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Abstract: Managing invasive alien species (IAS) is a critical issue for many countries to preserve
native biodiversity, ecosystem services and human well-being. In western France, we analyzed data
of captures of aquatic invasive alien rodents (AIARs), the coypu and muskrat, by the local permanent
control program from 2007 to 2022 across 26 municipalities encompassing 631 km2. We found that
control activities removed up to 10.3 AIARs per km2 annually. The number of coypus removed
per trapper per year increased by 220%, whereas it decreased by 85% for muskrats. The number of
trappers increased from 2007 to 2014, peaking at 70, and then decreased by 50% in 2022. The number
of AIARs captured per trapper per year increased with the density of ponds. The number of coypus
captured per year decreased with an increasing amount of woodland per municipality, whereas it
increased with road density. Finally, other tested landscape variables did not affect the number of
AIARs removed per trapper per year. Our results are discussed in the context of control activities
implemented against IAS in other countries. We advocate for stakeholders to assess whether control
activities against AIARs effectively mitigate the impacts on social-ecological systems in France.

Keywords: pest management; permanent control program; invasive species; coypu; Myocastor coypus;
muskrat; Ondatra zibethicus; citizen engagement; trapping; captures; wetlands

1. Introduction

While habitat loss remains the foremost threat to biodiversity, invasion by invasive
alien species (IAS), defined as introduced non-native species that threaten ecosystems,
habitats and species, has been reported to degrade ecosystems [1], affecting the economy,
food and water security, and human health [2]. Due to globalization and international trade,
many countries have experienced the establishment of many IAS [3]. Biodiversity losses
resulting from invasions are well documented [4] and thought to be driven by species
competition, predation, grazing and other ecological mechanisms [5]. In this context,
managing IAS invasion has thus become a pivotal issue for many countries to preserve
native biodiversity, ecosystem services and human well-being [6].

Like many other ecosystems, wetlands have been affected by IAS [7]. Among the
numerous IAS colonizing wetlands, (semi)aquatic invasive alien rodents (AIARs), the
coypu (Myocastor coypus) and muskrat (Ondatra zibethicus) are listed in the Union Concern
list (EU Regulation No 1143/2014). These species have been reported to trigger extensive
damage with important economic [8], human health [9] and environmental [10] impacts.
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For instance, the estimated worldwide costs of damage for coypu are approximately USD
19 billion [11]. By digging burrows, both coypu and muskrat affect riverbank stability,
drainage structures and water flow and quality [12,13]. They are important carriers and
vectors of infectious diseases and parasites to humans, livestock, pets and wildlife [14].
Although the number of studies quantifying their impacts on ecosystems is still limited,
AIARs have been shown to negatively affect native biodiversity [10,15–18]. Furthermore,
the effects of AIARs on ecosystems are exacerbated, as their populations are not regulated
by efficient natural top-down or bottom-up controls, although possible local regulation
from predators [19] or very low temperatures [20] have been suggested.

Strategies to mitigate the negative impacts of IAS on social-ecological systems have
been proposed, encompassing prevention, the eradication of newly established species,
spatial containment and population control [21]. The coypu was successfully eradicated
in Britain [22] and, more recently, from a territory of 1.7 M ha in the Delmarva Peninsula,
USA [23]. However, in cases where an IAS is widespread with no possibility of eradication,
implementing a permanent control program in areas where their impacts need to be reduced
is considered an alternative approach [24]. This is, for instance, the case for coypu and
muskrat populations in several European countries, including France [25].

A sustainable management strategy should be cost-effective, meaning it should reduce
the damage produced by IAS to biodiversity or human activities with an effort that can
be sustained in the long term. Securing funding and implementing and maintaining
control activities against IAS pose considerable challenges (see [26] for the case of AIARs
in France). The engagement of volunteers as field operators has become pivotal in IAS
control efforts [27,28]. Indeed, volunteer salaries are not covered, which helps to reduce
costs associated with control activities. Motivation among volunteers can be heightened
by implementing a monetary reward system within the control program [29–31], as they
may perceive reward as a fundamental contribution to their involvement [26]. However, a
bounty scheme alone is not sufficient to ensure an effective control of IAS populations [29].

In this context, the evaluation of control effectiveness becomes crucial in convincing
decision-makers and funders to support ongoing control activities [32]. Studies investi-
gating control efforts against invasive coypus and/or muskrats have been conducted in
various regions, including the Netherlands [33,34], Great Britain [22], Italy [12,35], South
Korea [31], the Delmarva Peninsula in the USA [23] and France [25]. However, few stud-
ies have delved into the long-term variation in the number of removed individuals, the
sustained engagement of volunteers over time and whether captures are influenced by
landscape drivers.

