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Abstract
Beavers (Castor spp.) are ecosystem engineers that induce local disturbance and ecological
succession, which turns terrestrial into aquatic ecosystems and creates habitat heterogeneity in a landscape. Beavers have been proposed as a tool for biodiversity conservation
and ecosystem restoration. So far, most research has compared biodiversity in beaver wetlands and non-beaver wetlands, but few studies have explored how beaver-created succession affects specific taxa. In this study, we investigated how water beetles responded to
different successional stages of wetlands in a beaver-disturbed landscape at Evo in southern
Finland. We sampled water beetles with 1-L activity traps in 20 ponds, including: 5 new
beaver ponds, 5 old beaver ponds, 5 former beaver ponds, and 5 never engineered ponds.
We found that beaver wetlands had higher species richness and abundance than non-beaver
wetlands, and that new beaver wetlands could support higher species richness (321%) and
abundance (671%) of water beetles compared to old beaver wetlands. We think that higher
water beetle diversity in new beaver ponds has resulted from habitat amelioration (available lentic water, shallow shores, aquatic vegetation, and low fish abundance) and food
source enhancement (an increase of both dead and live prey) created by beaver dams and
floods. We conclude that using beavers as a tool, or imitating their way of flooding, can be
beneficial in wetland restoration if beaver population densities are monitored to ensure the
availability of newly colonizable sites.
Keywords Aquatic insect · Biodiversity · Conservation · Dytiscidae · Facilitation ·
Landscape heterogeneity
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Introduction
Habitat heterogeneity is an essential factor in creating biodiversity at the landscape level
(Turner et al. 2001; Hammill et al. 2018). Landscapes often consist of an array of patches
with different qualities, such as different levels of nutrients and moisture (Pickett and Rogers 1997; Barnes et al. 2016). In a landscape with a high degree of environmental heterogeneity, landscape level diversity is high even if the patch level diversities “α” do not
differ. Therefore, heterogeneous landscapes have higher turnover “β” and landscape level
diversity “γ” than homogeneous landscapes. Higher levels of species turnover “β” may be
associated with increased ecosystem functioning in heterogeneous landscapes, as communities may perform different functions under varying environmental conditions (Thompson
and Gonzales 2016). Furthermore, the presence of functionally dominant species can have
major impacts on ecosystem function since they can push ecological systems to a different state (Naeem et al. 2012; Hammill et al. 2018). For example, in northern boreal and
temperate environments, beavers cause patch disturbance, which consequentially leads to
a successional mosaic in a landscape (Remillard et al. 1987; Johnston 2017; Kivinen et al.
2020).
Patch disturbance is an essential process creating patch-level variability and landscapelevel heterogeneity. Disturbances can be produced either through abiotic or biotic means
(White 1979; Turner et al. 1997; Nummi and Kuuluvainen 2013). Beavers (Castor spp.)
are ecologically powerful organisms causing biotic disturbance. As ecosystem engineers
they significantly modify their physical environment by damming and digging (Jones et al.
1994; Romero et al. 2015). In this way, they modulate the availability of resources to other
species (Hastings et al. 2007). The effect of disturbance by beaver flooding is extremely
strong, as it turns a terrestrial ecosystem into an aquatic one (Johnston 2017). Both North
American (Castor canadensis Kühl) and Eurasian beavers (Castor fiber L.) are postulated
to have a similar effect on wetland ecosystems (Danilov and Fyodorov 2015). Beavers are
found to affect communities of a mixture of species groups, such as plants (Wright et al.
2002), invertebrates (Bush and Wissinger 2016), waterbirds (Nummi and Holopainen
2014), and mammals (Nummi et al. 2011, 2019).
Disturbance and succession are inextricably linked in landscape dynamics (Turner et al.
2001). Disturbed patches in a landscape usually are in different points of a successional
gradient (Calvo et al. 2002), and the intermingling of these patches in the landscape forms
a spatiotemporally heterogeneous system (Kleyer et al. 2007). A beaver-engineered landscape is heterogeneous with patches in various phases of their succession: some patches
are aquatic, while some patches become terrestrial after beaver abandonment (Remillard
et al. 1987; Naiman et al. 1988; Kivinen et al. 2020). Understanding successional patterns
must include comprehension of variance with respect to disturbance intensity and frequency during the processes (van der Maarel 1993; Turner et al. 2001).
Beavers have recovered both in America and Eurasia after being on the verge of extinction in the early 1900s (Halley et al. 2020; Whitfield et al. 2015). With the recent increase
of beaver populations, it is estimated that ca. 25,000 km2 of new aquatic pond habitat and
550,000 km of riparian interface have been created in boreal and temperate zones (Whitfield et al. 2015). Beavers have been proposed as a tool for biodiversity conservation (Law
et al. 2019; Nummi and Holopainen 2020), and several studies have shown that beavercreated succession can affect aquatic invertebrates in a beaver-modified landscape at a
general level (Bush et al. 2019; Washko et al. 2020). One of the first studies to focus on
a specific taxon of aquatic invertebrates found a difference in water beetle abundance in
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beaver wetlands and non-beaver wetlands (Willby et al. 2018). Yet, little is known about
how specific taxa, such as water beetles, respond to beaver-created wetlands at different
successional stages (but see Bush and Wissinger 2016).
As many water beetles are active dispersers, they can easily reach and benefit from
newly created beaver wetlands with abundant food sources, such as detritivore prey
(McDowell and Naiman 1986; Nummi 1989; Bush and Wissinger 2016). With the succession of beaver-created wetlands, the habitat characteristics undergo both abiotic and biotic
changes, such as increasing abundance of fishes as succession progresses. Consequently,
mature beaver ponds may lose their initially attractive characteristics and become suboptimal to water beetles. If beavers are used as a conservation tool to enhance biodiversity,
including aquatic insect diversity, it is crucial to understand how different insect groups,
such as water beetles, respond to succession in beaver-created wetlands. In this study, we
focus on water beetles, which have been suggested as a surrogate taxon for wetland biodiversity studies, since they are diverse, easily sampled, ecologically well understood and
occurring across a wide range of wetland types (Bilton et al. 2006).
The aim of this research was to investigate how water beetles responded to different
successional stages of beaver disturbed habitats. With previous research showing that the
abundance of large gaped invertivorous fish grows throughout succession (Snodgrass and
Meffe 1998; Bush and Wissinger 2016), we hypothesize that (1) recently flooded areas have
the highest abundance and species richness of water beetles; (2) the abundance and species
richness of water beetles will decrease when beaver wetlands become mature, and (3) an
array of successional stages will contribute to the species turnover “β” in the landscape.

