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Abstract
1. Land managers are increasingly using beavers to restore hydrological function, 

provide wildlife habitat, and mitigate the effects of climate extremes on water 
balances and ecosystems. Although North American beavers (Castor canadensis) 
and Eurasian beavers (Castor fiber) both hold great potential for landscape-scale 
benefits, more information about the interactions between beavers and wildlife is 
necessary to maximise the ecological benefits and minimise the social and ecolog-
ical costs of beaver-centred management. Beaver dams create large, deep pools 
with long hydroperiods, which could benefit aquatic and semi-aquatic species, es-
pecially pond-breeding amphibians, which breed in still and slow-moving water.

2. We studied the relationship between beaver dams and pond-breeding amphib-
ians in the southern Washington Cascade Range of the north-west U.S.A. by sur-
veying 29 beaver-dammed and 20 undammed lentic sites in three mid-elevation 
(560–1,010 m) spatial blocks.

3. We found that mean amphibian species richness was 2.7 times higher in dammed 
sites than in undammed sites (2.4 vs. 0.9 species). This increase in species rich-
ness was driven by increased occupancy of slow-developing species—red-legged 
frogs (Rana aurora) and northwestern salamanders (Ambystoma gracile)—which 
were also more abundant at sites with dams. These two species were detected 
almost exclusively in beaver-dammed sites, suggesting that some amphibians rely 
heavily on beaver-dammed sites for successful reproduction in areas such as our 
study blocks where ponds and wetlands with long hydroperiods are otherwise 
scarce. Species with highly variable development periods—long-toed salaman-
ders (Ambystoma macrodactylum) and rough-skinned newts (Taricha granulosa)—
showed nonsignificant trends of higher site occupancy and, in the case of newts, 
higher number of mating events per hectare in dammed sites compared to un-
dammed sites.

4. Compared to undammed sites, dammed ponds were consistently deeper and had 
longer hydroperiods, consistent with beavers benefitting slow-developing am-
phibians primarily by increasing the quality of lentic breeding habitat. We sug-
gest that slow-developing amphibians and some variable-rate developers might 
benefit greatly from beaver restoration, especially in areas where climate change 
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1  | INTRODUC TION

Freshwater aquatic systems are becoming increasingly degraded by 
anthropogenic activities including pollution, damming, water removal, 
overgrazing and overharvest of timber in surrounding catchments, 
land use change, invasive species, and climate change (Dudgeon 
et al., 2006; Naiman & Dudgeon, 2011; Reid et al., 2019). To restore 
and protect streams and riparian areas, which are among the most im-
perilled ecosystems (Capon & Pettit, 2018), environmental managers 
in some northern temperate regions are increasingly turning to man-
agement options involving North American beavers (Castor canaden-
sis) or Eurasian beavers (Castor fiber). Both species are ecosystem 
engineers that exert strong community and ecosystem-level effects 
at multiple spatial scales, primarily through dam-building (Jones 
et al. 1994; Rosell et al., 2005). Despite having been driven to near 
extinction throughout their native ranges by overharvesting and hab-
itat destruction, beaver populations have been rebounding for sev-
eral decades, mostly due to trapping restrictions and reintroductions 
(Baker & Hill, 2003; Danilov & Fyodorov, 2016; Halley & Rosell, 2002; 
Larson & Gunson, 1983; Mai et al., 2018; Wrobel et al., 2016). 
Numerous beaver-related restoration and conservation projects, 
such as beaver reintroductions and translocations, installation of 
beaver dam analogues, and habitat improvements that benefit bea-
vers have already been implemented in various landscapes and more 
are planned (Auster et al., 2019; Castro et al., 2015; Gaywood, 2018; 
Goldfarb, 2018; Puttock et al., 2018; Smith et al., 2020). However, 
implementation of beaver-related management projects has out-
paced our understanding of their effects on sensitive wildlife (Pilliod 
et al., 2018). For example, while there is evidence that beavers can 
benefit salmonid fishes (Bouwes et al., 2016; Kemp et al., 2012), 
counterexamples highlight the need to elucidate context-dependen-
cies (e.g. Malison et al., 2015, 2016). The lack of detailed information 
about beaver effects on wildlife constrains the development of coor-
dinated regional beaver management strategies.

