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1. Introduction 1 
 2 
Understanding environmental factors affecting species distributions is important when planning species’ 3 
management. Furthermore, visual maps of suitable areas for the species are needed in order to make results 4 
transferable to conservation managers. For these purposes, species distribution modelling (SDM) has been a 5 
popular method in conservation planning in recent decades. SDMs aim to predict possible distribution of 6 
species based on environmental suitability (Elith et al. 2009, Guisan et al. 2013). Especially the possible 7 
distributions of rare or endangered and invasive species are often of interest. Invasive species are the greatest 8 
threat to biodiversity after habitat loss caused by humans (e.g. Yiming & Wilcove 2005) as for example, they 9 
may exclude native species with similar niches from the area. Information on suitable habitats and possible 10 
distributions can be applied e.g. when planning conservation and reintroductions of native species and 11 
control of invasive species. 12 
 13 
The native Eurasian beaver (Castor fiber) was hunted to near extinction in Europe in the late 1800s, and only 14 
eight populations of the species survived in small refuges with approximately 1200 individuals in total (Nolet 15 
& Rosell 1998). In recent decades, the species has been reintroduced into several countries in Europe. Thus, 16 
knowledge on the factors affecting the distribution and suitable habitats for the native beaver is needed (see 17 
e.g. Smeraldo et al. 2017, Swinnen et al. 2017), especially in areas where the species lives close to the 18 
invasive North American beaver (Castor canadensis). The native Eurasian beaver and the invasive North 19 
American beaver are morphologically and ecologically similar and live in close contact in Finland and in 20 
Russian Karelia (Parker et al. 2012).  21 
 22 
In Finland, the original Eurasian beaver population was hunted to extinction in the late 1800s, but the species 23 
was reintroduced in the 1930s with individuals from Norway (Granit 1900, Lahti & Helminen 1969). 24 
Simultaneously, North American beavers were brought from the United States, because at the time their 25 
species status was not known (Lahti & Helminen 1974). The population of the North American beaver grew 26 
rapidly especially in the lake district of eastern Finland, whereas the Eurasian beaver survived only in one 27 
place and the population grew slowly in western Finland. In the recent monitoring count of beavers, the 28 
number of active winter lodges was 3673 for the North American beaver and 1172 for the Eurasian beaver 29 
(Luke 2018). At present, the distributions of the two species are partly sympatric in the regions of Pirkanmaa 30 
and Etelä-Pohjanmaa in western Finland, as well as in western Lapland (Fig. 1; see also Alakoski et al. 31 
2019). Because the Eurasian beaver did not survive after the original introductions in areas where both 32 
beaver species were present, it is assumed that the spread of the North American beaver is a threat for the 33 
Eurasian beaver (Liukko et al. 2015). The spread of the invasive beaver towards the distribution of the native 34 
beaver raises a conservation issue, because the native Eurasian beaver is classified as being near threatened 35 
in Finland (Hyvärinen et al. 2019) and its population size and distribution should increase. The North 36 
American beaver has larger litters, which may be the reason for a more rapid growth rate of the population 37 
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and may give it the advantage when the species meet (Parker et al. 2012). Competition for resources, such as 38 
the best habitats, is inevitable between the two species with similar niches.  39 
 40 
Both beaver species are semiaquatic, monogamous and territorial (Wilsson 1971, Nolet & Rosell 1994). 41 
Beavers use mainly deciduous trees for foraging, but sometimes also coniferous species are consumed 42 
(Danilov et al. 2011, Kauhala & Karvinen 2018), and mixed forests can be used as habitats (Kauhala & 43 
Turkia 2013, Kauhala & Karvinen 2018). Young trees with a diameter of <20 cm are often preferred as 44 
forage (e.g. Dvořák 2013). In summer, aquatic vegetation and terrestrial herbs are also commonly utilized 45 
(Danilov et al. 2011). In addition, agricultural fields might offer additional forage (Alakoski et al. 2019). 46 
Beavers have been found even in parks close to city centres (J. Raitaniemi, pers. com.) and within highly 47 
urbanized regions (Dewas et al. 2012). Recent studies on factors affecting the distribution for both beaver 48 
species in other countries have shown that close distance to a riverbank, willow (Salix spp.), poplar (Populus 49 
spp.), wetland vegetation (Swinnen et al. 2017), and woody wetland and shrub density (Francis et al. 2017) 50 
increase the habitat suitability for beavers. Previous studies on habitat use in Finland suggest that especially 51 
the most common deciduous tree species, birch (Betula spp.) is important forage for beavers (Kauhala & 52 
Karvinen 2018, Alakoski et al. 2019). Furthermore, the Eurasian beaver lives closer to agricultural areas than 53 
the North American beaver (Kauhala & Turkia 2013, Alakoski et al. 2019) and also utilizes small streams 54 
between cultivated fields, whereas the North American beaver lives in an area abundant in lakes. 55 
 56 
Climate largely determines the possible ranges of species (White 2008, Jokinen et al. 2019). Because Finland 57 
is a long country (ca. 1300 km), climate conditions vary greatly between the south and north. Furthermore, 58 
the climate in western Finland is milder than that in eastern Finland. Warm temperatures in late autumn may 59 
lengthen the time when beavers can collect their winter food cache, whereas spring temperature indicates the 60 
time when the snow and ice will melt, and herbs start to grow and thus become available for the beavers. In 61 
addition, freezing winter temperatures decrease beavers’ activity outside the lodge and they have to rely on 62 
their food cache. Thus, it is important to include climatic variables to SDMs (e.g. Bradie & Leung 2016, 63 
Jokinen et al. 2019) to be able to determine the relative role of different environmental factors affecting the 64 
distribution patterns of the species. 65 
