to a 1 h fix interval schedule between 
1 April and 1 November, then a 15 min fix interval schedule 
between 1 November and 1 April. We only collared adult 
females because the necks of males are often thicker than 
their heads, and young/subadults grow quickly. All captures 
and handling were conducted by WCS and Zapovednik staff, 
including oversight of a veterinarian at every capture, and 

Figure 1. Map of our study area in the Sikhote-Alin Biosphere Zapovednik, Russian Far East. The distribution of oak and pine forests is 
shown in brown and green. Average daily locations of wild boar in fall 2019 (n = 2) and fall 2020 (n = 5) are shown by yellow circles and 
red diamonds. The straight-line paths between daily locations (averaged x–y coordinates) of each individual are shown with colored, dashed 
lines. Areas of concentrated use, where we analyzed resource selection, are shown as black crosses. 
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met IACUC animal care standards as approved by the Univ. 
of Montana (AUP 061-19).

Movement data processing

We were most interested in wild boar movement behavior 
and resource selection at the beginning of the masting period 
(early-mid fall), when acorns and/or pine nuts may have 
driven long-distance movements (defined in ‘Characterizing 
movement patterns’ sub-section, below) that have the great-
est potential to spread ASF. We therefore calculated a separate 
period of analysis for each individual based on the average 
number of days they spent at concentrated use areas, adjusted 
to the beginning and end of their long-distance movement 
behavior. If an individual did not make any long-distance 
movements, we calculated a time window starting from the 
average commencement date of the long-distance move-
ments of other wild boar, and extending for an average dura-
tion of such observed behavior in other individuals. Such an 
approach aimed to prevent the over-representation of data 
from periods outside of potential significant movement 
(which could weaken the selection strength for forest types 
that might be driving long-distance movements).

To be consistent, we resampled the locations collected 
every 15 min (i.e. any locations from November through 
March) on an hourly basis. Fix rates were generally poor, 
averaging 48% missing locations across individuals during 
the period of analysis. We removed locations in which the 
dilution of precision (DOP) was greater than 15, which rep-
resented an error radius of roughly > 50 m based on calibra-
tion data from one of the collars.

Because guiding documents for ASF management 
(Guberti  et  al. 2022) are based on wild boar movement 
observations in Europe, we compared movement patterns of 
wild boar tracked in the Russian Far East with those from 
a large dataset of GPS-collared wild boar representative of 
the western European context. We used movement data from 
southern Belgium, with 33 individuals tracked between 2006 
and 2017 in different study sites which varied in plant com-
position and structure, from highly forested to more open 
agricultural landscapes (Prévot and Licoppe 2013, Morelle 
2015). According to the study sites, animals were caught 
using 2 × 1 m transportable cages, corrals traps, and verti-
cal nets. Animals were anesthetized and fitted with GPS/
GSM Plus 3D collar Vectronic collars (Vectronics Aerospace 
GmbH, Berlin, Germany). Please refer to Prévot and Licoppe 
(2013) and Morelle (2015) for more details on captures in 
Belgium, and to the Supporting information for a summary 
of the data used in this analysis. To make our comparison of 
movement metrics sound, we analyzed data from Belgium 
over the same monitoring period as our data (i.e. from early 
September to mid-October).

GPS-based movement metrics

To characterize the movement behavior of GPS-collared wild 
boar, we calculated three movement metrics for individuals 
based on the average x–y coordinate for each day: 1) daily 

displacement, 2) maximum displacement, and 3) intensity of 
use. We conducted these analyses using R statistical software 
(ver. 4.2.2; www.r-project.org) in R Studio (Posit team 2023), 
and all of the metrics we used relied on functions provided by 
the ‘amt’ package (Signer et al. 2019). Daily displacement sim-
ply measured the distance between the average x–y locations 
of individual boar between two consecutive days. This aver-
aged daily straight-line distance describes how far wild boar 
generally moved each day while allowing for the comparison 
with data from Belgium where collars had different fix sched-
ules (median = 1 h; max = 12 h) and success rates. Daily travel 
distance might have been a more illustrative measurement of 
movement behavior; but due to our low fix rates compared to 
the temporal autocorrelation scale of the relocation data, which 
biases estimates (Noonan et al. 2019), we ultimately chose to 
use daily displacement instead. We tested for significant differ-
ences in daily displacement distributions between fall 2019, 
fall 2020, and Belgium using non-parametric Wilcoxon rank-
sum tests. Maximum displacement measured the straight-line 
distance between a wild boar’s first location and its furthest 
location from that point during the mast production period 
(i.e. its furthest displacement during all days of the analysis). 
Intensity of use was calculated by the ratio of the sum of daily 
displacements (i.e. estimated by summing all straight-line dis-
tances between average daily locations) and the square root 
of the minimum convex polygon drawn around all locations 
(Loretto and Vieira 2005, Almeida  et  al. 2010). The more 
intensely an animal used an area (i.e. the more tortuous its 
movements path), the higher the intensity of use.

