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Abstract

In Southern Africa, the African Swine Fever (ASF) sylvatic cycle presents a permanent threat for the development of the
pig farming industry. Warthogs (Phacochoerus africanus) and bushpigs (Potamochoerus larvatus), wild reservoirs of ASF are
present in Ndumo Game Reserve (NGR), located in Northern KwaZulu Natal Province in South Africa and within 30 km of
the locations of endemic ASF outbreaks in Mozambique where sylvatic disease transmission has been implicated. To assess if
wild suids represent a risk of ASF virus spillover to domestic pigs in the neighbouring community, transect counts and fence
patrols were conducted and camera traps were deployed in NGR to estimate wild suid abundance and incursions outside NGR
boundaries. We searched for Ornithodoros ticks in 35 warthog burrows distributed across different NGR areas. Pig farmers
(n=254) surrounding Mathenjwa Community were interviewed to gather information on interactions between domestic and wild
suids and the occurrence of ASF. We conclude that NGR has established populations of bushpigs and warthogs, estimated at 5
and 3-5 individuals/km2 respectively. Both species move out of the reserve regularly (15.4 warthogs/day and 6.35 bushpigs/day),
with a significant increase of movements during the dry season. Some farmers observed warthogs and bushpigs as far as 8 and
19 km from the reserve respectively, but no direct wild-domestic suids interactions nor any ASF outbreaks were reported. In
addition, no soft ticks were found among the 35 warthog burrows. The absence of ticks in warthog burrows from NGR and the
absence of reported outbreaks and familiarity with ASF in the surrounding farming area, suggest that a sylvatic cycle of ASF
is at present unlikely in NGR. However, further research should be undertaken to confirm this by surveying a larger number of
warthog burrows and monitoring potential antibodies in warthogs from NGR and domestic pigs in the neighbouring community.
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In Southern Africa, the African Swine Fever (ASF) sylvatic cycle presents a permanent threat for the develop-
ment of the pig farming industry. Warthogs (Phacochoerus africanus) and bushpigs (Potamochoerus larvatus
), wild reservoirs of ASF are present in Ndumo Game Reserve (NGR), located in Northern KwaZulu Natal
Province in South Africa and within 30 km of the locations of endemic ASF outbreaks in Mozambique where
sylvatic disease transmission has been implicated. To assess if wild suids represent a risk of ASF virus spill-
over to domestic pigs in the neighbouring community, transect counts and fence patrols were conducted and
camera traps were deployed in NGR to estimate wild suid abundance and incursions outside NGR bounda-
ries. We searched for Ornithodoros ticks in 35 warthog burrows distributed across different NGR areas. Pig
farmers (n=254) surrounding Mathenjwa Community were interviewed to gather information on interacti-
ons between domestic and wild suids and the occurrence of ASF. We conclude that NGR has established
populations of bushpigs and warthogs, estimated at 5 and 3-5 individuals/km2 respectively. Both species
move out of the reserve regularly (15.4 warthogs/day and 6.35 bushpigs/day), with a significant increase of
movements during the dry season. Some farmers observed warthogs and bushpigs as far as 8 and 19 km from
the reserve respectively, but no direct wild-domestic suids interactions nor any ASF outbreaks were reported.
In addition, no soft ticks were found among the 35 warthog burrows. The absence of ticks in warthog bur-
rows from NGR and the absence of reported outbreaks and familiarity with ASF in the surrounding farming
area, suggest that a sylvatic cycle of ASF is at present unlikely in NGR. However, further research should
be undertaken to confirm this by surveying a larger number of warthog burrows and monitoring potential
antibodies in warthogs from NGR and domestic pigs in the neighbouring community.

Key words: African swine fever, bushpigs, domestic pigs, warthogs, sylvatic cycle, South Africa

