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Abstract
methods

shooting from tree stands (high seats) and car-assisted stalking. Muntjac was the second most
frequently detected species, after roe deer (Capreolus capreolus). The REM revealed low population
densities in the first two years of the study (95% confidence intervals: 3—11 individuals per km?in 2022~
2023 and 3-10 per km?in 2023-2024), and a very low density in the third year (< 1 individual per km?,
2024-2025). These densities are substantially lower than those reported for British populations,
suggesting that the studied population is still in an early phase of invasion. The decline observed in the
final year is attributed to the management interventions. Car-assisted stalking proved ten times more
effective in terms of catch per unit effort than shooting from tree stands. Further research into muntjac
population dynamics and the efficacy of control methods is essential to address the challenges posed
by this emerging invasive species across Europe.

Introduction

Muntiacus reevesi (Ogilby, 1839) is a small deer species with evolutionary origins in southern China,
where it remains widespread (Chen et al. 2024). Introduced to Europe in the late 19th century, the
species has since become established, notably in Great Britain (Cooke 2019; Chapman 2022). There, it is
both common and locally abundant, with reported site-scale densities of approximately 20 km™ 2
(Hemami et al. 2007), reaching up to 50 km~ 2 (Wé&ber et al. 2013) or even 110 km™ ? (Cooke 2006). High
muntjac numbers are considered detrimental to forest ecosystems, as browsing and fraying induce
changes across vegetation layers — from the herb layer (through selective feeding that favors forest
generalists over old-growth forest herbs) to the tree layer (by impeding forest regeneration). Cooke
(2019) provides a comprehensive review of these ecological impacts. Especially in regions with elevated
atmospheric nitrogen deposition, such as Western Europe, intensified deer herbivory has been linked to
declines in threatened herb species and shrub cover (Segar et al. 2022). In studies from Great Britain,
muntjac densities often exceed those of native roe deer (Capreolus capreolus), which can be explained
by the depletion of shared resources (Hemami et al. 2004, 2005). At high densities of muntjac, Zini et al.
(2023) observed a reduced fertility in roe deer, which they suggest stems from agonistic encounters.
There is thus evidence that both exploitation competition and interference competition occur between
muntjac and native species (Dolman and Waber 2008).

To prevent muntjac from becoming similarly widespread in the European Union, the species has been
listed as an ‘invasive alien species of Union concern’ since 2016 (EU Regulation No. 1143/2014). This
legal status obliges all Member States to prevent, where possible, the establishment and spread of
muntjac. Suitable habitat is widely available on the European mainland, and the species has been
sporadically recorded in various Member States (Ward et al. 2021; e.g. France: Maillard et al. 2024;
Germany: Schulz and Borkenhagen 2021; Austria: Schertler et al. 2024). The situation is particularly
pressing in Belgium, where M. reevesi was first observed in 2004 but has increased rapidly since 2013
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(Casaer et al. 2026; D'hondt et al. 2023). Although the species’ overall distribution is largely erratic here
— primarily due to escapes from captivity without subsequent spread — it is clear that M. reevesi has
established self-sustaining populations in at least a few sites.

One of these sites, near the city of Antwerp, has been managed for several years (D’hondt et al. 2023).
Nevertheless, significant knowledge gaps hinder optimal control. First, the population size remains
unclear. Consequently, it is uncertain whether the density (or abundance) is comparable to that reported
for established British populations or if the population is still in an early invasion stage. This knowledge
is obviously crucial for defining management objectives, and particularly for assessing the feasibility of
local eradication.

Second, it remains unclear which of the legally permitted control methods are most effective. Indeed, in
a review on the effectiveness of ungulate population management, Barton et al. (2022) concluded that
there is a significant lack of data for muntjac. Only Wéber et al. (2013) are referred to, which concluded
that culling muntjac can lead to population decline, provided it is sufficiently intensive and accounts for
source-sink dynamics. At a more methodological level, various techniques for managing ungulate
populations have become well-established in hunting practice (e.g., the use of tree stands or thermal
imaging cameras). Yet, quantitative descriptions of their deployment and success rates remain limited.
This is certainly true for muntjac in Europe, where knowledge development and exchange are crucial for
achieving the international objectives of the Regulation.