Characterizing movement patterns of wild boar 
during the mast production period

In observing movements of collared wild boar during the 
fall mast production period, there appeared to be two pri-
mary types of movement. Wild boar would often concen-
trate within a relatively small area for multiple days, but in 
some instances would make extensive, long-distance move-
ments to new ‘concentrated use areas.’ To test and categorize 
these movement types, we defined concentrated use areas as 
locations where the displacement between a wild boar’s daily 
averaged locations was less than 7 km for at least a two-day 
period. An individual was therefore considered to have left 
this concentrated use area and entered a period of long-dis-
tance movement if it traveled at least 7 km in 24 h from 
the last location at that area. We chose 7 km as a threshold 
because this is outside the interquartile range and towards 
the tail of the daily displacement distribution of both years. 
Utilizing the ‘moveVis’ package (Schwalb-Willmann  et  al. 
2020), we further visually verified GPS-collared wild boar 
movement behaviors to distinguish between concentrated use 
areas and extensive movements between these sites.

Drivers of movement

We wanted to understand the influence of forest type com-
position on wild boar movement patterns. More specifically, 
we aimed to answer two questions: 1) if wild boar made 
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long-distance movements, what made them change this 
behavior and stop at a particular concentrated use area? 2) at 
those concentrated use areas, what resources did they select? 
To answer the first question, we evaluated changes in forest 
types along wild boar movement paths that may have been 
associated with transitions from long-distance movements 
to localized foraging. First, we visually inspected the forest 
types through which wild boar travelled during their long-
distance movements. For each day since ‘departure’ (i.e. when 
wild boar left their concentrated use area and started their 
long-distance movements), we calculated the daily centroid 
of relocations, then drew a circle with a radius delineated by 
the standard deviation of distances of each location from that 
day’s centroid. Within this circle, we assess the proportion of 
each forest type by annotating locations with a spatial dataset 
that identified 15 forest types provided by the Zapovednik. 
We collapsed the original 15 categories of forest type into 
four main categories to better represent mast-producing for-
ests: 1) forests of predominately Mongolian oak; 2) forests 
of predominately Korean pine; 3) other forest types (such as 
spruce–fir); and 4) other landcover types (such as seashore 
and talus). We then plotted the relative proportion of forest 
types for each day together with the duration at each concen-
trated use area to evaluate what changes in forest type may 
have initiated a period of concentrated use.

To answer the second question, we used resource selection 
functions (RSF) and a used-available framework (Manly et al. 
2002) to assess the relative selection strength for different for-
est types at concentrated use areas during fall 2019 and fall 
2020. Available locations were randomly generated within the 
minimum convex polygons drawn around used locations at a 
concentrated use area, with 10 available locations sampled for 
every used location to adequately represent the available for-
est types. We used logistic regression (Hosmer and Lemeshow 
2000) to model the relative selection strength of forest types 
for each year. We treated ‘other’ forest types as our reference 
category so that selection coefficients represented the selection 
strength of oak forests, pine forests, and non-forest landcover 
types relative to other forest types. Available locations were 
weighted to ensure unbiased and stable estimates of selec-
tion coefficients (Fithian and Hastie 2013, Muff et al. 2020, 
Fieberg et al. 2021). We included mixed effects (both random 
intercepts and slopes) to account for serial and spatial correla-
tion in locations at each concentrated use area (Gillies et al. 
2006, Muff et al. 2020). This also ensured that the standard 
errors of estimated coefficients were not overly precise and 
better represented variation in selection across concentrated 
use areas (Schielzeth and Forstmeier 2009, Muff et al. 2020). 
Initial attempts to estimate parameters by maximizing the 
likelihood failed to converge, likely due to small sample size. 
We therefore used a Bayesian approach to develop posterior 
distributions of the parameters using a Hamiltonian Monte 
Carlo sampler as provided by the ‘brms’ package in R (www.r-
project.org, Bürkner 2017). We used uninformed priors since 
no similar analysis of wild boar resource selection at this 
scale of selection had been conducted in our study region, 
and we wished for parameter estimates to be driven solely by 

