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Occupancy dynamics of free
ranging American mink (Neogale
vison) in Greece

Dimitrios E. Bakaloudis™, Charalambos T. Thoma, Konstantina N. Makridou &
Evangelos G. Kotsonas

Identifying the environmental factors that determine the occurrence of invasive species is essential
in defining and implementing effective control campaigns. Here, we applied multi-season occupancy
models to analyze American mink (Neogale vison) track data collected using 121 floating rafts, as a
function of factors occurring at multiple spatial scales. Our overall aim was to identify those factors
that determine the use, colonization or abandonment of rafts by free ranging individuals found in
western Macedonia, Greece. We found that increasing values of shrubs and rock cover at the micro-
habitat scale were positively associated with the species’ probability of raft use, as was the density
of medium-sized rivers at the landscape scale. Colonization was found to increase with increasing
amounts of shrub and reed cover; however, both variables were not informative. Conversely, the
distance from the nearest fur farm was highly informative in predicting raft abandonment by the
species. Effective control actions may require removal by trapping along rocky or densely vegetated
riverbanks or lake shores located in the vicinity of the established fur farms in the area. Habitat
management, although possible, may be difficult to implement due to the ability of the species to
adapt. Finally, fur farms should maximize security and establish an early warning and rapid eradication
system in case of future escapes.

Over the past two centuries, human activities have led to a significant surge in the translocation of species outside
their native range!~>. While many of these species play a crucial role in our global economy, the negative impacts
of nonnative species invasions on native biodiversity are profound*®. In Europe, the rate of invasion by nonna-
tive species is expected to increase in the near future’. As a consequence, comprehending the mechanisms and
patterns of biotic invasions has been the focus of many recent studies.

Native to North America, the American mink (Neogale vison) is a generalist, territorial, semiaquatic
carnivore®. The species was first introduced to Europe in the 1920s as a furbearer” and has since colonized many
parts of the world through accidental and deliberate releases®. Among European countries, Greece holds one of
the largest fur industries, with mink being bred for their fur since the 1970s°. Currently, there are more than 100
mink fur farms operating in the general region of western Macedonia'.

Feral mink populations are believed to have been established in western Macedonia following deliberate
releases by so-called animal rights activists. More specifically, in 2010, approximately 50,000 mink were released,
followed by another 10,000 in the year ahead. While most individuals were either recaptured or killed by passing
vehicles, an unknown number of individuals became naturalized and were able to spread to the surrounding
landscape through the Aliakmonas River valley. Despite the immense amount of scientific evidence suggesting
that the American mink may cause conservation problems for local species''™**, no measures were taken at that
time to prevent further spread or protection of native fauna. For example, mink may decimate entire colonies
and populations of ground nesting birds, including several species of the Anatidae and Rallidae family'¢, many
of which can be found in the general region of western Macedonia. Other affected species include reptiles and
amphibians commonly found in riparian ecosystems”!’, whereas it may also affect directly or indirectly other
aquatic predators such as the river otter (Lutra lutra)'®'®, which is also present in the wider region. However, it
was not until 2019 that a LIFE project (LIFE18 NAT/GR/000430) addressed this issue, following the example
of many other European countries that have control policies and eradication campaigns focused on American
mink’.

Although the ecology of mink outside its native range is well documented, information is lacking in southeast-
ern Europe®. Previous studies have shown that mink can occupy areas as far as ~ 1 km away from water sources?!,
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moving along banks with dense vegetation and complex ground structures where they can hide or den in, while
they avoid open areas and high slopes®>-?". In addition, mink presence may be influenced by biotic factors such
as prey availability, competition and predation?-*°. However, due to its ability to adapt to novel environments,
the factors associated with its presence may vary among different regions. In Greece, the species has been poorly
studied. In a recent study, Galanaki and Kominos®' investigated mink distribution. However, their findings were
based on opportunistic data and offered little to no information regarding the factors driving mink presence
in the region. In addition, Vada et al.*® concluded that in order to align management objectives and coordinate
mink control across countries, mink monitoring should follow a standardized protocol at the continental scale.

