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Freshwater ecosystems are among the most threatened ecosystems on the planet. Beavers are important engineers in freshwater ecosystems and reintroduction programs have enabled the recovery of beaver populations in several European countries, but the impact on biodiversity conservation is still unclear. We studied the effects of beavers on the terrestrial biodiversity of eight taxonomic groups by comparing beaver ponds with river and forest habitats in a mountain forest ecosystem in Central Europe. Among the 1,166 collected species, 196 occurred exclusively at beaver ponds, 192 in plots at the river, and 156 in the forest plots. More species of conservation concern were found at the beaver ponds (76) than on the river (67) and forest (63) plots. Abundances of bats and birds were higher at the beaver ponds than at the river or forest sites. The number of bird species at the beaver ponds was higher than at the river. The community composition of birds, beetles, and true bugs differed significantly between the beaver ponds and river plots, and for seven taxonomic groups it differed significantly between the beaver ponds and forest plots. An indicator species analysis revealed eight indicator species for the beaver pond but none for the river and forest plots. Our results demonstrate that beavers, as ecological engineers, increase habitat heterogeneity in mountain forests and thereby promote biodiversity. The expansion of beaver populations into these ecosystems should thus be supported, as it may serve as a biotic restoration tool.
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INTRODUCTION

Global biodiversity is in a severe crisis, with many species, including those of freshwater communities, declining at an alarming rate (Reid et al., 2019). While the crucial role of freshwater and in particular riparian environments for ecosystem services and biodiversity is well established, these habitats are nonetheless widely threatened by habitat degradation and loss (Reid et al., 2019). In fact, freshwater species have suffered an 84% decline in their global abundance since 1970 and include the most threatened species in Central Europe (WWF, 2020). A coordinated effort based on legal protection and the reduction of critical threats is urgently needed to reverse this negative trend. Riparian habitat are, by definition, strictly related to aquatic environments and are therefore likely to face the same threats; a strong relation between the integrity of these habitats and the ecological status of rivers and streams has been suggested (Burdon et al., 2020). However, in addition to halting the loss of freshwater ecosystems, active approaches to restore degraded aquatic environments are needed. The debate on how this can be achieved is developing as knowledge advances (Palmer et al., 2014). As an alternative to direct interventions involving the substantial use of machinery, indirect strategies in which animal species are allowed to create self-regulating ecosystems (nature based solutions) can effectively bridge the gap between restoration ecology and biodiversity conservation (Moss, 2015).

Apex consumers play an essential functional role in ecosystems, through top-down forcing that induces trophic cascades, thus influencing both other species and ecological processes (Estes et al., 2011; Ripple et al., 2015). They also act as ecological engineers by modulating the availability of resources and the creation of new habitats (Jones et al., 1997). However, the engineering effects of these species are complex and vary depending on the spatio-temporal scale as well as the latitude, environment, and species (Romero et al., 2015). In terms of biodiversity, while the impact of ecological engineers is generally positive, it may also be neutral or negative (Jones et al., 1994). Consequently, an ecological engineer’s value in promoting biodiversity conservation within a given ecosystem type can be difficult to determine. Nonetheless, this knowledge can lead to innovative biodiversity conservation strategies (Wright et al., 2002).

The beaver is an ecological engineer par excellence, able to directly create freshwater habitats by raising the water level through dam building (Wright et al., 2002) and to alter existing habitats through foraging on woody and herbaceous plants (Law et al., 2014). Indeed, Eurasian beaver (Castor fiber) and North American beaver (Castor canadensis) are the only known dam builders in the animal kingdom (Butler, 1995). Beaver dams convert terrestrial habitats into aquatic and semiaquatic ecosystems whose specific features radically change the affected landscape’s biotic and abiotic components (Johnston, 2017). Moreover, the ability of beavers to fell large trees is extraordinary and tree felling adds to the heterogeneity of a landscape by increasing the amount of deadwood and by creating gaps in the tree canopy (Donkor and Fryxell, 1999). The consequences of these changes last for decades, even in beaver-modified habitats that have been abandoned for years (Aznar and Desrochers, 2008; Levine and Meyer, 2019). For these reasons, beavers have been suggested as a “restoration tool” to promote the recovery of riparian environments and to increase landscape heterogeneity through creation of new ponds (Johnston and Naiman, 1990; Law et al., 2017). Moreover, a mosaic of old, new and abandoned ponds creates a dynamic mosaic of patches with different ecological features at the landscape scale (Kivinen et al., 2020; Johnson-Bice et al., 2022).