Several landscape drivers may influence the presence and spread of IAS in ecosys-
tems [36–39], as well as the success of control activities. For instance, the coypu has been
identified as a typical lowland species in Italy using the hydrographic network for dis-
persion. It is more likely to be found in areas producing rice and is seldom observed in
regions with a high percentage of woodlands, human settlements, other crops, shrubs and
tree plantations [40]. In northeast France, coypus and muskrats are commonly observed in
various riparian habitats, and their occurrence appears to be independent of watercourse
width, bank height or bank slope [41]. In its native South American distribution range,
coypus are less frequent in urban and semi-urban landscapes, with denser populations
in wetlands surrounded by grasslands [42,43]. Although muskrats in their native North
American distribution range are more likely to occur in areas with large lakes and high
amounts of forage biomass [44], where they affect plant communities [45], the occurrence
of invasive muskrats in Sweden was successfully predicted by the percentage cover of
swamps, meadows and lakeshore meadows [46].

This study examines data of captures of AIARs by a permanent control program across
26 municipalities encompassing 631 km2 in western France during the last fifteen years.
The AIAR populations were managed by the One Health local entity against pest species.
We investigated the variation in the number of coypus and muskrats removed per trapper
per year from 2007 to 2022, as well as the annual engagement of volunteer trappers in
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control activities. Subsequently, we tested the effects of several landscape drivers on the
number of coypus and muskrats removed per trapper per year. The landscape drivers were
assessed per municipality and included the density of ponds, water infrastructures, riparian
vegetation, watercourses and roads, and the amount (i.e., the proportion of land cover)
of human-settled areas, cereal, woodland, pond surface and pasture. From a population
ecology standpoint, we expected that trappers would remove more individuals (coypus and
muskrats) in municipalities with a high density of ponds, watercourses, riparian vegetation
and pasture, which provide good conditions for the species to survive and reproduce.
Conversely, trappers operating in municipalities with a high density of human settlement,
roads, and woodlands would not capture many individuals. Alternatively, from a socio-
economic perspective, we hypothesized that trappers would capture more individuals
in municipalities characterized by high densities of roads and/or human settlements if
they choose trapping sites with easy access and/or close to their homes. Additionally, we
anticipated more captures in municipalities with a high density of water infrastructures if
trappers strategically set their traps in proximity to at-risk/vulnerable infrastructures. We
finally discussed the relevance of our results in light of studies examining control activities
against AIARs in other countries.

2. Materials and Methods
2.1. Ethics Statement

Although the authors of the study were not directly involved in the captures, we would
like to address some ethical considerations related to the data analyzed in the current article.
This study examines data collected by the permanent control program against AIARs
managed by FDGDON 49, which is the One Health entity responsible for pest species in
the French department of “Maine-et-Loire”. FDGDON 49 is the local entity recognized
by the French Ministry of Agriculture and Fisheries and the French Ministry of Ecology
and Sustainable Development, according to the decree of 6 April 2007. Public and private
landowners granted permission to trappers to remove AIARs on their property. All trappers
involved in control activities received an official permit with an individual number or an
official agreement to trap from a decree of the local authority, namely the Prefecture of the
“Maine-et-Loire” (Decrees n◦ 2019/SEE/2194, n◦ DAPI-BCC 2007–1179, n◦ 2019308-001C
of 4 February 2019, n◦ 07/DDAF/263 of 16 July 2007 or decree of 17 February 2016). The
trapping procedure complied with the current laws in France (Decree of the French Ministry
of Ecology and Sustainable Development of 29 January 2007 pursuant to Article L. 427–8
and 2 September 2016 pursuant to Article R. 427–6 from the French Environmental Code).
Invasive rodents were legally killed, and the methods complied with the current laws of the
French Penal Code pursuant to Article 521–1 et R. 654–1. Although ethical approval from
an Ethical Committee is not required for these control activities, all procedures complied
with the ethical standards of the relevant national and European regulations on the care
and use of animals (French authority Decision 6 April 2007 and Directive 2010/63/EC).
This study did not involve endangered or protected species.