Introduction

In Southern Africa, warthogs (Phacochoerus africanus ) and bushpigs (Potamochoerus larvatus) are conside-
red as potential wild reservoirs of African Swine Fever (ASF). Warthog is found in open savannah habitats
in most of Sub-saharan Africa and their densities range from 1–10 individuals/km² in protected areas (Cum-
ming, 1975). The bushpig is mainly distributed in forested areas of eastern, southern and western central
Africa with densities ranging from 1–10 individuals/km² in protected areas (Venter, Ehlers Smith, & Sey-
dack, 2016). ASF is a highly infectious and hemorrhagic disease affecting exclusively domestic and wild suids,
a significant threat to the pig industry worldwide (S Costard, Mur, Lubroth, Sanchez-Vizcaino, & Pfeiffer,
2013). In Africa, the virus is maintained in two epidemiological cycles: the sylvatic cycle, involving warthogs
and bushpigs, and the domestic cycle involving domestic pigs. The disease can be transmitted by direct
contact with an infected animal, its body parts or its secretions, or indirectly through fomites or contamina-
ted food (Chenais, St̊ahl, Guberti, & Depner, 2018). Warthogs do not become viraemic, apart from a brief
period as young warthog piglets, and thus do not transmit the disease directly (Plowright, 1981; Thomson,
1985). Warthogs transmit ASF through soft ticks bites, with Ornithodoros moubata acting as a vector of
the disease among warthogs, but also between warthogs and other suids species, particularly domestic pigs.
These ticks are the natural reservoir maintaining the disease (Pereira de Oliveira et al., 2019). In the absence
of Ornithodoros ticks, warthogs do not excrete sufficient amount of virus to transmit the disease horizontally
to domestic pigs, therefore, the presence of warthogs is not enough to maintain a permanent source of virus
in the environment (Ferran Jori & Bastos, 2009). The bushpig has been proven to be naturally resistant by
experimental infection (Oura, Powell, Anderson, & Parkhouse, 1998). Previous studies suggest that bushpigs
could have a potential role in the transmission of ASF (Okoth et al., 2013) because they have been occasio-
nally found carrying the virus in different parts of Africa. Transmission of the virus through direct contact to
susceptible domestic pigs has been proven in captivity (Anderson, Hutchings, Mukarati, & Wilkinson, 1998).
However, their potential to maintain ASFV in its natural habitat and its transmission to domestic pigs has
not been proven (Ravaomanana et al., 2011; St̊ahl et al., 2014).

In Southern and East Africa, the maintenance of ASF in a sylvatic cycle linked to the presence and mainte-
nance of ASF virus inOrnithodoros ticks in warthog burrows, represents a challenge for the development of
pig farming in rural areas due to a constant risk of ASF spill over to domestic pigs (Quembo, Jori, Heath,
Pérez-Sanchez, & Vosloo, 2016). This can occur through direct physical or indirect contact between wild
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and domestic suids through the sharing of environmental resources such as soil, forage and water, facilitating
disease transmission (Kock, 2005). ASF is a disease of global concern as it has the capacity to spread world-
wide and can lead to severe socio-economic impact, both in areas where it is newly introduced and where it
is endemic (Chenais et al., 2019). In South Africa ASF is a notifiable disease with a disease-free area and
a control area defined in 1935 where ASF has been reported as endemic. Spread of ASF out of the control
area should be notified internationally to the OIE and could result in an international ban of pigs and pork
trade involving the disease-free area (OIE, 2011).

ASF is endemic in Mozambique, adjacent to areas with extensive subsistence pig farming in South Africa.
The first laboratory-confirmed outbreak of ASF in Mozambique was reported in 1960. A number of outbreaks
have since been observed around the country, including in the region south of Maputo, within 30 km of our
study site. Though movements of domestic pigs from one province to the other played a role in disease
transmission and spread, the sylvatic cycle was considered equally important particularly in the vicinity of
conservation areas where warthogs and bushpigs are common (M. L. Penrith et al., 2007).

The complexity in the eco-epidemiology of this multi-host pathogen disease makes it hard to implement
disease mitigation strategies. Among other factors, farming practices in neighbouring communities, the
distance from the neighbouring community to a protected area (PA), the availability of resources in PAs,
and the nature of the fence (surrounding PAs) stimulate wildlife-livestock interactions that promote the
introduction and spread of diseases (Kukielka et al., 2016). Cowled and Garner (2008) argued that behaviour,
animal density, distribution, contact rate, and habitat connectivity of both the vector and susceptible species
are important for understanding how diseases are transmitted between wildlife and livestock. For ASF, the
higher the wild suid density within a PA the greater the chances that some of the suids will get into contact,
directly or indirectly, with domestic pigs. Also, the further wild suids move from the PA into farmland, the
greater the risk of disease transmission. Pech and McIlroy (1990) argued that the movements of pigs increase
the likelihood of contact between infected and uninfected pigs, and thus the spatial extent, and velocity of
the spread of a disease.

