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On a global scale, species biodiversity is declining rapidly, including that of terrestrial invertebrates. Environmental heterogeneity is viewed as a key factor promoting biodiversity, and previous studies have shown how beavers can have a profound effect on both habitat heterogeneity and abundance and diversity of a plethora of water-related and terrestrial organisms. However, less is known about the effects of beavers and successional stages on the terrestrial invertebrate community. Here, we review existing knowledge and outline research trajectories to improve our understanding of how beavers affect the terrestrial invertebrate community with special focus on the importance of each successional stage that beavers provide on terrestrial invertebrates. Although beavers can have a large impact on the terrestrial invertebrate community, more studies are needed that take into consideration successional stages and with standardized sampling designs. A better understanding of how beaver activity affects the terrestrial invertebrate community can help in conservation of endangered species and restoration of biodiversity in terrestrial habitats.
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1 Introduction

On a global scale, species biodiversity is strongly declining (Régnier et al., 2015; Cowie et al., 2022). Trends for terrestrial insects and invertebrates differ across regions and habitats, with some studies reporting declines of 75-98%, whereas in other regions patterns are less clear and dependent on species group (Lister and Garcia, 2018; Goulson, 2019; Høye et al., 2021). The reported declines are of major concern and much effort is currently going into species conservation and restoring biodiversity (Bakker and Svenning, 2018).

Environmental heterogeneity is viewed as a key factor promoting biodiversity in a landscape (Stein et al., 2014; Turner and Gardner, 2015; Hammill et al., 2018). This heterogeneity is typically created by variation in abiotic and biotic conditions within the patches of which the landscape is formed (Bartel et al., 2010; McCarthy et al., 2010). Environmental heterogeneity is also created by patch disturbance, which again can be caused by either abiotic or biotic actors (Turner et al., 1997; Kuuluvainen and Nummi, 2023). Beavers, Castor spp., exemplify biotic actors that cause patch disturbance (Remillard et al., 1987; Nummi and Kuuluvainen, 2013; Johnston, 2017; Kivinen et al., 2020) which compared to abiotic disturbances such as fire and storms are more predictable in the landscape (Nummi and Kuuluvainen, 2013). Beaver ecosystem engineering has a profound influence on the environment since it includes turning a terrestrial ecosystem to an aquatic one (Johnston, 2017; Brazier et al., 2021; Larsen et al., 2021; Wohl, 2021). Beavers build dams, and by doing so, they alter the geomorphology, hydrology and biogeochemistry of the ecosystem they inhabit (Puttock et al., 2017; Nummi et al., 2018; Brazier et al., 2021). Moreover, the flooding and subsequent drying of trees affect forest structure (Hyvönen and Nummi, 2008).

The activities of beavers have a facilitative effect on the abundance and diversity of a plethora of water related as well as terrestrial organisms, including mammals, waterbirds, aquatic invertebrates, and plants (Nummi and Holopainen, 2014; Stringer and Gaywood, 2016; Law et al., 2019; Nummi et al., 2019a; Nummi et al., 2019b). However, the effect of the beaver is not limited to organisms directly connected to the aquatic habitat. Mammals and birds, both terrestrial and semi-aquatic, have higher abundance and richness near beaver flowages (Nelner and Hood, 2011; Nummi et al., 2019a; Fedyń et al., 2022; Fedyn et al., 2023; Wikar et al., 2024), and can further enhance the richness and activity of carnivores (Fedyń et al., 2022). Moreover, the legacy of beaver engineering persists for years or even decades after the flood in the form of beaver meadows (Johnston, 2017; Kivinen et al., 2020; Wohl, 2021; Albertson et al., 2024).