2.2. Study Area

The study area encompassed 26 municipalities covering 631 km2 within the depart-
ment of “Maine-et-Loire” in the “Pays de la Loire” Region of western France (Figure 1).
Among the 26 municipalities, 23 are part of the same watershed, “Sèvre Nantaise”, while
the remaining three are not (PUI, VIL and MAC, Figure 1). Characterized by a typical
oceanic climate, the average annual temperature is 11.5 ◦C, and rainfall is 750 mm. The
study area comprises a dense network of rivers and wetlands, including ponds. The terrain
is rather flat, consisting mainly of plains with few steep valleys, and the highest point
reaches 216 m. Given that agriculture is the primary economic activity in the department of
“Maine-et-Loire”, the landscape is predominantly a bocage landscape in which meadows
and crops are separated by networks of hedgerows and ditches.
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Figure 1. Location of the study area in western France (A), including 26 municipalities, 23 of which
belong to the watershed “Sèvre Nantaise”. Main watercourses and lakes are indicated in blue and
administrative boundaries of municipalities in black (B). The total number of coypus (C) and muskrats
(D) removed per trapper per municipality in 2018 (used for the landscape analysis) are presented.
For clarity, the name of each municipality has been reduced to three or four letters (see Table S2 for
their full names).
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2.3. Control Activities

In the study area, FDGDON 49 serves as the local coordinating entity, playing a pivotal
role by (i) coordinating groups of volunteer trappers in each municipality (namely, GDON),
(ii) training and recruiting new volunteer trappers, (iii) rewarding captures, (iv) providing
technical and legal support, and (v) managing AIAR carcasses. The regional government
watershed agency for the study area (namely, EPTB SN) provides financial support to local
entities for conducting control activities within its territory.

GDON is responsible for managing field activities in each municipality. Trappers
in the study area are mostly volunteers, with their numbers varying from 33 to 70 and
from one to tens per municipality over the last fifteen years. Trappers primarily employ
one-door cage traps (45 × 45 × 90 cm), conibear traps or two-door cage traps to capture
coypus and muskrats. The number of cages per trapper ranges from one to ten but may
occasionally be higher. Trappers must check their traps before midday, and this requirement
serves as the main constraint limiting the number of cages set per trapper. Baited traps
are strategically placed on active tracks used by animals near banks of rivers, channels,
ponds, ditches, marshes, lakes, collinear restraints or dams. To cover their municipalities
effectively, trappers move their traps to different areas, especially when the number of
trappers in a municipality is low. Control activities are carried out throughout the year,
excluding the summer vacation period (July and August), when they are temporarily
suspended to avoid interactions with recreational activities involving people and tourists.

2.4. Capture Data

Volunteer trappers involved in control activities are required to report the number
of coypus and muskrats they have removed in their municipality twice a year through
local meetings with FDGDON 49. It should be noted that the data on captures from
control activities are assessed and communicated at a municipality level. In this article, we
analyzed data that were compiled from the permanent control program from 2007 to 2022
(Table S1). Data from 2020 were excluded from the analyses due to the significant impact of
the Coronavirus COVID-19 lockdown on control activities in France. For instance, in the
study area, the number of AIARs removed per trapper per year was 77.32 individuals in
2019 (the year preceding the lockdown), 45.7 in 2020 (the year of the lockdown), and 84.6 in
2021 (the year after), indicating a substantial 44% decrease of captures in 2020.

Assessing the trapping efforts is crucial in understanding the variation in captures.
Unfortunately, local authorities did not initially mandate trappers to document and com-
municate their trap-setting strategies and operational periods during which traps were
active in the field. The only available data to assess the trapping effort are the number
of trappers acting per municipality, enabling the evaluation of the number of animals
removed per year within a municipality. We acknowledge that trappers who captured
many animals might suggest either a high trapping effort or a high local population density
of AIARs. However, based on the local coordinators’ knowledge of control activities (i.e.,
FDGDON 49), we understand that trappers’ practices remained largely consistent between
years, and the number of traps they set on the field did not vary annually. Therefore, we
believe that the overall number of animals removed per trapper per year is a reasonable
index for examining interannual variation in captures in our study area.

