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Abstract

1. The invasion of new areas is influenced by landscape structure, seasonal condi-
tions and social interactions. Coastal and lake landscapes pose unique challenges
for land animals due to water barriers, while the ice cover in northern latitudes
can facilitate movement. For invasive alien species, information on movement
capabilities provides data for management.

2. This study examines the movement patterns of an invasive mesopredator, rac-
coon dog, in a fragmented coastal environment in southwestern Finland to bet-
ter understand its movement capabilities and potential expansion. Using GPS
tracking, we investigated individual movements between islands, considering the
role of ice cover, island connectivity and social interactions (partner removal by
management).

3. The raccoon dog has low winter activity levels, but our findings demonstrate that
the individuals remain active during the cold season and use ice cover to reach
islands perhaps otherwise unreachable. The number and connectivity of islands
also play a crucial role in movement distances. Moreover, the partner removal
increases movement between islands during the summer. We conclude that the
raccoon dog is highly mobile in the coastal landscape, with ice cover facilitating
movements between islands.

4. Practical implication. To effectively manage this invasive species, creating single
individuals should be avoided before avian breeding season. This strategy can
help prevent solitary raccoon dogs from wandering and potentially colonizing
new areas. Melting ice due to climate change is often mentioned as a benefit to
invasive species, but our results provide an example of where the ice cover poten-

tially enhances movement of an invasive species and thus requires consideration.
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1 | INTRODUCTION

For invasive alien species, like for all species, the invasion potential
depends on movement abilities of individuals. Whether or not new
areas can be colonized depends also on landscape structure, that
is, whether the movement between potential living sites is possi-
ble (Clobert et al., 2012). For example, in the coastal and lake land-
scapes, the movement between islands or over bays and fjords, may
be problematic for land animals due to the hostile water matrix. In
the northern latitudes, however, the ice cover aids movement of
mammalian species that are active during the winter (Banfield, 1954;
Lameris et al., 2021; Leblond et al., 2016; Seidler et al., 2015).

In general, climate change is expected to benefit invasive spe-
cies by increasing primary production and decreasing ice cover in
cold-adapted ecosystems (Callaghan et al., 2004; Parmesan, 2006;
Walther et al., 2002). These factors are projected to become the pri-
mary driver of biodiversity change in boreal and Arctic ecosystems
(Sala et al., 2000), especially by strengthening top-down species in-
teractions, that is, predation pressure and interference between pred-
ators (Legagneux et al., 2014; Post et al., 2009; Stoessel et al., 2019).
Reduced ice cover not only affects the ecology and demography of ice-
dependent species (Kunnasranta et al., 2021; @igard et al., 2014) but
also decreases the period that land animals can use the ice for move-
ment (Lameris et al., 2021; Leblond et al., 2016). These factors are
often linked to negative effects on native species (e.g. Lee et al., 2017)
but may also affect some invasive species.

Invasive mammalian mesopredators are concluded to be partic-
ularly harmful to many native species (Doherty et al., 2016; Pitt &
Witmer, 2007). The decline of ground-nesting bird species is a Europe-
wide phenomenon linked to predation by generalist mesopredators
(McMahon et al., 2020). Two invasive mammalian predators currently
inhabit the coastal region of Finland: the raccoon dog (Nyctereutes
procyonoides) and the American mink (Neovison vison). Both have been
believed to wreak havoc in the breeding bird populations. The rac-
coon dog benefits from climate change as it can better survive and
increase activity during the winter months (Melis et al., 2007; Selonen,
Toivonen, et al., 2024). Indeed, the raccoon dog has experienced a re-
cent increase in northern Finland near the Arctic regions, suggesting a
potential for further range expansion under climate change (Selonen,
Toivonen, et al., 2024). Despite this, the threat that raccoon dogs pose
to vulnerable prey populations is suggested to be highest in Finland in
the coastal regions where raccoon dogs have invaded islands (Kauhala
& Kowalczyk, 2011). There, the sea likely forms a barrier for move-
ments, although the presence of the raccoon dog on islands demon-
strates that it can reach these areas either by swimming or by utilizing
ice cover. Whether or not the raccoon dog utilizes the ice cover for
movement depends on its winter activity levels. The species clearly
decreases activity in winter, using periodical sleep to survive over the
cold months (Mustonen & Nieminen, 2018). Inactivity during ice cover
would render movement between remote islands more difficult.