 66 
In this study, the aim was to model the environmental factors affecting the present distributions of the two 67 
species of beavers in Finland using citizen-science data on beaver observations and environmental variables. 68 
We used the Maxent software package for species distribution modelling (Phillips et al. 2018) and 69 
investigated whether predictions on suitable habitats change when the species are modelled separately or 70 
together. We predicted, based on earlier studies (e.g. Alakoski et al. 2019), that 1) beavers live in areas with 71 
abundant riparian areas and the Eurasian beaver uses smaller aquatic habitats than the North American 72 
beaver; 2) both species favour deciduous trees in their habitats, but their most favoured tree species may 73 
differ; 3) young and herb rich forests are preferred; 4) proximity to agricultural areas might differ between 74 
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the two species’ (potential) habitat; 5) urban areas and large human population size might exclude beavers 75 
from otherwise potential areas; and 6) climate may have a different role in the models, because it differs 76 
between the two species’ present ranges. Finally, we produced maps on available habitats suitable for 77 
beavers in Finland. This information can be used to develop effective conservation strategies, e.g. planning 78 
the best reintroduction sites for the native Eurasian beaver. 79 
 80 
2. Material and methods 81 
 82 
2.1 Study area 83 
 84 
The landscape in Finland is dominated by bodies of water and industrial coniferous and mixed forests, where 85 
scots pine (Pinus sylvestris) is the most dominant species, along with Norway spruce (Picea abies), downy 86 
birch (Betula pubescens) and silver birch (B. pendula) as common species. Agricultural areas and denser 87 
human populations are found mainly in southwestern and southern Finland (for details, see Alakoski et al. 88 
2019). We were interested in the potential habitats of beavers in the whole of Finland. However, as a semi-89 
aquatic species, an aquatic habitat is essential for beavers and thus we expected that suitable habitats could 90 
only be found close to waterways and water areas. The distribution of the Eurasian beaver is restricted to 91 
southwestern Finland and western Lapland, whereas the North American beaver is found over a larger area 92 
mainly in eastern Finland (Fig. 1). The present ranges of the two species were used as areas for background 93 
samples (e.g. Elith et al. 2010), but the model was transferred to the whole watercourse area of Finland 94 
(excluding the archipelago) in order to predict distribution based on the availability of suitable habitats.  95 
 96 
2.2 Data for beavers 97 
 98 
We used the data of the Finnish Wildlife Agency on beaver observations with exact coordinates from August 99 
2017 to August 2018, including beaver lodges (Eurasian (E) 169; North American (NA) 179), dams (E 41; 100 
NA 53), feeding sites (E 50; NA 59) and other sightings and sounds (E 107; NA 197). The data was collected 101 
mostly with a mobile app OmaRiista, where citizens can give information about their hunting bag/catch and 102 
wildlife observations directly on a digital map. Hunters usually report beaver lodges in the autumn while 103 
hunting moose (Alces alces). Beaver species was assumed on the basis of the history of beavers in Finland 104 
(see Brommer et al. 2017), from DNA analyses and skull morphometry from hunted beavers in the area of 105 
sympatry, as well as from DNA analyses from wood chips collected at the base of trees felled by beavers 106 
(Kauhala & Timonen 2016). In practise, most of the data was from beaver locations without verified species 107 
identification. However, available data for individuals identified by their species (259 DNA samples and 129 108 
skulls) indicate that the Eurasian and North American beavers live in separate areas in Finland, but there are 109 
also areas of sympatry (Fig. 1; Kauhala & Karvinen 2018, Alakoski et al. 2019, Iso-Touru et al. 2020, 110 
Sjöberg & Belova 2020). Thus, we are confident that most observations that lacked species recognition could 111 
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be identified based on the location of the observation (the same approach was used by e.g. Brommer et al. 112 
2017 and Alakoski et al. 2019, see also Iso-Touru et al. 2020). However, we admit that a few 113 
misidentifications can occur in the data especially near and within the areas where the ranges of the Eurasian 114 
and the North American beaver meet in Finland, but this should not affect the results on habitat suitability as 115 
both species have data from these sympatric areas.  116 
 117 
Altogether there were 367 observations for the Eurasian beaver and 488 for the North American beaver. 118 
However, Maxent used a total of 229, 263 and 488 observations for the Eurasian beaver, the North American 119 
beaver and the species together, respectively. That is, Maxent did not use observations that lacked data for 120 
one or more of the environmental variables and which were not located within a 50-meter riparian habitat (92 121 
% of the original observations occurred within 50 meters of a watercourse). We modelled the habitat 122 
suitability of the beaver species separately, because we were interested in possible differences between the 123 
native and invasive species’ habitats. We also modelled the two species together, because the habitat use of 124 
the beaver species may potentially not much differ (Parker et al. 2012). The local abundance of the two 125 
beaver species in Finland results mainly from their reintroduction history (e.g. Brommer et al. 2017), i.e. 126 
both species are most abundant close to the sites where they were successfully introduced. Therefore, the 127 
environment in the present ranges does not necessarily describe accurately the conditions that are optimum 128 
for each species. Instead the model combining both species includes larger area potentially suitable for both 129 
species (Fig. 1). 130 
 131 
2.3 Environmental variables 132 
 133 
Variables used for the habitat suitability models were: aquatic habitat type, length of shoreline in the area, 134 
volumes of birch (Betula bendula, B. pubescens, B. nana), spruce, pine, aspen (Populus tremula), willow 135 