Beavers can influence habitats, ecological communities, and 
ecosystems through herbivory (Parker et al., 2007) and con-
struction of burrows, canals, and wooden lodges (France, 1997; 
Rosell et al., 2005) independent of dams, but the effects of their 
dam-building activities are arguably paramount (Gatti et al., 2018; 
Johnston, 2017; McDowell & Naiman, 1986; Naiman et al., 1986, 
1994). Beaver dams enlarge existing ponds, increase their struc-
tural complexity (Rosell et al., 2005; Wathen et al., 2019; Willby 
et al., 2018), and convert lotic habitats to a lotic/lentic mosaic, 

thereby increasing the area, depth, heterogeneity, and hydro-
period of aquatic habitat (Naiman et al., 1988). The combined 
effects of changes in habitat quantity and quality are often as-
sociated with higher abundance, density, biomass, and/or species 
diversity of organisms that exploit lentic and riparian habitats, 
including plants, insects, fishes, birds, and mammals (e.g. Bartel 
et al., 2010; Law et al., 2019; McDowell & Naiman, 1986; Nummi, 
Liao, et al., 2019; Nummi, Suontakanen, et al., 2019; Perkins & 
Wilson, 2005). Amphibians, due to their close association with 
water, might greatly benefit from the positive effects of beavers 
on habitats. Thus, beavers might represent an important part of 
management action to counteract amphibian population declines 
(Ceballos et al., 2015; Monastersky, 2014).

Pond-breeding amphibians, which depend on standing or 
still-moving water for reproduction, would seem to stand to gain 
the most from the creation and expansion of lentic habitats under 
beaver-driven restoration, yet this is not always the case. Many 
pond-breeding amphibian species are positively associated with 
beaver activity at the habitat patch scale (the area directly im-
pacted by damming; e.g. Crisafulli et al., 2005; Dalbeck et al., 2007; 
Osipov et al., 2018; Popescu & Gibbs, 2009; Remm et al., 2018; 
Vehkaoja & Nummi, 2015; Zero & Murphy, 2016). However, for 
reasons that are not well understood, this pattern is not universal, 
as some species show no association with beaver-influenced habi-
tats (e.g. multiple species in the Piedmont region of South Carolina; 
Metts et al., 2001; Russell et al., 1999). Furthermore, beavers may 
actually decrease patch-scale habitat suitability for other species, 
especially toads in the family Bufonidae (e.g. common toads, Bufo 
bufo; Vehkaoja & Nummi, 2015; arroyo toads, Anaxyrus califor-
nicus; Hancock, 2009; and green toads, Bufotes viridis, and nat-
terjack toads, Epidalea calamita; Dalbeck et al., 2020), perhaps 
because they tend to prefer shallow, marginal habitats. In some 
species, the relationship of amphibians to beavers seems to be 
context-dependent. Wood frogs (Rana sylvatica) and spotted sal-
amanders (Ambystoma maculatum) illustrate such dependency by 
running the gamut from positive association, to no association, to 
negative association with beaver dams depending on location and 
whether beavers are still present at the dammed site (Cunningham 
et al., 2007; Groff et al., 2017; Hokit & Brown, 2006; Karraker 
& Gibbs, 2009; Stevens et al., 2007). Pond-breeding amphibians 
thus exemplify a group that generally benefits from beaver ac-
tivity (Cunningham et al., 2007; Dalbeck et al., 2007; Vehkaoja & 
Nummi, 2015) but defies easy generalisation, highlighting the need 

is predicted to reduce summertime water levels. Beavers could therefore be use-
ful and important components of ecosystem-based restoration, management, and 
climate adaption, especially in parts of their native ranges in North America or 
Eurasia predicted to undergo climatic drying.
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for additional specific investigations, especially in areas where the 
environmental context is rapidly changing.

Mountain ranges in western North America have undergone pro-
found changes in hydrology under climate change (Dittmer, 2013; Mote 
et al., 2005, 2008), and these changes will become more extreme as 
climate change proceeds. Continuing increases in winter temperature 
will cause less precipitation to fall as snow and the snowpack to melt 
faster, intensifying summer drawdown and drying of streams, ponds, 
wetlands, and riparian zones (Dickerson-Lange & Mitchell, 2014; Elsner 
et al., 2010; Hamlet et al., 2013; Lee et al., 2015a, 2015b; Leibowitz 
et al., 2014), a trend that will be further exacerbated by increased sum-
mer air temperatures (Cooper et al., 2018). As hydroperiods shorten 
and less dry-season water is available, permanent and semi-perma-
nent streams and ponds will become seasonal or intermittent, sea-
sonal streams and ponds will become ephemeral, and wetlands and 
riparian areas will shrink (Lee et al., 2015a, 2015b). Beaver ponds, 
which can buffer open water and wetlands against temperature fluc-
tuations in precipitation and temperature on a landscape scale (Hood 
& Bayley, 2008), may become increasingly important for maintaining 
hydroperiods long enough to support reproduction of pond-breeding 
amphibians in this region.

