Global Ecology and Conservation 20 (2019) e00701

Contents lists available at ScienceDirect

Global Ecology and Conservation

journal homepage: http://www.elsevier.com/locate/gecco

Original Research Article

The beaver facilitates species richness and abundance of ()

terrestrial and semi-aquatic mammals

Petri Nummi **, Wenfei Liao °, Ophélie Huet ¢, Erminia Scarpulla ¢ ¢,
Janne Sundell ©

2 Department of Forestry, University of Helsinki, PO.Box 27, FI-00014, University of Helsinki, Finland

b Faculty of Biological and Environmental Sciences, University of Helsinki, PO.Box 65, FI-00014, University of Helsinki, Finland

€ Department of Animal Biology and Genetics, Master Behavioural Ecology, Evolution and Biodiversity, University of Tours, Faculty of
Sciences and Technologies, Grandmont Park, 37200, Tours, France

4 Department of Biological, Geological and Environmental Sciences, University of Bologna, via Francesco Selmi 3, 40126, Bologna, Italy
€ Lammi Biological Station, University of Helsinki, Padjarventie 320, FI-16900, Lammi, Finland

ARTICLE INFO ABSTRACT
ArtiCk history: Beavers are ecosystem engineers which are capable to facilitate many groups of organisms.
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camera trapping and snow track survey to investigate the facilitation of a mammalian
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community by the ecosystem engineering of the American beaver (Castor canadensis) in a
boreal setting. We found that both mammalian species richness (83% increase) and
occurrence (12% increase) were significantly higher in beaver patches than in the controls.
Of individual species, the moose (Alces alces) used beaver patches more during both the
ice-free season and winter. The Eurasian otter (Lutra lutra), the pine marten (Martes

Keywords:

Castor

Ecosystem engineer
Eurasian otter

Moose martes) and the least weasel (Mustela nivalis) made more use of beaver sites during the
Restoration winter. Our study highlights the role of ecosystem engineers in promoting species richness
Wetlands and abundance, especially in areas of relatively low productivity. Wetlands and their

species have been in drastic decline during the past century, and promoting facilitative

ecosystem engineering by beaver is feasible in habitat conservation or restoration. Beaver

engineering may be especially valuable in landscapes artificially deficient in wetlands.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Ecological facilitation is a form of species interaction in which a species may render a habitat more suitable for other
organisms (Bertness and Callaway, 1994; Stachowicz, 2001; Soliveres et al., 2015). Facilitation is assumed to be especially
important in harsh and moderately stressful environments (Holmgren and Scheffer, 2010; He and Bertness, 2014). Habitat
modification by facilitation can include processes that lead to structural amelioration and/or resource enhancement in the
environment (Bruno et al., 2003). Traditionally, facilitation has been documented especially in plant communities and among
sessile animals; it has been found both in aquatic and terrestrial habitats, such as salt marshes, rocky shores and forests
(Bertness and Leonard, 1997; Brooker et al., 2008). Although relatively few studies have focused on facilitation between more
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mobile animal species, accumulated research shows that facilitation also strongly affects animal species abundances and
occurrences along with community structures (Van der Wal et al., 2000; Pringle, 2008; Nummi and Holopainen, 2014; Li et al.,
2018).

Ecosystem engineers are a group of organisms that can bring about facilitation by affecting the habitat and resource
availability to other species (Jones et al., 1994; Wright and Jones, 2006). A recent meta-analysis revealed that the overall effect
of ecosystem engineers on diversity corresponds to a 25% increase in species richness globally (Romero et al., 2015). This is an
important finding considering the decline in biodiversity worldwide (Grooten and Almond, 2018). Parallel to facilitation,
ecosystem engineering is predicted to positively affect species richness, especially when it increases productivity in a low-
productivity system (Wright and Jones, 2004).

Ecosystem engineers can be either autogenic or allogenic. Autogenic engineers are themselves a part of the new physical
state, while allogenic engineers can create a structure but are not a part of the new physical state (Jones et al., 1997).
Ecosystem engineers can also be classified into obligate and facultative engineers. Obligate ecosystem engineers make
changes in habitat and community structure even when occurring in low numbers, whereas the impact of facultative en-
gineers can only be detected in certain conditions such as at higher population densities (Coggan et al., 2018).

Beavers, i.e. Eurasian beavers (Castor fiber) and American beavers (C. canadensis), are allogenic and obligate ecosystem
engineers, who are capable of changing multiple structural and abiotic variables in their riparian environment (Johnston,
2017). Via dam building, beavers create patch disturbances, which promote heterogeneity at both patch and landscape
levels (Wright et al., 2002; Nummi et al., 2019; Willby et al., 2018). Damming changes both abiotic and biotic conditions in
riparian areas. A water-level rise often considerably widens the wetland area and modifies the physical, chemical and bio-
logical conditions in the riparian zone. Beaver flooding leads to an increase in productivity, as e.g. carbon is released from the
flooded soil and dying vegetation of the flooded area (Vehkaoja et al., 2015; Nummi et al., 2019). Additional engineering by
beavers includes tree cutting, aquatic herbivory and channel digging. Tree cutting creates forest openings (Johnston and
Naiman, 1990a), aquatic herbivory affects the habitat structure in the water column (Parker et al., 2007; Law et al., 2014),
while channel digging provides more riparian connectivity into the landscape (Hood and Larson, 2015). Both beaver species
are assumed to have equivalent effects on the environment (Danilov and Fyodorov, 2015).

At the beginning of the 20th century, beavers were on the verge of extinction both in America and Eurasia due to over-
harvest. Both species have thereafter partially recovered. In North America, beavers had returned to most of their original
range by the 1950s (Jenkins and Busher, 1979), and their present population is estimated at 30 million (Whitfield et al., 2015).
The increase in the Eurasian beaver population is more recent; the species is recolonizing or has recolonized many parts of its
original range. The population amounts to at least one million individuals and is increasing (Halley et al., 2012). With the
demise of beavers, most of their ecosystem services in riparian ecosystems, including biodiversity maintenance, were also lost
(see Law et al., 2017). During recent centuries, wetlands have been dramatically affected also because of other anthropogenic
activities, such as overexploitation, flow modification, destruction or degradation of habitat, and changing climate (Dudgeon
et al.,, 2006, Reid et al., 2019).

The occupation time of a beaver colony at a certain site varies from three years to many decades (Johnston and Naiman,
1990b; Hyvonen and Nummi, 2008). A beaver patch undergoes various successional phases over time (Naiman et al., 1988;
Wright et al., 2004). First, an impoundment is formed by the water raised due to damming. This phase lasts from a few years
to a few decades depending on the duration of the flood (Johnston and Naiman, 1990b; Hyvonen and Nummi, 2008). After
beaver abandonment and dam breaching, terrestrial succession gradually begins at the patch and forms a beaver meadow
(Johnston, 2017); in low-gradient landscapes, paludification may begin from beaver patches (Nummi et al., 2018). From a
landscape perspective, beavers create a shifting mosaic of patches at various phases of succession in a wet-dry continuum.