The potential threat of raccoon dogs to ground-nesting water
birds is supported by the spatiotemporal habitat selection of rac-
coon dogs (Toivonen et al., 2024), their high population densities

(Selonen, Brommer, et al., 2024) and the results of artificial nest
predation studies (e.g. Dahl & Ahlén, 2010; Holopainen et al., 2021;
Nummi et al., 2019; Selonen et al., 2022) including one study with
natural nests in the coastal region in Sweden (Dahl & Ahlén, 2010).
Extensive resources have been invested in the removal of raccoon
dogs from the Archipelago Sea (Toivola, 2022). Nevertheless, little
is known about either the behaviour of raccoon dogs in the coastal
area or the impact of the management procedures on this behaviour.
It is possible that the removal of partners from individuals of this
pair-bond forming species (Kauhala & Kowalczyk, 2011) may in-
crease their movement levels (Herfindal et al., 2016). To better al-
locate resources and understand the threat raccoon dogs pose,
more information about the movement behaviour of the species is
required, which is why we study how the raccoon dog utilizes is-
lands and what influences how far the raccoon dogs can move in the
coastal landscape.

For raccoon dogs on these islands, our aims are to (1) investi-
gate what factors influence the movement between islands in highly
fragmented coastal landscape; (2) compare movement between
islands during ice-free and ice-cover periods; and (3) improve our
knowledge on how raccoon dogs can be managed and how the man-
agement (possible partner removal) influences their movements. We
hypothesize that increase in the ice cover, the connectivity between
islands and the partner removal all increase the movement distances

between islands for raccoon dogs.

2 | METHODS
2.1 | Study species and study area

The raccoon dog is an omnivorous and monogamous species and
can produce litters of up to nine offspring each year around May,
starting at the age of 1year (Kauhala, 1993). Raccoon dogs invaded
Finland from the Soviet Union in the 1950s, and its current range
covers most of the country except for the northern parts of Lapland
(Kauhala & Kowalczyk, 2011). The raccoon dog's European range
is expanding, mainly consisting of Eastern and Northern Europe,
Germany and Denmark (Kauhala & Kowalczyk, 2011). Individuals
introduced to Europe originated from the subspecies that can
tolerate the cold climates of the native range in southeast Siberia by
using winter sleep (Kauhala & Kowalczyk, 2011).

The study area is located in the southern hemiboreal zone,
approx. 60.2° N, 22.0° W on the southwestern coast of Finland
(Figure 1). This area, called the Archipelago Sea within the Baltic
Sea, is home to many bird species. The whole area consists of 37,217
islands of various sizes (mean 0.65km?+30.36 SD).

2.2 | GPS tracking and data

Thirty raccoon dogs were tracked using GPS collars from Followit
AB between 2019 and 2024 (Table 1). Only two individuals were
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FIGURE 1 The study area and movement paths of the raccoon dogs used in the model. Each colour represents a unique individual, and
in light grey is the sea. The study area is located on the southwestern coast of Finland, the Archipelago Sea. See Figure S1 for individuals

removed from the study.

followed for more than one annual cycle, but they remained on the
same islands (Table 1). Ten individuals were followed with more than
one collar during the tracking period. Three individuals had collars
usingiridium satellite systemand 27 using GSM network. The average
individual was tracked for 197 days (+23 SE). Tracking was designed
and executed by SLHSY (a coastal conservation and management
NGO) in collaboration with Metsahallitus and the Finnish Wildlife
Agency as part of their projects in eradicating invasive species in
the coastal region. Individuals were tracked mostly for the purpose
of finding their nests, cubs and partners. Because of this specific
tracking purpose, raccoon dogs experienced partner removals that
are one of the research interests in this study. Collaring (tagging) and
killing of the animals did not require authorisation or permits by the
Project Authorisation Board, or any research permits by The Finnish
Wildlife Agency as these data were a by-product of invasive species
eradication projects governed by governmental agencies according
to the Finnish law.

We began data preparation by filtering out the first day of the
designated tracking period to minimize the immediate human in-
fluence. We then inspected the data individually for outliers using
both net squared displacement (NSD, see model-application in e.g.
Bunnefeld et al., 2011) and X-Y coordinate plots, and removed all

the clear outlier locations from the data. Examples of such cases
were individual locations above NSD value of 200 when all the rest
were below 100, indicating a failure in GPS location, or locations on
a house where the collar was maintained.