In Europe, the Eurasian beaver was nearly hunted to extinction during the nineteenth century, but some relict populations survived the persecution and were strictly protected. In the twentieth century reintroduction projects were implemented in many countries that helped the species to re-establish large parts of their former range (Halley and Rosell, 2002; Wróbel, 2020). In the areas of their reintroduction in Central Europe, beavers first recolonized the floodplains of large streams and then the woodlands at higher elevations with smaller rivers. In areas such as the latter, which generally lack natural ponds, beaver damming activity mostly occurs at smaller streams, where it is likely to play a major role in enhancing the biodiversity of these ecosystems.

Beaver effects on species abundance and diversity were intensively studied and evaluated in the last decades. In their meta-analysis, Stringer and Gaywood (2016) evaluated the effects of beavers on species abundance and diversity. They found that 73% of the published studies reported a positive, 17% a neutral, and 10% a negative effect on biodiversity. However, the positive and negative effects were not evenly distributed across the different taxonomic groups. For example, the positive effects of beavers on the diversity and productivity of plant species were attributed to flooding and foraging, which create new habitats not commonly associated with forests and riverine areas (Stringer and Gaywood, 2016). Furthermore, the abundance of aquatic invertebrates and the productivity of the respective waters were shown to benefit from beavers because of the larger lentic zones they create (Hering et al., 2001). Most bats species benefit from the increased abundance and availability of food, as the expanded area of open water area provides them with better hunting opportunities (Nummi et al., 2011); however, for some bat species local detrimental effects were observed (Ciechanowski et al., 2011). With the exception of one study (Kuczynski et al., 2012), positive effects on bird species were also found, induced by an increase in food production and habitat heterogeneity (Stringer and Gaywood, 2016). For most terrestrial mammals, the positive effects are relatively small and occur mainly in areas where beavers have been present for decades (e.g., Nummi et al., 2019). In the few studies of the influence of beaver on terrestrial invertebrates, the focus was mostly on saproxylic beetles. For many of those species, flooding and the felling of trees create deadwood habitats and thus an overall positive effect (Zahner et al., 2006; Horak et al., 2010; Mourant et al., 2018).

In this study, we investigated the Eurasian beaver’s effect on the terrestrial species communities of eight taxonomic groups in a typical mixed mountain forest ecosystem in Central Europe after a decade of recolonization (Bavarian Forest National Park, Germany). We compared active beaver ponds and riparian and forest habitats to test the following hypotheses: (a) beaver activity creates habitats for species that do not occur in forests or at rivers showing similar ecological conditions (i.e., tree density, tree species composition); (b) species abundance and species diversity are higher around beaver ponds than at riparian and in forest ecosystems, because the beaver pond comprises also habitat elements of a river (that flows in and out of the pond) and the forest (trees of the same species and density are also at the beaver pond) and therefore more edges; (c) the differences between terrestrial species communities will be larger for beaver ponds vs. forests than for beaver ponds vs. rivers. An additional aim of our study was to identify indicator species significantly related to beaver ponds.