Materials and methods
Study sites
Our study site was located at Evo (61°12′ N, 25°07′ E) in southern Finland (Nummi and
Pöysä 1993; Arvola et al. 2010). Lakes of this area are oligotrophic, and relatively small
(0.1–49.5 ha). The study area is mostly covered by boreal forest with limited influences by
agriculture and human settlement. The lakeshores of the study area in general are steep,
the sparse emergent vegetation consisting mainly of sedges (Carex spp.) and common reed
(Phragmites australis). Narrow belts of yellow water lilies (Nuphar lutea) and water lilies
(Nymphaea candida) usually line emergent vegetation; the amount of submerged vegetation is limited.
North American beavers (Castor canadensis) inhabit the study area (Parker et al. 2012)
and are the main contributors to the environmental variability in the landscape (Suhonen
et al. 2011). At Evo, beavers primarily create flowages by damming existing ponds but
they sometimes also dam creeks (Nummi and Hahtola 2008; Hyvönen and Nummi 2008).
All these habitats contain fish. Within the Evo landscape, beavers move from one lake to
another every three years on average, resulting in abandoning old sites and creating new
beaver habitat patches (Hyvönen and Nummi 2008; Kivinen et al. 2020). Beaver-created
wetlands have significantly shallower shores than non-beaver ponds and contain inundated
herbaceous vegetation and bushes (Nummi and Hahtola 2008). To study how water beetles responded to beaver-created succession, we selected four types of ponds having five
replicates in each category: (1) new beaver ponds are newly formed ponds between 2 and
4 years old that have raised water level through damming; (2) old beaver ponds are those
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that beavers may or may not be currently present in, but the beaver constructed dam still
functions and maintains a raised water level (7–33 years old); (3) former beaver ponds are
those with no current beaver presence and which have previously had raised water level
due to a beaver constructed dam, but the dam has been breached and the water level has
dropped; and (4) never engineered ponds are those which have not encountered raised
water level through beaver damming during the last 50 years (Kivinen et al. 2020).