We moved forward with data from 18,392 GPS fixes for 30 indi-
viduals. The mean location interval was 7.5h. For step length anal-
ysis, we limited the data to only include location intervals of 2 and
4h. In this data subset, we had 8415 steps with a mean step length
of 512m (SD: +641m) and a median of 307 m. We compared steps
associated with movements between islands (defined as hop events,
see below) to steps within islands or mainland. For this, we did a
Gaussian model, where step length (log-transformed) was explained
with fixed effects hop event status (yes vs. no), month and step du-
ration (2 or 4h). Individual ID was modelled as a random effect with
Generalized Estimating Equations (GEE) in SAS Glimmix 9.4.

2.3 | Hop events between islands and least
cost paths

To identify hop events (movement between islands), we joined the
GPS data spatially with island polygons (buffered by 5m) from the

85UB0|7 SUOWIWOD) 8A1I81D) 8edl|dde ays Aq peuAob afe Ssolle O ‘8SN JO S3INJ 10} A%eiq1 3UIUO AB]I UO (SUONIPUOD-PUR-SWBIW0D A8 | 1M AleIq U UO//:SANY) SUOIPUOD pue swie | 8L 88S *[6Z0z/80/TT] Uo ARiqiauliuo A8im ML jo AseAluN Aq 8900L 6TES-8892/200T OT/I0pAW0D A8 | im Areiq Ul UO'S eUINO Bq//Sdny Wiouy pepeo|umoq ‘g ‘SZ0Z ‘6TE88892



TOIVONEN ET AL.

40f13 BRITISH 5 5 .
fofts | EEE%?EF#“L _Ecological Solutions and Evidence

TABLE 1 Information about the raccoon dog individuals used in the study.

Partner removal Islands Mean dist
ID Sex Start date End date month GPS locs Hops (hopped) (km, +SD)
R1 Female 2022-04-23 2022-08-13 386 7 7 (4) 0.07+0.08
R10 Male 2021-04-03 2021-06-05 191 4 4(3) 0.30+0.18
R11 Male 2022-01-17 2022-07-14 January 588 2 3(2) 0.12+0.00
R12 Male 2022-01-17 2022-08-20 January 721 3 6(3) 0.07+0.05
R14 Male 2022-10-25 2023-02-17 328 2 4(2) 0.07+0.00
R15 Male 2021-10-23 2021-12-30 288 8 4(3) 0.13+0.11
R18 Female 2023-04-20 2023-08-04 305 4 5(2) 0.05+0.00
R2 Male 2022-08-26 2023-03-22 August 665 43 20 (15) 0.29+0.35
R22 Male 2022-09-16 2023-09-15 1011 104 40 (33) 0.23+0.34
R23 Male 2021-01-09 2021-10-07 April 968 116 28 (23) 0.33+0.62
R24 Female 2019-08-02 2020-06-30 1124 34 13(10) 0.28+0.19
R25 Male 2023-09-08 2024-02-24 505 129 45 (42) 0.62+1.07
R26 Male 2023-11-07 2024-01-23 September 350 34 8 (6) 0.28+0.33
R27 Female 2019-08-30 2020-07-03 699 74 7 (5) 0.13+0.07
R28 Male 2023-09-07 2024-03-08 547 67 24 (21) 0.75+0.73
R29 Female 2020-02-14 2020-08-19 704 34 11 (8) 0.30+0.33
R3 Female 2020-09-18 2021-04-04 October, January 606 129 40 (39) 0.90+1.10
R30 Male 2023-04-19 2023-09-12 409 66 4(3) 0.05+0.00
R31 Male 2024-04-11 2024-06-24 276 13 9(8) 0.19+0.26
R32 Male 2023-11-06 2024-02-28 September 355 38 10(9) 0.21+0.37
R5 Male 2022-01-17 2022-05-09 January 381 2 6(2) 0.03+0.00
R6 Male 2020-09-28 2021-07-15 November 850 2 5(2) 0.38+0.00
R8 Male 2020-12-13 2021-11-11 January, September 1019 21 13(9) 0.83+0.91
R13* Male 2020-10-30 2022-07-31 March, August 1670 0 2 (0)
R16* Female 2021-10-30 2022-04-05 298 0 1(0)
R17* Male 2021-10-30 2022-12-27 April 1157 0 1(0)
R34* Female 2024-03-09 2024-06-22 395 0 2(0)
R4* Male 2020-09-18 2021-02-11 December 478 82 26 (24)
R7* Female 2021-04-11 2021-09-10 681 0 2(0)
R9* Female 2020-11-07 2021-03-28 March 437 0 3(0)