(Salix spp.), grey alder (Alnus incana) and black alder (Alnus glutinosa), forest age, site fertility, distances to 136 
agricultural fields and urban areas, human population size and average temperatures for late autumn, winter 137 
and early spring (Fig. 2). All explanatory variables were analysed in ArcMap (ESRI 2011) and they were 138 
computed from a 50-meter riparian habitat (description below in aquatic habitat) covering the whole country. 139 
The grid cell size for all explanatory variables was transformed to 16 m x 16 m, which was the highest 140 
accuracy of a variable, before importing to Maxent.  141 
 142 
2.3.1 Aquatic habitat 143 
 144 
We added waterways (streams < 20 m) and water areas (rivers > 20 m and lakes) from the data of the 145 
National Land Survey of Finland (topographic map 1:100 000) (Maanmittauslaitos 2/2015). The Euclidean 146 
distance to waterways and water areas (both as polylines and merged together) was computed with a 147 
maximum distance of 50 meters, which is a typical maximum foraging distance for beavers (e.g. Müller-148 
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Schwarze 2011). All variables were computed from this 50-meter riparian habitat. The aquatic habitat type 149 
was also used as an explanatory variable according to the classes of the National Land Survey of Finland 150 
(excluding sea water, which did not occur in the data), except lakes were divided into four classes according 151 
to their size. Therefore, there were ten aquatic habitat type classes: 1) streams <2 m, 2) streams 2−5 m, 3) 152 
streams 5−20 m, 4) >20 m rivers, 5) canals, 6) reservoirs, 7) lakes ≤ 1 ha, 8) lakes ≤ 10 ha, 9) lakes ≤ 100 ha, 153 
and 10) lakes >100 ha. In addition, length of shoreline in meters was computed with the merged polylines of 154 
waterways and water areas in a grid cell of 20 km x 20 km covering the whole area of Finland. The original 155 
beaver observations could occur anywhere inside the grid cell. Twenty km was selected as the axis length, 156 
because it is a reported maximum dispersal distance of beavers in one year (Hartman 1995). 157 
 158 
2.3.2 Forest 159 
 160 
We used the 2015 forest inventory data of the Finnish Forest Research Institute (Luke 2017; resolution 16 m 161 
x 16 m) to obtain volumes of birch, other deciduous trees, spruce and pine, forest age and site fertility 162 
(Tomppo et al. 2008). Volumes (as cubic meters per hectare) of birch, other deciduous trees (including 163 
aspen, alder spp., European mountain ash or rowan (Sorbus aucuparia) and the goat willow (Salix caprea)), 164 
spruce and pine were used to describe the forest growing stock (Ylitalo 2013). A combined variable of 165 
“deciduous trees” was computed as the sum of the birch and other deciduous trees. However, in the 16-meter 166 
resolution thematic map other deciduous tree species than birch (spp.) were not separated. Thus, the 167 
abundances of aspen, willow trees, grey alder and black alder (m3/ha) were calculated by dividing the 168 
volume of other deciduous trees into species-specific proportions on the basis of geostatistical interpolation 169 
of the National Forest Inventory sample plot tree data. The abundance data of species-specific volumes of 170 
other deciduous species were computed with a resolution of 1 km x 1 km (for further information see 171 
Jokinen et al. 2019). Thus, these tree species volumes do not represent actual tree abundance in the riparian 172 
area pixels but rather a relative abundance of these species at the landscape level. 173 
 174 
Forest age is the weighted average age of the growing stock in a forest stand in classes of one year. Site 175 
fertility is based on classification of the forests by vegetation zones into ten classes according to their fertility 176 
and wood production capacity (site fertility index: rank of 1, high to 8–10, low fertility). These classes are: 1) 177 
herb rich forest, 2) herb rich heath forest, 3) mesic forest, 4) sub-xeric forest, 5) xeric forest, 6) barren forest, 178 
7) rocky and sandy soils/alluvial land, 8) summit and fjeld land with single coniferous trees, 9) mountain 179 
birch dominated fjelds and 10) open fjelds. Classes 1−6 are classified as forest, class 7 can be forest land, 180 
poorly productive forest land or unproductive land. Classes 8−10 occur in Northern Finland and are either 181 
poorly productive forest land or unproductive land.  182 
 183 
2.3.3 Human influence 184 
 185 
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A raster of distance to agricultural fields was calculated with the Euclidean distance tool in GIS for the 186 
Corine land cover data for Finland for year 2012 (20 m x 20 m per grid cell; SYKE 2/2015) classes 187 
2111−2441. Similarly, the Euclidean distance to urban artificial areas (classes 1111−1331: including urban 188 
fabric; industrial, commercial and transport units; mine, dump and construction sites) was computed. For the 189 
local human population size, we used the 2017 population size in each municipality (Statistics Finland; 190 
www.stat.fi). 191 
 192 
2.3.4 Climate 193 
 194 
To describe the areal climatic conditions, the average monthly air temperatures for the ten previous years 195 
from October 2007 to April 2017 were derived from the data of the Finnish Meteorological Institute 196 
(fmi.fi:11.10.2018): the average temperatures from October to November (late autumn), December to 197 
February (winter) and March to April (early spring) were computed. Twenty-two observation stations 198 
distributed evenly in Finland that offered persistent weather data were used to measure the weather variables 199 
in this study. The average temperatures were extrapolated with the spline tool in GIS from the selected 200 
measurement points to describe areal temperature variation in Finland. 201 
   202 
2.4 Species distribution models 203 
 204 
We selected the Maximum entropy modelling software, Maxent (Phillips et al. 2006, Phillips & Dudik 2008) 205 
as it models species distributions using presence-only records. It compares the environmental data at the 206 
species locations to that of background samples in the environment (e.g. Phillips et al. 2006, Phillips & 207 
Dudik 2008, Elith et al. 2011, Merow et al. 2013). Maxent uses a machine learning method and aims to find 208 
the distribution that is most spread out, or closest to uniform, while taking into account the most contributing 209 