We studied the relationship between beavers and pond-breeding 
amphibians in the Southern Washington Cascades, a region recently 
designated as a Priority Amphibian and Reptile Conservation Area 
(Castle et al., 2019) in part because of high amphibian diversity (17 
species) and potential impacts of climate change-related threats. Our 
primary purpose was to test whether beaver dams are associated with 

pond-breeding amphibians in this region. Because dams lengthen hy-
droperiods, we reasoned that they provide lentic habitat unlikely to 
dry up before the larvae of pond-breeding amphibians can metamor-
phose. Thus, we hypothesised that reproduction of slow-developing 
species, measured by the presence or absence of breeding (site oc-
cupancy) and the density of embryos, is positively associated with 
dams. We further reasoned that increased occupancy by slow-devel-
oping species in beaver-dammed sites will increase species richness 
(number of species breeding). We also evaluated potential mecha-
nisms underlying amphibian-beaver dam associations by comparing 
size, depth, water drawdown, hydroperiod, and vegetation charac-
teristics in dammed and undammed habitats.

2  | METHODS

2.1 | Study system

Our study was conducted in wetlands in the Gifford Pinchot 
National Forest (GPNF) in southern Washington (Figure 1) rang-
ing from 560 to 1,000 m in elevation. All study sites were west of 
the Cascadian crest and were surrounded by temperate rainforest 
consisting of mostly of second-growth conifers (primarily Douglas 
fir [Pseudotsuga menziesii], western hemlock [Tsuga heterophylla], 
and western red cedar [Thuja plicata]) with abundant hardwoods 
(primarily alder [Alnus spp.] and willow [Salix spp.]) in riparian and 
wetland areas. The study area is inhabited by seven pond-breeding 

F I G U R E  1   Overview map of the study 
area in the southern Washington Cascade 
Range. Each circle represents a site used 
in the study. The green line represents the 
boundary of the Gifford Pinchot National 
Forest
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amphibian species: two ranids (northern red-legged frog [Rana au-
rora] and Cascades frog [Rana cascadae]), one hylid (Pacific treefrog 
[Hyliola [Pseudacris] regilla]), one bufonid (western toad [Anaxyrus 
boreas]), two ambystomatids (northwestern salamander [Ambystoma 
gracile] and long-toed salamander [Ambystoma macrodactylum]), and 
one salamandrid (rough-skinned newt [Taricha granulosa]). An eighth 
pond-breeding ranid species, Oregon spotted frog (Rana pretiosa), 
is also present in the southern Washington Cascades, although it 
has declined drastically throughout its range (Hayes & Pearl, 2005) 
and received special conservation status (US Fish & Wildlife 
Service, 2014); this species was not found at any of our study sites.

All seven study species use still or slow-moving water for re-
production but their embryos and larvae vary in developmental 
rate (Lannoo, 2005). Cascades frogs, Pacific treefrogs, and west-
ern toads are fast developers that require only about 4.5 weeks 
to reach metamorphosis after egg deposition under ideal condi-
tions. Red-legged frogs and northwestern salamanders are slow 
developers that require at least 15 weeks for this development. 
Rough-skinned newts and long-toed salamanders are variable-rate 
developers that display high degrees of phenotypic plasticity in 
developmental rate, with development from egg deposition to 
metamorphosis varying in duration from 6 weeks to more than a 
year, depending on environmental factors (Marks & Doyle, 2005; 
Pilliod & Fronzuto, 2005). In these species, development is longer 
at high latitudes and high elevations, which are associated with 
cold water temperatures, although developmental rates also vary 
substantially within populations (Marks & Doyle, 2005; Pilliod & 
Fronzuto, 2005). Generalisations about development are com-
plicated by the presence of facultative paedomorphy, a form of 
phenotypic plasticity in which salamanders can reach adulthood 
without metamorphosing, which is common in northwestern 
salamanders and rare in rough-skinned newts. In these species, 
paedomorphic (gilled) adults are associated with high elevations, 
cold water temperatures, and permanent water bodies (Marks & 
Doyle, 2005; Shaffer, 2005). No form of paedomorphy has been 
documented in long-toed salamanders (Pilliod & Fronzuto, 2005).