Even though the importance of beavers on the environmental heterogeneity and on abundance and diversity of certain groups of organisms is well established, less is known about the terrestrial invertebrate community. This is surprising as beaver wetlands and non-beaver wetlands are different with respect to multiple parameters likely to impact terrestrial invertebrates, e.g. inundation patterns, deadwood availability, and habitat heterogeneity (Thompson et al., 2016; Bush et al., 2019; Kivinen et al., 2020; Åhlén et al., 2023). Beaver wetlands are dynamic habitats with high heterogeneity and many sub-habitats (Bush & Wissinger, 2016) which should provide niches for many species that would otherwise perish (Donkor & Fryxell, 1999; Johnston, 2017; Åhlén et al., 2023; Achury et al., 2023).

In this mini-review, we summarize the current knowledge on how beavers affect the terrestrial invertebrate community with special focus on the importance of each successional stage that beavers provide for terrestrial invertebrates following a beaver flood. We identified four distinct successional stages following beaver flooding inspired by Knudsen (1962), Kivinen et al. (2020), and Bush et al. (2019) (expanded in section 3. Successional stages in beaver wetlands). To identify relevant studies, we searched the literature for studies concerning beavers and terrestrial invertebrates. Lastly, we concluded on research gaps and discuss future directions and importance of including terrestrial invertebrates when evaluating the effects that beavers can have on biodiversity.




2 Methods

This mini-review was conducted using the search engine web of science. We use keywords on beaver wetlands (beaver dam, beaver pond, beaver wetland, OR beaver lake) and invertebrates (invertebrate, insect, arthropod, OR benthic fauna) on google scholar and web of science. The search was conducted in January 2024. Papers were included if they included data on terrestrial invertebrates. To determine this, we searched the method section of the paper to learn whether terrestrial or aquatic invertebrates were samples. We focused on studies that included a control area with no beaver activity, but made note of all studies that sampled terrestrial invertebrates. Studies only including aquatic invertebrates were excluded. Additionally, we scanned the reference lists of included papers to ensure we found all relevant publications. In total, 11 studies across the globe were found. Studies were published between 1978-2023, more than half of them since 2020, indicating a growing field of study.

We noted the organism group investigated in each study as well as the parameter studied in relation to the group (for example abundance, richness, activity). If a control was presented, we noted whether a difference was found between beaver and non-beaver wetlands with regards to each parameter.




3 Successional stages in beaver wetlands

The fact that a beaver patch goes through many stages of succession - both aquatic and terrestrial - means that in a landscape inhabited by beavers there are plenty of beaver patches in different successional stages. The environmental heterogeneity caused by beaver activities lays a foundation on which considerable species diversity can build (Bush et al., 2019; Nummi et al., 2019a; Kivinen et al., 2020). Within the aquatic realm, different successional stages have a documented effect on the plant community (Nummi, 1989; Ray et al., 2001). In water, few studies have investigated the effects of successional stages (Bush et al., 2019; Nummi et al., 2021b), and results show that water beetles show the highest abundance and richness in the early successional stage (Nummi et al., 2021b).

Terrestrial succession and an abundance of niches in beaver wetlands should create grounds for high terrestrial invertebrate diversity and abundance on both a temporal and spatial scale (Figure 1). The terrestrial succession after a beaver flood result in a great variability in microhabitats and create structural heterogeneity in the form of dead wood, meadows, saplings, and young trees (Chandler et al., 2009). Apart from succession-created temporal variability in the beaver patch, there is considerable spatial within-patch heterogeneity in beaver ponds (Willby et al., 2018). The high heterogeneity is due to the many niches and habitats found in and around beaver ponds, including the relatively deep water just behind the dam and in the original creek channel or pond, beaver-created foraging channels, flooded shrubs-swamps, shallow marshes of emergent vegetation, and wet meadows (Nummi, 1989; Hood and Larson, 2015; Bush and Wissinger, 2016; Johnston, 2017; Nummi et al., 2021b).




Figure 1 | Successional stages of a beaver wetland following beaver abandonment. The first few years after beaver abandonment is characterized by a wet meadow stage with puddles (A). The sedge-dominated beaver meadow (B) follows, and favours moths, spiders and butterflies. After 4-8 years, saplings will sprout on the beaver meadow (C), and finally, if not re-occupied by beavers, a young forest will reappear (D). *Study took place during the beaver flood stage. This image was created using icons from Flaticon.com.