our data. After running 4 chains of the sampler, we assessed 
agreement of parameter estimates across chains using the 
metric R̂ , with recommended values of R̂  < 1.01 indicating 
convergence both between and within chains (Vehtarh et al. 
2021). Finally, we used k-folds cross validation to determine 
the predictive strength of our RSFs (Boyce et al. 2002). In 
fall 2020 (n = 5), we left one individual out for each iteration, 
then fit an RSF to data from the remaining individuals. We 
used the estimated coefficients from that model to predict 
the relative probability of use for each used location of the 
individual left out. After creating bins based on quantiles of 
predicted relative probabilities of use, we tallied the number 
of used locations that fell within each bin. Because we only 
had data from 2 individuals in fall 2019, we combined their 
data, then used a training-testing ratio of 20% for cross vali-
dation (Boyce et al. 2002). If our RSF had high predictive 
strength, then the Spearman rank-correlation between the 
bin rank and the number of used locations would be strongly 
positively correlated. After estimating correlation coefficients 
for each iteration, we produced a final correlation coefficient, 
rs, that was the average of all correlation coefficients. For the 
fall 2020 RSF, this was also weighted by the proportion that 
each individual boar for which we generated predictions con-
tributed to the total amount of relocation data.

Estimates of displacement potential while infectious

To investigate how far individual wild boar could poten-
tially travel while infected with the ASF virus, we measured 
the maximum displacement of individual wild boar over 
increasing periods of time corresponding with the incuba-
tion time (3–7 days) for the relevant isolate of ASF virus 
(ASFV/Primorsky 19/WB6723; Shotin  et  al. 2022). Note 
that this analysis included all location data during the period 
of analysis for each individual (Table 1), not just locations 
during long-distance movements. While the sample size 
in Shotin  et  al. (2022) was small, the authors nevertheless 
provided the best evidence for the range of time pigs may 
be infected with ASF virus, but not yet be symptomatic. 
Accordingly, we estimated the maximum displacement dis-
tance of individual wild boar during the fall 2019 and fall 

Table 1. Description of the data and period of analysis for each col-
lared wild boar in the Russian Far East. ‘ID’ represents the unique 
collar ID assigned to each wild boar. See Methods subsection 
‘Period of analysis’). ‘n fixed locations’ describes the number of 
locations with x–y coordinates at a sufficient precision (DOP < 15). 
‘n CUAs’ counts how many concentrated use areas (CUAs) were 
identified for each individual wild boar. 

Year ID
Period of 
analysis

n fixed 
locations n CUAs

Fall 2019 83534a 1 Oct–1Nov 384 1
83535a 1 Oct–1 Nov 115 1

Fall 2020 83531a 11 Sep–26 Oct 400 5
83532a 18 Sep–15 Nov 1224 6
83534b 27 Sep–10 Oct 140 2
83535b 29 Sep–15 Oct 192 3
83537c 29 Sep–21 Oct 328 4
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2020 over periods of 1–7 days. Estimates of maximum dis-
placement were made starting on consecutive days for each 
individual, as each day represented a potential new date of 
infection during this exercise. We calculated the maximum 
displacement from consecutive days for each individual and 
year, then estimated the collective median, 75th, 90th and 
100th percentiles of each year. We compared these sum-
mary statistics between years and assessed how these different 
summaries of wild boar movement (e.g. looking at median 
displacement versus 90th percentile displacement) imply dif-
ferent risks of the spread of ASF.

Results

GPS-based movement metrics

The number of days analyzed for each wild boar ranged from 
14–59 (Table 1). Wild boar tracked in fall 2020 traveled much 
greater distances than wild boar in fall 2019 or from Belgium 
(Table 2). Median displacement was significantly different 
between fall 2019 and fall 2020 (W = 2065, p < 0.001), fall 
2019 and Belgium (W = 53540, p < 0.001), and fall 2020 
and Belgium (W = 184 159, p < 0.001). Median daily dis-
placement in fall 2020 was roughly three-times greater than 
in 2019 and ten-times greater than in Belgium. The differ-
ence in the maximum displacement was even greater, with 
one individual in fall 2020 reaching a displacement of 93.4 
km from her location at the start of this analysis. This is over 
14 times greater than the maximum displacement of individ-
uals from the year before, while some 16 times greater than 
the maximum displacement observed in Belgium (Table 2). 
Wild boar tracked in fall 2020 generally used the area of their 
range less intensely than those from the year before, though 
this metric varied substantially. In Belgium, the intensity of 
use varied widely, from 5 to 40. The highest level of intensity 
of use in this study population was over 4 times greater than 
any level recorded in the Russian Far East.