2.2 | Study design

We identified dammed and undammed sites within the GPNF 
by thorough examination of aerial imagery and by focused 

on-the-ground searches (see Supporting Information for details). 
In 2017, we conducted surveys at 29 dammed and 20 undammed 
sites in three spatial blocks (Figures 1 and 2). Also, in 2019 we con-
ducted additional surveys at seven dammed and five undammed 
sites in a single block to estimate amphibian detection probabili-
ties (Tables S1 and S2 Supporting Information). We defined study 
sites as any uncanopied area within the surrounding forest ma-
trix that contained standing or slow-moving water. Thus, pond, 
wet meadow, marsh, and other wetland habitats were included, 
but forested streams and swamps, though present in all blocks, 
were excluded. Canopy was defined as any area of vegetation 
2 m or more in height. Site borders were delineated by canopy 
edges or swift-running streams, i.e. second-order or higher lotic 
habitat that contained no standing or slow-moving water during 
the season of amphibian mating and oviposition. Our site defi-
nition corresponds to areas of potential breeding habitat of our 
target amphibian species, all of which breed almost exclusively 
in standing or slow-moving water outside of the forest canopy 
(Lannoo, 2005). The site definition also corresponds to the area of 
impact from beaver dam-building activities. Where dams are built, 
beavers remove and coppice trees and shrubs for building material 
and food. Flooding behind dams kills additional trees and shrubs, 
and deep water behind dams prevents establishment of new forest 
canopy (Thompson et al., 2016). Thus, beaver dams, as long as they 
remain functional, maintain areas of uncanopied habitat within a 
canopied forest matrix, even if beavers are no longer present.

We defined dammed sites as those containing one or more 
functional beaver dams (i.e. dams that created or enlarged a pool of 
standing water, regardless of the how recently they had been built, 
rebuilt, or maintained by beavers). Dammed sites were scored as ac-
tive or inactive based on the presence or absence of signs of beavers 
that could be attributed to beaver activity since winter of that year 
(i.e. trees, stumps, branches, logs, or other vegetation with fresh 
beaver chew marks, mud piles pressed onto dams, or any vegeta-
tion with live tissue placed onto dams; old cuttings with live buds or 
sprouting leaves were excluded). We designated sites containing no 
functional dams as undammed. No signs of beaver activity less than 
1 year old were observed in undammed sites.

Site borders were drawn in ArcMap 10.5.1 (ESRI, 2017) using 
aerial imagery and GPS waypoints taken in the field at upstream, 
downstream, and other site borders. Areas of canopy greater than 
80 m2 falling within the site border were outlined and excluded from 

F I G U R E  2   Photos of representative 
(a) undammed and (b) dammed sites in 
the Trout Creek block. In (b) a long dam, 
visible as a vegetated berm, winds from 
the upper right to the lower right

(b)(a)
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the site area, and total site area was calculated less these spots. 
We used a topographic digital elevation model to calculate a slope 
map, from which we extracted the average slope of each site. (See 
Supporting Information for data sources and processing tools used.) 
We focused our study on sites between 0.05 and 5 ha in surface 
area (actual range: 0.06–3.1 ha; Table S1), which represented almost 
all of the overlap in size between dammed and undammed sites (see 
Supporting Information). During field work, small sites encountered 
during travel within the study blocks were checked for surface 
water, briefly checked for amphibians, and marked using a Garmin 
etrex 30 GPS.

2.3 | Amphibian surveys

Visual encounter surveys were used to assess the site occupancy, 
breeding density, and species richness of pond-breeding amphib-
ians (Olson et al., 1997). Site occupancy was based on breeding: a 
species was considered to be present at a site if embryos, larvae, 
or mating adults were observed. Species richness was expressed as 
the number of species occupying a site. We also calculated breeding 
density to express relative abundance of breeding females as num-
ber per hectare of site area. Density of embryo masses was used 
as the breeding density variable for red-legged frogs, northwestern 
salamanders, Cascades frogs, and Pacific treefrogs. For long-toed 
salamanders, density of individual embryos was used because it was 
sometimes impossible to assign their embryos to particular masses, 
which typically consist of relatively few embryos. For rough-skinned 
newts, embryos are difficult to find and were not observed; there-
fore, density of mating events were used. A mating event was de-
fined as two newts in amplexus, or a mating ball of newts containing 
three or more newts attached to each other; both cases generally 
involve exactly one adult female newt (Janzen & Brodie, 1989).