Initially, the beaver dam causes flooding, resulting in shallow water impounding areas adjacent to the beaver dam that may remain present for as long as the beaver pond is active (Knudsen, 1962; Johnston, 2017). This stage is characterized by shallow shores with lentic water interspersed with vegetation (Beard, 1953; Nummi & Hahtola, 2008), and at the edge of the flooded area a complex and extensive marsh zone can appear (Knudsen, 1962; Bush and Wissinger, 2016). In its early phase, this stage is important to ducks, amphibians, aquatic insects, and terrestrial invertebrates, and its late phase especially to fishes (Rosell et al., 2005; Stringer and Gaywood, 2016).

Flooding, however, might also have deleterious consequences for terrestrial organisms as is evident from several ecosystems. Flooding stress negatively impact plant growth and survival (Zhou et al., 2020; Aslam et al., 2023). Flooding changes the invertebrate community composition, but the effects are taxa dependent (Ellis et al., 2001). In grasslands, flooding negatively impact diversity, biomass, and abundance of the terrestrial soil microfauna as many species lack the physiological adaptations to withstand flooding and as a result evade flooded areas (Plum, 2005). In a mosaic floodplain landscape, areas with longer inundation periods had a lower ant species richness compared to drier sites (Ballinger et al., 2007).

After the beaver flooding phase, the first successional stage after dam breaching is the moist beaver meadow that appear during the first few years of water drawdown after beaver abandonment (Neff, 1957) (Figure 1A). Here, the water recedes, exposing soil which will soon be covered in sedges, grasses, and forbs, whereas shrubs and trees are not yet able to sprout (Knudsen, 1962; Johnston, 2017). This stage is important habitat for e.g. the invertivorous green sandpiper, Tringa ochropus which continues to thrive during the first years of beaver abandonment, utilizing the moist beaver meadows which still may contain shallow puddles (Nummi et al., 2021a). Further, the stage is potentially important for insects found in shallow water and moist soil, for example Tipulidae and Stratiomyiidae (Hodkinson, 1975).

When the soil dries out, we enter the drier beaver meadow stage (Figure 1B) (Bartel et al., 2010; Johnston, 2017), and after that the sapling and shrub stage (Hyvönen and Nummi, 2008) (Figure 1C). Beavers are herbivores that forage selectively, thus changing sapling recruitment in the areas surrounding the beaver flowage (Donkor and Fryxell, 1999). Beaver foraging initially increases the dominance of coniferous species, but the gaps created by the beaver disturbance facilitate regeneration of both deciduous and coniferous species (Donkor and Fryxell, 1999). Whereas succession following foraging of deciduous trees favors conifers, deciduous trees dominate the succession following a beaver flood (Hyvönen and Nummi, 2008). These beaver-created gaps and increased habitat heterogeneity could benefit saproxylic invertebrates; a study in temperate forests found canopy openness and habitat heterogeneity being the main factors affecting saproxylic beetle diversity (Seibold et al., 2016), and for red-listed saproxylic invertebrates in Sweden, it was noted that a high proportion of the species thrive in sun-exposed deadwood surfaces often found in snags (Jonsell et al., 1998). A special feature of beaver patches is the occurrence of snags in moist conditions; and while they have a documented positive effect on dead-wood related species such as pin lichens (Vehkaoja et al., 2017), little is known of invertebrates in these microhabitats. As the saplings mature, the next successional stage commences (Figure 1D), unless beavers re-enter an area and the area reverts to the first successional stages of a beaver wetland (Kivinen et al., 2020).

Deadwood formation is not limited to one successional stage but is a continuous process. Prolonged flooding leads to tree death (Glenz et al., 2006), and since beavers often occupy the same site over multiple years (Hood, 2020; Kivinen et al., 2020), deadwood formation is expected to accelerate during beaver occupancy. The legacy of the beaver continues after it leaves the area as the snags gradually get more degraded, and on a landscape level deadwood will continuously form as beavers occupy new patches (Thompson et al., 2016). It is also worth mentioning that deadwood of different stages and sizes are present in patches that have faced multiple beaver floods (Thompson et al., 2016; Kivinen et al., 2020).