Patterns and drivers of movement during the mast 
production period

In fall 2019, each wild boar only used one area of concen-
trated use; they did not make any movements leading to a 
displacement of more than 7 km in 24 h. In fall 2020, we 
identified 22 concentrated use areas, ranging in length from 2 
to 18 days. Two of these were excluded from further analysis 

because most locations were outside the Zapovednik and 
therefore lacked spatial information on forest type. Looking 
at changes in forest type between concentrated use areas in 
fall 2020, wild boar moved between oak and pine forests dur-
ing their long-distance travels (Fig. 2). For three individuals, 
the second concentrated use area (after their first long-dis-
tance movement) followed shortly after a sharp transition 
from predominantly oak forests to those with at least ~ 50% 
Korean pine. We note that the second concentrated use areas 
of the other two individuals (83531a and 83534b, Fig. 2) 
that fell outside the Zapovednik – the two concentrated use 
areas we excluded as mentioned above – were predominantly 
forests of Korean pine as well, based on our own knowledge 
of those areas.

When estimating the coefficients of our RSFs, all chains 
resulted in an R̂  of 1.01 or 1.00, indicating sufficient con-
vergence across chains. In fall 2019, wild boar were 1.4 
times more likely to select oak forests over non-masting for-
ests ((βoak = 0.36, 95% CI [0.17–0.54) and strongly avoided 
non-forest cover types (βnonforest = −2.49, 95% CI [−2.92 to 
−2.09]). No used or available locations fell within forests of 
predominantly Korean pine. Because there was only 1 area 
of concentrated, continual use for each individual, we did 
not include a random effect. K-folds cross validation indi-
cated this generally strong prediction strength of this model 
(average rs = 0.85, range: 0.66–0.96). The next year, wild 
boar strongly selected Korean pine forests at concentrated use 
areas (βpine = 0.57, 95% CI [0.10–1.08), and weakly avoided 
oak forests (βoak = −0.18, 95% CI [−0.86–0.50]) and non-
forest cover types (βnonforest = −0.26, 95% CI [−1.46–0.60]) 
relative to non-masting forests (β0 = −7.15, 95% CI [−7.61 
to −6.74]). There was some variation in selection strength for 
different forest and non-forest types between areas of concen-
trated use, as demonstrated by the wide confidence intervals 
reported above (see also the forest plots in the Supporting 
information). The only forest type with consistent positive 
selection by wild boar was Korean pine. Our k-folds cross val-
idation found that this model generally did well at predicting 
out-of-sample wild boar used locations (average rs = 0.71), 
though predictive success varied considerably depending on 
the individual left out (rs range: 0.41–0.89).

Estimates of displacement potential while infectious

We found considerable differences in the distance traveled 
by wild boar during fall 2019 and fall 2020 over periods of 
1 to 7 days (Fig. 3). In fall 2019, wild boar did not travel 

Table 2. Summary of movement metrics by wild boar captured during the fall 2019 and fall 2020 within Sikhote-Alin Zapovednik, and from 
example European study populations in Belgium. ‘Daily displacement’ measures the straight-line distance between the average x–y coordi-
nates of individuals each day. ‘Max displacement’ measures the maximum straight-line distance between the starting location for an indi-
vidual and its furthest location from that point during the period of analysis. ‘Intensity of use’ is the ratio of the total distance traveled over the 
square root of the minimum convex polygon drawn around all locations. See ‘GPS-based movement metrics’ in Methods for further details.

Study group Daily displacement (median, km) Max displacement (km) Intensity of use (min–max)

Fall 2019 (n = 2) 0.92 [95% CI: 0.03–3.03] 6.9 10.26–10.69
Fall 2020 (n = 5) 2.86 [95% CI: 0.07–21.98] 93.4 4.47–12.35
Belgium (n = 33) 0.28 [95% CI: 0.44–0.50] 5.8 5.71–39.7
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Page 7 of 11