Breeding surveys at the Trout Creek and Wapiti Meadows blocks 
were conducted during spring melting of ice and snow (Tables S1 
and S2), corresponding with peak occurrence of amphibian embryo 
masses. The Cispus River block was surveyed relatively late, after all 
snow and ice had melted at its sites, because snow kept its access 
road closed until late June. Importantly, our amphibian results were 
qualitatively the same whether or not we included this block in anal-
ysis (see Section 2.5).

To estimate species-specific detection probabilities, we con-
ducted additional surveys of amphibians at seven dammed and five 
undammed sites in the Wapiti Meadows block in 2019 (Table S1; 
eight of these sites were also surveyed in 2017). As in 2017, standard 
visual encounter surveys for amphibians and habitat characteristics 
were conducted during spring melting of ice and snow; except in 
2019, each site was surveyed twice, once by each of two observ-
ers. Both observers followed the same general route through sites, 
and the second observer started their survey 15–30 min after the 
first observer began, to ensure that any amphibians that hid after 
encountering the first observer were given a chance to reappear 
and be found by the second observer. The protocol and procedures 

employed in this study were ethically reviewed and approved by the 
Institutional Animal Care and Use Committee of Washington State 
University.

2.4 | Habitat characteristics

We measured aquatic habitat characteristics during three site visits 
in 2017. The first site visit was early in the season, in spring and early 
summer (coinciding with the amphibian breeding surveys). During 
this visit we visually estimated three site-level habitat characteris-
tics: (1) percent cover of emergent vegetation (taken as a percent-
age out of all habitat containing surface water; (2) deepest water 
depth; and (3) average water depth 1 m from the shoreline. The last 
variable was not based on discrete measurements; rather, observers 
recorded, based on their judgement, a single number meant to be 
representative of the average depth of all the aquatic habitat located 
1 m from the shoreline (adapted from Fellers & Freel, 1995).

The second 2017 site visit took place mid-summer (13 July–24 
August) and provided more detailed information about aquatic 
habitat conditions in a subset of sites. In each block, we randomly 
selected 3–4 dammed and 3–4 undammed sites (Table S3) to visit 
in random order. (In the Trout Creek block we excluded the most 
northerly six sites—five dammed sites and one undammed site—be-
cause access was impeded by downed trees from a January 2017 
ice storm.) Some undammed sites contained no surface water; in 
this case, additional undammed sites were randomly selected until 
three undammed sites still holding surface water were surveyed for 
remaining water depth in each block (Table S3). At each site, we mea-
sured deepest water depth in the deepest pool to the nearest centi-
metre using a metre stick. To minimise disturbance of soft sediments 
and prevent the metre stick from sinking into the bottom of the pool, 
we fixed a weighted, soft plastic circle at its base and controlled it 
from the shore using ropes. If surface water was entirely absent, 
deepest water depth was recorded as zero. All pools were mapped. 
The deepest point at each site was always in a lentic water body; we 
designated this as the main pool. Pools not connected to the main 
pool by surface water were designated as isolated.

A third round of site visits was conducted in late summer 2017 
(25 August–1 September) to measure late summer pool depths, 
drawdown rates, and temperatures. We randomly selected sites 
still containing water (n = 1–4 sites per block/dam status combi-
nation; Table S4), and installed water temperature-and-pressure 
data loggers in each of these sites (See Supporting Information 
for logger details.) Each site instrumented with loggers received 
one logger in the main pool and, if any isolated pools were still 
present, one logger in each of one or two isolated pools selected 
at random from the pools identified during the second visit. A total 
of 28 pools, consisting of 16 pools across eight dammed sites and 
12 pools across seven undammed sites, were instrumented for 
continuous late-summer water level and temperature monitoring. 
Three pools were excluded from analysis because their logger mal-
functioned or was moved by beavers or other wildlife (Table S4). 
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Loggers were positioned at the bottom of the deepest part of each 
pool and set to record water pressure and temperature each hour. 
The deepest depth of each pool receiving a logger was measured 
using a metre stick as described above. As expected, the deepest 
part of each site was in the main pool, and thus its depth was used 
as the late summer deepest water depth of the site. Water levels 
were monitored and analysed until the first recorded precipitation 
of the season at the block's corresponding SNOTEL site (Table S2), 
for a period of 9–19 days of monitoring per instrumented pool 
(Table S4). Water level in each monitored pool declined roughly 
linearly during the late summer; therefore, a linear regression was 
fit to water level versus time and the slope was used as the draw-
down rate for that pool. Mean pool bed water temperature was 
calculated over for the same period as the water drawdown analy-
sis (from deployment to first rain).