Various species are facilitated at different phases of beaver patch succession. During the flooding phase, the abundance
and diversity of animals, such as fish, frogs, waterbirds, and bats, increases (Snodgrass and Meffe, 1998; Dalbeck et al., 2007;
Nummi et al., 2011; Nummi and Holopainen, 2014). In the beaver meadow phase, high nitrogen levels add plant diversity to
the landscape level, which provides habitat harbouring e.g. threatened butterflies (Wright et al., 2002; Bartel et al., 2010). In
the early phase of terrestrial succession, abundant saplings of deciduous trees provide food for herbivores (Wolfe, 1974;
Hyvonen and Nummi, 2008). In landscapes long inhabited by beavers, beaver patches at a given time are in various suc-
cessional phases in the landscape, thus many different species can concurrently be present.

Apart for otters and bats (e.g. LeBlanc et al., 2007; Ciechanowski et al., 2011), the knowledge of beaver facilitating other
mammals is mainly based on separate observations rather than quantified information (Rosell et al., 2005). The known in-
crease of abundance of organisms of various trophic levels (e.g. plants, invertebrates, vertebrates) should also affect
mammalian species using them as food. In this study, we aimed to reveal the facilitative effect of beaver on other mammals by
using two methods: camera trapping and snow tracking. We hypothesize that on a patch scale, beavers have a positive effect
on mammal species richness and their occurrence of, at least, some of the species.

2. Methods
2.1. Study area

We collected data in a watershed (area 39 km?) at Evo (61°12 N, 25°07’ E) in southern Finland (Nummi and Péysa, 1993;
Arvola et al., 2010). The study lakes are oligotrophic and relatively small (0.3—13.7 ha, mean = 3.0 + 3.4 ha). Boreal forest
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covers most of the area, interspersed with lakes and mires. Agriculture and human settlement are limited and local. Apart
from beaver-created variability, the landscape-level habitat structure of the Evo lakes has been fairly stable for the past 25
years (Suhonen et al., 2011; Thompson et al., 2016). At Evo, beavers move from one lake to another every three years on
average, thus new beaver habitat patches are continuously created while old ones are abandoned (Hyvonen and Nummi,
2008). The beavers at Evo are introduced American beavers (Parker et al., 2012). The lakeshores of the study area are
generally steep, with sparse emergent vegetation consisting mainly of sedges (Carex spp.) and common reed (Phragmites
australis). Emergent vegetation is usually lined with narrow belts of floating vegetation, consisting of yellow water lilies
(Nuphar lutea) and water lilies (Nymphaea candida); submerged vegetation is very sparse. The lake margins are lined with
Sphagnum mosses or dwarf shrubs, and sedges dominate in drawdown areas abandoned by beavers. Coniferous spruce (Picea
abies) and Scots pine (Pinus sylvestris) dominate the surrounding forests, but the lakes are often lined with a narrow belt of
deciduous birches (Betula spp.), alders (Alnus spp.) and willows (Salix spp.). Some lakes are typically situated on the glacio-
fluvial sandy deposits in the lower part of the area and others are located on the till deposits in the upper areas (Arvola et al.,
2010). The shore profile of beaver ponds are significantly shallower than non-beaver ponds and contain inundated herba-
ceous vegetation and bushes (Nummi and Hahtola, 2008). Located in a cool continental climate, all wetlands freeze over from
November to April, which is also the timing of the snow cover.

In this study, we compared the composition of mammal fauna of 10 beaver-modified sites with 10 control sites. A beaver-
modified site is a wetland formed following the construction of a beaver dam, in the outlet of a river or lake. The water table of
two beaver-modified sites was lowering due to recent beaver abandonment (1—2 years), and the age of the eight beaver
flowages varied from 2 to 33 years. The control sites are lakes within the same drainage basin as the beaver sites but not
altered by beavers. Out of the 10 control patches, 6 were never engineered by beavers and 4 were engineered but then
abandoned patches (5—11 years earlier); no significant difference of these never-beavered sites and long-abandoned sites
were found with two-sided Wilcoxon's test (Table 1).

2.2. Camera trapping

Camera traps were used to evaluate how the ecosystem engineering by beavers affects other mammal species (Mishin and
Trenkov, 2016). Cameras (Uovision UV595-Full HD, Ltl 8219A and Burrel S10/S12 HD) were active in the study sites for
approximately eight months in total during two periods (12.9.—21.11.2017 and 15.1.—17.7.2018). At each study site, the cameras
were installed parallel to the shore at a 2—5-m distance from the shore in small open areas with good visibility. Each camera
was installed at a height of 120 cm from the ground level. The cameras were set to take three pictures per trigger with a 1-min
delay after each picture. Each study site had one stationary camera, and ten additional cameras were rotated between study
sites at approximately two-week intervals. The cameras used were capable of taking night photos. We did not use lures to
attract animals, and cameras were active 24 h daily.

The pictures were checked at the end of the camera trapping period. Detections of the same species at the same site within
30 min were calculated as one detection. We pooled the camera trappings as one observation per pond per season. We
classified 15th April to 31st May as spring, 1st June to 31st July as summer, 1st September to 30™ November as autumn, and 1st
January to 14th April as winter. In total, we had 80 observations from 20 sites.

2.3. Snow tracking

Snow tracking was conducted during the wintertime, from 15th February to 12th April 2018, with each site visited five
times during the survey. In total, we had 100 observations from the 20 sites. Because the snow must be deep and fresh enough
so that identifiable prints are left by the animals, mammal tracks were counted 1—4 days after the last snowfall (Sulkava,
2007; Riistakolmiot, 2016). Transects were made around all the water bodies with a distance of 5—20 m from the shore
line, and mammal tracks crossing the counting route were listed as one observation for a species. Cases where an animal was
following the trail were counted as one observation. Tracks were identified to species or species group levels; the latter
mainly included different hares, including brown hare (Lepus capensis) and mountain hare (L. timidus), and small mammals,
including voles (Arvicolinae), mice (Murinae) and shrews (Soricinae).

Table 1
Data exploration of the differences of mammal species number and visits between never-beaver ponds and beaver-abandoned ponds with two-sided
Wilcoxon's test. No significance was found between the two types of non-beaver ponds.

Data Types Never-Beaver Beaver-Abandoned p-value
Camera Data Species Number 0.75+0.99 0.63 +0.89 0.771

Mammal Visits 1.13+1.54 1.19+1.79 0.964
Snow Track Data Species Number 1.37+0.89 1.50+0.89 0.503

Number of Snow Tracks 10.87 +11.02 14.70 £ 14.31 0.250
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2.4. Statistical analysis

We conducted all data analyses using statistics software R (R Core Team, 2018). The response variables, species numbers
and mammal visits from the wildlife camera and species numbers from the snow track surveys followed a Poisson distri-
bution. In data exploration, we detected zero inflation in the camera data due to many photos without animals pictured; thus,
we applied zero-inflated Poisson (ZIP) models with the package “glmmTMB” (Brooks et al., 2017). Additionally, we included
the study sites and the seasons as potential random effects in the mammal visit model to avoid pseudo-replication and to
account for the differences among sites and seasons (Zuur et al., 2010). In the snow track data, we detected no random effects
affecting species numbers and thus applied generalised linear models (GLM).