Fencing has a long history in wildlife conservation and in many cases it has proven to be an effective tool
for keeping wildlife out of specific areas, controlling animal movements and disease outbreaks (Durant et
al., 2015). Fences are often deleterious to wildlife, preventing access to food and water as well as natural
migration, but also to protect wildlife from human threats (Pirie, Thomas, & Fellowes, 2017). However,
given that they undergo changes, fences probably do not work in the same way and with the same efficiency
in all cases. Floods, breaks due to wildlife movement and damage due to theft are different factors increasing
fence permeability. Therefore a fence requires regular inspection and maintenance (Ferran Jori et al., 2011).

This study aims to provide quantitative information about the potential presence of a sylvatic cycle at the
wildlife livestock interface around Ndumo Game Reserve (NGR), which is part of the Lebombo Transfrontier
Conservation Area, a transboundary conservation initiative including protected areas from South Africa,
Swaziland and Mozambique. NGR is home to warthogs and bushpigs which play a role in maintaining and
transmitting livestock diseases (Solenne Costard et al., 2009). Also, it is adjacent to a communal area with
a substantial amount of farmed pigs, generating a wildlife-livestock interface. In addition, the reserve is
within the boundaries of the ASF control zone in South Africa. That means the area is suspected to have a
sylvatic cycle in which Ornithodoro s tick populations colonize warthog burrows, representing a permanent
source of ASF. The reserve shares its borders with Mozambique where ASF is considered to be endemic.
Understanding the extent to which wild suids from NGR interact with surrounding domestic pigs close to
NGR is critical for the surveillance and control of ASF. Therefore, the specific objectives of our study were:
i) to estimate the population size of warthog and bushpigs in NGR; ii) to assess the presence of ticks in
warthog burrows from NGR; iii) to study the movements of wild suids between NGR and the adjoining
farming areas and their potential interactions with domestic pigs.

Methodology

2.1 Study Area

3
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NGR is a 10 117 ha wildlife reserve bordering both the Mathenjwa community of Northern KwaZulu Natal
Province, South Africa and also Mozambique (Figure 1). The boundary of the reserve is fenced except on
its northern side, where the seasonal Usuthu River separates South Africa and Mozambique. There are two
seasons: wet (October- March) and dry (April-September) with an average annual rainfall of 638 mm. The
mean annual temperature is 21.9 degC with dry season temperatures often reaching well above 40 degC.
Villages around the eastern, western, and southern boundaries of the reserve are typical of South African
communal areas where subsistence farming is the major economic activity. The villagers grow mainly maize
and keep livestock which include cattle, goats, pigs, and chickens. Dipping, the driving of cattle through
a specially constructed concrete tank with water and an acaricide to control ticks on cattle, is a regular
activity in these villages.

NGR is home to a variety of mammals including different species of antelope, black and white rhinos, hippos,
crocodiles and both species of wild suids (bushpigs and warthogs). The Usuthu and Pongola Rivers feed the
pans (water-logged areas), namely Nyamithi, Banzi, Shokwe, Usuthu, and Pongola pans. Within the game
reserve, fence and reserve patrols are a daily activity for field rangers to combat poaching.

The reserve has seven major vegetation types: Western Maputaland Clay Bushveld, Makatini Clay Thicket,
Lowveld Riverine Forest; Western Maputaland Sandy Bushveld, Sand Forest, Subtropical Alluvial Vegeta-
tion; and Subtropical salt pans (Mucina, Rutherford, & Powrie, 2006). In order to facilitate interpretation
and analysis of the results, only four vegetation types were used after grouping vegetation types with similar
physical vegetation structure and plant species: Bushveld, Thicket, Sandveld and Water (Figure 1).