environmental variables at known species locations. Maxent chooses the distribution that maximizes the 210 
similarity between the environmental characteristics at the species locations and that of the whole 211 
environment. The maps of suitable habitats can be visualized in GIS and edited to find potential patterns of 212 
interest. The model performance in Maxent can be evaluated with the area under the receiving operating 213 
character (ROC) curve (AUC) (e.g. Jokinen et al. 2019). In their standard definitions, AUC and ROC 214 
describe the probability that the presences are discriminated from the absences (e.g. Jiménez-Valverde 2012, 215 
Yackulic et al. 2013). AUC values of replicated runs in Maxent indicate the model performance with 216 
presences against background samples, which can also include actual presence locations in addition to 217 
pseudo-absences, instead of real absences for which AUC is usually used (Merow et al. 2013). AUC values 218 
tend to be higher in Maxent for species with narrow ranges, but this does not necessarily mean that the 219 
models are better (Phillips 2017).  220 
 221 
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We aimed to create a model that can be utilized in conservation planning, that is, produce as good 222 
distribution maps as possible. For this intention Merow et al. (2013) argued that the aim should be to predict 223 
where the species occur, at the expense of complex response curves and potential over-fitting. Therefore, we 224 
(i) included all the known environmental variables that could affect the beavers’ distribution to create 225 
distribution maps. However, we also wanted to interpret the importance of different predictors. Thus (ii), we 226 
built a simplified version of our model (see below) which creates response curves that are more readily 227 
interpreted (Merow et al. 2013). That is, the more parsimonious models also reduce correlating variables. 228 
Finally, (iii), because forage is an important factor in the habitat of beavers, we created a model including 229 
only the resource factors (tree and forest type variables) to investigate which contribute most to distribution. 230 
Thus, in the end, we created in total three models and analysed the two species both separately and together 231 
(3*3 = 9 models). 232 
 233 
We established most of the settings in Maxent according to Young et al. (2011), except we used Maxent’s 234 
“raw output”: Maxent first makes an estimate of the ratio f1(z)/f(z), scaled to sum to one, between the 235 
conditional density of the covariates at the presence sites and the unconditional density of the covariates at 236 
the study area; thus giving an estimate of the relative suitability of one site vs another (Elith et al. 2010, 237 
Guillera-Arroita et al. 2014). The original raw output is suitable for e.g. territorial animals, because it does 238 
not make assumptions about prevalence as the logistic outputs do (Merow et al. 2013, Phillips et al. 2017). 239 
To account for the bias in surveying effort, a background sample area was made from the riparian area of the 240 
municipalities where the species’ observations were made (different areas for the two species in their 241 
separate models and combined area for the model with both species together). This was added as a “bias 242 
file”. To evaluate the models’ performance the random test percentage was set to 25 percent and the model 243 
was run 15 times. We created response curves to see the variables’ effect and did Jackknife tests to measure 244 
variable importance. 245 
 246 
2.4.1 The full model (i) 247 
 248 
The response variable was the observations of the beaver locations. A total of 172 and 198 presence records 249 
were used for model training and 57 and 65 for model testing (i.e. random test percentage 25; Young et al. 250 
2011), for the Eurasian beaver and the North American beaver, respectively. With both species, 366 presence 251 
records were used for training and 122 for testing. The explanatory variables (N=17) were: aquatic habitat 252 
type, length of shoreline, volume of aspen, willow, grey alder, black alder, birch, spruce and pine, forest age, 253 
site fertility index, distance to agricultural fields and urban areas, human population size and average 254 
temperatures for late autumn, winter and early spring. All explanatory variables were from a 50-meter 255 
riparian zone and they were continuous, except for aquatic habitat type and site fertility, which were 256 
categorical. 257 
 258 



8 
 

2.4.2 The model with the most important environmental variables (ii) 259 
 260 
We made a more parsimonious model with only the most important factors (Appendix A & B). The 261 
importance of the environmental variables was considered based on their percentage contribution to the 262 
model, the three Jackknife tests on model training and test gain, and AUC on the test data. However, 263 
environmental factors can be divided into three groups: limiting factors which control ecophysiology (e.g. 264 
temperature), disturbance factors which describe perturbations in the environment (e.g. anthropogenic 265 
disturbance), and resource factors (e.g. vegetation), which are the supplies needed by the organisms to 266 
survive (Guisan & Thuiller 2005). Bradie and Leung (2016) suggest using all these groups in the Maxent 267 
models. All climate variables were important but based on their response curves, they seemed to affect 268 
similarly. Because of their correlative nature, we kept only the best fitted climate variable in the model. For 269 
both the species together and for the Eurasian beaver, the mean winter temperature had the greatest 270 
contribution to the model. For the North American beaver, the mean autumn temperature had the greatest 271 
contribution of all the climate factors, but the differences were small. Therefore, we included the mean 272 
winter temperature in all the models, to be able to compare the results between species. For the resource 273 
factors (forage), we added a combined variable “deciduous trees” to account for all possible forage. Thus, for 274 
the Eurasian beaver, the North American beaver and both species together (three separate analyses; N=229, 275 
263 and 488, respectively), we created models including five explanatory variables: aquatic habitat type, 276 