The use of camera traps for studying wildlife has grown significantly over the past decades,
accompanied by the development of advanced analytical methods and software (Burton et al. 2015;
Fisher 2023). A specific challenge is estimating the abundance of individually unidentifiable (unmarked)
species —such as muntjac— and several approaches have been proposed for this purpose (Gilbert et al.
2021). One such method is the Random Encounter Model (REM), which models the encounters between
moving animals and static cameras (Rowcliffe et al. 2008). In brief, given the camera’s viewshed
(known), the number of detections (measured), and parameters of animal movement (estimated), the
number of animals in an area can be derived. Methodological studies have demonstrated the reliability
of the approach (Palencia et al. 2022), as well as its applicability in relatively small areas such as hunting
grounds or management units (Wohlfahrt et al. 2025). The REM method is currently widely applied, and
this is facilitated by dedicated and accessible software for image and statistical processing (see below).

We utilized recent advancements in camera trap image processing to estimate the density of a wild
muntjac population in Belgium (Antwerp). Additionally, we describe and compare the two methods used
to control this population, i.e. culling from tree stands (high seats) and car-assisted stalking, with the aim
of evaluating their effectiveness.

Material and methods

Study area
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The study was conducted in Park Vordenstein (51°15'45"N, 4°29'37"E), a government-owned, public
woodland park spanning about 140 hectares and encompassing diverse habitats. Roughly 60% of the
park is covered by broad-leaved and mixed forests (primarily oak, birch, beech; pine), with an understorey
dominated by Rhododendron spp., bramble (Rubus spp.) and bracken (Pteridium aquilinum). While the
park is open to the public and heavily frequented during the day, it is closed at night, and dogs are
prohibited. The park is partially fenced and includes a shallow moat, but these do not present a
fundamental barrier to wildlife movement.

Muntjac have been observed in Park Vordenstein since 2013, and are known to originate from a private
estate a few kilometres away (Deflem et al. 2022, 2025). A camera trap survey conducted from 2020 to
2022 confirmed the presence of muntjac and documented the species’ typical behavior (D’hondt et al.
2023). However, these exploratory data did not allow for density estimation, prompting the initiation of a
new campaign.

Camera-trapping

We deployed 16 cameras (Reconyx, HyperFire 2) from early winter to late spring over three consecutive
years: 2022-2023 (December-May), 2023-2024 (November-May), and 2024-2025 (November-May).
Hereafter, we refer to these periods as the first, second, and third year, respectively. Camera positions
were restricted to the forested areas of the park and were based on randomized allocations (but see
below). Positions remained fixed across years (Fig. 1). Cameras were mounted on trees at approximately
50 cm height and oriented northward to minimize lens flare. They were configured to capture still images
(not videos) in bursts of ten for as long as movement was detected.

All images were uploaded to the online system Agouti (www.agouti.eu/; Casaer et al. 2019). Following
the system’s standard procedure, consecutive image bursts captured in quick succession (i.e., within 2
minutes) were grouped into a single sequence. Each sequence was then manually reviewed, and the
observed species and their counts were recorded. For muntjac, additional observations such as sex and
behavior were noted.

To estimate movement parameters from the camera trap images, a calibration step was performed
during each camera deployment (including interim readouts), following the photogrammetry protocol of
the ENETWILD-consortium et al. (2023). During this process, the operator was recorded by the camera at
approximately 15 random positions while holding a pole marked with fixed intervals (20, 60, 80, 100 cm).
In the subsequent annotation phase using Agouti, intervals on the pole were indicated for each unique
recorded pole position. This allows the protocol to determine the distance from the camera to the
ground level for every pixel in the image. By additionally marking the pixel where a muntjac’s foot
touches the ground on all suitable images within a sequence, the movement parameters required for the
model can be estimated (e.g. speed).
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In addition to the full analysis (using all cameras), we repeated the analysis multiple times, each time
excluding a different camera. This sensitivity analysis allows us to understand the effect of individual
cameras on the density estimation results.

For data processing, we extensively used functions from the tidyverse R package (v2.0.0, Wickham et al.
2019). For analyses, we employed several packages dedicated to camera trap data, including camtrapdp
(v0.6.0.9000, Desmet et al. 2026) and camtrapDensity (v0.1.16, Rowcliffe 2026), the latter of which also
interacts with camtraptor (v0.28.0, Oldoni et al. 2026).

Muntjac control

During the study period, management of muntjac in Park Vordenstein employed two methods: shooting
from tree stands (high seats), and ground-level stalking involving the use of a car. High-seat shooting
was conducted from fixed positions, typically involving multiple shooters simultaneaously (mode: 4
shooters, maximum: 7). Car-assisted stalking entailed patrolling the park by car along gravel roads and
forest tracks. When an animal was spotted, the shooter would discreetly exit the vehicle to organize the
cull, sometimes requiring a brief approach on foot. These operations were conducted by a single shooter
but always included a driver and occasionally additional spotters. For consistency, only the time spent by
shooters is reported here.