In the models, we used sampling effort and patch categories, i.e. beaver-modified and control patches, as explanatory
variables (Appdendix 1). We standardized sampling effort, i.e. trapping nights in the camera data and survey route length in
the snow track data, and used them as covariates. We chose the optimal model based on the lowest Akaike information
criterion (AIC) values. To validate the models, we simulated 10 000 datasets to check whether the models could generate
similar data to the observed data (Zuur and Ieno, 2016).

Due to serious overdispersion caused by large variations, we did not use GLM to analyse the snow track number data in this
paper. Instead, we compared the snow track numbers in the beaver and control patches with the one-sided Wilcoxon's test
using the function “wilcox.test” (R Core Team, 2018). Additionally, we tested three individual mammal species with more than
20 presence observations in the camera data: the moose (Alces alces), the raccoon dog (Nyctereutes procyonoides) and the red
fox (Vulpes vulpes). In the snow track data, we tested the number of snow tracks per kilometre per survey for eight species/
guilds (Appendix 2).

3. Results

Altogether, we found 11 species in the beaver patches and 9 species in the controls during the camera trapping, and 10
species/species groups in the beaver patches and 8 in the controls during the snow track surveys. On average, we found 1.28
species per season in beaver patches and 0.70 species per season in control patches for the camera trapping (Fig. 1A); 2.71
species per kilometer per survey in beaver patches and 2.41 species per kilometer per survey in control patches for the snow
track survey (Fig. 1B).
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Fig. 1. Boxplots of the camera trapping and the snow track survey. Species richness in camera trapping (A) and snow survey (B), mammal visits per season in
camera trapping (C), and snow track counts/km per survey (D).
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Fig. 2. (A) Accumulated mammal visits in beaver and control patches according to camera trappings; (B) mean snow track numbers per kilometre per survey
route of four species in beaver and control patches. Only species showing P < 0.05 (*) or P < 0.10(O) shown in figures (for all species, see text and Appendix 2).

3.1. Camera results in beaver and control ponds

The result of the optimal ZIP model reveals that mammal species number was significantly higher in beaver patches than
in the control patches (p =0.024, Appendix 1.1). The optimal ZIP model shows that no covariates can explain mammal
presence and absence, but mammals visited beaver patches more than the controls (p = 0.046, Appendix 1.2). Wilcoxon's test
results showed that moose visited beaver ponds significantly more than the control ponds (p = 0.042). A similar trend was
also evident for the red fox and the raccoon dog (Fig. 2). Red squirrels (Sciurus vulgaris), mountain hares, brown hares, white-
tailed deers (Odocoileus virginianus), roe deers (Capreolus capreolus), and badgers (Meles meles; see Appendix 2) were
additional species identified in the cameras.

3.2. Snow tracks

The snow tracks also showed species number to be higher in beaver patches than in control patches (p = 0.013, Appendix
1.3) along with their activity. The mean track number in beaver patches was 18.37 tracks per kilometer per survey route, while
we observed 13.77 tracks per kilometer per survey route in the control patches (Wilcoxon's test, p = 0.035). For single species,
observations of moose (p = 0.041), otter (Lutra lutra, p=0.048), least weasel (Mustela nivalis, p=0.007) and pine marten
(Martes martes, p=0.021) were significantly more numerous in beaver patches than in controls (Fig. 2B). Other detected
mammal tracks belonged to small mammals, red squirrels, hares, the red fox, the raccoon dog, the wolf (Canis lupus) and the
lynx (Lynx lynx; see Appendix 2).

4. Discussion

In our study, for the first time, a significantly greater number of terrestrial and semi-aquatic mammal species were
observed in beaver patches than in the control patches. Our study area represents a boreal coniferous forest ecosystem of
relatively low productivity, thus, circumstances are favourable for facilitation (Bertness and Callaway, 1994; Holmgren and
Scheffer, 2010). Facilitation by the beaver has previously been found in the very same landscape in bats (Nummi et al.,
2011), frogs (Vehkaoja and Nummi, 2015), and in the entire waterbird guild (Nummi and Holopainen, 2014). The number
of species in beaver patches was significantly higher than in the controls, as well as their activity. This is true for both the
camera traps and the snow tracks. When comparing small mammal communities, Samas and Ulevicius (2015) also found
more species in beaver lodges (11) than in the nearby forest (5).

Nummi and Hahtola (2008) concluded that beaver facilitated the ducklings of the common teal (Anas crecca) by both
structural amelioration of the riparian habitat and resource enhancement. The creation of a wider shallow littoral zone is an
important structural change of beaver-modified patches in the boreal. This shallow zone harbours a more abundant inver-
tebrate fauna than non-beaver ponds do (Nummi, 1989; McDowell and Naiman, 1986). Similarly, bats have been observed to
benefit from both structural changes in the form of forest openings (Ciechanowski et al., 2011) and resource increase in the
form of a growing number of emerging insects (Nummi et al., 2011).

In this study, we do not have detailed knowledge of the resources or habitat structure. We assume, however, that the
general increase in mammal species at the beaver ponds is partly caused by the general productivity increase in the aquatic-
terrestrial interface (Vehkaoja et al., 2015). In the aquatic phase, the abundance of organisms at different trophic levels of the
aquatic food chain increases. When a beaver meadow exists, greater production of herbs and grasses takes place, because
nutrients become available in the previously anoxic soil after beaver abandonment (Johnston, 2017).

Moose were more active in beaver patches according to both camera traps and snow tracks. Moose and other herbivores
may benefit from the small openings created by beavers that contain young saplings of deciduous trees (Johnston and
Naiman, 1990a). After beaver flooding, the shore tree stands also become more dominated by deciduous trees (Hyvonen
and Nummi, 2008). In theory, abandoned beaver patches could also have had more moose activity, but it didn't seem to
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be the case. Wolfe (1974) noted that the bulk of trees felled by beavers often remains where they fall. The bark and branches of
these trees increase the food supply for species, such as moose, roe deer and white-tailed deer, during autumn and winter
because some tree parts remain above the snow surface (Rosell et al., 2005, Nummi, pers. obs.). Additionally, the regrowth of
aspen, birch and willows after beaver abandonment are highly preferred food for these species. Moose often feed on aquatic
plants, such as water lilies in older beaver ponds, and find relief from biting insects (Stoffyn-Egli and Willison, 2011). With
limited data, Mishin and Trenkov (2016) also found more moose visits in camera traps at beaver ponds than in a marsh
situated in the same landscape.