Note: Start date is the first date of the tracking period and end date the last. Partner removal month is the month on which the individuals' partner
was killed. GPS locs is the number of GPS locations during the tracking period. Hops is the number of events where the individual has moved from
one island to another for more than two consecutive steps. Islands is the number of unique islands the individual has visited during the tracking
period and in parentheses are the number of unique hop event islands. Mean dist is the mean distance between the two islands of hop events in the
units of kilometres. Individuals marked with an asterisk (*) were removed from the analysis.

study area. We classified consecutive movements between two
islands where the individual did not go back to the original island
in two steps as island hop events. Movements between islands
where the individual came back the next step after leaving were
not classified as hop events. This kind of small-scale movement
was common in the dataset between islands very close to each
other. We calculated the shortest edge to edge Euclidean distance
between the start and end islands forming a hop event (note that
other islands could have located between these two islands). We
removed an individual that had a collared partner to avoid pseu-
doreplication by removing the one with least GPS locations. After

data preparation, we had 23 individuals (13,276 GPS fixes) with
917 observed island hop events (Table 1).

We defined a hop-landscape by first calculating the bounding box
between the two locations forming a hop event and then extending
it by 1km to all sides. Within it we then calculated the number of
islands and estimated the mean ice cover for the date of the event
from a raster file provided by Finnish Meteorological Institute (see
Data Availability Statement). Ice cover was mainly limited to the
months of January-March and varied in time and space (Figure 2).

We then used a least-cost path model (see e.g. Ludwig, 2020)
to estimate the number of islands needed to minimize overwater
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FIGURE 2 Average ice cover during January, February and March in the study area. In the lower right pane is the monthly averages
(points connected with lines) and daily ice cover (transparent points) for select coordinates (red points). Missing values are interpreted as

zeros in the analyses.

travel (hereafter referred to as ‘stepping stones’) within the hop
landscape. To estimate least cost paths, we rasterized the island
polygons to 5x5m rasters. Least cost paths were then estimated
from these rasters with 16 directions (setting in the R package)
and land was given five times bigger conductance value than the
sea (frozen or not). This way land is five times more conductive
(less costly) than the sea. According to a sensitivity analysis, these
settings minimized overwater travel without considerably increas-
ing the total path lengths. The number of stepping stones derived
from the least cost path indicate how well overwater travel can be
minimized between the islands within the hop-landscape. We cal-
culated distances between the stepping stone islands to estimate
required overwater distances.

Because of the partner removal of the tracked individuals, each
individual was given status according to the closest past partner re-
moval date (Table 1). Status was classified as ‘after’ if the individual
had experienced partner removal and ‘before’ if it had not experi-
enced partner removal yet or never in the data.

Data preparations were donein R (v. 4.4.1, R Core Team, 2024)
using the ‘tidyverse’ (v. 2.0.0, Wickham et al., 2019) and ‘sf’
(v. 1.0-16, Pebesma, 2018) packages. Least cost paths were mod-
elled with ‘leastcostpath’ package (v. 2.0.12, Lewis, 2023). In ad-
dition, ‘shiny’ (v. 1.8.1.1, Chang et al., 2024) and ‘plotly’ (v. 4.10.4,
Sievert, 2020) packages were used in the visual inspection of
the data.

2.4 | Modelling hop event distance

We fitted a log-normal generalized additive model for location
and scale (GAMLS) with the hop event distance as the response
variable (edge to edge Euclidean distance between start and end
islands; unit kilometres). The predictor variables for the loca-
tion parameter (mean) were the mean ice cover within the hop-
landscape (%), the number of islands within the hop-landscape,
the number of stepping stones, the month of the hop event and
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the partner removal status of the individual. The month was fit-
ted by the partner removal status (interaction). In addition to the
fixed effects, we fitted the model with individual ID as a random
effect to account for individual variation. In the first rounds of
model fitting, we also tested the effect of island area at the start
and the end of the hop events and sex, but they were not sig-
nificant, they decreased the model fit and/or had identifiability
issues. Different combinations of variables were assessed by com-
paring concurvity (collinearity), deviance and Akaike Information
Criterion (AIC) values.