4 Effects on terrestrial invertebrates

We found 11 studies on terrestrial invertebrates in beaver wetlands, most comparing a beaver wetland to a control wetland spatially separate from each other (Table 1). Of these studies, 5 were conducted in Europe, and 6 were conducted in the United States. The majority were conducted in the temporal zone rather than the boreal zone, and most studied abundance and richness at a taxonomic level above species. While none of the studies include all the successional stages created by the beaver in their study design, as a unity they enable us to elucidate some trends with regards to beavers and terrestrial invertebrates, and the importance of the different successional stages.


Table 1 | A list of studies of terrestrial invertebrates in beaver wetlands.



Bartel et al. (2010) included two successional stages in their study, comparing the effect of the early successional meadow stage and the late successional scrub stage on a butterfly, Neonympha mitchellii francisci (Figure 1B). The butterfly population size was correlated to the cover of certain Carex species, which in turn were more abundant in the early successional stage (Bartel et al., 2010). Several studies have compared areas with and without the presence of beavers. McCaffery and Eby (2016) showed an increased abundance of spiders at the family level, where Lycosidae spp. were found at higher abundance in areas with no beaver. The increase in Lycosidae abundance was explained by an increased food availability due to an increase in aquatic subsidies, which in turn increased the macroinvertebrate emergence rate (McCaffery and Eby, 2016). Andersen et al. (2023) found an increased richness and diversity of Lepidoptera in areas with beavers potentially explained by a higher habitat heterogeneity in beaver wetlands (as indicated by a higher variance in NDVI). Orazi et al. (2022) saw no difference with regards to the richness of Coleoptera, Hemiptera or Arachnida, but recorded a distinct Coleoptera community in beaver wetlands. Overall, these studies suggest that the effect of the presence of beavers might not be detected at broad taxonomic levels nor in all arthropod groups in the early successional stages of beaver meadows. For example, overall invertebrate biomass (Andersen et al., 2023) or order level abundance (Orazi et al., 2022) did not differ between beaver meadows and compatible control areas without beaver activities, whereas data at the family level detected significant differences [Coleoptera (Orazi et al., 2022), Lycosidae (McCaffery and Eby, 2016)].

Beaver induced flooding produces large volumes of deadwood in areas that are otherwise rarely disturbed (Thompson et al., 2016). Deadwood is an important habitat for numerous species, including saproxylic insects, where 800 species of Coleoptera, 500-1000 species of Diptera, and 500-1000 species of Hymenoptera are expected to be found in Finland alone (Siitonen, 2001), and many of these species are specialized in specific deadwood stages (Stokland et al., 2012). We therefore expect beaver activities to have an indirect impact on both the richness and abundance of saproxylic insects. Three studies examined the importance of successional stage in the sapling/young forest, where deadwood is abundant (Figures 1B, C), on terrestrial invertebrates (Mourant et al., 2018; Durben et al., 2021; Walker et al., 2021). Mourant et al. (2018) investigated activity and fecundity of saproxylic beetles in Canadian beaver wetlands dominated by mixed forest vegetation and deadwood stands. They found a higher abundance of both small emergence holes attributed to small beetle species, such as Scolytinae, and large emergence holes attributed to large beetles (Cerambycidae) in snags in beaver-modified habitats compared to control sites. The increased activity and reproduction was ascribed to the high-quality wooden debris present in beaver modified wetlands (Mourant et al., 2018). Saarenmaa (1978) examined trees from an area still flooded and found the moisture-liking insect species, Trypodendron lineatum and Dryocetes autographus, especially abundant in beaver-killed trees.