In this study, we applied multi-season occupancy models to analyze American mink detection/non-detection
data collected using 121 floating rafts, as a function of factors occurring at multiple spatial scales. Our overall
aim was to identify those factors that determine the use, colonization or abandonment of rafts by free ranging
individuals found in western Macedonia, Greece, and provide management recommendations for controlling
the species.

Methods

Study area

The study was carried out between 2021 and 2023 within the Aliakmon River Basin and the Prespa Sub-basin.
The Aliakmon River Basin included approximately 140 km stretches of river as well as lake Orestias. whereas
the Prespa Sub-basin only included the Lake Mikri Prespa (Fig. 1). The Aliakmon River Basin covers an area
of approximately 11,000 km? and contains Greece’s largest river, the Aliakmon River*. The area is principally
covered by forests and seminatural areas (57%), followed by agricultural areas (37.6%), urban areas (3.3%), water
and wetlands (2.1%). Similarly, the Prespa Sub-basin covers an area of 347 km? and is principally covered by
forests (62%), followed by water (23.5%), agricultural land (7.7%), pastures (1.4%), and urban areas (1.1%)*.

Floating raft surveys
American mink detection/non-detection data were gathered from track surveys carried out with the use of mink
floating rafts, following pre-established protocols*, and in accordance with Greece animal welfare legislation. A
detailed description of the floating raft can be found in Reynolds et al.>*. In brief, a floating raft acts as a moni-
toring device by recording footprints on a clay cartridge. A total of 150 rafts were established within the study
area, however data from 121 rafts were included in the analysis. Rafts were spaced at approximately 1 km inter-
vals (mean =823 m; range: 183-3965 m) along the Aliakmon River and its tributaries, as well as around Lakes
Orestias and Mikri Prespa. Spacing between rafts was based on three different criteria; increase the probability
of an individual being captured®>*¢, previous knowledge of mink home range size in Mediterranean regions”,
and ease of access by the observers. Rafts were left in place for the entire study period. All tracks from each visit
were photographed by the observers and sent to experts for identification. Data were recorded as mink presence
or absence, depending on whether we found an imprint of mink paws on each clay cartridge during each visit.
Raft surveys were conducted in four distinct primary periods: September-November 2021, April-May 2022,
October-December 2022, and March-April 2023. Each primary period was concluded within a time window of
25 days, during which rafts were set to record mink tracks for five consecutive days, followed by a 5-day trapping
campaign at selected rafts (with recorded mink presence and immediate adjacent ones), and so on and so forth.
Hence, during each primary period we recorded mink presence or absence in three distinct secondary periods,
each of which lasted five consecutive days (total of 15 days of tracking required for each primary period).
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Figure 1. Study area and site locations of the 121 floating rafts used to track American mink presence in
western Macedonia, Greece, 2021-2023.
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Ethical statement

All procedures carried out in this study were conducted in accordance with Greece animal welfare legislation,
approved by the General Secretariat of Natural Environment and Water, Ministry of Environment and Energy,
Hellenic Republic (Licence number: 75935/1924/16-12-2020) and conducted under the authority of the project
licence (LIFE18 NAT/GR/000430).

Environmental covariates

To better understand the associations between habitat features and mink occupancy, we followed a multiscale
approach that included micro-habitat, local and landscape scale variables. At the micro-habitat scale, we used
a 10 m transect along each of the main cardinal directions to estimate vegetation cover and cover of different
ground components at each raft location??¢. Vegetation cover was estimated as the percent cover of three differ-
ent strata (Table 1), with data recorded every 2 m. The percent cover of different ground components included
bare soil, rocks, grass, shrubs and reeds, with data recorded every 50 cm (Table 1). Finally, we extracted eleva-
tion values at each site using a hand-held GPS device. Local and landscape variables were created using ArcGIS
Desktop: Release 10*® and cartographic data from the Copernicus Land Monitoring Services. Variables included
the percent cover of different land uses, river density and distance to the nearest fur farms (Table 1). Local vari-
ables referred to a distance class of 250 m around each raft, whereas landscape variables referred to a distance
class of 1 km around each raft. All of the above variables were also used to account for temporal variation in
colonization and extinction, along with some yearly covariates which included the effect of primary period (S),
whether trapping was attempted or not (trap), and the number of individuals caught (catch) (Table 1). Finally, to