The model reported above performed the best, but the step-
ping stones variable had heteroscedasticity, which was addressed
by allowing the scale parameter (standard deviation) to vary with
stepping stones by including the variable in the sigma formula of
the model. We also removed one outlier observation from indi-
vidual R23 because of its clearly outlying residual while having a
hop distance of only 6m. The model was fitted in R using smooth
functions from the ‘mgcv’ package (v. 1.9-1, Wood, 2011) but im-
plemented as GAMLS using the ‘gamlss’ package (v. 5.4-22, Rigby &
Stasinopoulos, 2005) and ‘ga’ function in the ‘gamlss.add’ package
(v. 5.1-13, Stasinopoulos & Rigby, 2024).

Ice cover and partner removal status (dummy variable) were
fitted as standard linear terms while all the other predictors were
fitted as smooth terms (month with cyclic cubic regression splines
and rest with thin plate regression splines). This is because part-
ner removal was a dummy variable and the expected effects were
linear for ice cover (and smooth term for ice cover converged to
linear term); for the other variables, smooth terms fitted better.
In addition, we fitted two simple ANOVA models comparing hop
event (Euclidean) distances and least cost path overwater dis-
tances between frozen and unfrozen sea using the built-in stats

package in R.

3 | RESULTS

The GPS tracked raccoon dogs (n=23) frequently moved between
islands and visited or occupied 249 separate islands during the
tracking. About 6% of GPS locations were classified as hop events
(movement between islands; Table 1). Moved step lengths were
clearly longer for hop events (model fitted average, 95% Cl: 927 m,
716-1174m) than for steps within land areas (220m, 169-285m;
F1)21=349.2, p<0.0001). Mean observed hop event distance
(Euclidean edge to edge distance between start and end islands;
Table 2) in the raw data was 0.42+0.74km (maximum around 6km
and minimum around 6 m; Figure 3).

The number of stepping stones, identified with the least cost
path model, and within the hop landscape, increased the hop event
distance (Figure 4; smooth effects in Table 2). The second stepping
stone approximately doubled the hop distance, and after the fourth
stepping stone, the effect evened out with increasing uncertainty
(Figure 4). Average total oversea distance was 0.29km+0.48 SD
between the stepping stones, and on average, each path included
1.33+1.94 SD stepping stones.

Ice cover increased hop-event distances (Table 2): for every unit
increase in ice cover, the natural logarithm of hop-event distance
increases by 0.0056units (95% Cl: 0.0046, 0.0066). That is, 100%
ice cover increased the hop-event distances by approximately 75%
compared to 0% ice cover (Figure 4). In the raw data, the differ-
ence was clearer, hop-event distance being 0.91km+0.06 SE and
0.22km+0.01 SE with a >25% and <25% ice cover, respectively.
Longest hop event during ice-free period was 3.38km, but this hop
event would have required only 0.22km of overwater travel be-
tween stepping stones (Figure 3d). The oversea distance between
stepping stones also clearly increased when the sea was frozen
(Figure 5, F1y910:342.5, p<0.0001, n, =280, n =632).

water

TABLE 2 Summary table of the generalized additive model for location and scale (n=916 hop events for 23 individuals) explaining
hop-event distances between islands in a coastal area in Finland. Estimates, test statistics and parameters for linear terms are reported
first and then the parameters and test statistics for smooth terms. Results are given for location (x, mean) and scale (s, standard deviation)
parameters. EDFs are the efficient degrees of freedom for smooth terms and Ref DFs are the reference degrees of freedom in the absence

of penalization of wiggliness. Significant p-values are bolded.

Parameter Linear effects
u Intercept
Ice cover
Partner removal (after)
o Intercept
Smooth effects
u Islands in hop-landscape
Stepping stones
Month: Partner removal (before)
Month: Partner removal (after)
c Stepping stones

Estimate + SE t-Statistic p
-1.9314+0.0334 -57.766 <0.0001.
0.0056+0.0005 11.274 <0.0001
0.0034+0.0484 0.071 0.943
-0.2915+0.0236 -12.48 <0.0001
EDF (Ref DF) F-statistic p
3.780 (3.969) 44.01 <0.0001
4.662 (5.661) 188.63 <0.0001
7.101 (8.000) 9.15 <0.0001
0.000 (8.000) 0.00 0.47
3.351 (2.924) 30.73 <0.0001

Note: For partial effects, see Figure S3. All reported estimates and effects are in log-scale. Model DF: 38.21, Residual DF: 877.79. Mean squared
error: 0.16 km, Root mean squared error: 0.40km, Mean absolute error: 0.19 km.
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Month had an interactive effect with the partner removal on hop
event distance (smooth effects in Table 2). In other words, partner
removal increased the distances raccoon dogs moved during the
summer (Figure 4). For full model statistics and diagnostics, see
Table 2 and Figure S2. The model was a good fit especially at smaller
distances but became less accurate towards the longest distances,

still maintaining a reasonably good fit (Figure S2).