2.2 Abundance estimation

2.2.1 Warthog numbers derived from annual transect counts

NGR has eight permanent line transects used for annual game counts, ranging from 1.5 km to 8 km with
a combined length of 50.915 km. The transects cut across the four vegetation types. ArcGIS 10.6 (ESRI,
Redmont, California, USA) was used to measure lengths of transects based on their position within different
vegetation types (Table 1, supplementary material). These transects were used to conduct annual warthog
counts and bushpig track counts. To maximise the accuracy of estimates, the eight transects in NGR were
walked 16 times annually, during the dry seasons (April-September) of 2017 and 2018 and using distance
sampling methodology. The researcher, together with NGR game scouts and students from Tshwane Univer-
sity of Technology (TUT), conducted the counts in the morning (5-8 am) to maximise chances of detecting
warthogs because they are difficult to detect later in the day when they rest in the shade. Two observers,
each focusing on one side of the transect, counted warthogs observed and, for each encounter, recorded the
coordinates of the observer, distance from observer to animal (r), group size (n), and angle of the animal
from the transect (Ө). In addition, transect count data from 2013 to 2016 were made available for analysis
by Ezemvelo KwaZulu Natal Wildlife (EKZNW). The number of warthogs in the reserve was estimated
using the Distance sampling software (Distance V8) using the negative exponential cosine model as the
detection function. This function computes the likelihood contributions for off-transect sightings distances,
scaled appropriately, for use as a distance likelihood. Only those years with consistent and reliable count data
that fitted statistical models were used. Warthog transect sightings were mapped according to vegetation
types using ArcGIS V10 and recorded in Excel (Microsoft Corporation, 2018) as follows: a) year of transect
counts b) transect number c) vegetation type in which that observation was made d) length of the transect
within that specific habitat e) number of warthogs seen and f) a the number of warthogs per km of transect.
Descriptive analyses and linear mixed effect regression (Pinheiro and Bates, 2006) were performed. Summary
statistics, including mean and standard error of the mean (SEM), were computed.

2.2.2 Bushpig relative abundance using the transects

Bushpigs are crepuscular and nocturnal and seldom observed. Therefore the only realistic method of assessing
bushpig abundance is the use of indirect evidence provided by tracks, as well as photographs obtained by static
camera traps. Bushpig track transect counts, using the eight transects used for warthogs, were conducted on
a separate occasion (June 2018 to December 2018). In order to maximise statistical reliability, each transect
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. was walked 21 times recording bushpig tracks encountered. The researcher was assisted by game scouts with
experience in animal tracking. Bushpigs tracks, when compared to those of warthog, have broader hoofs
and their claw mark show clearly on the tracks. To avoid the risk of double-counting, tracks were erased
using branches. For each observation the following data were entered in MS Excel : date, repetition, transect
number, vegetation type, length of that particular vegetation type in a transect, GPS coordinates of where
the observation was made, number of tracks and, number of events (an event is a discrete cluster of tracks
on a particular transect). Tracks indicated the total count of tracks recorded per event. A linear mixed-
effects regression model was performed to predict the mean number of events and tracks based upon habitat
(Pinheiro & Bates, 2006), allowing an assessment of relative bushpig abundance indicators (tracks an events)
in each of the four habitat categories in NGR.

2.2.3 Camera trap surveys

A pilot study was conducted from May to July 2017 to fine-tune the camera trap data collection method.
Twenty four static camera traps were deployed based on field rangers’ perception of areas where bushpigs
could be found. During the pilot study, the duration of each camera trap placement was variable because
NGR has a history of extensive theft of cameras by poachers. Camera traps were removed immediately after
signs of human activity were observed near a camera. After the pilot study, 48 camera trap stations were
randomly positioned within the four main vegetation types (Fig 1). Camera trap surveys were conducted
from February to December 2018. At each camera trap station, a single camera was tied to a tree or stump
at bushpig height (30-50 cm above the ground) or higher (150-200 cm) with a downward pointing inclination,
depending on the vegetation. Surrounding vegetation that would promote triggering by wind in front of the
camera was cleared. Despite the nocturnal behaviour of the target species, camera traps were set to record
photographs 24 hours a day. Trophy Cam ® (Bushnell Outdoor Products, USA) cameras had continuous
triggering of a one-second interval between consecutive images while ScoutGuard ® cameras were set to
record 10 s video footage each time a movement was detected within the distance range (15 m). The date and
time were shown on each photograph/video. The objective was 60 consecutive days periods of observation but
the period was sometimes shortened in the case of poacher activity around the camera traps. All images were
downloaded from the cameras after which the date and duration of each observation of suids were entered
into MS Excel, each record reflecting an event per specific camera trap station (an event is an observation of
at least one suid within a single 30-min time interval). The following were recorded a) camera trap station
ID b) GPS coordinates of the camera, c) habitat in which the camera trap was installed d) bushpig count
(the total number of animals seen for all the pictures taken during one event on a camera trap station) e)
duration of each event f) time duration since the previous event. Wild suid rate is the number of wild suid
individuals (bushpig or warthog) photographed per camera day. Likewise, events are the number of events
per camera day. Due to the small sample size of suid observations in the sand and bushveld habitats, these
two vegetation types were merged into a single category. Log transformation of raw data was performed
to obtain a normal-like statistical distribution of abundance values. A 1-way ANOVA was performed for
detecting differences in wild suid rate between habitats.