Parameter Variable Description Scale/class
DEM Elevation Micro-habitat
Stratal Percent (%) vegetation cover (<1 m height) Micro-habitat
Strata2 Percent (%) vegetation cover (1-5 m height) | Micro-habitat
Strata3 Percent (%) vegetation cover (>5 m height) Micro-habitat
BS Percent (%) cover of bare soil Micro-habitat
R Percent (%) cover of rocks/boulders Micro-habitat
GS Percent (%) cover of grass Micro-habitat
SH Percent (%) cover of shrubs Micro-habitat
RE Percent (%) cover of reeds Micro-habitat
Arable Percent (%) cover of arable land (includes lev- Local (250 m) and Landscape (1 km)

Initial probability of raft use

els 211, 212 and 213 of Corine Land Cover)

Percent (%) cover of heterogenous agricul-
HetAgri tural land (includes levels 211, 243 and 244 of | Local (250 m) and Landscape (1 km)
Corine Land Cover)

Shrub Percent (%) cover of shrubs (includes levels

321, 322, 323 and 324 of Corine Land Cover) | 10¢al (250 m) and Landscape (1 km)

Percent (%) cover of broadleaved forests

Broad (includes level 311 of Corine Land Cover)

Local (250 m) and Landscape (1 km)

Percent (%) cover of developed areas
Dev (extracted from the layer “Build-up areas” of | Local (250 m) and Landscape (1 km)
Copernicus)

Density (km/km?) of all river classes
Riv (extracted from the layer “EU Hydro” of Local (250 m) and Landscape (1 km)
Copernicus)

Density (km/km?) of small rivers (Stahler 1
SRiv and 2) (extracted from the layer “EU Hydro” | Landscape (1 km)
of Copernicus)

Density (km/km?) of medium rivers (Stahler
Mriv 3,4 and 5) (extracted from the layer “EU Landscape (1 km)
Hydro” of Copernicus)

Dfarm Distance (m) from the nearest mink fur farm | Landscape (1 km)

All variables from initial probability of raft use

S Primary period Yearly (Time)

Raft colonization and abandonment prob- Nomber of mink d(duri -

abili umber of mink trappe uring trapping

ty Catch campaigns) Yearly

Trap Trapping attempted (yes/no) Yearly
Day Julian day Observation covariate (Time)
Month Month Observation covariate (Time)

Detection probability
Year Year Observation covariate (Time)
Session Primary period Observation covariate (Time)

Table 1. Variables used in multi-season occupancy models for the American mink in western Macedonia,
Greece, 2021-2023.
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account for imperfect detection, we included four observation-level covariates (Table 1). Prior to model fitting,
all variables were checked for collinearity and were standardized to a mean of zero and a variance of one. Because
variables “Strata 1” and percent (%) shrub cover (SH) were strongly correlated (Pearson’s r > 0.6), variable “Strata
1”7 was excluded from further analyses.

Analysis framework and dynamic occupancy models

We used multi-season dynamic occupancy models to investigate patterns of mink raft use after accounting
for imperfect detection®’. However, for these models to apply, three main assumptions must be met*” which
are clarified below. According to the first assumption, there should be no false positive detections of the target
species. In this study, all animal tracks were photographed and sent to experts for identification and hence false
positive detections of minks should not be considered an issue. Based on the second assumption, sample units
(rafts) are assumed to be independent. Since the study focused on mink tracks detection rather than detection
of the species itself, the detection probability of tracks is independent on whether minks are in close proximity
to the raft locations or not, and thus the second assumption could be considered true. Finally, according to the
third assumption the status of a sampling unit (raft) should remain unchanged during primary periods*. In our
case, the terms “occupancy” and “extinction” need to be clarified*'-*’. Occupancy estimates should be interpreted
in terms of rafts used by the species; that is rafts where mink were present at some point during or prior to the
survey period, as opposed to rafts exclusively inhabited during the survey period. Additionally, since disap-
pearance from a raft implies abandonment rather than local extinction, the probability of extinction should be
interpreted as probability of raft abandonment. Thus, we hereafter use the terms “use” instead of “occupancy”
and “abandonment” instead of “extinction”