2.5 | Data analysis

To assess if beaver dams were associated with species richness of 
pond-breeding amphibians we compared richness in dammed ver-
sus undammed sites. Species richness results were counts of the 
number of species breeding for each site and were analysed using 
a quasi-Poisson generalised linear model due to overdispersion (Ver 
Hoef & Boveng, 2007); a negative binomial model was also consid-
ered, but rejected because of overdispersion and poor fit. Our model 
included block, site area, and the presence or absence of dams as 
predictors; significance was evaluated using maximum likelihood 
χ2 tests. We also compared species-specific patterns in occupancy 
(presence or absence of breeding) and density in dammed versus 
undammed sites, using permutation tests because the data did not 
conform to the assumptions of parametric models (See Supporting 
Information). Because detection of amphibians was likely to be in-
fluenced by the relatively late timing of surveys in the Cispus River 
block (See Supporting Information), we compared the results of each 
test including the amphibian data from this block to a correspond-
ing test that excluded it. The qualitative results were the same for 
each of these pairs, so we present the results from the full data set, 
including this block.

To assess detection probabilities, we constructed site occupancy 
models for the 2019 surveys and resurveys (MacKenzie et al., 2018) 
using PRESENCE (Hines, 2020). There were too few data to check 
for differences in detection probability between dammed and un-
dammed sites; detection probability was assumed to be constant 
across dammed and undammed sites and across both surveys at 
each site. Presence or absence of dams was included as a site-level 
covariate of site occupancy.

To assess the effects of dams on aquatic habitat variables, we 
first analysed habitat characteristics that were measured for all 49 
sites surveyed for amphibians in 2017: deepest water depth; aver-
age depth 1 m from shoreline; percent cover of emergent vegeta-
tion; site area; and site slope. We tested for differences between 
dammed and undammed sites using MANOVA; upon detecting a 

significant difference we conducted univariate ANOVAs for each 
dependent variable. The MANOVA and all ANOVAs included block 
to account for between-block differences, and both independent 
variables (block and the presence or absence of dams) were treated 
as fixed factors. Dependent variables used in MANOVA and ANOVA 
were natural log-transformed to meet assumptions of normality, 
except that a ln(x + 1) transformation was used for percent cover 
of emergent vegetation and for site slope to accommodate zeros. 
We used the Holm–Bonferroni method (Holm, 1979) to maintain a 
family-wise α of 0.05 while performing five univariate ANOVAs to 
test for differences between dammed and undammed sites in each 
habitat characteristic.

We conducted separate analyses of habitat variables col-
lected at the subset of sites visited in midsummer and late sum-
mer 2017. Deepest pool depth and the proportion of sites that 
still contained surface water during the second site visit (midsum-
mer) were compared between dammed and undammed sites using 
blocked permutation tests, as in the analyses of amphibian occu-
pancy and density. Late season deepest pool depth, drawdown 
rate, and mean temperature (for pools that still contained water) 
were analysed using linear mixed effects models since multiple 
pools were tracked at some of the sites. We included pool type 
(main vs. isolated), site-level dam status (dammed or undammed), 
and their interaction as fixed effects; block was also included as 
a fixed effect and site was included as a random effect. Deepest 
late-season depth was natural log-transformed prior to analysis to 
meet assumptions; three pools were missing deepest depth obser-
vations. We used F-tests with Satterthwaite's denominator degree 
of freedom approximations to evaluate the significance of fixed 
effects, and t-tests based on the model-estimated marginal means 
to evaluate whether the rate of drawdown was significantly dif-
ferent from zero.

For each analysis comparing undammed and dammed sites, we 
performed a preliminary version of the analysis to investigate whether 
current beaver activity was influential. For permutation tests, un-
dammed sites were excluded and active dammed sites were compared 
to inactive dammed sites. In all other preliminary analyses, we assigned 
three levels to the dammed factor (active dammed, inactive dammed, 
and undammed) and tested for differences between active dammed 
and inactive dammed sites. Differences between active and inactive 
dammed sites were not significant at p ≤ 0.05 for any of the variables. 
We therefore lumped active and inactive sites together as dammed 
sites in all our analyses. All statistical analyses were conducted in R ver-
sion 3.5.1 (R Core Team, 2013) using the permute (Simpson et al., 2019), 
MASS (Ripley et al., 2019), and lme4 (Bates et al., 2019) packages.