mean winter temperature, human population size, agriculture and deciduous trees. 277 
 278 
2.4.3 The model with the resource factors (iii) 279 
 280 
For the Eurasian beaver, the North American beaver and the species together (N=232, 271 and 503, 281 
respectively), we created models that describe the availability of food resources for beavers. We included 282 
seven tree and forest type variables: birch, aspen, grey alder, black alder, willow, forest age and site fertility. 283 
 284 
2.4.4 Maps of suitable habitats 285 
 286 
Habitat suitability maps were created for the full model with the raw output's point-wise averages of the 15 287 
output grids in GIS. To be able to compare the suitable areas, the figure categories for the Eurasian beaver, 288 
the North American beaver and both species together were scaled similarly, i.e. the category breaks were the 289 
same. Three scales were used to describe the habitats - the least suitable, those with medium suitability and 290 
the most suitable, in order to find potential patterns of interest, which were evaluated visually. The cell size 291 
was increased by 100 to 1600 m x 1600 m, using the mean of the input cell values, to form more continuous 292 
and easily interpreted maps. It should be noted that these scales do not describe unsuitable habitats or 293 
absolutely the best habitats and no thresholds were used. 294 
 295 
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In addition, we created similar maps with the results of the resource model (model iii) to find out where the 296 
habitat is the most suitable when climate, aquatic type and disturbance factors are not taken into account. We 297 
also made maps with a higher resolution where the habitats for the Eurasian beaver were limited to the 298 
riparian area of streams and rivers >2 m, and areas where the human population size was <10 000. These 299 
maps could be applied in planning reintroductions for the Eurasian beaver. 300 
 301 
3. Results 302 
 303 
3.1 The full model and the reduced model 304 
 305 
The full model (model i) with 17 variables indicated a good model performance with mean training data 306 
AUC values of 0.94, 0.86 and 0.87 for the Eurasian beaver, the North American beaver and both species 307 
together, respectively. The reduced model (ii) with five variables had AUC values of 0.93, 0.84 and 0.87 for 308 
the Eurasian beaver, the North American beaver and both species together, respectively.  309 
 310 
For the Eurasian beaver, the aquatic habitat type made the greatest contribution to the full model (model i; 311 
45.3 %) and the reduced model (model ii; 51.6 %), followed by the mean winter temperature (14.9 % and 312 
20.9 %, respectively), human population size (12.5 % and 14.7 %, respectively) and agriculture (9.2 % and 313 
10.7 %, respectively). The contributions of the other explanatory variables were less than 4 %. 314 
 315 
Similarly, for the North American beaver, the aquatic habitat type made the greatest contribution to the full 316 
model (71.5 %) and the reduced model (81.9 %), followed by the autumn temperature (5.3 %) and aspen (5.0 317 

%) in the full model and the mean winter temperature (11.6 %) in the reduced model. Other variables 318 
contributed by less than 4 %. In addition, for both beaver species together, the aquatic habitat type made the 319 
greatest contribution to the full model (55.2 %) and to the reduced model (58.1 %), followed by the mean 320 
winter temperature (24 % and 31.5 %, respectively). The contributions of the other explanatory variables 321 
were less than 6 %. The aquatic habitat type was the environmental variable that in all the models produced 322 
the highest gain when used in isolation, and, when omitted, produced the most reduction in gain. For variable 323 
contributions in each model and Jackknife tests see Appendix A & B. 324 
 325 
According to the response curves for the aquatic habitat type (reduced model, Fig. 3), streams (5−20 m) and 326 
rivers (>20 m) were the most suitable for the Eurasian beaver. In addition to streams (5−20 m), lakes (1−10 327 
ha) were the most suitable for the North American beaver and the species together. Small streams (<2 m) and 328 
large lakes (>100 ha) were the least suitable for both species separately and together. The response to the 329 
winter temperature was not linear for the beavers: an optimum mean temperature for the Eurasian beaver was 330 

between �3 and −2°C and for the North American beaver approximately −6°C. In addition, a small human 331 
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population size and the vicinity of agriculture predicted the best habitat suitability for the Eurasian beaver 332 
(Fig. 3). 333 
 334 
3.2 The model with the resource factors 335 
 336 
The model (iii) with only the resource variables had AUC values of 0.79, 0.68, 0.74 for the Eurasian beaver, 337 
the North American beaver and both species together, indicating that resource factors alone do not explain 338 
distribution as well as the full model. Aspen made the greatest contribution to the models with 42.4 %, 52.6 339 
% and 63.5 %, respectively. For the Eurasian beaver and the species together, birch had the second most 340 
contribution with 17 % and 15.4 %, respectively, whereas for the North American beaver, grey alder was the 341 
second most important with a 22.1 % contribution. In addition, forest age (11.9 %) and site fertility (10.5 %) 342 
contributed to the model for the Eurasian beaver. Other variables contributed by less than 10 % in all models.  343 
 344 
From the most important resource variables, the abundance of birch (Eurasian beaver and both species 345 
together), and grey alder and aspen (North American beaver) increased the habitat suitability (Fig. 4). For the 346 
Eurasian beaver, approximately 2.5 m3/ha of aspen predicted the most suitable habitat, and for both species 347 
together areas with approximately 6.5 or >15 m3/ha of aspen were most suitable. In addition, for the Eurasian 348 
beaver young and herb rich (heath) forests were most suitable (Fig 4.). 349 
 350 
3.3 Habitat suitability maps 351 
 352 
Habitat suitability maps based on the full model can be seen in Fig. 5. The most suitable habitats for the 353 
Eurasian beaver occur mostly in south-western Finland, whereas for the North American beaver the most 354 