Sampling methods
We employed activity traps without bait to sample water beetles. The traps consisted of 1L
glass jars with a funnel of 10 cm at the large end and 2.3 cm at the narrow end (Elmberg
et al. 1992). At each location, we placed 10 traps approximately 1 m from the shoreline
where the water was at least 30 cm of depth. The traps were placed horizontally on the
bottom and attached to the surrounding vegetation to keep them in place. We measured the
depth of each trap (cm) and estimated the percentage of vegetation of the sampling locations, then we averaged these parameters for each pond. After 48 h, traps were emptied
by sieving the content using a sieve with 1 mm mesh. The water beetles were preserved
in 70% ethanol until identification, while other invertebrates were released back to water.
Adult beetles were identified to the species level (Holmen 1987; Nilsson and Holmen
1995), and the nomenclature of water beetle species follows Nilsson (2011) and Nilsson
and Hájek (2018). We measured water pH with Thermo Electric® Orion 3 star pH benchtop in each pond. The fieldwork took place from 16 May until 6 June 2019.
The activity traps caught few beetles in abandoned beaver ponds and never beaver
engineered ponds, which may affect the comparison of beetle assemblages between beaver ponds and non-beaver ponds. In some research (e.g. Law et al. 2019), D-shaped handnets have been utilized to sample water beetles, which has yielded more beetle individuals
in non-beaver ponds than the activity traps in our study. Sampling with handnets can be
biased by how experienced a collector is, while activity traps can miss sedentary species.
In carabid studies, pitfall traps can easily standardize sampling effort but record fewer redlist species compared with handnet sampling by experienced collectors, while greenhand
collectors record fewer species than pitfall traps (Knapp et al. 2020). In water beetle studies, we also encounter a similar dilemma in that activity traps can standardize sampling
effort but miss some sedentary species.

Statistical analysis
We applied generalised linear mixed models (GLMM) to examine how water beetles
responded to beaver disturbance (package “glmmTMB” in R software version 3.6.1;
Brooks et al. 2017; R Core Team 2018). The species richness and abundances that follow
Poisson distribution were entered as response variables, and the stage of ponds (four categories) was entered as a fixed explanatory variable, detailed description in Appendix 1.
As the traps were nested in ponds, we included ponds as random effects in our GLMM
models. Furthermore, we applied non-metric multidimensional scaling (NMDS) with
Bray–Curtis dissimilarity to compare the water beetle assemblages in new beaver ponds
and old beaver ponds. We did not include the former beaver ponds and never beaver engineered ponds in NMDS analysis due to the very sparse data of water beetle assemblages.
We analysed how pond types, water pH, water depth, and vegetation cover were associated
with water beetle assemblages (function “envfit” in package “vegan” in R; Oksanen et al.
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Fig. 1  Raw data of water beetle species richness and abundance per trap in each pond type. The box represents the data from Quantile 1 to Quantile 3; the black bar in each box represents the median; the open
circles represent outliers. The different letters in the figure represent significant difference. For example,
new beaver ponds, labelled with ’a’, have significantly more species than old beaver ponds, labelled with ’b’

2018). We calculated Whittaker indices with function “betadiver” and applied functions
“adonis” and “betadisper” to study beta diversity and differences in group homogeneities
(Oksanen et al. 2018). We applied functions “anova” and “permutest” to conduct analysis
of variance of beta diversity and permutation test for homogeneity of multivariate dispersions (Oksanen et al 2018). We only compared beta diversity in new beaver ponds and
old beaver ponds, while we omitted the former beaver ponds and never beaver engineered
ponds due to sparse beetle data.