Based on the above, we modelled the probability of raft use for the first primary period (y,), the probability
of raft colonization (y; i.e. the probability of an unused raft at time t becoming used at time t+ 1) and raft aban-
donment (¢), and mink detection probability (p). In order to reduce the effect of uninformative parameters*,
we developed a limited number of candidate models following a hierarchical four-stage approach®. First, we
modelled p through a set of models that included each of the observation-level covariates (Table 1), as well as a
null model in which no covariates were included (Supplementary Table S1). Second, we used the top ranked p
model to develop a set of models examining y, for each spatial scale (Supplementary Tables S2-S4). We then used
the covariates included in the top ranked model from each spatial scale to develop a new list of candidate models
for y, (Supplementary Table S5). Third, we used the top ranked y, model from the previous step to construct
a list of candidate models examining y for each spatial scale and for a set of yearly covariates that included the
effect of primary period (S), attempted trapping (trap), number of individuals trapped (catch), as well as a null
model (Supplementary Tables S6-S9). We then used the covariates from the above top ranked models to create
a new list of candidate models for y (Supplementary Table S10). Finally, we used the top ranked y model from
the previous step to create a set of models examining ¢ for each spatial scale and for the set of available yearly
covariates (Supplementary Tables S11-S14). Using the covariates of the above top ranked models, we created
a new list of candidate models for ¢ (Supplementary Table S15). The top ranked model from this step was the
selected as the final model on which the interpretation of our results was based. Model fit of the final model was
tested using a parametric bootstrap goodness-of-fit test based on Pearson’s %, where P>0.05 indicates adequate
model fit*>*". All statistical analyses were carried out in R*, with the function colext in the package unmarked*.

Results
Throughout the duration of the study, mink tracks were recorded at least once at 65 floating rafts, whereas a
total of 28 individuals were trapped and culled. More specifically, mink tracks were recorded at 38 rafts and 18
individuals were trapped during the first primary period. During the second period mink tracks were recorded
at 18 rafts and two individuals were trapped, followed by 27 rafts with mink tracks and five trapped individuals
during the third period. Finally, during the fourth and final period, mink tracks were recorded at 18 rafts and
three individuals were caught. The rafts used by the species during each period, as well as the rafts in which
individuals were trapped are shown in Fig. 2a-d.

Based on the results of the final model (Table 2), American mink detectability was influenced by the month
during which surveys were conducted. More specifically, detectability was greater during the months of Sep-
tember (3 =1.287,S.E.=0.487) and October (B =0.768, S.E.=0.323), whereas during April, detectability was the

lowest (8=-1.395, S.E.=0.255). Detection probabilities for each month are shown in Fig. 3. The percent amount
of shrub (,éz 1.726, S.E.=0.587) and rock cover (,3 =1.244, S.E.=0.481) at the micro-habitat scale, as well as the
density of medium-sized rivers ( /§ =1.985, S.E.=0.762) at the landscape scale, were found to have a positive effect
on the probability of a raft being used by the species (Fig. 4a, b, ¢). Confidence intervals of all three variables did
not span zero, suggesting that they were highly informative (Table 2). Conversely, the probability of a raft being
colonized by the species increased with increasing cover of shrubs and reeds at the micro-habitat scale; however,
both these variables exhibited wide confidence intervals (Table 2), suggesting that the probability of raft colo-
nization was not well predicted at higher values of shrub and reed cover. Finally, the probability of a raft being
abandoned by the species was positively associated with the distance to the nearest mink fur farm (f=1.345,
S.E.=0.52), with longer distances resulting in greater probabilities of raft abandonment (Fig. 5). Confidence
intervals for this variable did not span zero (Table 2), suggesting that the probability of raft abandonment was
well predicted at longer distances from fur farms. The final multi-season occupancy model from which the results
were drawn had an adequate model fit according to Pearson’s x2 (P=0.110).
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Figure 2. Location of used and unused floating rafts, as well as rafts with American mink captures during (a)
the first, (b) the second, (c) the third, and (d) the fourth primary period that took place in western Macedonia,
Greece, 2021-2023.