4 | DISCUSSION

We observed that raccoon dogs actively move between islands in
the coastal study area in Finland. The individuals remained active
during winter months and the ice cover increased the distances
moved between islands. The connectivity of the landscape in the
form of an increased number of stepping stone islands and the
number of islands in the nearby sea landscape increased movement
distance. Finally, the removal of partners increased movement
between islands but only during the summer.

Melting ice due to climate change is often mentioned to benefit
invasive species (e.g. Lee et al., 2017), but our results provide an op-
posite example where ice cover potentially enhances invasion in a
similar fashion as it benefits the movement of native land mammals
in the boreal and arctic regions (Banfield, 1954; Lameris et al., 2021;
Leblond et al., 2016; Seidler et al., 2015). The raccoon dog is
most active during other seasons than winter (Selonen, Toivonen,
et al, 2024), but our results demonstrate that the individuals

remained active during the cold season and used ice cover to reach
islands that might have otherwise been unreachable. Thus, our re-
sults fit with studies showing that the species does not use very long
periods of winter sleep in the boreal region of Finland (Mustonen &
Nieminen, 2018; Selonen, Toivonen, et al., 2024). It is, however, ex-
pected that the warming winter weather would benefit raccoon dog
invasion through increased over-winter survival (Melis et al., 2007).
Thus, climate change can influence raccoon dogs in an interesting
way: The disappearance of ice cover would decrease the reach of
raccoon dogs in coastal areas but on the other hand helps them to
survive over the winter. Increased survival and lowered dispersal
ability could increase densities within the islands, creating increasing
pressure for local prey populations and competition among raccoon
dog individuals.

Regardless, ice cover was not the most important factor increas-
ing the movements between islands even though being significant
part of it. Stepping stones and number of islands in the vicinity
(connectivity) had the biggest effect on the movement distances.
However, our model failed to precisely explain the very longest
distances. We assume that the raccoon dog density or existence of
other raccoon dog couples on the island are one of the reasons to-
gether with habitat quality that might explain dispersal decisions be-
hind the longest observed movement distances. However, this was
not tested in this current study due to the lack of data. Habitat qual-
ity can be defined in many ways, but according to previous research,
raccoon dogs are generalist in the coastal region but do prefer more
open and wet habitats than forests (Toivonen et al., 2024).
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Stepping stones reduce the distance required to travel overwa-
ter and more islands within the landscape allows more connected
travel routes and more plausible end points. More connected land-
scape promoting longer movement is an expected result (e.g. Taylor
et al., 1993). Raccoon dogs seem to not have problems moving be-
tween islands 200m apart (mean distance without ice cover). Thus,
inter-island movement seems to be part of their normal habitat use
and the movement often was back and forth between the same is-
lands (Table 1). In addition, small islands are often in the vicinity of
larger islands and may become part of regular home ranges of in-
dividuals, leading to lots of small hop event distances observed in
our study. Earlier, Dueser et al. (2013) studied the inter-island move-
ments of raccoons (Procyon lotor) on the Virginia barrier islands in
the United States and found them to be infrequent events (only 1.3%
of individuals moved between islands, see also Porter et al., 2015). In
our case with the raccoon dogs, 93.3% of collared individuals moved
between islands and visited on average 12 islands.

The frequent movement between islands might explain the large
home ranges observed in Toivonen et al. (2024) for the raccoon

dogs inhabiting coastal area. Previously, Dahl and Ahlén (2010)
found raccoon dogs to move between islands frequently and re-
ported 1.2km to be the longest swimming distance observed. Dahl
and Ahlén (2010) did not follow raccoon dogs during periods of ice
cover. Our longest estimated swimming distances were compara-
ble to those by Dahl and Ahlén (2010) being 0.98km from August
(Figure 3e) and 1.96 and 1.85km from March. However, in the latter
cases, the raccoon dog could have made a detour using ice visible in
satellite images (Figure S4) but not detected by our ice cover raster.
Despite these two events possibly overestimating the swimming ca-
pabilities, removal of them would not have increased the modelled
effect of the ice cover and would have decreased the mean over-
water distance during ice-free period only by 5.6 m. No other indi-
viduals were at the border of frozen and unfrozen sea, which could
have produced this kind of uncertainty. It has to be also noted that
the longest swimming distances observed in the current study and
also in Dahl and Ahlén (2010) were done in the archipelago with no
partners. In our case, the longest certain swim (0.98km) took place
in an area of active campaign that had removed other raccoon dogs