Results
In total, we obtained 192 specimens from 29 water beetle species of the families Dytiscidae
(26 species), Haliplidae (2 species), and Noteridae (1 species; Fig. 1). Of these, 14 species
were only found in new beaver ponds (Fig. 1), three in old beaver ponds, and Hydroporus
obscurus only in a never beaver engineered pond. In our study with activity traps, nonbeaver ponds never had more than one water beetle species, while new ponds had up to 14
and old beaver ponds up to eight species. One species, Rhantus exsoletus, was found in all
new beaver ponds.
Our GLMM results showed that new beaver ponds had significantly higher water beetle
species richness and abundance than old beaver ponds and non-beaver ponds (richness:
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Table 1  Species richness and abundance of water beetles per trap in four types of ponds
Pond types

Water
beetle
occurrence

Total
species
richness

Total abundance Species richness per trap
(mean ± SD)

Abundance per
trap (mean ± SD)

New beaver ponds

36/50

23

162

1.60 ± 1.59 a

3.24 ± 5.18 A

Old beaver ponds
Former beaver ponds
Never beaver engineered

13/50
3/50
5/50

12
3
5

22
3
5

0.38 ± 0.78 b
0.06 ± 0.24 c
0.10 ± 0.30 bc

0.42 ± 0.91 B
0.06 ± 0.24 C
0.10 ± 0.30 BC

We sampled 5 ponds under each pond type and set 10 traps in each pond, i.e. 50 traps under each pond
type. The different letters behind the mean values represent statistic significance between two categories;
the same letter represents no significance between two categories
*SD means standard deviation
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Fig. 2  Water beetle species presence in new and old beaver ponds. A dark square indicates presence. Note
that only ponds with beetles shown

1.60 ± 1.59 and 0.38 ± 0.78, p-value < 0.001; and abundance: 3.24 ± 5.18 (individuals
per trap) and 0.42 ± 0.91, p-value < 0.001; for new and old ponds, respectively; Table 1;
Fig. 2). Species richness (Fig. 2a) and abundance (Fig. 2b) of water beetles were 321% and
671% higher, respectively, in new beaver ponds compared to old beaver ponds. Species
richness and abundance of water beetles were 533% (p-value = 0.017) and 600% higher
(p-value = 0.030), respectively, in old beaver ponds compared to former beaver ponds
(Table 1). There was no difference in water beetle species richness (p-value = 0.518) and
abundance (p-value = 0.533) between former beaver ponds and never beaver engineered
ponds (Fig. 2).
The NMDS results showed no significant difference in water beetle assemblages
between new and old beaver ponds (p-value = 0.844, Fig. 3a). Still, many species (e.g.
Acilius spp., Dytiscus lapponicus) were only recorded in new beaver ponds, and some
(e.g. Haliplus spp.) only in old ones (Fig. 1). Water pH (p-value = 0.139), water depth
(p-value = 0.610), and vegetation cover (p-value = 0.245) had no significant effects on beetle assemblages. The permutational multivariate analysis of variance showed that there
was no pond type effect regarding water beetle beta diversity (R2 = 0.12, F-value = 0.995,
p-value = 0.542). We found that new beaver ponds (average distance to median = 0.454)
had lower variances than old beaver ponds (average distance to median = 0.612), and the
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Fig. 3  a NMDS plot of the water beetle assemblages in new beaver ponds (large dark grey circle) and old
beaver ponds (small light grey circle). The circles represent 95% confidence interval of the two pond types.
b New beaver ponds have smaller variance in beta diversity than old beaver ponds

permutation test showed a significant difference in dispersion between new and old beaver
ponds (F-value = 18.967, p-value = 0.001, Fig. 3b).

Discussion
In our study, we investigated how water beetles responded to different successional
stages of beaver ponds. Our results show that the beetles in new beaver ponds were significantly more abundant and species-rich than in other types of wetlands. Water beetle
richness decreased when beaver ponds became mature, but they retained high diversity
compared to non-beaver ponds. Our results provide support for the role of beavers as
ecosystem engineers promoting biodiversity, as beaver wetlands, especially newly created ones, supported more diverse assemblages of water beetles than non-beaver wetlands. We will discuss how the beaver alters habitats and the succession of beaver-created wetlands in the following sections.