2.5. Landscape Data

We used several data sources to characterize the landscape in each municipality.
Administrative boundaries for the 26 municipalities in the study area were extracted
from the government authority repository [47]. The surfaces of the municipalities were
calculated to standardize all landscape variables by municipality area. River networks and
pond data were extracted from the SYSMA database of regional government watershed
agencies [48] and the IGN BD TOPO® [49]. From these databases, we assessed the length
of rivers (linear features in meters) and the number and surface of ponds per municipality.
Densities of rivers and ponds were then calculated as the length of rivers and the number
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of ponds, respectively, divided by the surface area of the municipalities. The CORINE
Land Cover 2018 database provided by the European Union’s Copernicus Land Monitoring
Service information [50] allowed us to extract the information on the surface area of human
settlements, woodland and the two main agricultural land covers, namely pasture and
cereal. The amount of each land cover type was calculated as its respective surface divided
by the surface area of the municipalities. The density of riparian vegetation was calculated
per municipality as the length of hedgerows contained within a buffer of 20 m from the
river divided by the surface area of the given buffer. The water infrastructures, including
dams, were extracted from the SYSMA database. Public roads and tracks (linear features)
were extracted from the government authority repository [47]. The density of roads/tracks
was calculated as the length (in meters) divided by the surface area of the municipalities.
We used QGIS version 3.34 [51] for mapping and calculating landscape variables.

2.6. Data Analysis

Over the time period from 2007 to 2022, we used generalized additive models (GAMs)
to model the changes in the total number of coypus and muskrats removed by trappers.
GAMs are well-suited for analyzing nonlinear trends in animal populations [52]. We
included ‘year’ as a predictor, assuming a negative binomial error distribution and log
link function. We assumed a cubic B-spline covariance structure with a cubic difference
penalty on the B-spline coefficients using the ‘gam’ function in the ‘mgcv’ R package
version 1.9-1 [53]. For the GAMs, the significance of the model smooth term (i.e., ‘year’ in
our study) is assessed with a Chi-square (χ2) test with its estimated degree of freedom
(est.df) [54]. This test offers an approximate p-value for the null hypothesis [55] since,
for gams, the likelihood ratio statistic does not follow a Chi-square distribution [56]. To
ensure the clarity of significant trends over time, 95% confidence intervals (CIs) around
predicted values were calculated and plotted. The procedure was applied using as depen-
dent variables the total number of trappers active per year, the total number of animals
(distinguishing coypus and muskrats) removed per year and the total number of animals
(distinguishing coypus and muskrats) removed per trapper per year.

We used linear regressions (LMs) to assess the effects of landscape drivers on the
number of alien invasive aquatic rodents (AIARs) removed per trapper in 2018, distinguish-
ing coypus and muskrats. Data from 2018 were chosen for analysis as they correspond
to the most recent update of the CORINE Land Cover data. We examined the impact of
various landscape variables, calculated per municipality, corresponding to the surface of
the municipality (ha), the density of ponds (No./100 ha), water infrastructures (No./ha),
riparian vegetation (m/ha), watercourses (m/ha) and roads (m/ha), the amount of human-
settled areas (%), cereal (%), woodland (%), pond surface (%) and pasture (%). Given that
the high number of potential predictors did not allow us to run a fully comprehensive
model, we ran distinct models for each landscape variable. Recognizing that relationships
between landscape drivers and the number of captures might exhibit nonlinear patterns,
we tested linear, curvilinear and exponential relationships. The best fitting models are
presented, including Fisher and p-values and adjusted R squared (R2). Additionally, due to
the uncommonly high woodland percentage in the NUA municipality (55%), models were
run both including and excluding this municipality to address its potential skewing effect
on the distribution of the ‘density of woodland’ variable.

Statistical analyses were performed using R 4.3.0 [57] with the ‘nlme’ package version
3.1-164 [58].

3. Results
3.1. Temporal Trends of Captures and Volunteer Engagement

Across the 26 municipalities, the annual total of coypus removed increased from
1124 individuals in 2007 to 6068 in 2016, with a slight decrease after reaching 3356 indi-
viduals in 2022 (Table 1 and Figure 2A). Similarly, the number of muskrats removed per
year exhibited a comparable pattern, rising from 19 individuals in 2007 to 468 in 2014 and
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sharply decreasing after 2015 to reach 47 individuals in 2022 (Table 1 and Figure 2B). Over
this time period, the number of trappers increased from 33 in 2007 to a peak of 70 in 2014,
then declined by 50% to reach 35 trappers in 2022 (Table 1 and Figure 3). Notably, the
number of coypus removed per trapper per year increased by 220% from 2007 to 2022,
climbing from 30 to 96 individuals, respectively (Table 1 and Figure 2C). Conversely, the
number of muskrats removed per trapper per year continuously decreased by 85% from
2007 to 2022, dropping from 7 to 1.3 individuals (Table 1 and Figure 2D).

Table 1. Statistics related to the smoothing effect of time (i.e., year) from 2007 to 2022 of generalized
additive models (GAMs) on the total number of alien invasive aquatic rodents (AIARs) removed,
distinguishing coypus and muskrats, number of trappers and AIARs removed per trapper. Each
GAM is presented with the approximate χ2 value, the estimated degree of freedom (est.df), the
p-value (p) and the deviance explained. Significant p-values are mentioned in bold.