Figure 2. Changes in the proportion of cover type as wild boar traveled during fall 2020 and their relation to areas of concentrated use. The 
colors in the legend represent the different cover types. The grey sections (‘out’) indicate when locations fell outside of the Zapovednik and 
thus lacked information on cover type. Black lines indicate the duration of successive stopover sites for each individual. The x-axis represents 
the number of days since the start of each wild boar’s concentrated use behavior. See the Methods section for more details on how we defined 
and identified these areas.
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far from the oak forests in which they were captured, with 
the greatest observed value of maximum displacement across 
individuals over a seven-day period (5.2 km) only 1.5 km 
greater than the maximum displacement traveled over 1 day 
(3.7 km). The displacement of wild boar in fall 2020 over 
this same period was much greater, especially at the upper 
quantiles of the distribution. Even in a period of 4 days – the 
minimum time until symptoms in ASF-infected pigs found 
by Shotin et al. (2022) – the 75th percentile of displacement 
was as great as 20.1 km, while the maximum displacement 
was 78.5 km, over 15 times greater than the year before. The 
maximum observed displacement increased marginally to 
82.0 km when the period was increased to seven days, a much 
smaller increase than seen during the first three days.

Discussion

The outbreak of ASF across Eurasia has had serious ecological 
and economic consequences. Its main mechanisms of spread 
over large distances have been attributed to human trans-
port (Guberti et al. 2022) because of the short distances wild 
boar most often travel in Europe (Prévot and Licoppe 2013, 
Podgórski and Śmietanka 2018, Taylor et al. 2020). Here, we 
provide an analysis of movement patterns of wild boar in a 
different ecological and human development context, namely 
the forests of the Russian Far East. Our findings indicate that 
wild boar movement behavior, resource availability, and the 
potential for spread of ASF into new areas are linked in a 
resource–movement–disease cascade.

The comparison with wild boar movement patterns living 
in Belgium demonstrates that wild boar in the Far East can 
travel larger distances than is typically observed in Europe: 

our recording of 78.5 km straight-line distance traveled in 
just 4 days is remarkable. But such records are not novel. 
Several instances exist in the literature where wild boar travel 
similar or greater distances in Europe (Jerina  et  al. 2014, 
Miettinen et al. 2023, Popczyk et al. 2024). However, none 
of these studies reveal the mechanism for traveling such long 
distances. Here, we tried to illuminate the cause of the long-
distance movements we observed, and directly related them 
to the risk of ASF spread.

Our results indicate that differences in wild boar move-
ment behavior in the Far East between fall 2019 and fall 
2020 were linked with the changing availability of mast 
resources between years and the spatial separation of specific 
mast-producing forests. In fall 2019, acorn production along 
the coast of the Zapovednik was high, three times higher than 
the average production of acorns over 38 years of sampling 
(unpubl.). Daily movements of our two GPS-collared wild 
boar were correspondingly low. They did not move far from 
their initial location of capture, and they concentrated use 
in a small home range within oak forests throughout the fall 
mast production period (and through the winter), as reflected 
by our fall 2019 RSF results. Bromley and Kucherenko 
(1983) similarly reported that in years of abundant acorns, 
wild boar often travel less than 1 km each day in the Russian 
Far East. This appears to be a common response to high 
availability of pulsed resources; similar behavior has been 
observed in Europe (Bisi et al. 2018) and the US among feral 
pigs (Singer et al. 1981).

However, when resources are scarce, wild boar can travel 
far in search of better fare. In fall 2020, acorn production 
was lower than average, with production only 30% from the 
year prior based on sampling plot counts. In Korean pine for-
ests further inland, pine nut production was unremarkable. 

Figure 3. Maximum displacement of wild boar in the Sikhote-Alin Biosphere Zapovednik, Russian Far East, during the fall 2019 and fall 
2020 over periods of 1–7 days. The different quantiles of displacement values are shown by line type. Shotin et al. (2022) found wild boar 
infected with African Swine Fever virus did not exhibit symptoms during the first three days after infection, and these displacements are 
shown in green. Four days since infection was the earliest wild boar showed symptoms, while 7 days since infection was the latest, and so 
displacement over these periods of time are shown in orange. Displacement values were calculated over 1–7 days for each successive day of 
available data from each individual wild boar. 
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Sampling counts of pine cones were 3 times greater than in 
2019 (the worst year in 11 years of sampling), but still only 
40% of the best year during that same period. We believe that 
the low production in acorns drove wild boar captured in 
oak forests near the coast in fall 2020 to search for pine nuts 
further inland. The quick transition from oak to pine forests 
along wild boar movement paths and their strong selection 
for pine forests in their areas of concentrated use support 
this hypothesis. This also aligns with claims by Bromley and 
Kucherenko (1983), who reported wild boar to travel up 
to 30–40 km each day, and even up to 300 km over two 
weeks in their search for pine nuts, especially in years of poor 
production.