suitable areas occur mostly in south-eastern Finland. The resource models’ results show that the most 355 
suitable habitats occur more abundantly for the Eurasian beaver. In the models with both species together 356 
there is a larger area of suitable habitats than in the species-specific models (Fig. 5). 357 

 358 

4. Discussion 359 
 360 
We observed that the main contributors for the distribution of beavers in Finland were the presence of 361 
suitable aquatic habitat types and the climate. These variables together seemed to mainly determine where 362 
beavers could be located. Moreover, we observed that the resource variables, especially aspen, birch and 363 
grey alder, affected the habitat suitability of the two species differently. However, the observed differences 364 
partly reflect the differences in the present distribution areas of the two species. Thus, the habitat suitability 365 
maps based on the combined data for both species may also be used to indicate potential areas for the native 366 
Eurasian beaver in Finland.  367 
 368 
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4.1 Environmental characteristics best explaining the habitat suitability  369 
 370 
Aquatic habitat type best explained the riparian habitat suitability for beavers. Both species preferred 371 
medium sized lakes and medium to large streams and rivers. The suitability of wider streams and rivers is in 372 
accordance with earlier studies of the Eurasian beaver. Ruys et al. (2011) reported that colonizing beavers 373 
selected the widest possible waterways in France, with a mean width of 59 m. These rivers offer a constant 374 
water level and a water depth of >50 cm, which is the minimum required level for beaver settlement (Müller-375 
Schwartze 2011). In contrast, in Norway where the beaver populations are near the carrying capacity, 376 
beavers selected narrower sections of the river to achieve easier access to both sides of the riverbank (Pinto 377 
et al. 2009). However, beaver lodges did not occur along the narrowest rivers surveyed in Sweden (Hartman 378 
1996). It should be noted that in our raw data from the riparian area for both species together (N=723), 379 
streams <2 m were the second most used aquatic habitat. The difference between the observed use of the 380 
smallest streams in our data and the model predictions imply that the smallest streams were only used in 381 
Finland because they are abundant in the environment. Contrary to Brommer et al. (2017), the length of 382 
shoreline in the landscape did not make a large contribution in our models. The small contribution of 383 
shoreline length perhaps reflects the good dispersal abilities of beavers.  384 
 385 
Furthermore, climate, indicated here by the winter or autumn temperature, was an important factor 386 
explaining habitat suitability and the distribution of beavers. The optimum mean winter temperature for the 387 

Eurasian beaver was between �3 and −2°C and for the North American beaver approximately −6°C. The 388 
observed difference between the species may, at least partly, result from difference in distribution due to 389 
different introduction histories. Indeed, in the model for both species together, the response to mean winter 390 
temperature was more linear, indicating a preference for areas with a warmer winter temperature. A warm 391 
winter temperature likely reflects a generally warmer climate and a shorter winter in the area, which means a 392 
longer activity period when beavers can collect winter food caches. Furthermore, a warm climate also means 393 
an early spring (growing season) and thus better food resources for beavers. Warm temperatures may also 394 
have a positive effect on energy balance and foraging time during winter because energy requirements of 395 
beavers are unlikely to be met solely by their winter food cache (Dyck & Macarthur 1993). The North 396 
American beaver’s preference for colder areas may also indicate the importance of snow cover which gives 397 
shelter from cold and predators. A 40 cm thick snow cover keeps the temperature inside the lodge up to 38°C 398 
above the lowest air temperatures outside (Stephenson 1969). Furthermore, beavers have adapted to cold by 399 
also decreasing their activity outside the lodge during extended periods of cold weather (e.g. Lancia et al. 400 
1982).  401 

 402 

Human disturbance and agriculture also explained the present distribution of the Eurasian beaver. Habitat 403 
suitability was highest immediately next to agriculture and at a very small human population size. However, 404 
despite of the preference for low human population size beavers can occur in human dominated areas (see 405 
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e.g. Dewas et al. 2012). In areas where beavers are not hunted, they may live close to large human 406 
populations. Human population and agriculture are more abundant in the range of the Eurasian beaver and 407 
thus affected its distribution and habitat use, observed also in earlier studies (Kauhala & Turkia 2013, 408 
Alakoski et al. 2019).  409 

 410 
The abundance of trees, site fertility and forest age contributed surprisingly little to the habitat suitability. 411 
Gorshkov and Gorshkov (2011) found that beavers' foraging preferences were largely determined by the 412 
availability of different tree species in the riparian zone, suggesting that the role of individual tree species for 413 
beaver distribution may indeed be hard to detect. However, the combined variable for deciduous trees did not 414 
much contribute to our models either. Nolet and Rosell (1994) found that forage may not need to be 415 
abundant in a small area in the riparian zone but could be more scattered in a larger area. This may partly 416 
explain the small contribution of abundance of forage near beaver observations in the present study. 417 
However, for aspen, grey and black alder, and willow trees we used data for relative abundances in a larger 418 
area. We did not have data for shrubby willows, which might be utilized as forage as they are often abundant 419 
in riparian habitats. Based on earlier analysis of these data (Alakoski et al. 2019) birch is more abundant near 420 
the lodges (within core areas) than within the rest of the territory. Thus, at least for birch, the models should 421 