2.3 Fence Survey

In February 2018, a pilot fence survey was conducted to identify portions of the fence with holes used by wild
suids. We term these holes as sites. The fence was divided into four main sections to relate fence crossings
by pigs to the localities of farms. Thirty-two sites were identified on the western part of the reserve, 57
on the South-western side, 46 on the south-eastern and 6 on the eastern side. Two bouts of fence surveys
were conducted to identify wild suid activities at the respective sites: the wet season survey was conducted
on 27 consecutive days of February 2018 and the dry season survey was conducted in August 2018 for 30
consecutive days. The number and location of all the sites were the same for both surveys. On each day,
each site was inspected for the presence of bushpig and/or warthog tracks. Once tracks were observed, the
researcher, with the help of experienced tracker game scouts, took note of the species responsible, identity
of the site, and the number of tracks counted. For each observed set of tracks, the species was identified,
based on the footprints (on a few occasions droppings). Three items were recorded for each site: a) whether
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. tracks indicated wild suids crossing the fence (= a crossing event); b) the species of suid; c) an estimate
of the number of wild suids that had crossed at that point, based on the tracks leading to and from the
site. A crossing event refers to an occasion when one or more warthogs/bushpigs crossed the fence at a
specific site. The mean number of crossing events/site/day during a survey (fc) is the mean daily number
of crossing events/site for a specific section of the fence during the survey (Table 5). Similarly, the mean
number of wild suids/site/day during a survey (fp) represents the mean daily number of wild suids/site for
a specific section of the fence during the survey (Table 5). Since the statistical distribution of the number
of crossings was similar to that described by a negative exponential function, we performed analyses on the
natural log-transformed values of fc and fp. For detecting differences among the four sections of the fence,
a 1-way ANOVA was separately performed on fc as well as on fp classified by fence section. For detecting
differences between the dry and wet seasons, a repeated-measures ANOVA was separately performed on fc
as well as on fp categorised by season. Standard errors of the estimates (S.E.M.) for the number of wild suids
crossing the whole fence each day were generated by performing 1000 bootstrap samples of the observations
at each fence site and finding the S.E.M. of the 1000 estimates of the wild suid crossing rate. R V3.4.4 (R
Core Team, 2018) was used for all statistical analysis and statistical significance was set for P-value lower or
equal to 0.05.

2.4 Farmers Interviews

A structured questionnaire was used to collect data from all smallholder pig farmers within the Mathenjwa
community (n=254) from April 2017 to December 2017. The purpose of the interview was to gather infor-
mation on potential wild-domestic pigs interactions observed by the local rural communities and to gather
information on prevalent pig diseases in the area. Pig farmers were identified at dip tanks and interviews
were conducted on their farms. The 45 minutes interview comprised of 22 questions administered in the
Zulu language by the first author. To ensure that no pig farm was missed, the exhaustive snowball method
was used (Etikan, Alkassim, & Abubakar, 2016). Farmers were asked if they observed wild suids near their
farm (Table 6, supplementary material). Observations were clustered into 2 groups of distances from their
farms to the observed suids: near (0-20km) and far (>20 km). This clustering represented farmer’s opinions
on contact rate of wild and domestic pigs from those that are either very close or very far away from the
reserve. If any observation was made, they were asked to respond to whether they had seen the suids a) in
direct contact with domestic pigs (physical contact) b) on their farms (close to domestic pigs) or c) close to
their farms or d) elsewhere. They were also asked to comment on diseases of their domestic pigs and about
potential outbreaks of ASF occurring in the area. Farmers were asked if their pigs got sick or died from any
disease. If affirmative they provided symptoms. They also were asked to name diseases that were prevalent
in the study area.