Variables χ2 est.df p Deviance
Explained

Number of coypus removed 48.88 2.952 <0.001 80.3
Number of muskrats removed 71.49 3.488 <0.001 85.6

Number of trappers 22.91 3.144 <0.001 70.7
Number of coypus removed per trapper 107.3 1.741 <0.001 93.6

Number of muskrats removed per trapper 6.107 1.891 0.050 72.5

Figure 2. Temporal dynamics of the total number of aquatic invasive alien rodents (AIARs) removed
in the study area from 2007 to 2022. Variation over time in the total number of (A) coypus removed,
(B) muskrats removed, (C) coypus removed per trapper and (D) muskrats removed per trapper. Solid
lines represent predicted values extracted from generalized additive models (GAMs) (see Table 1 for
details). Significant trends are presented with 95% confidence intervals (dashed lines).
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Figure 3. Variation over time in the number of trappers engaged in the control activities against
aquatic invasive alien rodents (AIARs) in the study area from 2002 to 2022. The solid line repre-
sents predicted values extracted from a generalized additive model (GAM) (see Table 1 for details).
Significant trends are presented with 95% confidence intervals (dashed lines).

3.2. Effect of Landscape Drivers on Captures

The number of individuals removed per trapper per year, regardless of species (coypu
and muskrat), exhibited no variation with the surface of the municipality (Table 2). This
indicates that trappers did not capture more AIARs in larger municipalities. However, the
number of coypus and muskrats captured per trapper per year increased with the density of
ponds (Table 2). Indeed, the numbers of coypus and muskrats removed per trapper per year
in municipalities with a number of ponds per 100 ha below four were, on average (±SE),
40.39 ± 8.74 and 1.23 ± 1.06, respectively. Conversely, in municipalities with a number
of ponds per 100 hectares above four, the numbers were 119.60 ± 23.49 and 6.75 ± 1.29
above four ponds per 100 ha. The increase in variability in capture in areas with more
than four ponds per 100 hectares could be attributed to higher environmental variability
and, consequently, larger fluctuations in rodent densities, both spatially and temporally. In
municipalities with seven ponds per 100 ha, trappers removed 251 coypus (Figure 4A) and
16 muskrats (Figure 4B) annually. For muskrats only, the number of individuals removed a
year increased with the amount of pond surface (Table 2). On the other hand, for coypus,
the number of individuals captured a year decreased when the amount of woodland per
municipality increased (Table 2). In municipalities with woodland cover exceeding 10%,
trappers captured approximately four times fewer individuals (Figure 5). Moreover, for
coypus, the number of individuals captured a year increased when the density of roads in
municipalities increased (Table 2), reaching its maximum in municipalities with at least
80 m of roads per ha (Figure 6).

Finally, neither the density of watercourses, riparian vegetation and water infras-
tructure nor the number of human settlement areas, cereal and pasture per municipality
affected the number of individuals removed per trapper per year for both species (Table 2).
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Table 2. Statistics from linear models (LMs) related to the effects of landscape variables (x) extracted in the 26 municipalities on the number of alien invasive aquatic
rodents (AIARs) removed in 2018, distinguishing coypus (y1) and muskrats (y2). Three models, including linear, curvilinear and exponential relationships (i.e., on
the log-transformed y), were tested, and the best-fitting model was presented. Each LM is presented with the Fisher value (F), p-value (p) and adjusted R squared
(R2). The estimate and standard error (θ1 ± SE) are presented when the landscape variables (x) significantly affect y (p ≤ 0.05). The two degrees of freedom of the
Fisher test are 1 and 24, respectively. For the amount of woodland, a considers all municipalities, whereas b does not consider NUA municipality with an uncommon
value of 55%. Significant p-values are mentioned in bold.