In both methods, hand-held thermal imaging devices were used to locate animals, though current
legislation prohibits the use of thermal riflescopes. Shooting therefore required artificial light when
necessary. No attractans were used. Throughout the campaign, shooters received interim updates from
camera trap readouts on the presence of muntjac. Most operations were conducted in the evening or at
night, as this aligned with park closure and coincided with periods of slightly higher muntjac activity
(D’hondt et al. 2023).

Results

Animal detections

The cameras recorded 5,710 image sequences in which 35 taxa were identified (excluding humans and
dogs). The most frequently detected species were roe deer (66% of sequences), muntjac (15%), wood
pigeon (Columba palumbus, 6%), red fox (Vulpes vulpes, 5%), and red squirrel (Sciurus vulgaris, 3%).
Muntjac were recorded in 415, 309, and 119 sequences across the three respective study years. In the
vast majority of cases, muntjac were observed solitarily (1 animal: 84.8%; 2 animals: 14.6%; 3 animals:
0.6%). Both adult males, adult females, and juveniles were observed. Muntjac were detected on 15 of the
16 cameras (Fig. 1).

All species observations, including photographs, have been included in the species occurrence dataset
of D’hondt et al. (2026).
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Muntjac control

Between September 2022 and September 2025, a total of 430 person-hours were dedicated to muntjac
control (Fig. 2, Table 1). Of the 77 organized sessions, roughly half involved shooting from tree stands
(43 sessions; 56%), while the rest involved car-assisted stalking (34 sessions; 44%). Most sessions took
place in the evening (64 sessions; 83%), with only a few conducted in the morning (13 sessions).

Table 1

Effort spent on muntjac control at Park Vordenstein. The total effort are person-hours (shooters only).
The three periods run from Sep’ 1 to Aug’ 31.

Method Measure 2022- 2023- 2024- all
'23 '24 '25

Shooting from tree Nr. of sessions 19 20 4 43

stands
Total effort (hours) 112 129 13 255
Effort per session (hours) 5.9 6.5 3.3 59
Muntjac shot 2 3 0 5
Effort per muntjac shot 56.2 43.1 : 50.9
(hourss)

Car-assisted stalking Nr. of sessions 6 15 13 34
Total effort (hours) 19 95 60 175
Effort per session (hours) 3.2 6.4 4.6 5.1
Muntjac shot 5 9 5 19
Effort per muntjac shot 3.9 10.6 12.0 9.2
(hoursB)

During this period, 24 muntjac were shot: 11 males and 13 females. All animals were shot during evening
sessions, and after sunset. The median time between sunset and a successful shot was 3.3 hours (min.
0.3 hours, max. 9 hours).

In each of the three years, more animals were shot while stalking than from high seats. Additionally, the
time investment per animal shot during stalking was approximately one-tenth of that required for
shooting from high seats (Table 1).

Density

As shown in Table 2, the parameter estimates of the Random Encounter Model are highly consistent for
the first and second years but differ significantly in the third year. Specifically, cameras V06, V16, and
V23 were found to be influential for the results of years 1, 2, and 3, respectively. This is evident from the

Page 6/16




sensitivity analysis, as illustrated in Fig. 3 (for two parameters) and Fig. 1 in the Supplementary
Information (for the other five). Notably, the parameters related to speed differed at these cameras
(active speed, overall speed, activity level).

Table 2

Output from the Random Encounter Model (estimate and 95% confidence interval). The three periods run
from Nov'/Dec’ to May (see text).

Parameter 2022-'23 2023-'24 2024-'25

est. lLc.l u.cl. est. le.l ucl. est le.l u.c.l.
Radius (m) 6,39 593 6,86 6,02 548 6,56 7,85 6,82 8,88
Angle (°) 41,47 36,69 46,25 40,00 3405 4594 31,86 27,02 36,71

Active speed (km/h) 0,66 0,55 0,77 0,45 0,36 0,54 1,19 0,91 1,46

Activity level 0,36 0,31 0,41 0,45 0,37 0,53 0,55 0,41 0,68
Overall speed 5,69 4,48 6,90 4,87 3,62 6,11 1561 10,27 20,95
(km/day)

Trap rate (n/day) 0,19 0,10 0,30 0,13 0,06 0,23 0,04 0,01 0,11
Density (n/km?) 5,99 3,40 10,55 5,20 2,59 10,43 044 0,14 1,39