MATERIALS AND METHODS


Study Area

The study was carried out in the Bavarian Forest National Park (BFNP), located in south-eastern Germany (Figure 1). The national park was established in 1970 and covers a mountainous landscape of 240 km2 with an altitudinal range of 600–1,453 m above sea level. The climate is humid and cold, with an annual mean precipitation of 830–1,820 mm and a mean annual air temperature that ranges between 7.2°C in the valleys and 2.0°C at higher elevations. Snow accounts for 50% of the precipitation and can persist for 5–6 months of the year in the valleys and 7–8 months of the year at higher elevations (Heurich et al., 2010). The area is covered by a mixed-mountain forest, dominated by Norway spruce (Picea abies), European beech (Fagus sylvatica), and silver fir (Abies alba) at low and intermediate elevations (Cailleret et al., 2014). Spruce ecosystems in the park have experienced intense bark beetle (Ips typographus) infestations since the 1980s, resulting in more than 8,000 ha of naturally disturbed spruce forest and large amounts of standing and fallen deadwood, especially at higher elevations (Lausch et al., 2013). The Bavarian Forest is part of the Greater Bohemian Forest Ecosystem, the largest protected contiguous forest expanse in Central Europe. On the German side, freshwater systems mainly consist of oligotrophic mountain streams and ponds in peatbogs with an acid pH; there are only three natural lakes, each of which is characterized by low productivity (Soldán et al., 2012).
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FIGURE 1. Sampling design and locations of the 10 research sites recoded for eight species groups in 2016. Eleven additional known beaver ponds in the Bavarian Forest National Park (Germany) are shown in the map.


In Bavaria, the last European beaver was killed in 1867. The species became legally protected in 1910 (Nolet and Rosell, 1998) with the first reintroduction in Bavaria occurring in 1966, on the initiative of the non-governmental organization Bund Naturschutz (Schwab, 2009). The success of this reintroduction program in the BFNP was confirmed in 2,000 by the first observation of a beaver colony in the park. Since then the beaver population has continuously increased, with 26 colonies recently identified (Figure 1; Bavarian Forest National Park Administration, 2020).



Sampling Design and Biodiversity Sampling

Field data were collected in a sampling framework composed of 10 blocks, each consisting of a plot at a beaver-made pond, a plot at a river (same river as the beaver pond), and a plot in the adjacent forest. River plots and forest plots (hereafter referred to as “river” and “forest”) had no signs of beaver activity (e.g., debarked trees, footprints, dams). To minimize environmental differences between the three treatments, recent (year 2015) infrared aerial photographs were used to select areas with a minimum difference in their proportions of deadwood and tree coverage (for descriptive boxplots of the environmental features of the plots, see Supplementary Figure 1). To exclude interference between plots, every plot was located at a minimum distance of 200 m from the others (Figure 1).

In 2016, eight taxonomic groups, i.e., plants, spiders, true bugs, beetles, birds, small vertebrates (including amphibians, reptiles, and small mammals), bats and terrestrial mammals were assessed on all study plots using standard methods (Table 1). Abundance was determined as the number of sampled individuals in all groups, with two exceptions: in bats the number of calls at 1-min intervals recorded per night served as a proxy for abundance (see Müller et al., 2012) and for plants the percent coverage according to Londo was used (see Table 1 for the reference and Supplementary Material for a more detailed description on species sampling).


TABLE 1. Species groups included in the biodiversity monitoring of beaver ponds, rivers, and forests and the respective sampling method (for more details on species sampling see Supplementary Material).
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Full waveform LiDAR data across the national park were collected using a Riegl680i laser scanner (350 KHz, nominal point density 30–40 points per m2; altitude 650 m). The data were recorded at a 0.32-m footprint by Milan Flug GmbH during 3 days in June 2012 under leaf-on conditions (Latifi et al., 2015). These data were used to calculate the fractional vegetation cover of three different strata: understory (0.5–2 m above ground), midstory (2–10 m above ground), and overstory vegetation cover (10–60 m above ground), within a 10-m × 10-m grid (Ewald et al., 2014). Based on single tree detections (Yao et al., 2012), the trees were classified as either dead, deciduous, or coniferous (Krzystek et al., 2020).