85UB0|7 SUOWIWOD) 8A1I81D) 8edl|dde ays Aq peuAob afe Ssolle O ‘8SN JO S3INJ 10} A%eiq1 3UIUO AB]I UO (SUONIPUOD-PUR-SWBIW0D A8 | 1M AleIq U UO//:SANY) SUOIPUOD pue swie | 8L 88S *[6Z0z/80/TT] Uo ARiqiauliuo A8im ML jo AseAluN Aq 8900L 6TES-8892/200T OT/I0pAW0D A8 | im Areiq Ul UO'S eUINO Bq//Sdny Wiouy pepeo|umoq ‘g ‘SZ0Z ‘6TE88892



TOIVONEN ET AL.

90f13
BRITISH H . . .
Eggg}ggm _Ecological Solutions and Evidence | pern2

6 | —_~
6 [ ]
£ s
51 ©
2 44 ‘
© [ ]
k7] ]
1 T 924
> 4 o] 2 Ice status
= C
g i —'— [
& 3 £ 04 i n lce
o Ice Water . Water
Ice status
2 -
1 -
o -
0 1 2 3 4 5 6
Island distance (km)
" B
5 [ ]
6 (0]
S 44 *
% °
51 ©
S 2_
> 2 e Ice status
=2, ©
2 E |:| Ice
g g —1
a 3 01 T I . Water
3 -
Ice Water
Ice status
2 -
1
0 -
0 1 2 3 4 5

Overwater distance (km)

FIGURE 5 Distributions of distance between consecutively visited islands (hop event; upper pane) and overwater distance according to
least cost paths (lower pane) during when the sea is frozen (ice) and unfrozen (water). In smaller panes are box plots of the same data.

(Metsahallitus, 2024). In Dahl and Ahlén (2010) the individuals were
relocated to Swedish archipelago where no raccoon dogs are pres-
ent. Shortage of partners in addition with ample food resources
during summer months may have induced higher will to swim. The
individuals without partners may actually, at least partly, resemble
dispersing juveniles. Natal dispersers have higher movement activ-
ity in mammals compared to resident individuals within home range
(Clobert et al., 2012). We lack data on natal dispersers (Drygala
et al., 2010), but it is known that adult raccoon dogs may travel long
distances when lacking a partner (Herfindal et al., 2016). Thus, we
believe that the movement patterns observed here robustly reflect
the invasion potential of the species in the coastal landscape.
Partner removal increased the movement distances of rac-
coon dogs, but mainly during June-August, well after the breed-

ing season of the species (Kauhala & Kowalczyk, 2011). During

December-February, individuals that had experienced partner
removals had decreased movement distances. That is, during win-
ter, partner removal did not induce longer movements between
islands, although in general ice cover was observed to increase
movement. Apparently, partner seeking was not a priority for rac-
coon dogs in winter, although the mating season starts already
late winter/early spring (peaking in March) and lack of a partner
at that time may prevent reproduction from the given year. Young
raccoon dogs born in the spring become adults in July, and at that
time, partner removal had the largest observed effect on hop
events. Perhaps individuals that had lost partners aimed to locate
a new partner during summer and autumn before next year's mat-
ing season. July-September are the preferred months for disper-
sal, at least in young raccoon dogs (Drygala et al., 2010), and new

pairs seem to be typically formed in the autumn (Mulder, 2012).
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4.1 | Implications for management practices

Our results indicate that if a monogamous predator is prosecuted
incorrectly, eradication may lead to unwanted effects. Removal of an
individual from a pair may lead to dispersal of the solitary individual
and expansion of the population. Currently, there are ongoing
projects, which target long-term eradication of raccoon dogs from
important nesting areas of archipelago birds (Toivola, 2022), but in
practice, the hunting in most cases removes only single individuals.
Based on our results, the remaining raccoon dog from a pair is more
active in summer and has increased reach between islands during the
breeding season of birds. This might have negative consequences
for birds breeding in the nearby islands and facilitate colonization
of new islands. The wandering individual may also be very difficult
to catch and end up reproducing in a totally new area. We therefore
recommend that hunting should always result in the removal of
both the female and the male, which prevents both reproduction
and solitary individuals with increased movement activity. However,
the effect of partner removal was season-specific, and apparently,
the individuals were unwilling to start searching for new territories
during the cold season.