2.5 Soft ticks survey

Warthog burrows within NGR were identified with the assistance of game scouts during their regular patrols.
When a warthog burrow was encountered, we looked for signs of activity (tracks and droppings) then GPS
coordinates were recorded. A 20 litre bucket was used to collect sand from each burrow which was spread
in a thin layer across a large, black plastic sheet in the sun. Due to photophobic nature of soft ticks, the
sunlight and warm temperatures encourages Ornithodoros tick movement and facilitates tick detection as
well as collection. A minimum period of 30 minutes per burrow was allowed, to ensure that tick movement
would be elicited and that all visible ticks were collected (Ferran Jori et al., 2013)

2.6 Ethics

The methods used for collecting data from pig farmers were assessed and approved by the University of
Pretoria’s human ethics committee (EC 161129-084). Permission to conduct the study within the NGR was
also obtained from Ezemvelo Kwazulu Natal Wildlife authorities. Verbal consent from the local chief was
obtained before project inception. For the interviewees, participation was voluntary, private, and confidential
and there was no penalty if they decided not to participate. Written informed consent was obtained from
each participant.
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. 1. Results
2. Wild suid counts derived from transect counts

3.1.1 Warthog numbers from distance sampling and habitat preference

Using the Distance software, data for the years, 2013-2018 were analysed. The years 2013 and 2018 produced
interpretable results. The estimation of the number of warthogs in NGR were n =632, 95% confidence
interval=[490,815]95% and n =383, CI=[271, 541]95% respectively. This suggests a population ranging between
400 and 500 warthogs , i.e. 3-5 individuals/km2 in NGR. Table 2 shows the raw counts of warthogs along the
transects for each year. Warthogs had a significant preference for water areas compared to other vegetation
types (1-way ANOVA P= 0.002).

3.1.2 Bushpig relative abundance and habitat preference using line transect counts

Linear mixed-effects ANOVA indicate that thickets (15.601 tracks/km, Table 3) had by far the highest
density of bushpig tracks when compared to Sandveld (2.566 tracks/km) and water areas (5.374 tracks/km).
The trend was similar for both events data as well as for the tracks data. Bushveld areas had no bushpig
tracks.

3.2. Wild suid abundance estimation using camera traps

Forty-eight camera traps were installed in 4 different vegetation types for a total of 1383 days. Bushpigs
(n =483) were observed more frequently than warthogs (n =304). Similarly, the mean observation rate
was higher for bushpigs (0.3518 animal/day, Table 5) than for warthogs (0.221 animal/day, Table 4). This
suggests that bushpigs are at least as common as warthogs in NGR.

3.2.1. Warthogs

Although the camera-derived results suggested that warthogs were more common in the sand vegetation
(0.536 animals/camera day; 0.268 events/camera day, Table 4), the effect was not statistically significant
due to low numbers of warthog recorded.

3.2.2 Bushpigs

Even though camera data suggested that bushpigs preferred water areas to other habitats, this was not
statistically significant due to a relatively small sample size of bushpigs observed. The findings were consistent
with events (Table 4).

3.3. Tick presence in warthog burrows

Despite intensive sampling, no soft ticks were recovered from any of the 35 warthog burrows in NGR (Figure
1).

3.4. Movements of wild suids across NGR boundaries

Pig count data: The mean number of bushpigs crossing the fence in wet season (0.56 pigs/day, Table 5) was
11 times lower than the mean number observed in dry season (6.348 pigs/day, Table 5) and this difference
was statistically significant (P < 0.0001). Similarly, the mean number of warthogs crossing the fence was
significantly lower during the wet season (10.26 pigs/day, Table 5) compared to the dry season (15.4 pigs/day,
Table 5) (P =0.03).

Crossing event data: Bushpigs crossed the reserve fence at a significantly higher rate (0.0592 events/site/day,
Table 5) (P<0.0001) during the dry season survey than during the wet season survey (0.0066 events/site/day).
Warthogs had a similar trend as bushpigs. However, there was no seasonal effect in the number of warthog
crossing events (0.036 events/site/day,) during the dry season survey and (0.028 events/site/day) in wet
season survey (Table 5). Bushpigs crossed the western section at a significantly higher rate than the south-
eastern section in both dry (1.592 pigs/day) (P<0.0001) and wet (0.1389 pigs/day)(P=0.0315) seasons. In
the wet season no bushpigs crossed through the eastern fence. Warthogs showed a similar trend although
the differences are not statistically significant (Table 5).
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. 3.5. Reports of wild suid presence in surrounding pig farms

Most pig farms were concentrated adjacent to the western (78%) and south-western (13%) sections of the
fence. While some farms were also located in proximity of the south-eastern fence section (9%), the eastern
section had no adjacent farms. The highest number of domestic pigs (n=631) was located close to the western
section of the fence while a considerably smaller number (n=172) was found on the south-western section of
the fence (Figure 1).