Data Analysis

Differences in local species diversity (alpha) and abundance among the three habitats were determined using generalized linear mixed models with a quasi-Poisson distribution for over-dispersed count data, employing the glmmPQL function in the MASS package (Ripley, 2015). The spatially nested design was taken into account by using the block (triplets of the three habitats) as a random factor in the model. The function glht in the package multcomp (Hothorn et al., 2008) was used for post hoc comparisons of the three habitats and to adjust the p-values for multiple testing. For each group, a rarefaction-extrapolation method was applied using the iNEXT package (Hsieh et al., 2016) to estimate sample coverage and gamma-diversity with respect to species incidence, based on Hill numbers (0 = species richness, 1 = exponential of Shannon’s entropy index, 2 = inverse of Simpson’s concentration index).

Differences in the community composition of each of the eight taxonomic groups and of the multitaxon community including all sampled species were identified and visualized in a non-metric multidimensional scaling (NMDS) analysis based on the Bray-Curtis distance and presence-absence data (function metaMDS in the package vegan; Oksanen et al., 2016). To test for differences among habitats a permutational multivariate analysis of variance was performed for all taxonomic groups (function adonis in the package vegan; Oksanen et al., 2016). The spatially nested design was taken into account by integrating the block (triplets of the three habitats) as the grouping factor (strata) in the analysis. Species strictly related to one of the three habitats were identified by performing an indicator species analysis using the function multipatt in the package indicspecies (De Cáceres and Legendre, 2009). The resulting p-values were adjusted using the false discovery rate method for multiple testing (Benjamini and Hochberg, 1995). The latest versions of the German Red Lists1 for each group were used to obtain information on the species conservation status. In this study, species of conservation concern were defined as species listed in the German Red Lists as extinct, critically endangered, endangered, vulnerable, threatened of unknown extent, extremely rare, or near threatened. All analyses were performed in R version 3.6.0 (R Core Team, 2019).




RESULTS

Sample coverage within taxonomic groups was generally high (mean 85%, range 73–100%) with 1,166 species sampled in total, including 723 at the beaver pond, 740 at the river, and 637 in the forest.


Beaver Activity Provides Habitats for Unique Species

Among the species of conservation concern, more were detected at the beaver pond (76) than at the river (67) or in the forest (63) (for the number of species in each Red List category, see Supplementary Table 1). Beaver ponds harbored the highest number of unique species (species found only in this habitat) (196) and species of conservation concern (26), followed by river (192, 23) and forest (156, 16) (Figure 2). At the beaver ponds, the sample included an individual of a beetle species (Aegialia sabuleti Panzer, 1797) listed as extinct in the German Red List (see footnote 1). Further, for the beaver ponds exclusively the northern birch mouse (Sicista betulina) listed in Annex IV of Habitats Directive was recoded three times.
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FIGURE 2. Venn diagram showing the number of shared and unique species at beaver ponds, rivers, and forests. The numbers in parentheses indicate the number of species of conservation concern in each habitat among the total number of species (bold) and among the number of unique species (plain). In total, 1,166 species from the eight taxonomic groups were recorded at 10 research sites in 2016 in the Bavarian Forest National Park (Germany).




Differences Between Species Abundance and Species Diversity

A significantly higher number of bird species was determined at the beaver ponds than at the river (+ 41%, Table 2). In addition, higher numbers of bird (+ 40%; marginally not significant p = 0.06), bat (+ 70%), small vertebrate (+ 45%), and plant (+ 59%) species were found at the beaver ponds than in the forest habitats. The number of species at the river plots was higher than at the forest plots for bats (+ 43%), small vertebrates (+ 33%), and plants (+ 39%) (Tables 2, 3). Abundance at the beaver ponds was significantly higher than on the forest plots for birds (+ 47%) and bats (+ 1394%), but not for beetles (-34%, marginally not significant p = 0.06). The abundances of birds (+ 63%) and bats (+ 140%) were also significantly higher at the beaver ponds than at the river. The abundance of bats (+ 43%) was significantly higher at the river than in the forest whereas the abundance of beetles was lower (-38%) (Tables 2, 3).