Variables in the Municipality (x) Number of Coypus Removed per Trapper (y1) Number of Muskrats Removed per Trapper (y2)
Model θ1 ± SE (x) F p R2 Model θ1 ± SE (x) F p R2

Surface of municipality (ha) Ln(y1) = θ0 + θ1.x 1.397 0.251 0.019 y2 = θ0 + θ1.x 0.938 0.344 0.047
Density of watercourses (m/ha) Ln(y1) = θ0 + θ1.x 2.284 0.147 0.060 y2 = θ0 + θ1.x 0.570 0.459 0.029

Amount of pond surface (%) Ln(y1) = θ0 + θ1.x 0.956 0.340 0.050 y2 = θ0 + θ1.x 2.539 ± 1.212 4.386 0.049 0.145
Density of ponds (nb/100 ha) Ln(y1) = θ0 + θ1.x 0.264 ± 0.122 4.642 0.044 0.154 Ln(y2) = θ0 + θ1.x 0.665 ± 0.235 7.972 0.011 0.259

Density of water infrastructures (nb/ha) y1 = θ0 + θ1.x 0.211 0.650 0.008 y2 = θ0 + θ1.x 1.279 0.272 0.013
Amount of human-settled areas (%) y1 = θ0 + θ1.x 3.655 0.071 0.117 y2 = θ0 + θ1.x 0.768 0.391 0.038

Amount of cereal (%) y1 = θ0 + θ1.x 0.001 0.984 0.001 Ln(y2) = θ0 + θ1.x 0.143 0.709 0.007
Amount of woodland a Ln(y1) = θ0 + θ1.x −0.037 ± 0.016 5.293 0.032 0.217 Ln(y2) = θ0 + θ1.x 3.203 0.089 0.104
Amount of woodland b Ln(y1) = θ0 + θ1.x −0.136 ± 0.056 5.989 0.025 0.208 Ln(y2) = θ0 + θ1.x 2.641 0.122 0.122
Amount of pasture (%) Ln(y1) = θ0 + θ1.x 0.944 0.343 0.047 y2 = θ0 + θ1.x 0.034 0.854 0.002

Density of riparian vegetation (m/ha) y1 = θ0 + θ1.x 0.311 0.583 0.016 Ln(y2) = θ0 + θ1.x 0.898 0.355 0.045
Density of roads (m/ha) y1 = θ0 + θ1.x 4.402 ± 1.867 5.561 0.029 0.226 y2 = θ0 + θ1.x 1.530 0.231 0.074
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Figure 4. Effect of the density of ponds per municipality on the number of coypus (A) and muskrats
(B) removed per trapper per year. The solid lines represent predicted values extracted from linear
models (see Table 2 for details). The exponential relationships are presented with 95% confidence
intervals (dashed lines).

Figure 5. Effect of the amount of woodland per municipality on the number of coypus removed per
trapper per year. The solid line represents predicted values extracted from the linear model (see Table 2
for details). The exponential relationship is presented with 95% confidence intervals (dashed lines).

Figure 6. Effect of the density of road per municipality on the number of coypus removed per trapper
per year. The solid line represents predicted values extracted from the linear model (see Table 2 for
details). The linear relationship is presented with 95% confidence intervals (dashed lines).
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4. Discussion

Our study reveals that control activities carried out over a 631 km2 area spanning
26 municipalities in western France resulted in the removal of up to 6508 AIARs in 2016,
making it the year with the highest number of captures from the period 2007–2022. This
translates into a local density of captures reaching 10.3 AIARs per km2 in that year. In
comparison, control activities of AIARs in other countries achieved lower capture densities,
with approximately 0.24 coypus per km2 per year in South Korea [31], 1.55 coypus per km2

per year in Italy [12] and up to 2.19 muskrats per km waterway per year in the Nether-
lands [34]. The density of animals removed in these countries was notably lower compared
with France. Removing a substantial number of animals may create the perception among
local administration and stakeholders that control interventions are successful. Neverthe-
less, many removed animals may not necessarily indicate successful control. Additional
data are essential to assess the effectiveness of species management accurately. Specifically,
information on trapping effort is crucial as variations in trapping intensity can influence the
number of animals removed. Moreover, if trapping proves effective, an initial surge in the
number of animals removed due to improved removal operations should be followed by a
decline in trapping efficiency, indicating a reduction in population density. This nuanced
perspective, which considers both the number of animals removed and the trapping effort
over time, is crucial for a comprehensive evaluation of the efficacy of control programs [35].

The number of trappers engaged in AIAR control increased from 33 in 2007 to 70 trappers
in 2014 (i.e., reaching one trapper per 10 km2) and then decreased by 50% to reach 35 trappers
in 2022. This recent reduction has resulted in a 47% decrease in the total number of AIARs
removed in 2022, with variations observed in the removal trends for coypu and muskrat.
Over the last fifteen years, the number of coypus removed per trapper increased by 220%,
reaching 100 individuals per trapper in 2022. Although the variation of captures over time
should be examined considering the number of trap nights [35,59], this information has yet to
be collected by the local entity managing control activities in our study area (see the Materials
and Methods section). However, this substantial increase in coypus removed per trapper did
not correspond to a drastic decrease in total catches. The overall trend in coypu removed
exhibits a similar pattern, with a substantial increase until 2015, followed by a subsequent
slight decrease. This suggests that the decline in the number of volunteer trappers was
compensated by an increased number of animals removed per trapper.