Our moving-window analysis of the displacement of wild 
boar over the short incubation time of this isolate of ASF 
virus (ASFV/Primorsky 19/WB6723) indicates that infected 
wild boar can still travel great distances in only 3–7 days when 
pulsed resource availability is low. In fact, this is exactly what 
happened in the Russian Far East: the ASF outbreak in this 
region coincided with the period when wild boar were moving 
extensively in search of mast resources. While current guide-
lines for the management of ASF emphasize human sources of 
contagion, much remains unknown about ASF spread in east 
Asia, and the risk of spread among wild boar populations has 
likely been underestimated (Cadenas-Fernández et al. 2022). 
Past simulations have shown that habitat fragmentation 
can reduce the rate of spread of ASF (Dellicour et al. 2020, 
Salazar et al. 2022); indeed, our example data from Belgium 
come from highly fragmented habitats, and their distances 
traveled are correspondingly much less (Table 2). Similar pat-
terns have been found in other, wide-ranging species: using 
the intensity of use metric, Mumme et al. (2023) found that 
elk Cervus canadensis and red deer Cervus elaphus use smaller 
areas more intensely in places with a greater human footprint. 
This follows global patterns in animal movement behavior: 
increased human footprint leads to decreased movement 
rates and scales (Tucker et al. 2018). But in the Russian Far 
East, managers face the inverse situation in which wild boar, 
searching for optimum resources, can easily travel great dis-
tances through contiguous forests (our study, Bromley and 
Kucherenko 1983), potentially carrying ASF with them. 
Other examples in Europe (Bisi  et  al. 2018) and southeast 
Asia exist where suids can move greater distances in response 
to varying mast availability (Luskin  et  al. 2017). In such 
places, we strongly encourage wildlife managers to consider 
the ecological context and resulting movement potential of 
wild suids to mitigate the spread of ASF into new areas.

The spread of highly contagious diseases can be heav-
ily influenced by rare long-distance dispersal. Jeltsch  et  al. 
(1997) found that just one dispersal event per year can drive 
the spread of rabies among red fox Vulpes vulpes. Byrne et al. 
(2014) found that the potential dispersal distance of European 
badgers Meles meles was in fact much greater than previous 
studies had found based on restricted study areas, which 
helped explain the large-scale clustering of strains of bovine 
tuberculosis among setts. Licoppe et al. (2023) found that a 
rare 10 km movement of an ASF virus-infected wild boar in 

eastern Belgium in 2019 led to a new area becoming con-
taminated, even while the median rate of spread was below 
2 km/month. Licoppe et al. (2023) used this maximum rate 
to establish ASF management zones accordingly. Similarly, 
we argue that when weighing the risks of ASF spread by wild 
boar, managers should consider the tail-end of movement dis-
tributions. We acknowledge that our data indicate wild boar 
typically do not travel far; the median displacement of wild 
boar after four days in fall 2020 was roughly 5 km (Table 2). 
But the tail-end of the displacement distribution tells a differ-
ent story, with wild boar potentially traveling as far as 80 km 
by their fourth day since infection. Though relatively rare, 
these are exactly the kind of movements that influence the 
potential for disease dispersal. We recommend that efforts to 
model and management actions taken to control the spread 
of disease should place more importance on the tail-end of 
movement distributions.

In conclusion, our results demonstrate how contrast-
ing movement responses to temporal and spatial variation 
in pulsed resource availability resulted in varying potentials 
for wild boar to spread ASF to new areas. With contiguous 
forest habitats across the Far East that pose no barriers to 
animal movement, this risk is heightened even further. We 
acknowledge that our sample size is small, and we are cau-
tious to describe the behavior of a population based on results 
from just two individuals in fall 2019 and five individuals 
in fall 2020. But our observations of high densities of wild 
boar in 2019 in the oak forests, and the consistent, strong 
selection for Korean pine across collared individuals in 2020, 
the high level of connectivity among forest types across the 
Far East, and the agreement with past Russian observations 
suggest that long-distance movements may be common in an 
appropriate pulsed resource scenario. Despite management 
guidelines emanating out of Europe that minimize the role of 
wild suids in new outbreaks, we urge managers to reconsider 
the extent to which wild suids may drive long-distance spread 
of ASF and reflect this potential in predictive models and 
management decisions.
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