Month

Intercept (Apr) -1.395| 0.255

Dec 0.147 | 0.442

Mar 0.281 | 0.367
Detection

May -0.426 | 0.536

Nov 0.205 | 0.339

Oct 0.768 | 0.323

Sep 1.287 | 0.487

Intercept 0.735 | 0.565

SH 1.726 | 0.587
Initial raft use

R 1.244 | 0.481

LRiv1000 1.985 | 0.762

Intercept -16.6 31.3
Raft colonization SH 324 57.4

RE 14.7 27.2

Intercept -0.339 | 0.381
Raft abandonment

Dfarm 1.345 | 0.520

Table 2. Results of the final multi-season occupancy model for the American mink in western Macedonia,
Greece. Estimates () include probability of detection (p), initial probability of raft use (y,), probability of
raft colonization (y), and probability of raft abandonment (). *Estimates reported in logit-scale. Bold fonts
indicate variables with 95% confidence intervals not spanning zero.
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Figure 3. Predicted relationship between survey months and detection probabilities (+95% CI) of American
mink in western Macedonia, Greece, 2021-2023.

Discussion

The ability of invasive species to successfully spread and establish in an area depends on their spatial and temporal
responses to environmental features*. Occupancy models offer a great opportunity to estimate the factors that
determine an invasive species’ presence in space and time, and their outputs can be utilized in designing and
guiding management actions**°-2,

Floating rafts constitute one of the most widespread methods for surveying American mink presence in ripar-
ian and coastal areas®****-%>, According to Reynolds et al.** and Reynolds et al.>¢, floating rafts are much more
efficient at tracking American mink than alternative methods; however, detection may vary by season. Indeed,
the probability of detecting mink in our study area varied by month, with September and October exhibiting
the highest probabilities. During this period, juvenile individuals disperse, and animals re-settle in territories®,
whereas in late October, populations are generally stable®®, which might explain the higher detection estimates.
Similarly, Roy et al.** reported a higher rate of trapped mink during this time. Conversely, individuals were less
likely to be detected during the months of April and May. These months correspond to the gestation, parturition
and weaning periods, during which mink activity is at its lowest®**!. When accounting for imperfect detection,
mink occupancy within our study area was estimated to be 67.59%.

Initial use of rafts by the American mink within the study area was found to be mainly driven by features of
its immediate habitat. This may reflect the species’ opportunistic behaviour or may be due to its small ranging
ability®*2. Based on our results, mink was more likely to use rafts established along riverbanks and lake shores
with more shrubs and rocks. These patterns have been previously described in several other studies?>?*25-27:6263
and may reflect the species’ requirements in nesting and in avoiding predation or competition®*?>¢4-%, Yama-
guchi et al.> and Schiittler et al.? found that the species avoids exposed areas and mainly uses areas with dense
vegetation, which provide more cover and nesting opportunities®” . In addition, the species may favour such
areas because they offer more feeding opportunities?”. According to Torre and Diaz® and Torre et al.%, in Medi-
terranean ecosystems, shrubs support a greater diversity and density of small mammals, many of which may
serve as prey for the mink. Similarly, rocky areas can be used for denning when the availability of other nesting
types is limited® or to avoid predation®*®. According to Brainerd et al.”%, Zalewski’!, Achterberg et al.”? and
Stier”®, mustelids usually favour tree cavities for nesting. However, when availability is low, the species may seek
alternative sites, such as areas with rocks or boulders®®. Elevated rock cavities resemble trees, as both are inac-
cessible to terrestrial predators®, whereas dens located on the ground between rocks provide protection against
predators with digging abilities®®. Hence, predation risk is likely to be a significant factor influencing the choice of
cover and den sites for the species?*”747°. Because many of the minks’ natural predators and competitors can be
found across our study area, individuals may be forced to select densely vegetated or rocky riparian areas®*>>"74,

In addition, the probability of initial raft use by the species was found to be positively associated with the
density of medium-sized rivers at the landscape scale. Zabala et al.”® reported that mustelids show a preference for
secondary rivers with sufficient riparian vegetation cover, while they avoid areas with polluted waters or modi-
fied riverbeds. Moreover, Sidorovich and Macdonald'® reported that mustelids avoid large, fast-flowing rivers,
while Garcia et al.”” concluded that because secondary rivers are characterized by the existence of islets within
the watershed, these may serve as resting sites for the species®”. Our study area does not include large rivers
(Stahler order > 6); therefore, the positive association between mink raft use and medium-sized rivers may be
because this river category is characterized by continuous water flow throughout the year, in contrast to smaller
rivers in the area, which are characterized by seasonal flow and shallow water depth.