Active and long-reaching movement of solitary raccoon dogs in
the archipelago during summer can be especially harmful for late-
nesting waterbirds such as velvet scoter (Melanitta fusca) which is
nationally (Lehikoinen et al., 2019) and internationally (BirdLife
International, 2020) threatened species. Raccoon dogs are known
to prey on artificial and natural nests in the archipelago (Dahl &
Ahlén, 2010), and according to artificial nest predation studies done
at the lakeshores, are among the most common predators preying on
them (Holopainen et al., 2021; Selonen et al., 2022). In these areas,
the American mink is another invasive predator threatening ground-
nesting birds (Banks et al., 2008; Nordstréom et al., 2002; Salo
et al., 2007). These two invasive species are likely to have conjoining
effects on local bird populations (Jaatinen et al., 2022). Taking into
account the strong effects alien carnivores more generally have on
their prey (Salo et al., 2007), better knowledge on the combined ef-
fect of the raccoon dog and the American mink on their prey species
is needed.

The information about the possible reach (swim and travel dis-
tances) can be used to estimate the range which individuals of an
invasive species can colonize. This helps in evaluating island-specific
likelihoods for colonization and reduces the costs required for man-
aging the spread of the species. Exceptionally cold winters with
increased ice cover may aid the colonization of isolated islands. If
followed by a period of several warmer winters, the individuals may
get isolated and these islands end up densely populated. This may
increase the local predation pressure. That is, the loss of ice cover
may also drive up the densities in isolated islands. Currently, there
are examples of such possibly problematic islands for raccoon dogs
(Tunnhamn, N6to, Bolax and Jungfruskar within our study area).
Tunnhamn, at worst, had observed spring densities of 9.4 individuals
per km? (see Table S1) and Jungfruskr 6.1 ind./km? (Table S2) while
the estimated maximum spring densities by Kauhala et al. (2006)

TOIVONEN ET AL.

were 0.77 ind./km? in the mainland and on average 3.7 ind./km? near
wetlands by Selonen, Brommer, et al. (2024). On the other hand, if
raccoon dogs are successfully removed it is likely that these areas

remain free of raccoon dogs if there is no ice cover in winter.

5 | CONCLUSIONS

The northern regions are increasingly vulnerable to invasive species,
with climate change significantly altering the dispersal and survival
of the species living in these areas (Lameris et al., 2021; Leblond
etal., 2016). Ice cover, a critical feature of northern ecosystems, plays
an important role in the movement of various species, both native
and invasive. Our study demonstrates that ice can act as a facilitator
for the dispersal of invasive species, exemplified by the raccoon dog
in coastal landscapes, where ice cover and stepping stone islands
enable longer movement distances. Similar to the raccoon dog, other
species, such as red foxes, may experience altered dispersal patterns
due to changing ice conditions. Consequently, the loss of ice due to
warmer winters could potentially create a barrier for some invasive
species, while simultaneously improving overwinter survival rates.
The management strategies need to consider these contrasting
effects. The successful management of invasive species also
requires a comprehensive understanding of their life history traits,
including mating systems. Monogamy, exhibited by the raccoon
dog, is a significant factor that can influence dispersal patterns and
management strategies. To effectively manage raccoon dogs and
protect ground-nesting birds, creating single individuals should be
avoided before the avian breeding season. This strategy can help
prevent solitary raccoon dogs from wandering and potentially

colonising new areas.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. Locations of the individuals removed from the analyses.
Figure S2. Model diagnostics.

Figure S3. Partial effects of the model.

Figure S4. Hop event with the longest overwater distance estimated
by least cost path minimizing overwater distance. In the background
is ice cover raster (1 km? resolution) from the same date as the
event and Sentinel satellite image (Sentinel-2 L2A) from 8days later.
According to the satellite image, the raccoon dog individual could
have also utilized ice bridge to eliminate overwater travel completely.
This ice bridge is not captured by the ice cover raster used.

Table S1. Individuals killed in Tunnhamn between June 2020
and October 2021. Date is the date of death. X and Y are the
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coordinates of the kill event in EPSG:3067. N is the number of
individuals killed.
Table S2. Individuals killed in Jungfruskdr between October
2020 and April 2023. Date is the date of death. X and Y are the
coordinates of the kill event in EPSG:3067. N is the number of
individuals killed.
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