According to snow tracks, small mammals were more active in beaver patches but without statistical significance. Apart
from grasses as food, small mammals may benefit from sheltering structures of abundant beaver-created dead wood, some of
which is lying on the ground (Samas and Ulevicius, 2015; Thompson et al., 2016). They also find food and shelter in beaver
lodges (Samas and Ulevicius, 2015). Furthermore, shrews may also have contributed to the activity of small mammals. Shrews
are insectivorous and may find more invertebrate prey around beaver ponds. Although least weasels and pine martens are not
considered as riparian species, their activities were higher in beaver patches, very likely because small mammals are their
main food in boreal ecosystems (Korpimaki et al., 1991; Pulliainen and Ollinmaki, 1996).

The red fox tended to be more active in beaver patches according to the camera trapping. Mishin and Trenkov (2016) noted
more red fox activity by beaver ponds than in the control area in summer and autumn. According to the snow track survey,
however, the red fox seemed not to be significantly more active in beaver patches than the control in winter. During the ice-
free period, large number of frogs in beaver ponds found in our study area (Vehkaoja and Nummi, 2015) is beneficial for
predatory species, such as the red fox and the raccoon dog (Knudsen, 1962; Sutor et al., 2010).

Semi-aquatic predators, e.g. minks and otters, benefit from abundant invertebrates, fish, and frogs in flowages (Nummi,
1989; Snodgrass and Meffe, 1998; Dalbeck et al., 2007). They may also use abandoned or active beaver lodges, and bank
dens for shelter and breeding. In winter, beavers make ice holes around their lodges and food caches. These ice-free lake parts
provide otters with access to water, which is essential to their foraging activities and survival in winter (Reid et al., 1994;
Bromley and Hood, 2013). In accordance with our study, Reid et al. (1994) found river otters (Lontra canadensis) preferred
beaver ponds especially during winter, often using inactive beaver lodges for denning. In a summertime study of river otters,
their activity was linked with active beaver ponds and with the abundance of fish prey, very likely because otters benefit from
a beaver landscape with both inactive ponds for shelter and active ones for foraging (LeBlanc et al., 2007). A commensal
relationship of the predators with beavers has been suggested underlining the importance of beavers to otters (Tumlison
et al,, 1982; Reid et al., 1994; LeBlanc et al., 2007). Our study adds to the literature, highlighting the role of ecosystem en-
gineers in creating habitat heterogeneity and promoting species abundance and richness in a variety of ecosystems (Romero
et al,, 2015; Coggan et al., 2018), especially when an ecosystem engineer increases the productivity of a low-productivity
patch (Wright and Jones, 2004; Nummi and Holopainen, 2014).

From a landscape perspective, there appears to be a difference in the occurrence patterns of plants and of mobile animals.
According to Wright et al. (2002), the number of plant species was not higher in beaver patches than along non-disturbed
shoreline, but the plant species occurring only in the beaver patches added to the landscape-level diversity. In the case of
mobile animals, Nummi et al. (2019) found a more prominent increase in common teal pair numbers in a landscape with
beavers compared with a landscape without beavers. In our study, we found that mammal species richness was higher in
beaver patches than in the controls at the patch level, but the same mammal species visited both beaver and control patches
at different frequencies. In our study, however, a single observation of wolf tracks was found in a control patch and two
observations of lynx tracks were found only in beaver patches, but these observations are too few to conclude that beaver
patches add mammalian diversity at the landscape level. Similarly, the increasing activity of mammals may indicate their
increasing abundance due to beaver facilitation. For larger mammals, however, we cannot rule out the possibility that at the
landscape scale, the same number of animals are present but occurred more near beaver patches due to their behavioral
preference for these sites. Further studies should investigate how beavers facilitate mammal species richness and abundance
at a landscape level by comparing landscapes with and without beavers.

From the aspect of habitat conservation or restoration, it is feasible to identify beavers as facilitators and to promote their
populations (Byers et al., 2006), since restoration is especially needed in wetlands due to the loss of 60—90% of these habitats
in Europe (Junk et al., 2013). Beavers can be especially valuable in landscapes artificially deficient of wetlands and lacking
processes naturally driving heterogeneity (Willby et al., 2018). Many organisms have benefited from beaver-created pro-
ductivity coupled with an increase of suitable habitat structures (Rosell et al., 2005; Stringer and Gaywood, 2016), both of
which affected mammalian diversity and activity at the patch level in our study. We should note that an overabundance of
ecosystem engineers may lead to decreased heterogeneity and thereby detrimental diversity development (Pringle, 2008;
Nummi and Kuuluvainen, 2013). With present-day low numbers of large predators, beavers may become overabundant if not
managed sensibly (Ritchie et al., 2012).
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Appendix 1. Descriptions of the full models and results of the optimal models.
The full ZIP model for mammal species number (Equation (1)) is given by the following:
E(Yj) = w > (1—m)
log(u;j) = a1 + B1 x Patch_Category;; + 6, x Sampling_Effort;;,

evitr X Patch_Category;;+Y, xSampling__Effort;;

(1)

Tij = 1+ eu1+71xPatch_Category,ﬁyzxSampling_Effort,j

where Yj; is the species number observations in season j at site i. Term m;; is the probability of false zeros for the binomial
distribution, which was modelled in terms of the patch category and the standardized sampling effort. When parameters vy
and ; of the patch category and sampling effort are equal to 0, 7;; is a constant, which was the case in our optimal ZIP model.
The ZIP model has the mean, u;j x (1 - m;;), where term y;; is the mean of the positive counts and term 1 - m;; is the probability of
the counts and true zeros. The mean w;; was modelled in terms of the patch category and sampling effort.

The mammal visit observations were modelled in a similar way but with random effects (Equation (2)). Term Yy is the
mammal visit times in season [ at site k. The sites (ay;) and seasons (by) are random effects in the count part, both of which
follow a normal distribution with mean 0 and variance oy and gy, respectively.

E(Yia) = g x (1 = i)
log(uy) = ap + B3 x Patch_Categoryy, + B4 x Sampling_Efforty + ay + by,

ev2+73 x Patch_Categoryy+7,xSampling _Efforty

Tkl = 7 gua7, Patch_Categoryy 1, <Sampling _Efforty 2)
The full GLM for the species number of the snow track data (Equation (3)) is described below:

Ymn ~ Poisson(iy,,)

10g(tmp) = Nmn

Nmn = 03 + B5 x Patch_Categorymn + g x Sampling_Effortmn 3)

where the species number observation during survey n at site m, Yy, is Poisson distributed with mean g, and modelled in
terms of the patch category and sampling effort.

Appendix 1.1. The results of the optimal ZIP model for mammal species numbers in the camera traps comparing beaver and control
patches. “SSE” means standardized sampling effort; SE means standard error and SD means standard deviation; the symbol “*”
indicates significance and symbol “-” means not included; the same below.