Ecosystems containing beaver-felled trees also have a positive impact on arthropod richness, diversity and abundance (Durben et al., 2021). According to Durben et al. (2021), beaver herbivory alters the chemical traits of saplings and stems compared to saplings not subjected to herbivory, with the added effect of attracting more arthropods. In a different study, Walker et al. (2021) found a higher arthropod richness, abundance and diversity within beaver-felled trees compared to unfelled trees. Beaver herbivory increases tree productivity and stress, which create genetically more heterozygous trees that in turn are attractive to the arthropod community (Walker et al., 2021). In conclusion, the richness and abundance of multiple invertebrate orders increase in deadwood dominated beaver wetlands compared to control wetlands and the mechanisms behind these increases are complex.

Two other studies are worth mentioning that have investigated terrestrial invertebrates in beaver wetlands but have not presented results from a non-beaver control. In their study on macroinvertebrates in beaver dams, Schloemer et al. (2023) focused on aquatic invertebrates but their sampling design, in which they sampled by the actual beaver dam, resulted in semi-terrestrial and terrestrial invertebrates also being sampled. For the sampled invertebrate orders, more terrestrial species were recorded in abandoned than active beaver wetlands. Terrestrial species included a beetle (Dianous coerulescens) and a snail (Vertigo antivertigo) (Schloemer et al., 2023). Silina et al. (2023) looked at the abundance, biomass, and diversity of emerging flying insects at different zones of a beaver pond in Russia. They recorded 162 species across 8 orders. Also worth mentioning is the study on aquatic invertebrates by Bush et al. (2019). They identified terrestrial Coleoptera: Anthicidae as an indicator-taxa in mature beaver wetlands, while Hemiptera: Pseudococcidae and Coleoptera: Curculionidae were identified as indicator species of abandoned beaver wetlands. Further, the study by Bush and Wissinger (2016) compared newly-formed, mature, and abandoned beaver wetlands and found terrestrial taxa present in both newly formed (Araneae) and abandoned (Entomobryidae, Coccoidae, Araneae, Delphacidae) beaver wetlands.

Another important aspect to remember is that terrestrial and aquatic habitats are connected, and that many species have aquatic larvae resulting in an influx of insects to the terrestrial realm. Overall, the abundance of emerging invertebrates may thus be higher in beaver wetlands compared to controls (Nummi, 1992; Nummi et al., 2011; McCaffery and Eby, 2016; Xiang et al., 2017). However, one study found no difference in overall aerial invertebrate biomass between temperate wetlands with and without beaver (Andersen et al., 2023).




5 Conclusions and future directions

This literature review indicates that beavers can have an impact on the terrestrial invertebrate community, and that the effect might be present across multiple successional stages. The number of studies conducted on terrestrial invertebrates is low compared to aquatic invertebrates in beaver wetlands. Further studies are needed to address the potential impact of beavers on the terrestrial community, especially studies taking into consideration successional stages. For example, currently we lack information on different species groups, such as above- and below-ground species, flying and non-flying species, and the importance of taxonomic resolution. It is also important to include successional stages, space, time, sampling effort in the sampling design. Lastly, we need more information on the different abiotic and biotic factors co-occurring with successional stages, such as temperature, humidity, nutrient level, and structural complexity. Further, the close link between the terrestrial and aquatic realms, with many invertebrate species having both an aquatic and terrestrial life form, and interactions across species should be taken into account. Even in the aquatic realm, where numerous studies have been conducted (see for example the review by Washko et al. (2022)), few studies take the different successional stages of the beaver wetland into account. Nummi et al. (2021b) included both newly formed, as well as old and abandoned beaver ponds in their study on water beetles and found the largest richness and diversity in newly formed ponds. In a study on beta-diversity, Bush et al. (2019) showed that various successional stages of beaver wetland had unique aquatic invertebrate communities and that beta-diversity was nearly twice as high for the entire community compared to each successional stage. Further, Hood and Larson (2014) studies active and abandoned beaver sites, and found beaver wetlands to have deeper ponds and higher species richness of aquatic invertebrates.