have overestimated the role of birch for distribution, which furthermore highlights the unexpectedly low 422 
contribution of resource variables in our full model.  423 
 424 
4.2 Resource factors explaining habitat suitability 425 
 426 
Abundance of aspen was the most important factor from the used resource factors (abundance of trees, site 427 
fertility and forest age) in our models. For the North American beaver, the response to aspen abundance was 428 
clearly linearly positive, but for the Eurasian beaver the optimal value did not need to be the highest 429 
abundance of aspen. That is, in a model with the other resource variables, unexpectedly, a relatively low 430 
abundance of aspen (approximately 2.5 m3/ha) predicted the best habitat suitability. However, when aspen 431 
was treated alone, a higher abundance of aspen also predicted a high habitat suitability for the Eurasian 432 
beaver. The nonlinear response curve in the previous model version may result from a correlation with some 433 
other (resource) variable. Furthermore, aspen is relatively rare in the present range of the Eurasian beaver 434 
(Fig. 2a), which is not necessarily the most optimum habitat for beavers. Based on earlier studies on beavers’ 435 
foraging behaviour aspen is often reported to be the most preferred species for beavers (Danilov et al. 2011) 436 
and birch has been found to be important in Finland (Kauhala & Karvinen 2018, Alakoski et al. 2019). In 437 
addition, in line with our results, Danilov & Kan’shiev (1983) found that the North American beaver utilized 438 
grey alder more often than the Eurasian beaver when the two species lived in the same area, although not in a 439 
similar habitat. Probably all deciduous species can increase the habitat suitability for beavers, but their 440 
importance depends on the species’ local abundance and composition. 441 
 442 
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4.3 Potential suitable habitats for the species on a map 443 
 444 
In the species-specific models, most of the potentially suitable habitats for the Eurasian beaver occur in 445 
south-western Finland, where the species’ present range mostly occurs, whereas the least suitable habitats 446 
occur in northern and eastern Finland. Our predictive maps can be used to identify areas which are highly 447 
suitable, but presently are not inhabited by beavers. Such areas that could be used as reintroduction sites for 448 
the Eurasian beaver occur north and south-east from the present distribution of the species (Figs. 1 and 5a). 449 
In addition, small highly suitable areas also occur sporadically in other parts of the country (see also below 450 
the potential suitable habitats with the model with both species).  451 
 452 
The most suitable habitats for the North American beaver seem to occur in southern and central Finland, but 453 
also occurring mostly in the species' present range (Fig. 5b). The least suitable areas occur in northern and 454 
south-western Finland. Based on the species-specific models the present range of the Eurasian beaver seems 455 
to be of low suitability for the North American beaver. However, this result partly depends on the 456 
background area used in the species-specific models, i.e. the present distribution of each species. In other 457 
words, we do not know if the habitat use of the two species would be similar in Finland if they were 458 
sympatric. According to Danilov et al. (2011b), when occupying a similar habitat, no noteworthy differences 459 
in construction activity, landscape use or diet seemed to exist between the Eurasian and the North American 460 
beaver. Additionally, Parker et al. (2012) concluded that niche overlap is virtually complete between the 461 
species, although knowledge on sympatric populations of the species is limited. For Maxent models, it is 462 
well known that the selection of background area influences model performance (VanDerWal et al. 2009). 463 
This at least partly explains the varying results we obtained with species-specific models and models with 464 
the species combined.  465 
 466 
Thus, the models with both species combined might best predict the potential location of suitable habitats for 467 
beavers in Finland. Based on the full model of combined data, suitable habitats for beavers occur in most of 468 
southern and central Finland, and in north-western Finland, whereas the least suitable areas occur mostly in 469 
northern Finland (Fig. 5c). When taking into account only the resource factors, suitable habitats occur in 470 
most of Finland, except in a small area in north-eastern Finland. This fits the present knowledge of multiple 471 
beaver occurrences in Northern Finland better than the full model which mainly base on the occurrence of 472 
aquatic habitat types and climate. In species-specific models, when the habitat suitability maps were created 473 
based only on the resource model (i.e. forage availability), there seemed to be more suitable habitats for the 474 
Eurasian beaver, but less for the North American beaver. The most suitable areas especially for the Eurasian 475 
beaver differ greatly from those created with the full model, whereas for the North American beaver they 476 
occur in the same areas but follow more the abundance of aspen and grey alder (Figs. 2 and 5). It should be 477 
noted, that when using background data instead of true absences, AUC-values are not recommended for 478 
comparing model fit, and a model with a lower AUC-value could predict a potential distribution better than a 479 
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model with a higher value, which could approximate the realized distribution more (Jiménez-Valverde 480 
2012). Moreover, beavers are flexible in their habitat use and could therefore colonise areas outside our 481 
predicted suitable habitats. However, highly suitable areas for beavers in Finland can be seen on the maps in 482 
Fig. 5. 483 
 484 
4.4 Management implications and conclusions 485 
 486 
Overall, the limiting factors (aquatic habitat type and climate) and disturbance factors (agriculture and 487 
human population size) mainly predicted the habitat suitability for beavers, whereas the resource factors 488 
(forage trees) contributed only little. Indeed, climate and bathymetry or topography are often found to be the 489 