Occurrence Model Abundance Model
Parameters
Estimate SE Z-value P-value Estimate SE Z-value P-value
Intercept -1.28 0.59 -2.19 0.028* -0.12 0.24 -0.50 0.614
Beaver - - - - 0.59 0.26 226 0.024*

SSE - - - - 0.17 0.13 1.27 0.205
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Appendix 1.2. The result of the optimal ZIP model for mammal visits in the camera traps comparing beaver and control patches.

Occurrence Model Abundance Model
Fixed Parts
Parameters Estimate SE Z-value P-value Estimate SE Z-value P-value
Intercept -0.76 0.37 -2.07 0.039* -0.37 035 -1.07 0.284
Beaver — — - - 0.69 035 2.00 0.046*
SSE - — - - 0.26 0.18 1.47 0.143
Random Parts
Groups Variance Variance
Sites - 0.54%
Seasons — 0.30?

Appendix 1.3. Poisson GLM results of mammal species numbers of snow tracks comparing beaver and control patches.

Estimate SE Z-value P-value
Intercept 0.35 0.12 2.96 0.003*
Beaver 0.38 0.15 248 0.013 *

Appendix 2. Wilcoxon's test results of mean visits per season per patch and snow tracks per kilometer per survey by
the beaver and the control patches. BP is abbreviation for beaver patches, and CP for control patches. The symbol “*”
indicates significance, and the symbol “-” means no observation, or the observations were too few to test the
significance.

Camera trappings Snow tracks
Species
BP CcP P-value BP CcP P-value

Small Mammals - - - 6.07 4.85 0.119
Hares 0.38 0.18 — 5.98 4.84 0.292
Brown Hare 0.05 0.08 — - - -
Mountain Hare 0.33 0.10 - - - -
Moose 0.48 0.10 0.042* 0.39 0.00 0.041*
Roe Deer 0.08 0.08 — - - -
White-tailed Deer 0.23 0.05 - - - -
Pine Marten 0.03 0.00 — 0.47 0.17 0.021*
Squirrel 0.05 0.03 — 1.67 0.61 0.317
Least Weasel — — — 0.49 0.02 0.007*
Badger 0.05 0.05 - - - -
Lynx - - - 0.05 0.00 -
Otter 0.05 0.00 - 0.40 0.18 0.048*
Raccoon Dog 0.60 0.20 0.070 0.02 0.00 —

Red Fox 0.80 0.28 0.051 2.79 3.79 0.400
Wolf - - - 0.00 0.03 -

References

Arvola, L, Rask, M., Ruuhijdrvi, J., Tulonen, T., Vuorenmaa, J., Ruoho-Airola, T., Tulonen, J., 2010. Long-term patterns in pH and colour in small acidic boreal
lakes of varying hydrological and landscape settings. Biogeochemistry 101, 269—279. https://doi.org/10.1007/s10533-010-9473-y.

Bartel, R.A., Haddad, N.M., Wright, ].P., 2010. Ecosystem engineers maintain a rare species of butterfly and increase plant diversity. Oikos 119, 883—890.
https://doi.org/10.1111/j.1600-0706.2009.18080.x.

Bertness, M.D., Callaway, R., 1994. Positive interactions in communities. Trends Ecol. Evol. 9, 191—193. https://doi.org/10.1016/0169-5347(94)90088-4.


https://doi.org/10.1007/s10533-010-9473-y
https://doi.org/10.1111/j.1600-0706.2009.18080.x
https://doi.org/10.1016/0169-5347(94)90088-4

P. Nummi et al. / Global Ecology and Conservation 20 (2019) e00701 9

Bertness, M.D., Leonard, G.H., 1997. The role of positive interactions in communities: lessons from intertidal habitats. Ecology 78, 1976—1989. https://doi.
org/10.1890/0012-9658(1997)078[1976:TROPII]2.0.CO;2.

Bromley, C.K., Hood, G.A., 2013. Beavers (Castor canadensis) facilitate early access by Canada geese (Branta canadensis) to nesting habitat and areas of open
water in Canada's boreal wetlands. Mamm. Biol.-Zeitschrift fiir Saugetierkunde 78, 73—77. https://doi.org/10.1016/j.mambio.2012.02.009.

Brooker, RW., Maestre, ET., Callaway, R.M.,, Lortie, C.L., Cavieres, L.A., Kunstler, G., Liancourt, P., Tielborger, K., Travis, ].M., Anthelme, F., Armas, C., 2008.
Facilitation in plant communities: the past, the present, and the future. J. Ecol. 96, 18—34. https://doi.org/10.1111/j.1365-2745.2007.01295.x.

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, CW., Nielsen, A., Skaug, H.]., Machler, M., Bolker, B.M., 2017. glmmTMB balances speed
and flexibility among packages for zero-inflated generalized linear mixed modeling. R J. 9, 378—400.

Bruno, J.F,, Stachowicz, J.J., Bertness, M.D., 2003. Inclusion of facilitation into ecological theory. Trends Ecol. Evol. 18, 119—125. https://doi.org/10.1016/S0169-
5347(02)00045-9.

Byers, J.E., Cuddington, K., Jones, C.G., Talley, T.S., Hastings, A., Lambrinos, J.G., Crooks, J.A., Wilson, W.G., 2006. Using ecosystem engineers to restore
ecological systems. Trends Ecol. Evol. 21, 493—500. https://doi.org/10.1016/j.tree.2006.06.002.

Ciechanowski, M., Kubic, W., Rynkiewicz, A., Zwolicki, A., 2011. Reintroduction of beavers Castor fiber may improve habitat quality for vespertilionid bats
foraging in small river valleys. Eur. J. Wildl. Res. 57, 737—747. https://doi.org/10.1007/s10344-010-0481-y.

Coggan, N.V., Hayward, M.W., Gibb, H., 2018. A global database and “state of the field” review of research into ecosystem engineering by land animals. ].
Anim. Ecol. 87, 974—994. https://doi.org/10.1111/1365-2656.12819.

Dalbeck, L., Liischer, B., Ohlhoff, D., 2007. Beaver ponds as habitat of amphibian communities in a central European highland. Amphibia-Reptilia 28,
493-501.

Danilov, P, Fyodorov, EV., 2015. Comparative characterization of the building activity of Canadian and European beavers in northern European Russia.
Russ. ]. Ecol. 46, 272—278. https://doi.org/10.1134/S1067413615030029.

Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.-I., Knowler, D.J., Lévéque, C., Naiman, R/, Prieur-Richard, A.-H., Soto, D., Stiassny, M.L].,
Sullivan, C.A., 2006. Freshwater biodiversity: importance, threats, status and conservation challenges. Biol. Rev. 81, 163—182. https://doi.org/10.1017/
$1464793105006950.

Grooten, M., Almond, R.E.A. (Eds.), 2018. Living Planet Report — 2018. Aiming Higher. WWF, Gland, Switzerland.