3  | RESULTS

3.1 | Amphibians

Amphibian species richness was 2.7 times higher in beaver-dammed 
sites than in undammed sites (Figure 3; mean in dammed sites: 2.4; 



     |  7ROMANSIC et Al.

undammed sites: 0.9; χ2 = 16.69, df = 1, p < 0.001). Species richness 
did not differ between blocks (χ2 = 0.83, df = 2, p = 0.661), but did 
increase with increasing site area (χ2 = 14.93, df = 1, p = 0.001).

The relationship between site occupancy and beaver dams var-
ied among amphibian species according to their developmental 
rate (Figure 4a). In slow-developing species (red-legged frogs and 
northwestern salamanders), site occupancy was tightly associated 
with beaver dams. Red-legged frogs, which occurred only in the 
Trout Creek block, occupied 73% (eight of 11) of dammed sites but 
were not detected in any of the five undammed sites (p = 0.012). 
Northwestern salamanders occupied 93% (27 of 29) of dammed 
sites and only 15% (three of 20) undammed sites across all blocks 
(p < 0.001). In contrast, site occupancy did not differ between 
dammed and undammed sites for the fast-developing amphib-
ian species (Cascades frogs, Pacific treefrogs, and western toads]; 
Figure 4a). Cascades frogs occupied 61% (11 of 18) of dammed sites 
and 47% (seven of 15) of undammed sites in the two blocks where 
they were present (p = 0.319). Pacific treefrogs occupied 28% of 
dammed sites (eight of 29) and 20% of undammed sites (four of 20) 
across all blocks (p = 0.383). Western toads occupied 3% of dammed 
sites (one of 29) and 5% of undammed sites (one of 20) across all 
blocks (p = 0.799). Both variable-rate developers (long-toed sal-
amanders and rough-skinned newts) displayed a nonsignificant 
trend of higher site occupancy in dammed compared to undammed 
sites across the two blocks in which they were detected. Long-toed 

F I G U R E  3   Species richness, as mean number of species per site 
per developmental rate category, in dammed and undammed sites 
across all three spatial blocks surveyed in 2017. Slow-developing 
species: northern red legged frogs and northwestern salamanders. 
Variably developing species: long-toed salamanders and rough-
skinned newts. Fast-developing species: Cascades frogs, Pacific 
treefrogs, and western toads. Standard error of overall mean 
number of species: 0.08 (dammed) and 0.30 (undammed)
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F I G U R E  4   (a) Site occupancy and 
(b) breeding density of six amphibian 
species in dammed and undammed sites. 
Error bars are ± 1 SE. Asterisks denote 
statistically significant differences 
between dammed and undammed sites 
within a species (permutation test, 
p < 0.05). RAAU = Rana aurora (northern 
red-legged frogs); AMGR = Ambystoma 
gracile (northwestern salamanders); 
RACA = Rana cascadae (Cascades 
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(Pacific treefrogs); ANBO = Anaxyrus 
boreas (western toads); TAGR = Taricha 
granulosa (rough-skinned newts); 
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(long-toed salamanders). Breeding 
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masses per ha of site, except in long-toed 
salamanders and rough-skinned newts, 
for which the number of embryo masses 
is replaced with number of embryos and 
the number mating events, respectively. 
Western toads in dammed sites have a 
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larvae were observed, not their eggs. 
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salamanders occupied 29% (six of 21) dammed sites and 7% (one 
of 14) undammed sites (Figure 4a, p = 0.126); rough-skinned newts 
occupied 43% (nine of 20) dammed sites and 14% (two of 14) un-
dammed sites (p = 0.128).

Breeding density was greater in beaver-dammed compared 
to undammed sites for slow-developing species (red-legged frogs 
[p = 0.014] and northwestern salamanders [p < 0.001]) but not 
for fast-developing species (Cascades frogs [p = 0.407], Pacific 
treefrogs [p = 0.240], western toads [p > 0.999]), as measured by 
number of embryo masses per hectare (Figure 4b). Among vari-
able-rate developers, breeding density of long-toed salamanders, 
as measured by number of embryos per hectare, was not signifi-
cantly different between dammed and undammed sites (p = 0.222), 
but rough-skinned newts displayed a nonsignificant trend of higher 
breeding density, as measured by number of mating events per 
hectare, in dammed compared to undammed sites (p = 0.114).