After a thorough examination of the data, we conclude that these differences are reliable. Camera V06
was located in the center of the park in a forest clearing surrounded by dense undergrowth and proved to
be the most visited camera during the first year (21% of the image sequences with muntjac). It was a
preferred spot for calm, relatively ‘slow-moving’ behaviors such as grazing and social interaction. Indeed,
22% of the sequences at this camera showed more than one muntjac, a higher proportion than the
overall figure above (Fisher’'s Exact Test: odds ratio = 1.62, P = 0.09; representing weak evidence [Muff et
al. 2022]). The same elements applied to V16 during the second year. At that time, it was the most
frequented camera (32% of the image sequences with muntjac), disproportionately often by more than
one animal (29% of the sequences at this camera; odds ratio = 2.35, P < 0.01; i.e., very strong evidence).
In the third year, however, few or no muntjac were observed at these cameras (zero and four sequences
at V06 and V16, respectively). Instead, V23 became the most visited camera, with 63% of the sequences
with muntjac. This camera was positioned at the edge of the park in an open forest area between a
walking path and a road —a location better described as a ‘corridor’ from a wildlife perspective. This
resulted in solitary animals, consistent with the general figure (only 12% of sequences with more than
one animal; odds ratio =0.76, P = 0.61), and more ‘fast-moving’ behavior (i.e., walking or running).

As the ultimate variable of interest, the resulting density of muntjac in Park Vordenstein was estimated
at 5.99 animals per km? for the first year, 5.20 animals per km2 for the second year, and 0.44 animals per
km? for the third year (Table 2, Fig. 3).
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Discussion

Overall density — To our knowledge, this is the first study to estimate the density of a European M. reevesi
population using the Random Encounter Model. Maillard et al. (2024) estimated the density of a French
population using a different method, whereas Nakashima et al. (2026) applied REM-like methods to a
Japanese population. Previous estimates of M. reevesi densities from British populations relied on direct
counts, faecal pellet counts, or distance sampling (Hemami et al. 2005, 2007; Waber et al. 2013; see
Cooke 2006 for a additional methods). Comparisons between these methods have shown that estimates
can vary substantially even within a single site, making their accuracy difficult to assess. Nonetheless,
these studies consistently report densities on the order of tens of muntjac per km?. While the accuracy
of our estimates also remains uncertain, the densities observed at Park Vordenstein are clearly
substantially lower. The relative proportion of species detections suggests that muntjac are less
abundant than roe deer. However, we assume that, ultimately, similar densities to those in Great Britain
could be achieved in Park Vordenstein. The habitat is considered highly favorable, and the genetic
diversity of this specific population is known to be comparable to that of British populations (Deflem et
al. 2025). We therefore conclude that the population is currently in an early invasive stage.

Muntjac have been observed annually in the area since 2013 (Casaer et al. 2026), and several plausible
processes may have suppressed rapid population growth, including interference competition with roe
deer (Zini et al. 2023), predation by foxes (Cooke 2019; D’hondt et al. 2023), human disturbance
(recreation and maintenance works), urban mortality (e.g., road collisions, though reports are scarce),
and emigration (to suitable sites elsewhere). Additionally, earlier control efforts may have contributed to
the relatively low density, although the number of animals shot has always remained limited compared to
the current campaign.

Methodology — The Random Encounter Model requires cameras to be placed at random positions
relative to animal movement (Rowcliffe et al. 2008). We paid considerable attention to this, for example
by rejecting suggestions to lure muntjac for control purposes or requests to use salt licks for roe deer.
For the camera positions, we used computer-based randomization. However, we must acknowledge that
four positions were inherited from the preceding exploratory survey (2020-2022), where they had been
placed in locations pre-identified as suitable for muntjac (quiet, open forest clearings; D’hondt et al.
2023). Position V06, mentioned above, was one of these locations. We thereby note that the
combination of calm and non-solitary behavior on cameras at tranquil sites means that the animals’
slow movements become replicated in parameterization. We thus acknowledge that some sampling bias
has been introduced, and the estimated densities should therefore be considered more likely over- than
underestimated (Palencia et al. 2022). However, the decision to retain these positions was driven by the
need for continuity in monitoring these sub-sites and the necessity to at least confirm the presence of
muntjac — as a minimal input for the control efforts. Indeed, particularly in light of potentially very low
densities, succesful control was deemed a priority, given the imposed obligations. In general, we
evaluate the REM protocol as suitable for muntjac: the animals appear to be consistently on the move
(making parameterization straightforward) and are solitary (avoiding issues related to group size;
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Rowcliffe et al. 2008). However, proper execution of the REM model does require a minimum number of
sequences (Palencia and Barroso 2024) and, consequently, a certain minimum abundance (Robertson et
al. 2026).