most important factors in Maxent-models (Bradie & Leung 2016), although the relative importance of 490 
different environmental variables also depends on the spatial scale of the studies (Elith & Leathwick 2009). 491 
However, when planning species conservation and mapping suitable habitats for e.g. reintroductions, 492 
adequate resources should also be available. Deciduous tree abundance (in Finland especially birch and 493 
aspen) in the riparian zone should be taken into account when estimating suitable habitats for the Eurasian 494 
beaver. In addition, terrestrial and aquatic herbs (Danilov et al. 2011) should be present and the quality of the 495 
aquatic habitat, e.g. bank slope (Hartman 1994) might be important. We did not have data for these smaller 496 
scale environmental variables, and at least the water depth should be taken into account, as beavers are 497 
reported to need a minimum water depth of 50 cm (Müller-Schwartze 2011), which our result on the 498 
importance of wider streams might also indicate. Nevertheless, the large-scale environmental factors used in 499 
this study can be utilized in planning e.g. areas for reintroductions; however, the quality of the site should be 500 
checked in the field.  501 
 502 
Our study can be used to improve conservation planning of the Eurasian beaver and highlight the importance 503 
of also including other variables than resource variables when modelling the distribution of species. 504 
Naturally, at the territory level it is essential to have enough forage, but the favoured tree species may be 505 
related to their availability in the local environment. However, ultimately what determines distribution of 506 
beavers in Finland depends on the location of suitable aquatic habitats, climate, and human influence, 507 
including hunting. Since the environmental requirements of the beaver species are more or less similar, 508 
management of beaver populations in Finland should include eradication of the invasive beaver from areas 509 
where it is intruding on the range of the native beaver.  510 
 511 
Species distribution models can be a valuable tool in species management and conservation, and 512 
collaboration between researchers and decision makers is advisable (Guisan et al. 2013, Jokinen et al. 2019). 513 
However, the limitations of the models should be considered when making recommendations based on the 514 
SDMs (Yackulic et al. 2013). These models rely heavily on the available data on species occurrences and 515 
evaluate the habitat suitability according to the habitat at the present species locations. Because of this, 516 
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sufficient data on the species’ occurrences is needed. For this citizen-science data is a valuable resource, 517 
because ecological surveys that cover large areas may otherwise be too time and cost consuming. In addition, 518 
as suggested in this study, the history of the species may play an important role in where the species occurs; 519 
this is reflected in the habitat available in the present environment of the species. Therefore, studies on 520 
habitat suitability with data from different environments could offer more comprehensive information in 521 
order for decision makers to make better management plans.  522 
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Fig.1 The present distribution of the Eurasian and North American beavers in Finland based on the 715 
monitoring count in 2017 and species determination using skull morphometry and DNA analyses. Green = 716 
Eurasian beaver, brown = North American beaver, points = DNA analysis, squares = observations. (see also 717 
http://riistahavainnot.fi/pienriista/majavatiheys) 718 
 719 
Fig.2 Examples of environmental variables in GIS. A) Abundance of aspen (m3/ha in 1 km x 1 km), b) 720 
abundance of birch (m3/ha in 16 m x 16 m), c) abundance of grey alder (m3/ha in 1 km x 1 km), d) human 721 
population size in municipalities, e) mean winter temperature (°C) and f) distance to agricultural areas (m) 722 
 723 
Fig.3 Response curves on how the most contributing environmental variables in the reduced model (model ii 724 
in main text) affect the Maxent prediction on habitat suitability as each variable is varied, keeping all other 725 
environmental variables at their average sample value. First column indicates the Eurasian beaver, the 726 
second column’s first two figures the North American beaver and last two both species together. In the bar 727 
charts the red colour indicates the average estimate of the 15 model runs, blue indicates the highest estimate, 728 
and light blue the lowest estimate. In the line charts, red line indicates the average of the 15 runs and blue 729 
colour indicates the variation in the model estimates 730 
 731 
Fig.4 Response curves on how the most contributing environmental variables in the resource model (model 732 
iii in main text) affect the Maxent prediction on habitat suitability as each variable is varied, keeping all other 733 
environmental variables at their average sample value. First column for the Eurasian beaver, second 734 
column’s first two figures for the North American beaver and last two for both species together. In the bar 735 
charts the red colour indicates the average estimate of the 15 model runs, blue indicates the highest estimate, 736 
and light blue the lowest estimate. In the line charts, red line indicates the average of the 15 runs and blue 737 
colour indicates the variation in the model estimates 738 
 739 
Fig.5 Maps of potential suitable habitats for the Eurasian beaver (a, d), the North American beaver (b, e) and 740 
both species modelled together (c, f). Red = most suitable habitat, yellow = medium habitat and blue = least 741 
suitable habitat. Maps produced using the averages of raw output of the full model (a–c), and the resource 742 
model (d–f), i.e. with tree species, site fertility and forest age 743 
 744 
Fig.6 Example of suitable habitats (cell size 100 m x 100 m) based on the resource model's results for the 745 
Eurasian beaver, limited to streams and rivers with a width of >2 m in municipalities with less than 10 000 746 
people. The area was selected so that it also included medium and most suitable habitats based on the full 747 
model's results 748 
 749 
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