Halley, D., Rosell, E,, Saveljev, A., 2012. Population and distribution of eurasian beaver (Castor fiber). Balt. For. 18, 168—175.

He, Q., Bertness, M.D., 2014. Extreme stresses, niches, and positive species interactions along stress gradients. Ecology 95, 1437—1443. https://doi.org/10.
1890/13-2226.1.

Holmgren, M., Scheffer, M., 2010. Strong facilitation in mild environments: the stress gradient hypothesis revisited. J. Ecol. 98, 1269—1275. https://doi.org/
10.1111/j.1365-2745.2010.01709.X.

Hood, G.A., Larson, D.G., 2015. Ecological engineering and aquatic connectivity: a new perspective from beaver-modified wetlands. Freshw. Biol. 60,
198—208. https://doi.org/10.1111/fwb.12487.

Hyvonen, T., Nummi, P, 2008. Habitat dynamics of beaver Castor canadensis at two spatial scales. Wildl. Biol. 14, 302—308. https://doi.org/10.2981/0909-
6396(2008)14[302:HDOBCC]2.0.CO;2.

Jenkins, S.H., Busher, P.E., 1979. Castor canadensis. Mamm. Species 120, 1-8. https://doi.org/10.2307/3503787.

Johnston, C.A., 2017. Beavers: Boreal Ecosystem Engineers. Springer, Cham, Switzerland. https://doi.org/10.1007/978-3-319-61533-2.

Johnston, C.A., Naiman, RJ., 1990a. Browse selection by beaver: effects on riparian forest composition. Can. J. For. Res. 20, 1036—1043. https://doi.org/10.
1139/x90-138.

Johnston, C.A., Naiman, R.J., 1990b. Aquatic patch creation in relation to beaver population trends. Ecology 71, 1617—1621. https://doi.org/10.2307/1938297.

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineers. Oikos 69, 373—386. https://doi.org/10.1007/978-1-4612-4018-1_14.

Jones, C.G., Lawton, ].H., Shachak, M., 1997. Positive and negative effects of organisms as physical ecosystem engineers. Ecology 78, 1946—1957. https://doi.
org/10.1890/0012-9658(1997)078[1946:PANE0OQ]2.0.CO; 2.

Junk, WJ., An, S., Finlayson, C.M., Gopal, B., Kvét, J., Mitchell, S.A., Mitsch, W.J., Robarts, R.D., 2013. Current state of knowledge regarding the world's wetlands
and their future under global climate change: a synthesis. Aquat. Sci. 75, 151—-167.

Knudsen, G.L., 1962. Relations of beaver to forest, trout and wildlife in Wisconsin. Wisc. Cons. Dept. Tech. Bull. 25.

Korpimadki, E., Norrdahl, K., Rinta-Jaskari, T., 1991. Responses of stoats and least weasels to fluctuating food abundances: is the low phase of the vole cycle
due to mustelid predation? Oecologia 88, 552—561. https://doi.org/10.1007/BF00317719.

Law, A., Jones, K.C., Willby, HJ., 2014. Medium vs. short-term effects of herbivory by Eurasian beaver on aquatic vegetation. Aquat. Bot. 116, 27—34. https://
doi.org/10.1016/j.aquabot.2014.01.004.

Law, A., Gaywood, M.],, Jones, K.C., Ramsay, P., Willby, N.J., 2017. Using ecosystem engineers as tools in habitat restoration and rewilding: beaver and
wetlands. Sci. Total Environ. 605—606, 1021—1030. https://doi.org/10.1016/j.scitotenv.2017.06.173.

LeBlanc, FA,, Gallant, D., Vasseur, L., Leger, L., 2007. Unequal summer use of beaver ponds by river otters: influence of beaver activity, pond size, and
vegetation cover. Can. J. Zool. 85, 774—782. https://doi.org/10.1139/207-056.

Li, X., Zhong, Z., Sanders, D., Smit, C., Wang, D., Nummi, P,, Zhu, Y., Wang, L., Zhu, H., Hassan, N., 2018. Reciprocal facilitation between large herbivores and
ants in a semi-arid grassland. Proc. Royal Soc. B. 285, 20181665. http://doi.org/10.1098/rspb.2018.1665.

McDowell, D.M., Naiman, RJ., 1986. Structure and function of a benthic invertebrate stream community as influenced by beaver (Castor canadensis).
Oecologia 68, 481—489. https://doi.org/10.1007/BFO0378759.

Mishin, A.S., Trenkov, L.P., 2016. Dry beaver ponds as habitats attracting large mammals. Russ. ]. Theriol. 15, 75—77.

Naiman, RJ., Johnston, C.A., Kelley, ].C., 1988. Alteration of North American streams by beaver. Bioscience 38, 753—762. https://doi.org/10.2307/1310784.

Nummi, P.,, 1989. Simulated effects of the beaver on vegetation, invertebrates and ducks. Ann. Zool. Fenn. 26, 43—52.

Nummi, P., Poysd, H., 1993. Habitat associations of ducks during different phases of the breeding season. Ecography 16, 319—328. https://doi.org/10.1111/j.
1600-0587.1993.tb00221.x.

Nummi, P, Hahtola, A., 2008. The beaver as an ecosystem engineer facilitates teal breeding. Ecography 31, 519—524. https://doi.org/10.1111/j.0906-7590.
2008.05477.x.

Nummi, P,, Kuuluvainen, T., 2013. Forest disturbance by an ecosystem engineer: beaver in boreal forest landscapes. Boreal Environ. Res. 18, 13—24.

Nummi, P, Holopainen, S., 2014. Whole-community facilitation by beaver: ecosystem engineer increases waterbird diversity. Aquat. Conserv. Mar. Freshw.
Ecosyst. 24, 623—633. https://doi.org/10.1002/aqc.2437.

Nummi, P, Kattainen, S., Ulander, P, Hahtola, A., 2011. Bats benefit from beavers: a facilitative link between aquatic and terrestrial food webs. Biodivers.
Conserv. 20, 851—-859. https://doi.org/10.1007/s10531-010-9986-7.

Nummi, P, Suontakanen, E.-M., Holopainen, S., Vdananen, V.-M., 2019. The effect of beaver facilitation on Common Teal: pairs and broods respond
differently at the patch and landscape scales. Ibis 161, 301—309. http://doi.org/10.1111/ibi.12626.

Nummi, P,, Vehkaoja, M., Pumpanen, J., Ojala, A., 2018. Beavers affect carbon biogeochemistry: both short-term and long-term processes are involved.
Mamm Rev. 48, 298—311. https://doi.org/10.1111/mam.12134.

Parker, ].D., Caudill, C.C., Hay, M.E., 2007. Beaver herbivory on aquatic plants. Oecologia 151, 616—625.