Density trend — During the study period, we observed a decline in muntjac density in the winter of 2025.
This is suggested by the reduced number of observations (strongly linked to the ‘disappearance’ of
muntjac from the favorable locations V06 and V16), the lower estimated density (Table 2), and the
reduced harvest and increased effort per animal (Table 1). We attribute this decline to the control efforts.
It is unlikely that muntjac simply relocated to areas outside the cameras’ range, as car-assisted stalking
—which implicitly serves as a form of area-wide monitoring— also yielded fewer sightings. The fact that
most animals were recorded at the edge of the area during the third year may indicate that the core of
the area was effectively free of muntjac at the end of the campaign.

Control methods - Our data suggest that car-assisted stalking is more effective than high-seat shooting
for culling muntjac, with a catch per unit effort (CPUE) approximately five times higher. Of course, a
vehicle covers a larger area, though we suspect its movement may help avoid alarming animals, and its
noise may help mask the preparatory steps for shooting. We therefore recommend stalking as the
preferred method but acknowledge that high-seat shooting still has its merits —for example, when the
area cannot be traversed by car, the whereabouts of animals are well known, a large group of shooters is
mobilized, or experience is limited. Indeed, stalking by vehicle does carry higher safety risks, as the
considerations to shoot or not are constantly changing. Particularly in highly urbanized settings such as
ours, car-assisted stalking may not be straightforward. Our experience shows it can be applied safely,
but we advise applying it only under professional supervision.

Landscape-level control — Based on our experiences, we hypothesize that local eradication of muntjac is
possible. However, we refrain from making such estimates at a regional scale. There is reason to believe
that, in the absence of management, Park Vordenstein has the potential to function as a ‘source’
population, but with sustained control, it could be transformed into a ‘sink’. The park is currently being
monitored as such, while car-assisted stalking is now also being implemented in other sites across the
region. We consider a better understanding of source-sink dynamics to be crucial (Waber et al. 2013), in
addition to two specific challenges that determine the efficacy of control. The first is establishing an
effective rapid-response system that can quickly address muntjac detections across a wide range of
areas, many of which are private. This requires public involvement (Pocock et al. 2024) as well as
continuous engagement by authorities. The second challenge is detecting muntjac at very low densities,
typical of the invasive front, where cameras may be inadequate. A notable innovation in this regard is the
use of airDNA, which is still highly experimental but has already detected muntjac (Clare et al. 2022). A
more developed, implementable, and thus promising approach is acoustic detection, which targets
muntjac barking calls and can provide the complete coverage of an area (Robertson et al. 2026).

Outro — M. reevesi currently has a limited distribution on the European mainland. Given the international
obligations to prevent further spread (EU Regulation No. 1143/2014), it is essential to better understand
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the species’ population status and widely share this knowledge. Despite over a decade of presence, we
found the density of muntjac in a Belgian population to be low, suggesting an early invasive stage.
Notably, Maillard et al. (2024) also reported a very low density in a French population, suggesting that
conditions for muntjac control in Western Europe may still be favorable. Methodologically, we found car-
assisted stalking at night to be an effective control measure. Thus, we hope to have contributed to the
evidence base for the management of this invasive species (Barton et al. 2022).
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Figures

Park Vordenstein, showing the locations of the camera traps. The size of the circles is proportional to the
number of muntjac observations (a cross if none). The blue zone represents the area available for the
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study, while the inset maps the study site’s location within Belgium. Cameras mentioned in the text are
labeled. (Background: https://www.osm.org/)
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Figure 2

Overview of the daily effort invested in muntjac control in Park Vordenstein, measured in person-hours
(September 2022 to August 2025). Blue bars represent shooting from tree stands, while orange bars
indicate shooting by car-assisted stalking. Grey bands denote the periods when camera traps were
operational. Black ticks along the top indicate muntjac shot
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Figure 3

Output of the Random Encounter Model when individual cameras are excluded from the analysis

(sensitivity analysis). Upper panel: ‘active speed’ parameter; lower panel: ‘density’ parameter. The line
segments represent the 95% confidence intervals. The horizontal lines indicate the central estimates
from the analysis including all cameras (‘none’ excluded, cf.Table 2)
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