TABLE 2. Pairwise comparison of abundance and number of species recorded at beaver ponds and river and forest plots for the eight studied species groups at 10 research sites.
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TABLE 3. Overview of the mean abundance and number of species (± standard error) at the beaver ponds and river and forest plots recoded at 10 research sites, expressed per study plot for the eight studied species groups.
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Rarefaction–extrapolation curves (Figure 3, Hill number = 1; graphs for Hill numbers 0 and 2 are presented in Supplementary Figure 2) showed a higher gamma-diversity at the beaver pond than in the forest and river habitats for birds. The gamma-diversity of mammals and small vertebrates showed similar pattern, but with partly overlapping confidence intervals. For bats, beetles, and plants, gamma-diversity at the beaver ponds and river widely overlapped, but in both cases it was well separated from that of the forest, with a higher diversity observed at the latter. The river sites had the highest gamma-diversity for true bugs and spiders, but in the latter group the confidence intervals overlapped between habitats.
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FIGURE 3. Sample-based rarefaction–extrapolation curves for gamma-diversity (Hill number = 1: exponential of Shannon’s entropy index) up to double the actual maximum sample size for the eight taxonomic groups and the overall community recorded at 10 research sites in 2016 in the Bavarian Forest National Park (Germany). Transparent shading represents the 95% confidence intervals and solid symbols the actual sample size.




Differences Between Species Communities

Community composition differed significantly between the beaver ponds and the river plots for birds (Adonis p-value = 0.002), beetles (0.002), and true bugs (0.02) (Figure 4 and Supplementary Table 2). In comparisons of the beaver ponds and forest plots, the community composition was significantly different for all groups, with the exception of small vertebrates (Adonis p-values: bats = 0.008, birds = 0.001, beetles = 0.001, spiders = 0.002, true bugs = 0.002, mammals = 0.01, plants = 0.002; Figure 4 and Supplementary Table 2). In the forest vs. river comparison, significant differences were determined for beetles (Adonis p-value = 0.01), spiders (0.009), true bugs (0.009), and plants (0.02) (Figure 4 and Supplementary Table 2).
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FIGURE 4. Non-metric multidimensional scaling (NMDS) analysis of community composition for the eight taxonomic groups and the overall community of all 1,166 sampled species recorded at 10 research sites in 2016 in the Bavarian Forest National Park (Germany). Distance between single points of samples represents community dissimilarity. Blue squares: beaver pond; gray circles: river; green rhombi: forest. Colored convex hulls group study plots according to the three habitats. Stress values for each group are shown.


The indicator analysis showed eight indicator species for the beaver pond, but none was found for either river or forest (Table 4).


TABLE 4. List of indicator species detected by the indicator analysis at the beaver ponds for the 10 recoded research sites.
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DISCUSSION

Our analysis showed that beavers were able to provide new habitats for a high number of terrestrial species, including unique species and species of conservation concern, thus supporting our first hypothesis. The second hypothesis was partially sustained, as we found higher diversity and abundance in some specific taxonomic group (bats and birds) at beaver ponds than on river and forest plots. The community composition of the beaver ponds differed significantly from that of the surrounding area with more pronounced differences in the comparison with forest plots (significance in seven taxonomic groups) than with river plots (significance in three taxonomic groups), thus confirming the third hypothesis. In addition, indicator species were only found for beaver ponds. Overall, our findings suggest that beavers are able to increase the alpha- and gamma-diversity of a mountain forest ecosystem in Central Europe, by creating ponds that in turn provide habitats for complementary species communities that includes rare and threatened species.