Parker, H., Nummi, P., Hartman, G., Rosell, F.,, 2012. Invasive North American beaver Castor canadensis in Eurasia: a review of potential consequences and a
strategy for eradication. Wildl. Biol. 18, 354—365. https://doi.org/10.2981/12-007.

Pringle, R.M., 2008. Elephants as agents of habitat creation for small vertebrates at the patch scale. Ecology 89, 26—33. https://doi.org/10.1890/07-0776.1.

Pulliainen, E., Ollinmaki, P., 1996. A long-term study of the winter food niche of the pine marten Martes martes in northern boreal Finland. Acta Theriol. 41,
337-352.


https://doi.org/10.1890/0012-9658(1997)078[1976:TROPII]2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078[1976:TROPII]2.0.CO;2
https://doi.org/10.1016/j.mambio.2012.02.009
https://doi.org/10.1111/j.1365-2745.2007.01295.x
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref7
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref7
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref7
https://doi.org/10.1016/S0169-5347(02)00045-9
https://doi.org/10.1016/S0169-5347(02)00045-9
https://doi.org/10.1016/j.tree.2006.06.002
https://doi.org/10.1007/s10344-010-0481-y
https://doi.org/10.1111/1365-2656.12819
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref12
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref12
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref12
https://doi.org/10.1134/S1067413615030029
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1017/S1464793105006950
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref15
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref15
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref16
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref16
https://doi.org/10.1890/13-2226.1
https://doi.org/10.1890/13-2226.1
https://doi.org/10.1111/j.1365-2745.2010.01709.x
https://doi.org/10.1111/j.1365-2745.2010.01709.x
https://doi.org/10.1111/fwb.12487
https://doi.org/10.2981/0909-6396(2008)14[302:HDOBCC]2.0.CO;2
https://doi.org/10.2981/0909-6396(2008)14[302:HDOBCC]2.0.CO;2
https://doi.org/10.2307/3503787
https://doi.org/10.1007/978-3-319-61533-2
https://doi.org/10.1139/x90-138
https://doi.org/10.1139/x90-138
https://doi.org/10.2307/1938297
https://doi.org/10.1007/978-1-4612-4018-1_14
https://doi.org/10.1890/0012-9658(1997)078[1946:PANEOO]2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078[1946:PANEOO]2.0.CO;2
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref28
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref28
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref28
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref28
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref78
https://doi.org/10.1007/BF00317719
https://doi.org/10.1016/j.aquabot.2014.01.004
https://doi.org/10.1016/j.aquabot.2014.01.004
https://doi.org/10.1016/j.scitotenv.2017.06.173
https://doi.org/10.1139/Z07-056
http://doi.org/10.1098/rspb.2018.1665
https://doi.org/10.1007/BF00378759
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref35
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref35
https://doi.org/10.2307/1310784
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref37
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref37
https://doi.org/10.1111/j.1600-0587.1993.tb00221.x
https://doi.org/10.1111/j.1600-0587.1993.tb00221.x
https://doi.org/10.1111/j.0906-7590.2008.05477.x
https://doi.org/10.1111/j.0906-7590.2008.05477.x
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref40
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref40
https://doi.org/10.1002/aqc.2437
https://doi.org/10.1007/s10531-010-9986-7
http://doi.org/10.1111/ibi.12626
https://doi.org/10.1111/mam.12134
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref45
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref45
https://doi.org/10.2981/12-007
https://doi.org/10.1890/07-0776.1
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref48
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref48
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref48
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref48

10 P. Nummi et al. / Global Ecology and Conservation 20 (2019) e00701

Reid, D.G., Code, T.E., Reid, A.CH., Herrero, S.M., 1994. Spacing, movements, and habitat selection of the river otter in boreal Alberta. Can. ]J. Zool. 72,
1314—1324. https://doi.org/10.1139/294-175.

Reid, AJ., Carlson, AK, Creed, LE, Eliason, EJ., Gell, P.A, Johnson, P.TJ., Kidd, K.A., MacCormack, TJ., Olden, ].D., Ormerod, S.J., Smol, J.P., Taylor, W.W.,
Tockner, K., Vermaire, J.C., Dudgeon, D., Cooke, S.J., 2019. Emerging threats and persistent conservation challenges for freshwater biodiversity. Biol. Rev.
94, 849—873. https://doi.org/10.1111/brv.12480.

Riistakolmiot, 2016. https://www.riistakolmiot.fi/ohjeet/talvilaskennan-ohje/ (in Finnish).

Ritchie, E.G., Elmhagen, B., Glen, A.S., Letnic, M., Ludwig, G., McDonald, R.A., 2012. Ecosystem restoration with teeth: what role for predators? Trends Ecol.
Evol. 27, 265—271. https://doi.org/10.1016/j.tree.2012.01.001.

Romero, G.Q., Gongalves-Souza, T., Vieira, C., Koricheva, J., 2015. Ecosystem engineering effects on species diversity across ecosystems: a meta-analysis. Biol.
Rev. 90, 877—890. https://doi.org/10.1111/brv.12138.

Rosell, F, Bozser, O., Collen, P., Parker, H., 2005. Ecological impact of beavers Castor fiber and Castor Canadensis and their ability to modify ecosystems.
Mamm Rev. 35, 248—276. https://doi.org/10.1111/j.1365-2907.2005.00067.x.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. https://www.R-
project.org/.

Samas, A., Ulevicius, A., 2015. Eurasian beaver activity favours small mammals common for the forest. Balt. For. 21, 244—252.

Snodgrass, J.W., Meffe, G.K., 1998. Influence on beavers on stream fish assemblages: effects of pond age and watershed position. Ecology 79, 928—942.
https://doi.org/10.1890/0012-9658(1998)079[0928:10BOSF]2.0.CO;2.

Stachowicz, JJ., 2001. Mutualism, facilitation, and the structure of ecological communities. Bioscience 51, 235—246. https://doi.org/10.1641/0006-
3568(2001)051[0235:MFATS0]2.0.CO;2.

Soliveres, S., Smit, C., Maestre, ET., 2015. Moving forward on facilitation research: response to changing environments and effects on the diversity, func-
tioning and evolution of plant communities. Biol. Rev. 90, 297—313. https://doi.org/10.1111/brv.12110.

Stoffyn-Egli, P., Willison, J.H.M., 2011. Including wildlife habitat in the definition of riparian areas: the beaver (Castor canadensis) as an umbrella species for
riparian obligate animals. Environ. Rev. 19, 479—494. https://doi.org/10.1139/a11-019.

Stringer, A.P., Gaywood, M.J., 2016. The impacts of beavers Castor spp. on biodiversity and the ecological basis for their reintroduction to Scotland, UK.
Mamm Rev. 46, 270—283. https://doi.org/10.1111/mam.12068.

Suhonen, S., Nummi, P., POysd, H., 2011. Long term stability of habitats and their use by ducks in boreal lakes. Boreal Environ. Res. 16 (Suppl. B), 71—80.