Beaver creates suitable habitats
Our results reveal that beaver ponds support water beetle assemblages of higher diversity than non-beaver ponds, suggesting that beaver dams create habitats suitable for
water beetles. Habitat suitability of beaver ponds can be manifested both in the form of
habitat structural amelioration and resource enhancement (Table 2; sensu Bruno et al.
2003; Nummi and Hahtola 2008). Intact beaver dams slow down the hydrologic fluxes
(Schlosser and Kallemeyn 2000), resulting in habitats with lentic water favoured by
most water beetle species (Holmen 1987; Nilsson and Holmen 1995). Beaver construction also creates an inundated area behind the dam. The flooded areas often characterize beneficial habitat features, such as shallow water zones with emergent vegetation
(Nummi and Hahtola 2008; Johnston 2017) and an increase in plant and woody debris,
which are favoured by water beetles (Nilsson et al. 1994; Willby et al. 2018; Liao et al.
2020). These physical pond characteristics are often associated with biotic changes in
beaver ponds. Beaver ponds can also have high within-patch heterogeneity with the
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Table 2  Habitat features of new and old beaver ponds beneficial to water beetles
References

Nilsson et al. (1994) and Liao et al. (2020)
Jackson (1958, 1960) and Law et al. (2019)
Schlosser and Kallemeyn (2000) and Bush
and Wissinger (2016)
Lindberg (1944) and Eberle and Stanford
(2010)
Food resource for water beetle prey: benthic Nummi (1989) and Juliano and Lawton
(1990)
shredders (e.g. Isopoda) and nektonic
filter feeders (e.g. Cladocera)
Food resource for water beetle prey: benthic McDowell and Naiman (1986) and Nilsson
collectors, e.g. Chironomidae
and Holmen (1995)

Shelter from predators
Shelter from predators, breeding sites
Low predation pressure in new beaver
ponds
Food sources for water beetle adults

Gioria (2014) and Bush and Wissinger
Favoured by water beetles due to their
(2016)
swimming behaviour; change of physical,
chemical, and biological conditions of
habitats

Benefits for water beetles
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sub-habitats including the relatively deep water behind the dam and in the former creek
channel, inundated shrubs-swamps, shallow marshes of emergent vegetation, and vernal
wet meadows (Nummi 1989; Wissinger and Gallagher 1999; Bush and Wissinger 2016;
Johnston 2017).
Resource enhancement caused by pond physical characteristics occurs in beaver ponds
in a way that can benefit water beetles (Table 2). In our traps, Ilybius ater, a species preferring habitats with muddy bottoms rich in detritus harboring numerous prey (Verberk et al.
2001; Frelik and Pakulnicka 2015), was found in both new and old beaver ponds but not
in non-beaver ponds. In previous research, Law et al. (2019) found that Ilybius ater was
highly associated with their beaver ponds. In beaver ponds, floods usually lead to abundant
organic matter accumulating in pond bottoms (Naiman et al. 1986; Johnston 2017; Nummi
et al. 2018). This organic matter accumulation results in an increase in the abundance of
Chironomidae larvae as well as other detritivorous invertebrates, such as the isopod Asellus sp. (Hodkinson 1975; McDowell and Naiman 1986; Nummi 1989; Law et al. 2016;
Bush and Wissinger 2016). Furthermore, beaver-created floods can also lead to increasing
availability of terrestrial invertebrates (see Swanson et al. 1985; Eberle and Stanford 2010),
which is an additional food resource for adult dytiscids, the most abundant water beetles
in our traps (Nilsson and Holmen 1995). These invertebrates, both live and dead (Lindberg 1944; Juliano and Lawton 1990), are a food resource to water beetles which as early
colonisers can benefit from resource enhancement at the early successional stage of beaver
ponds.
Water beetles can take advantage of these beneficial changes of habitat features via
various means of dispersal. In our study, good flier species, such as Acilius canaliculatus and Rhantus exsoletus, were early colonizers and frequently occurred in new beaver
ponds (Fig. 2). In North America, Larson et al. (2000) discovered that Acilius, a genus of
good fliers, was especially associated with beaver ponds. These early colonisers have the
advantage to colonise newly available suitable habitats. In our study, Graphoderus zonatus,
a species known to be poor fliers (Eriksson 1972; Lundkvist et al. 2002), also had a very
frequent occurrence in one of the new beaver ponds. We think this species could have dispersed from nearby wetlands through aquatic corridors created by beaver floods (Wissinger
and Gallagher 1999; Hood and Larson 2015; Bush and Wissinger 2016), as shown for the
area by Kivinen et al. (2020). Availability of multiple dispersal pathways, therefore, results
in the increase of water beetle species richness in beaver ponds compared to that in nonbeaver ponds.