The observed increase in coypu removal could also be related to one of the drawbacks
of a bounty system. There is a general perception that a controlled population might even
become locally extinct, with sufficient incentive for trappers, although the success of this
approach depends significantly on the type of incentive in place [60]. Under a bounty
scheme, it is reasonable to expect trappers to be motivated to maximize their earnings.
Indeed, the efficacy of culling tends to decrease as the population size is reduced. In such
a situation, fewer animals per unit area are available to be caught, and the remaining
individuals may become increasingly trap-shy, making them more challenging to capture.
Consequently, due to a decrease in trapping success, trappers are likely to relocate traps
to areas with a higher animal density, aiming to capture as many as possible. While this
may enable trappers to accumulate more animals, it could also easily lead to reproductive
compensation in areas where captures are suspended. Unfortunately, the available data
do not enable us to test this hypothesis. On the contrary, to ensure the effectiveness of
control efforts, it is imperative to maintain control activities in areas showing a decline in
animal captures and potentially in local population density [35]. Therefore, to enhance
effectiveness, we suggest implementing a payment-by-result scheme not solely based on the
number of animals removed [29,60,61] but also considering the measurement of achieved
outcomes regarding population reduction and impacts on the social-ecological system.

The drastic drop in muskrat removal after 2015 could be interpreted as an index of
population crashes after intensive removal. In fact, contrary to what happened for the
coypu, the drastic decrease in the total number of muskrats removed is linked to a severe
drop in the number of animals removed per trapper, which did not compensate for the
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lower number of trappers. The reverse trend observed in the number of coypus and
muskrats removed per trapper over the years might be associated with a decrease in the
muskrat population.

Our results raised questions about the drop in captures observed in muskrats over the
past decade. The main potential explanation is that coypus dominate muskrat populations
in many municipalities within our study area. Given that coypus and muskrats share
similar ecological requirements [41], it is plausible that the two species might compete for
food and space, particularly in areas with high densities and limited resources. Although
no studies have investigated the ecological relationships between the two species in France,
research conducted in the United States has suggested the possibility of interspecific
competition [62,63]. Another potential explanation could be that trappers are shifting their
activities towards coypus. Specifically, muskrat catches have consistently been limited
(<10 animals/year), making them less profitable. Conversely, coypu catches have reached
more than 100 animals annually, making them more attractive for trappers. In this context,
trappers might set their traps in areas where previous catches of coypus (and not muskrats)
had been successful. An interaction between these factors is also conceivable. Competition
between the two species may have reduced the muskrat’s density, thereby diminishing
the profitability of its catches. To disentangle the effects of these potential factors, further
studies on both species and inquiries among trappers would be necessary.

Despite potential drawbacks, the engagement of volunteers as field operators is pivotal
to conducting control activities, particularly when IAS are widespread and their eradication
is not feasible. Compared with employing dedicated personnel, one of the major advantages
of engaging volunteers is the significant reduction in costs associated with control activities.
While volunteer involvement is a common practice in control efforts against IAS, for
instance, against the American mink Neovison vison in Scotland [27], the pine Pinus elliottii
in a coastal zone of southern Brazil [28] or other trees from the genera Acacia in a southern
coastal zone of South Africa [64], the scale and duration of volunteer engagement in the
permanent control program against AIARs in France make it a rather unique initiative
(see [26] for more details).

Maintaining or increasing the number of volunteers is crucial for conducting efficient
control activities against AIAR in France. Presently, in our study area, volunteers receive
rewards from local entities for each AIAR trapped or shot when they bring back the tails
of individuals. Across the 26 municipalities, the reward is approximately USD 2.2 per re-
moved animal. This monetary reward system aimed at encouraging citizens to capture
coypus [30,31] or other IAS [29] is also observed in other countries. While this system may
seem attractive for volunteers, it is not the sole reason for citizens to engage in such programs.
Further studies are needed to comprehensively understand their motivations [65]. Therefore,
we suggest performing a survey to gain insights into the motivations of volunteers. Addition-
ally, co-designing efficient control activities, sharing capture objectives with all stakeholders,
improving local and scientific knowledge on the impacts of IAS on social-ecological systems,
and ensuring that the results of control activities are easily accessible to volunteers and other
stakeholders would contribute to a more effective and collaborative approach.