In mountainous forest landscapes few if any natural ponds exist such that aquatic ecosystems are mainly represented by small rivers and a few artificial ponds. At the ponds created by beaver, we identified almost 200 species that were either detected in the forest nor along the river. This finding suggests that the establishment of these ponds promoted the appearance of species were rare or absent in the landscape before the beaver’s arrival. Moreover, it demonstrated that some terrestrial species groups, the focus of our study, benefit from newly created ponds. Among the rare species uniquely found at the beaver ponds were the European polecat (Mustela putorius) and the Alpine newt (Ichthyosaura alpestris), thus indicating a potential role of these environments in the conservation of rare species (Bartel et al., 2010). While the total number of species was slightly higher at the river than at the beaver ponds, the number of species of conservation concern was higher in the latter (67 and 76 species, respectively) and included a beetle species considered extinct in Germany (Aegialia sabuleti) and one of the rarest mammals in central Europe, the northern birch mouse (Sicista betulina) listed in Annex IV of the Habitats Directive. Our results indicate that beaver ponds promote the development of communities of birds, beetles, and true bugs that are distinct from those found associated with river and forest habitats. Thus, preserving these ponds also preserves entire communities that hardly occur, if at all, in forested landscapes and increase landscape level diversity (Wright et al., 2002). This contribution of beavers to conservation efforts is especially valuable considering the increasing threats to riparian biodiversity (Reid et al., 2019).

Birds benefited most from the presence of beaver, evidenced by both a higher number of species and a higher abundance at the beaver ponds than on the river and forest plots. The presence of a specific bird community and the higher gamma-diversity of birds at the beaver ponds together suggest that beaver activity adds components to the riparian ecosystem that can be exploited by birds, such as an expansion of water and wetlands coverage (Grover and Baldassarre, 1995) and a wider variety of micro-habitats that increase food resources, which are both determinants of bird community composition (Bulluck and Rowe, 2006). Previous studies reported that, at beaver ponds, waterbirds such as mallard (Anas platyrhynchos) and Eurasian teal (A. crecca) can achieve both a higher diversity at the community level (Nummi and Holopainen, 2014) and higher brood densities (Longcore et al., 2006). In addition to the wide variety of riparian and non-riparian species [including, as in this study, gray wagtail (Motacilla cinerea) and Eurasian siskin (Carduelis spinus)] that benefit from beaver-induced habitat modifications (Cooke and Zack, 2008), positive effects have been demonstrated for species that are much less dependent on wetlands, such as woodpeckers, due to the increased variety and amount of deadwood (Lochmiller, 1979) and possibly a high number of emerging insects (Nummi et al., 2011). Moreover, in the BFNP, park administrators have confirmed the breeding of the common snipe (Gallinago gallinago), the first such observation in 50 years, and the common crane (Grus grus), thus further highlighting the importance of beaver activity in promoting bird diversity (Longcore et al., 2006). Given the alarming rate of decline of several European bird species (Inger et al., 2015), the presence of a well-structured, undisturbed beaver pond system can act as a shelter, thereby allowing the recovery and conservation of avian populations.

The high bat abundance observed at the studied beaver ponds can be explained by the richness and abundance of aquatic invertebrate taxa in these highly productive habitats (Hood and Larson, 2014; Bush and Wissinger, 2016), which would improve the foraging success of insectivorous taxa. Ponds in mountain areas also provide an important source of drinking water for bats (Seibold et al., 2013). The essential role of ponds in the ecology of many bat species is consistent with our identification of Bechstein’s bat (Myotis bechsteinii) and common pipistrelle (Pipistrellus pipistrellus) as indicator species of beaver ponds, including those in the mountainous forest ecosystem of the BFNP. Similar results were reported from boreal forests and suggest a positive impact of beaver-mediated pond generation on the conservation of bats in different biomes (Mickleburgh et al., 2002).