The succession of beaver‑created wetlands affects water beetle assemblages
In our study, we found that new beaver ponds had higher numbers of water beetles and
more diverse assemblages than other wetland types including old beaver ponds. Our result
differs from the findings of Bush et al. (2019, see also Bush and Wissinger, 2016) that
showed taxa richness of invertebrates being the highest in abandoned (homologous to the
category ‘former’ in our analysis) beaver ponds. Bush et al. (2019) investigated a broad
range of macroinvertebrate families that were identified to the family level, while our study
focused specifically on water beetles identified to the species level. Therefore, the differing
results are likely due to the macroinvertebrate taxonomical level of identification and the
ecology of different taxa. Furthermore, it should be noted that the activity traps we were
using are especially suitable for capturing mobile water beetles. Sedentary species may,
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thus, be underrepresented in our sampling. When generally studying the effect of pond age
on invertebrates, Fairchild et al. (2000) found predatory dytiscids to be especially dwellers
of ponds of less than 10 years of age. It is to be noted, though, that according to the variance in the beta diversity, the old beaver ponds of our study were more dissimilar to each
other than the new ones.
The first year(s) of beaver impoundments are characterized by abundance of inundated,
dying plants providing suitable structure for many aquatic invertebrates (Table 2). In an
experiment imitating beaver flooding, Nummi (1989) showed that the group of detritivores
especially increasing during the first flood summer are cladocerans. They are important
prey for some dytiscids, such as Hydroporus (Nilsson and Holmen 1995) found in some
of our new beaver flowages. During the second year of flooding, benthic detritivores, especially the shredder Asellus sp. as well as chironomids, increased; they are preyed upon e.g.
by Hyphydrus (Juliano and Lawton 1990). The role of shredders in the invertebrate community can remain high for some years if there are trees in the flowage (especially Salix
sp.) which continue to produce leaf litter for detritivores eating coarse matter (Nummi
1989).
From the perspective of invertebrates, an important characteristic of the early stage beaver ponds is the reduced presence of invertivorous fish (Bush and Wissinger 2016). In the
short term after damming, the populations of invertivorous fishes are small and recolonization by fish is delayed by the barrier effect of beaver dams (Snodgrass and Meffe 1998).
This has the effect of diluting the fish predation pressure on beetles as many water beetles
are known to be sensitive to the presence of predatory fish (Nummi et al. 2012; Liao et al.
2020). In our results, the assemblage difference of water beetles found in the early and later
successional stages of beaver ponds indicates that some water beetles species indeed could
have benefitted from the possible time lag in fish colonization of beaver flowages, partly
delayed by the barrier effect of beaver dams.
In later stages of succession, the water beetle species composition seems to partially
become a subset of the species pool of the new beaver ponds (Fig. 1), which we think
resulted from the higher predation pressure in old beaver ponds. According to North-American studies, large gaped predatory fish replace small fish as beaver ponds become mature,
(Snodgrass and Meffe 1998; Bush and Wissinger 2016), and fish abundance reaches its
peak in mature beaver ponds (Schlosser and Kallemeyn 2000). Still, these old beaver ponds
provide habitats to species, such as the Haliplus spp. (Fig. 1); they are not very active dispersers since they do not often fly, and they are not very vulnerable to fish because of their
habit of crawling among vegetation (Yee and Kehl 2015). As noted above, the water beetles
of the old beaver ponds occurred in a more uneven way than in the new ones. The presence
of the species in the old beaver ponds, which were not found in the new ones (three in all),
adds to the species turnover “β” in the landscape and reveals the value of also the old beaver ponds in biodiversity conservation at the landscape level.
The species composition change we found in water beetles is likely also partly due to
changes in overall productivity of the beaver pond. At the very early stage, water beetles
may utilize the abundance of dead terrestrial animal matter (Margolis et al. 2001). As succession progresses water beetles may switch to feeding primarily on detritivores which colonize the pond and benefit from the inundated plant matter (McDowell and Naiman 1986;
Nummi 1989). As the beaver pond progresses to later successional stages, detritivore productivity decreases as the effect of the pulse of the organic matter washed from the flooded
shores decreases. It has been found to decrease after some years of flooding (Vehkaoja
et al. 2015; Nummi et al. 2018) along with the biomass of the former terrestrial vegetation
(Nummi 1989).
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Water beetles and other aquatic invertebrates that benefit from newly created beaver
wetlands (Nummi 1989; McDowell and Naiman 1986; Bush and Wissinger 2016) appear
to attract biodiversity at higher trophic levels. Waterbirds, such as common teal Anas
crecca and green sandpiper Tringa ochropus (Nummi and Pöysä 1993; Nummi and Holopainen 2014), are known to benefit from the availability of invertebrates as food in new
beaver wetlands. The available aquatic invertebrates in beaver wetlands also facilitate the
abundance of mammals, such as bats, via the food web (Nummi et al. 2011). When beaver
wetlands become mature, fishes colonize the flooded areas and strongly compete for food
with the birds (Schlosser and Kallemayn 2000; Nummi et al. 2012).
Apart from beaver created floods, there are also other temporarily flooded areas in the
same study area, boreal vernal pools. Vernal pools harbour even greater abundance and
diversity of water beetles than beaver ponds do (Liao and Nummi, pers. obs.) but are even
more variable habitats. Vernal pools are very susceptible to drying out early during summers with low amounts of precipitation. Synchronized fluctuations in environmental conditions can reduce the likelihood of insect metapopulations persisting, as could happen from
the effect of an extensive drought as an example. The addition of more permanent habitats
to a system, such as new beaver ponds, could sometimes enable metapopulation persistence
even in cases in which the metapopulation would otherwise go extinct (Frouz and Kindlmann 2015). In our landscape setting, new beaver ponds can act as the “permanent” habitats of the source-sink model. Modifying from Wissinger and Gallagher (1999), we could
state that the loss of productive semi-permanent beaver ponds from the wetland complex of
the landscape could reduce the pool of cyclic colonizers that seasonally invade temporary
habitats. Thus also reducing diversity in those temporary vernal pools. Future studies are
needed to investigate the function of and interaction of beaver ponds and vernal pools in
water beetle metapopulations.