Among the 254 pig farmers, eight reported bushpigs near their households (20km radius) while three reported
to have seen warthogs. None of them reported any direct interaction between those wild suid species and
their domestic pigs. Bushpig sightings were reported as far as 19 km from the fence while for warthogs the
furthest was 8 km (Fig 2).

Pig farmers who reported bushpigs near their households were located adjacent to the western, south-
western, and south-eastern section of the fence, whereas those who had seen warthogs tended to be more
evenly distributed adjacent the western and south-eastern section of the fence. (Fig 2). None of the farmers
reported disease or disease symptoms compatible with ASF outbreaks.

Discussion

Warthogs and bushpigs are common in the study area. Annual transects counts in NGR revealed a warthog
density of 3-5 individuals/km2, with a total population of 400-500 warthogs in the area. These estimates fall
on the lower end of population densities found by Cumming (1975) who reported that in Africa warthog
densities range from 1-15 individuals/km2. This could be partly explained by their preference for open
savannah (Deribe, Bekele, & Balakrishnan, 2008), instead of the bush thicket that is common at NGR.
The camera trap survey indicated that NGR has a significant bushpig population, which may be similar to
warthogs in numbers. This approach was useful in detecting the abundant bushpig population which had
not been recorded using the diurnal line transects. Most of the bushpig recorded on camera traps (0.515
animals/ camera day) were found in habitats close to water, consistent with the observations of different
authors who noted that bushpigs are water-dependent (J. Kingdon, 2014; Seydack, 2017). Warthogs (0.536
animals/ camera day) on the other hand, were also found in sandy environments. Therefore, NGR provides
a good habitat for both wild suids.

Movements of both wild and domestic suids can facilitate direct or indirect interactions with domestic pigs
as well as ASF transmission at the interface of a protected area (Arias, Jurado, Gallardo, Fernández-Pinero,
& Sanchez-Vizcaino, 2018).

Both wild suid species regularly crossed the game fence, moving into adjacent farmland. Standard wire or
wire-mesh fencing is not very efficient to contain suiform species and warthogs are often reported to escape
from other protected areas by digging under fences (Ferran Jori et al., 2011; Swanepoel, Schulze, & Cumming,
2016). Therefore, in cases where it is important to contain wild suids in conservation areas, we recommend to
consider using other kinds of barriers such as wild boar proof fences (EFSA, 2014; Satheeshkumar, Manjusha,
Pillai, & Kumar, 2012).

In our study area, crossings were more common during the dry season for both bushpigs (6.35 bushpigs/day)
and warthogs (15.4 warthogs/day). The high number of fence crossings represents a challenge in the man-
agement of diseases in domestic pigs. This is because, in the farming area (as in many African rural areas)
a considerable population of domestic pigs is left free-ranging, which increases the chances of direct and
indirect interactions between wild and domestic suids and disease transmission (F Jori, Payne, Stahl, Nava,
& Rossi, 2018). This risk is exacerbated by the fact that most crossings were observed on the western side of
the reserve where the highest number of pigs farms are located. A possible explanation for more crossings on
the western section could be that this terrain is mountainous and it has a moister thicket vegetation, provid-
ing a more suitable habitat for a shy species such as the bushpig (Flamand, Horak, & Boomker, 1991; Ferran
Jori & Bastos, 2009). This habitat also provides the suids with fruit and bulbs (Nyafu, 2009) particularly
during the dry season when resources in the game reserve are scarce. The farms therefore have the potential
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. for high levels of direct or indirect wild-domestic and domestic–domestic pig interactions, facilitating the
transmission of shared pathogens, such as ASF. Despite limited veterinary research on the pathogenic burden
of wild African pigs compared to the Eurasian wild boar (Sus scrofa ), warthogs and bushpigs are known
to be carriers of ASF as well as other pathogens such as trichinella, bovine tuberculosis and several porcine
viruses that could be transmitted to domestic pigs sharing the same environment (F Jori et al., 2018).