Sulkava, R., 2007. Snow tracking: a relevant method for estimating otter Lutra Lutra populations. Wildl. Biol. 13, 208—218. https://doi.org/10.2981/0909-
6396(2007)13[208:STARMF]2.0.CO;2.

Sutor, A., Kauhala, K., Ansorge, H., 2010. Diet of the raccoon dog Nyctereutes procyonoides — a canid with an opportunistic foraging strategy. Acta Theriol.
55, 165—176. https://doi.org/10.4098/j.at.0001-7051.035.2009.

Thompson, S., Vehkaoja, M., Nummi, P., 2016. Beaver-created deadwood dynamics in the boreal forest. For. Ecol. Manag. 360, 1-8. https://doi.org/10.1016/j.
foreco.2015.10.019.

Tumlison, C.R,, Karnes, M.R., King, A.W., 1982. The river otter in Arkansas. II. Indications of a beaver-facilitated commensal relationship. J. Ark. Acad. Sci. 36,
73—75.

Van der Wal, R,, van Wijnen, H., van Wieren, S., Beucher, O., Bos, D., 2000. On facilitation between herbivores: how Brent Geese profit from Brown hares.
Ecology 81, 969—980. https://doi.org/10.1890/0012-9658(2000)081[0969:OFBHHB]2.0.CO;2.

Vehkaoja, M., Nummi, P., 2015. Beaver facilitation in the conservation of boreal anuran com-munities. Herpetozoa 28, 75—87.

Vehkaoja, M., Nummi, P., Rask, M., Tulonen, T., Arvola, L., 2015. Spatiotemporal dynamics of boreal landscapes with ecosystem engineers: beavers influence
the biogeochemistry of small lakes. Biogeochemistry 124, 405—415. https://doi.org/10.1007/s10533-015-0105-4.

Willby, N.J., Law, A., Levanoni, O., Foster, G., Ecke, F., 2018. Rewilding wetlands: beaver as agents of within-habitat heterogeneity and the responses of
contrasting biota. Phil. Trans. Royal. Soc. B. 373, 20170444. https://doi.org/10.1098/rstb.2017.0444.

Whitfield, CJ., Baulch, H.M., Chun, K.P., Westbrook, CJ., 2015. Beaver-mediated methane emission: the effects of population growth in Eurasia and the
Americas. Ambio 44, 7—15. https://doi.org/10.1007/s13280-014-0575-y.

Wolfe, M.L,, 1974. An overview of moose coactions with other animals. Nat. Can. 101, 437—456.

Wright, ].P, Jones, C.G., 2004. Predicting effects of ecosystem engineers on patch-scale species richness from primary productivity. Ecology 85, 2071—2081.
https://doi.org/10.1890/02-8018.

Wright, J.P,, Jones, C.G., 2006. The concept of organisms as ecosystem engineers ten years on: progress, limitations, and challenges. Bioscience 56, 203—209.
https://doi.org/10.1641/0006-3568(2006)056[0203:TCOOAE]2.0.CO;2.

Wright, ].P., Jones, C.G., Flecker, A.S., 2002. An ecosystem engineer, the beaver, increases species richness at the landscape scale. Oecologia 132, 96—101.
https://doi.org/10.1007/s00442-002-0929-1.

Wright, J.P., Gurney, W.S., Jones, C.G., 2004. Patch dynamics in a landscape modified by ecosystem engineers. Oikos 105, 336—348. https://doi.org/10.1111/j.
0030-1299.2004.12654.x.

Zuur, AF, leno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid common statistical problems. Methods Ecol. Evol. 1, 3—14. https://doi.org/10.
1111/j.2041-210X.2009.00001.x.

Zuur, A.E, leno, E.N., 2016. A protocol for conducting and presenting results of regression-type analyses. Methods Ecol. Evol. 7, 636—645. https://doi.org/10.
1111/2041-210X.12577.


https://doi.org/10.1139/z94-175
https://doi.org/10.1111/brv.12480
https://www.riistakolmiot.fi/ohjeet/talvilaskennan-ohje/
https://doi.org/10.1016/j.tree.2012.01.001
https://doi.org/10.1111/brv.12138
https://doi.org/10.1111/j.1365-2907.2005.00067.x
https://www.R-project.org/
https://www.R-project.org/
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref56
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref56
https://doi.org/10.1890/0012-9658(1998)079[0928:IOBOSF]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0235:MFATSO]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0235:MFATSO]2.0.CO;2
https://doi.org/10.1111/brv.12110
https://doi.org/10.1139/a11-019
https://doi.org/10.1111/mam.12068
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref61
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref61
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref61
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref61
https://doi.org/10.2981/0909-6396(2007)13[208:STARMF]2.0.CO;2
https://doi.org/10.2981/0909-6396(2007)13[208:STARMF]2.0.CO;2
https://doi.org/10.4098/j.at.0001-7051.035.2009
https://doi.org/10.1016/j.foreco.2015.10.019
https://doi.org/10.1016/j.foreco.2015.10.019
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref65
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref65
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref65
https://doi.org/10.1890/0012-9658(2000)081[0969:OFBHHB]2.0.CO;2
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref67
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref67
https://doi.org/10.1007/s10533-015-0105-4
https://doi.org/10.1098/rstb.2017.0444
https://doi.org/10.1007/s13280-014-0575-y
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref71
http://refhub.elsevier.com/S2351-9894(19)30273-2/sref71
https://doi.org/10.1890/02-8018
https://doi.org/10.1641/0006-3568(2006)056[0203:TCOOAE]2.0.CO;2
https://doi.org/10.1007/s00442-002-0929-1
https://doi.org/10.1111/j.0030-1299.2004.12654.x
https://doi.org/10.1111/j.0030-1299.2004.12654.x
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1111/2041-210X.12577
https://doi.org/10.1111/2041-210X.12577

	The beaver facilitates species richness and abundance of terrestrial and semi-aquatic mammals
	1. Introduction
	2. Methods
	2.1. Study area
	2.2. Camera trapping
	2.3. Snow tracking
	2.4. Statistical analysis

	3. Results
	3.1. Camera results in beaver and control ponds
	3.2. Snow tracks

	4. Discussion
	Author contributions
	Acknowledgements
	Appendix A. Supplementary data
	Appendix 1. Descriptions of the full models and results of the optimal models.
	Appendix 1.1. The results of the optimal ZIP model for mammal species numbers in the camera traps comparing beaver and control patches. “ ...
	Appendix 1.2. The result of the optimal ZIP model for mammal visits in the camera traps comparing beaver and control patches.
	Appendix 1.3. Poisson GLM results of mammal species numbers of snow tracks comparing beaver and control patches.

	Appendix 2. Wilcoxon's test results of mean visits per season per patch and snow tracks per kilometer per survey by the beaver and the  ...
	References