Conclusions
The return of beavers is very beneficial from the point of view of many kinds of wetland
organisms, such as the water beetles we studied. Within a region, beavers create a spatiotemporal mosaic of patches, which considerably increases landscape heterogeneity. When
there are patches in different successional stages in the landscape, suitable habitats are
available to different taxa, resulting in different communities in each patch type. Using beavers as a tool or imitating their way of flooding would be beneficial in wetland restoration.
Yet, from a biodiversity point of view, beaver population densities should be monitored,
because high beaver density can lead to aging of the beaver ponds due to the low availability of newly colonizable sites (Nummi and Kuuluvainen 2013). Our study highlights the
benefits of having new beaver patches to support biodiversity in a landscape.

Appendix
The GLMM Poisson model for the dytiscid species richness data is described below:
( )
Yij ∼ Poisson 𝜇ij
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E(Yij ) ∼ 𝜇ij
( )
log 𝜇ij =𝛼 + β1 × New_Beaver_Pondsi + β2 × Old_Beaver_Pondsi
+ β3 × Former_Beaver_Pondsi + β4 × Never_Beaver_Engineeredi + 𝜏i + 𝜀ij

where the jth species richness observation in pond i, Yij, is Poisson distributed with mean
μij. The covariates are the four categories of pond types, i.e. New Beaver Ponds, Old
Beaver Ponds, Former Beaver Ponds, and Never Beaver Engineered Ponds. The term α is
the intercept and the terms β1, β2, β3 and β4 are the parameters of the four categories. In the
statistical results that we obtained in the R software, one of the four categories ‘disappears’
and goes to the reference level, i.e. the intercept. It is possible to set a different category
as the reference level to allow the comparison between the categories. The term τi is pond
as a random effect, as trap observations are nested in ponds. We assume the random effect
is normally distributed with mean 0 and variance στ2. The term εij is the unexplained
information that is assumed to be normally distributed with expectation 0 and variance σε2.
The observations of dytiscid abundance have the same model description, except that Yij
means the jth abundance observation in pond i.
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