The probability of a vacant raft being colonized (used) between surveys was found to be positively associated
with the percent cover of shrubs and reeds. However, none of these variables were informative. Previous studies
have shown that colonization may be affected by stream size, water depth and flow regime®>””7%, In addition,
colonization may be closely related to habitat features that increase denning and resting site availability”® or may
be closely related to prey distribution and urbanization”. Conversely, the distance to the nearest fur farm within
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Figure 4. Predicted relationships between (a) shrub cover, (b) rock cover, and (c) medium river density and the
probabilities of initial raft use by the American mink in western Macedonia, Greece, 2021-2023. Shaded areas
represent confidence intervals (95%) of the estimations.

our study area was very informative in predicting the probability of raft abandonment by the species. Moreover,
almost 70% of all mink presence sites were within a 5 km radius from nearby fur farms, whereas 90% of all
individuals captured were also within a 5 km radius from nearby farms. According to Bonesi and Palazén’, fur
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Figure 5. Predicted relationship between distance to the nearest fur farm and probability of local raft
abandonment by the American mink in western Macedonia, Greece, 2021-2023. Shaded areas represent
confidence intervals (95%) of the estimations.

farms are considered the main source of American mink reintroduction. With that in mind and given that mink
are very elusive species®, eradication campaigns are often unsuccessful. The number of minks escaping from fur
farms located within the study area is unknown; however, reducing the number of individuals introduced into
the wild may help control the successful establishment and spread of American minks in the wider region®'.
Nonetheless, both wild and introduced individuals illustrate similar feeding habits and exhibit the same ability
to hunt their prey®?. In addition, individuals introduced from fur farms may act as a source of increasing genetic
diversity and adaptation for wild populations®.

Conclusions

Knowledge of the environmental parameters that influence the occupancy dynamics of invasive species is fun-
damental in planning and implementing effective management actions®. Management options to mitigate the
negative impacts caused by American mink introduction and establishment may include direct population
control (e.g., removal trapping) or habitat modification®. However, managing the species at a small spatial scale
is likely to be more practical and effective than managing it at the landscape level>”®. In addition, manage-
ment actions should consider identifying target areas, both for efficiency and economy but also for protecting
biodiversity®. According to our results, management actions such as trapping American mink individuals could
be more effective if they are focused in areas within a 5 km radius from the nearest fur farms and along rocky
or densely vegetated riverbanks or lake shores. In addition, trapping efforts during autumn are likely to be more
effective since during this time, the species has a high detection probability. On the other hand, mink control
may involve habitat management by reducing the suitability of habitats used by the species for nesting and hiding
and improving the suitability of habitats for other competing species, such as the otter (Lutra lutra). However,
in this case, and due to the opportunistic behaviour and the species’ ability to adapt to various conditions and
environments, such actions may be more difficult to implement®. While our study focuses on mink raft use
rather than occupancy, we believe that our findings are of great importance to managers, since floating rafts are
among the main methods used to record, monitor, and control the American mink. Future studies should focus
on investigating the factors that may affect the species’ ability to colonize new areas, such as water quality’® and
prey distribution®, which were not addressed in the current study but have been shown to be of great importance.
Finally, the composition of free-ranging individuals should be investigated in future studies in order to distin-
guish between wild-born and farm-born individuals. In the latter case, and if most individuals are a product of
recent escapes, management measures should focus on maximizing fur farm security and establishing an early
warning and rapid eradication system.

Data availability
The datasets analysed during the current study are available from the corresponding author (D.E.B.) upon
reasonable request.
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