It remains to be determined whether the personnel effort invested in control activities
effectively leads to a reduction in the target populations of AIARs. To enhance the success
of AIAR control initiatives, we strongly advocate for local and national government agen-
cies, particularly in France, to allocate funds for a comprehensive, long-term monitoring
program. This program should encompass the assessment of AIAR population changes,
as well as the monitoring of indicators reflecting ecological impacts on ecosystems and
socio-economic impacts on human societies. Such a monitoring program is crucial for
ensuring the effectiveness and sustainability of invasion management strategies.

The other main results of our study are the effects of landscape characteristics in
municipalities on the number of AIARs removed per trapper. Our results partially support
our initial hypothesis that the number of coypus and muskrats captured per trapper per
year increases with the density of ponds, whereas trappers capture fewer coypus when
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the amount of woodland cover is high. This aligns with previous studies indicating that
both species have colonized a wide range of riparian habitats in France [41], the coypu
was more likely to be present in lowland areas in Italy [40] and muskrat occurrence in
Sweden was successfully predicted by the percentage of swamp cover [46]. Our results also
corroborate previous studies indicating that coypus are rarely observed in areas with a high
percentage of woodlands [40]. Although some studies [40,46] suggested that AIARs are
more present in areas with attractive food, we did not find any effect of the percentage of
pasture and riparian vegetation covers on AIAR captures. This result might be potentially
explained by (i) the widespread colonization of the species of any aquatic habitats in
France [26,66], which might mask any landscape effects on a municipality scale, or (ii) a
lack of heterogeneity of landscape composition between studied municipalities to highlight
potential significant trends.

Water availability in ponds and other wetlands, along with the hydrological regime,
could influence the densities and spatial dynamics of AIAR populations and the feasibility
of controlling them [40]. Unfortunately, these data were unavailable for our study area,
so we could not assess the effect of these variables on AIAR management. Collecting this
information in the future will be crucial for better understanding the effects of water dynamics
on populations and the control of AIARs. The number of coypus captured per trapper per
year also increased with higher road density per municipality. While it is commonly reported
that roads contribute to habitat loss and fragmentation, limiting animal movement and
negatively affecting population dynamics in many animal species [67], some studies in small
rodents have documented that population abundance was high in close vicinity to roads [68].
Roads may act as corridors that facilitate individual movement even though populations
may experience some road mortality [69]. Such positive effects of roads might be observed in
AIAR populations if the roads are associated with ditches and other drainage systems that
can be colonized by AIARs. Another non-exclusive explanation, according to our second
hypothesis, could be that trappers may prefer areas with roads and tracks, facilitating easier
access to riverbanks, channels, ponds or dams for carrying and setting their traps.

Contrary to coypus, the number of muskrats removed was not affected by the per-
centage of woodland and the density of roads. From an ecological standpoint, we do not
expect that landscape drivers would affect the occurrence of the two species with similar
ecological requirements in our study area differently. Therefore, the difference in patterns
of landscape drivers on the effectiveness of captures between the two species may stem
from a larger variability observed in the muskrat dataset. Finally, as data on captures show
between-year variations, it would be interesting to replicate this study in the future to
test whether the same drivers continue to explain the effectiveness of control activities. If
data on AIAR population densities become available in the future, further analyses on the
relationship between local population densities, landscape features and trapping success
would indeed be feasible.

5. Conclusions

Coypus and muskrats pose significant threats to wetlands and trigger an outstanding
economic cost for society [11]. Despite this challenge, there is a lack of indicators to
assess the effectiveness of the control program in France. Including volunteers in AIAR
management has enabled the extension of control activities over a large area. However, for
a management strategy to be sustainable in the long term, it should also be cost-effective.
While volunteers contribute to reducing the cost of control, we could not evaluate their
effectiveness due to a lack of data. We strongly encourage stakeholders to enhance strategies
beyond offering rewards for recruiting and retaining new volunteers. Additionally, we
advocate for funding a long-term scientific monitoring program on population dynamics
and ecological indicators. This will help assess whether control activities effectively reduce
the impacts of AIARs in priority areas. Our results emphasize the need for collaborative
discussions among stakeholders, including local and regional governmental authorities,
and scientists to enhance the strategic approach to AIAR management.
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Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su16051970/s1, Table S1: Data related to control activ-
ities from 2007 to 2022 over 26 municipalities in Western France. Data from 2020 were discarded
because of the COVID lockdown (see methods); Table S2: Name and abbreviation of municipalities
mentioned in the Figure 1.
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