True bugs, beetles, and spiders were selected as representative invertebrate communities in this study because of their ecological and functional roles in the microhabitats of both terrestrial and aquatic ecosystems. Although beaver-related effects on macroinvertebrate taxa have been widely studied (see Bush and Wissinger, 2016 for a complete review), most of that research focused on water-dwelling species whereas terrestrial species have been largely ignored. Our study contributes to closing this gap in that it revealed a specific community composition for true bugs and beetles at beaver ponds. In the beetles’ group, the community composition was specific to the studied habitats. While the number of species did not differ between those habitats, beetle abundance tended to be higher in the forest than at the river or at the beaver ponds (although barely significantly different in the latter). In Germany, the total number of forest-dwelling species is estimated to be 13,600 (Schmidt, 2006; Dorow et al., 2019), with saproxylic organisms, mostly fungi and beetles, accounting for 34% (Müller et al., 2008). Among the important consequences of beaver activity is the creation of deadwood of several different types in areas that rarely experience other disturbance events (Thompson et al., 2016). In the BFNP, an intense bark beetle (I. typographus) outbreak has resulted in the generation of large amounts of Norway spruce (P. abies) deadwood, such that it is not a limited resource (Müller et al., 2010). However, in the park’s buffer zone (the location of some of the analyzed beaver ponds) dead spruce trees have been removed to prevent bark beetle spread to the adjacent managed forest. This might have limited the beaver’s effect on saproxylic organisms (especially beetles) at the respective plots, such that neither the species diversity nor the abundance of beetles was significantly higher at the beaver ponds than in the forest or river plots. Nonetheless, distinct communities of beetle species were detected in each of the studied habitats, which in the case of beaver ponds demonstrated their ability to create biological diversity in a forested landscape.

Our analysis showed no difference in the number of species, abundance, or community composition of vascular plants between the beaver ponds and river plots. Beavers use vegetation as a source of food and as materials for dam building, thereby increasing the openness and moisture level of the surrounding forest (Johnston, 2017). While these changes can influence plant communities in various ways (Stringer and Gaywood, 2016), previous studies have shown that in high-quality habitats the effect of beavers on the vegetation may be neutral (Willby et al., 2014). In some environments, aquatic plants constitute 60–80% of the beaver diet (Milligan and Humphries, 2010), such that foraging activity on terrestrial plants is minimal. However, aquatic plants were not considered in our study. Follow up studies should thus include cluster sampling (Brown and Manly, 1998). It should also be noted that our vegetation recordings were obtained from the immediate vicinity of the pond and river and because of the limited size of the plots (10 m × 10 m) they probably did not fully capture the heterogeneous effects of beaver activities.

The ponds surveyed in this study were relatively new (median: 4 years; range: 1–12 years), and the taxonomic groups that seemed to benefit most from their presence were mainly bats and birds. The high mobility of these animals allows them to reach recently created ponds faster than other, less mobile taxa (e.g., invertebrates and small mammals). It can therefore be expected that the ecological differences identified in this study will become more pronounced over time, as observed at other study sites (Sferra et al., 2017), and that the ponds will eventually be colonized by species not previously found in the area (Fairchild et al., 2000; Stevens et al., 2006; Bonner et al., 2009; Ecke et al., 2017). This is especially likely considering that before the arrival of beavers the mountainous study site was largely free of natural ponds. At the landscape scale, the presence of different successional stages of beaver patches can result in increased species diversity (Bush et al., 2019; Nummi et al., 2021). Particular long-term beaver presence can add a further level of complexity to the landscape, as the strength of its engineering effects seems to be time and density dependent (Johnson-Bice et al., 2022).



CONCLUSION

In mountainous forest ecosystems, aquatic communities are often underrepresented because even riverine areas are dominated by forest cover. By cutting trees, beavers open the forests and create ponds and wetlands, thus increasing the extent of these ecosystems as well as habitat availability for many species. Our study showed that, by positively impacting both abundance and species diversity, beavers are essential to the restoration of river systems, even in mountainous forest ecosystems. However, most beaver territories included in this study were relatively new, as beaver recolonization is a recent event and the number of colonies is still increasing. Therefore, even more pronounced effects of the presence of beaver can be expected in the near future, following increases in the number and heterogeneity of ponds in the landscape (Hill et al., 2018).

Our findings provide a basis for long-term research, using the same methodology in the same beaver territories, to observe the effects of beavers throughout the evolution of their territories, including old ponds and beaver meadows (presently not available). This will be a valuable opportunity to observe and quantify the changes induced by the presence of beavers and thus increase our knowledge of related ecosystem processes and community responses over time. The resulting insights will lead to more effective measures aimed at conserving biodiversity within and outside protected areas. While beaver conservation is not a universal solution to the biodiversity crisis, it can certainly be part of a larger strategy to improve the health and conservation status of whole communities, especially those in threatened riparian environments.
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