A better understanding of how successional stages caused by beaver activity affect the terrestrial invertebrate community can also help in conservation of endangered species and restoration of biodiversity. In recent years, rewilding has emerged aiming to restore natural processes and functions in ecosystems. Reintroduction of key ecosystem engineering species, such as beavers may help facilitate restoring biodiversity for terrestrial species but also across the aquatic and terrestrial realm.
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Continent Country/ Control Habitat, Response Reference
State climate zone to beaver
Europe Denmark Spatial Meadow, temperate Invertebrate Biomass None Andersen
etal, 2023
Europe Denmark Spatial Meadow, temperate Lepidoptera Richness Increase Andersen
etal, 2023
Europe Denmark Spatial Meadow, temperate Lepidoptera Diversity Increase Andersen
etal, 2023
Europe Germany Spatial Meadow, temperate Arachnida Abundance None Orazi
et al,, 2022
Europe Germany Spatial Meadow, temperate Hemiptera, Coleoptera Abundance None Orazi
et al,, 2022
Europe Germany Spatial Meadow, temperate Arachnida, Richness None Orazi
Hemiptera, Coleoptera et al,, 2022
North Montana Spatial Riparian/ Arachnida: Lycosidae spp. Abundance Increase McCaffery and
America meadow, temperate Eby, 2016
North North Spatial Meadow/ Lepidoptera: Neonympha Abundance Increase Bartel
America Carolina shrub, temperate mitchellii francisci et al. (2010)
North New Spatial Open, wooded area with Saproxylic beetles Activity Increase Mourant
America Brunswick deadwood, temperate etal, 2018
North New Spatial Open, wooded area with Coleoptera: Saproxylic beetles | Reproduction Increase Mourant
America Brunswick deadwood, temperate etal, 2018
North New Spatial Open, wooded area with Coleoptera: Scolytinae spp. Abundance Increase Mourant
America Brunswick deadwood, temperate etal, 2018
North New Spatial Open, wooded area with Coleoptera: Abundance Increase Mourant
America Brunswick deadwood, temperate Cerambycidae spp. etal, 2018
North Arizona Spatial ‘Wooded, riparian Arthropoda Diversity Increase Durben
America zone, temperate et al, 2021
North Arizona Spatial ‘Wooded, riparian Arthropoda Abundance Increase Durben
America zone, temperate et al,, 2021
North Arizona Spatial Deadwood, temperate Arthropoda Richness Increase Walker
America etal, 2021
North Arizona Spatial Deadwood, temperate Arthropoda Diversity Increase Walker
America et al, 2021
North Arizona Spatial Deadwood, temperate Arthropoda Abundance Increase Walker
America et al,, 2021
Europe Finland None Deadwood, 3-year old Coleoptera: e.g. Abundance Increase Saarenmaa,
beaver pond, boreal Scolytinae spp. 1978
Europe Germany Spatial 2-8 year old beaver Diptera, Ephemeroptera, Abundance Decrease Schloemer
wetlands, temperate Trichoptera, etal, 2023
Odonata, Plecoptera
Europe Germany Spatial 2-8 year old beaver Gastropoda Abundance Increase Schloemer
wetlands, temperate etal, 2023
Europe Germany Spatial 2-8 year old beaver Heteroptera, Megaloptera Abundance None Schloemer
wetlands, temperate etal, 2023
Eurasia Russia None Open wetland, 4-year-old = Emerging insects Species richness, Not applicable Silina
beaver pond abundance, etal, 2023
biomass
North Georgia Spatial Newly created, mature Entomobryidae, Coccoidae, Abundance Highest in Bush and
America and Araneae, Delphacidae abandoned Wissinger,
abandoned, temperate wetlands 2016

The table includes location of the study by continent and country/state, it lists whether the control area (if any) is spatial or temporal, it includes the habitat and climate zone (boreal or temperate
forest). Further, it includes information on the taxa investigated, the unit, and the response to the presence of beaver (positive, negative, none).