Similar to other studies, some farmers (n =11) reported to have seen at least one of the wild suid species
outside the reserve (Kukielka et al., 2016), but none of the suids was observed interacting with domestic pigs.
While natural hybridization between domestic pigs and warthogs has not been reported, there are a number
of reports of cross-breeding between bushpigs and domestic pigs (Ferran Jori & Bastos, 2009; Jonathan
Kingdon, 2015). We assume than while interactions could occur, they are not necessarily observed due to
the elusive and nocturnal behaviour of bushpigs (Payne et al., 2018). Incursions of bushpigs in farming
areas are likely to occur at night and warthogs might have human avoidance behaviour (Kassilly, Tsingalia,
& Gossow, 2008). Therefore, questionnaires alone are not the best method for conclusions on potential
nocturnal interactions and other methodologies such as radio tracking and setting up camera traps near
pigsties should be considered.

In many African rural areas, a considerable number of domestic pigs are free-ranging (Nantima et al., 2015;
M.-L. Penrith, Vosloo, Jori, & Bastos, 2013; Quembo et al., 2016), increasing the chances of direct and
indirect interactions between wild and domestic suids interactions and potential pathogen transmission (F
Jori et al., 2018; M.-L. Penrith et al., 2013). Even though the sharing of the same habitat and resources
represents an ideal situation for the transmission of pathogens between wild suids and domestic pigs (Barth
et al., 2018), in our study we could not find any indication suggesting that NGR currently harbours a
sylvatic cycle that would allow wild suid species to act as carriers of ASF. We did not find any evidence
of Ornithodorostick infestation among our surveyed burrows (n =35), suggesting that the tick reservoir is
currently unlikely to be present in NGR and a permanent source of ASF virus is not maintained in the
reserve despite the presence of warthogs and bushpigs. These findings are similar to similar studies in Mkuze
Game Reserve (approximately 100 km south of NGR) who inspected 98 warthog burrows and collected ticks
(Arnot, du Toit, & Bastos, 2009).

The apparent absence of a sylvatic cycle in NGR is consistent with the fact that none of the farmers
interviewed was concerned with severe disease outbreaks compatible with regular ASF. Given the importance
of the sylvatic cycle in Mozambique and the observations of some ASF outbreaks on the Mozambican side
close to NGR (M.-L. Penrith et al., 2013), further research should be undertaken on a larger number of
burrows in order to confirm this suspicion. Another aspect that should be explored further is a survey of
ASF antibodies in wild pigs and domestic pig populations living at the interface of the NGR. Indeed, an
absence of circulating antibodies in these populations would be a good indicator that ASF virus is not being
maintained in this study area.

The combination of an endemic ASF status in Mozambique (northern boundary of NGR), the presence of
significant numbers of warthog and bushpig within NGR, the regular movements of both species between
NGR and the surrounding farmland, suggest that strong veterinary surveillance and management remains
necessary to identify potential infectious disease transmission to the local pig population, and which can act
as a sentinel population.

Conclusion

We investigated the interface between wild and domestic pigs and the potential presence of a sylvatic cycle
in an African protected area. Both warthogs and bushpigs are common in NGR and they often move out of
the park, sharing home ranges and resources with domestic pigs, particularly in the dry season. Therefore
fencing should not be the method of choice to prevent transmission from potentially infected wild suids to
neighbouring pig farming areas since they are prolific diggers. Despite many opportunities for wild-domestic
interactions, it seems unlikely that the wild suids currently transmit ASF to domestic pigs as no ticks where
found in warthog burrows and surrounding pig farmers were not familiar with ASF outbreaks in their area.
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. Further research should explore a larger number of warthogs burrows to confirm absence of ticks and potential
antibodies against ASF and other diseases should be monitored in pigs and wild suids which are potentially
exposed to ASF. An awareness program among smallholder farmers is also encouraged particularly targeting
the western and southern sections that could potentially have a high burden of contact between wild and
domestic pigs. Confining pigs during periods of high potential interactions (at night and/or in dry season)
is also recommended since full-time penning is expensive and impractical. Considering the proximity of the
Mozambican border, regular surveillance of wild and domestic suids is equally important for monitoring
potential incursions of ASF in this high risk area.
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