Detection probability during the 2019 surveys in the Wapiti 
Meadows block (which lacked red-legged frogs) was high for north-
western salamanders, Cascades frogs, and Pacific treefrogs (p [95% 
CI]: 0.92 [0.59–0.99], 0.82 [0.55–0.95], and 0.73 [0.37–0.92], re-
spectively) and relatively low for long-toed salamanders and rough-
skinned newts (p [95% CI]: 0.14 [0.04–0.43] and 0.46 [0.24–0.70], 
respectively). We could not determine detection probability for 

western toads because no life history stages of this species were 
found in 2019. Associations between dams and species richness, 
breeding occupancy, and breeding density from 2019 were qualita-
tively similar to those from 2017 (see Supporting Information).

3.2 | Habitat characteristics

MANOVA indicated that at least one habitat characteristic meas-
ured during the 2017 spring/early summer amphibian surveys dif-
fered between dammed and undammed sites (Pillai's Trace = 0.586, 
approximate F5,41 = 11.628, p < 0.001); there were also significant 
differences between blocks (Pillai's Trace = 20.93, approximate 
F10,84 = 5.7491, p < 0.001). Univariate ANOVAs revealed that the 
presence of dams was positively associated with greater deepest 
water depth, greater average depth 1 m from the shore, and lower 
percent cover of emergent aquatic vegetation (Table 1). According to 
the Holm–Bonferonni procedure, only these three dependent vari-
ables differed significantly between dammed and undammed sites 
(α = 0.05). Similar patterns were observed at sites visited in 2019 
(see Supporting Information).

The strong, highly significant association between dams and 
deep water from the spring/early summer surveys was still present 

TA B L E  1   Summary of aquatic habitat characteristics at dammed and undammed sites at multiple time points in 2017. Sample sizes (n) 
represent number of sites; for water drawdown rate and water temperature the number of individual pools is given in parentheses. GIS and 
spring/early summer variables were analysed together using an omnibus MANOVA followed by univariate ANOVAs with a Holm–Bonferroni 
procedure to maintain α = 0.05. Mid-summer variables were each measured at a subset of sites surveyed during in spring/early summer 
and were analysed individually using permutation tests. Late-summer variables were measured at the subset of sites visited in mid-summer 
that still held surface water at that time and were analysed with mixed-effects models (see Statistical analyses). Deepest water depth was 
quantified at the site level, except at late summer, when it was quantified at the level of individual pools

Category Habitat variable
Undammed 
mean ± SE n

Dammed 
mean ± SE n Test statistic p

GIS Site area (hec) 0.56 ± 0.17 20 0.84 ± 0.15 29 F1,45 = 4.038 0.051

Site slope (%) 9.8 ± 2.5 20 6.8 ± 1.0 29 F1,45 = 0.101 0.753

Spring/early summer Deepest water 
depth (cm)

50 ± 11 20 187 ± 18 29 F1,45 = 41.727 <0.001a 

Average water depth 
(cm)

7 ± 2 20 20 ± 2 29 F1,45 = 30.211 <0.001a 

% emergent 
vegetation

54 ± 9 20 16 ± 5 29 F1,45 = 14.33 <0.001a 

Midsummer % of sites with 
surface water

60 ± 12.65 (9/15)b  15 100 ± 0.00 (11/11)b  11 NAc  0.029a 

Midsummer Deepest water 
depth (cm)

14 ± 3 9 76 ± 12 11 NAc  <0.001a 

Late summer Deepest water 
depth (cm)

11 ± 3 6 (9) 32 ± 7 8 (13) F1,8.6 = 6.78 0.030a 

Late summer Water drawdown 
rate (cm/d)

0.09 ± 0.07 6 (11) 0.51 ± 0.16 8 (14) F1,9.9 = 3.72 0.083

Late summer Water temperature 
(degrees C)

10.0 ± 1.1 6 (11) 11.7 ± 0.6 8 (14) F1,10.6 = 0.91 0.36

aStatistically significant at α = 0.05 (GIS and early summer) or at p = 0.05 (midsummer and late summer). 
bTabled value is a proportion. 
cPermutation tests provide exact p-values and do not use test statistics. 
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during the second (mid-summer) surveys conducted 6–13 weeks 
later. At this mid-summer visit, the deepest depth of the deepest 
pool was, on average, 5.4 times greater in dammed than in un-
dammed sites (Table 1). At the time of the second site visits, dammed 
and undammed sites also differed significantly in the proportion of 
sites still holding any surface water; all 11 dammed sites revisited 
still held surface water, but six of the 15 (40%) undammed sites had 
no surface water. All sites that held surface water during the sec-
ond (mid-summer) surveys maintained at least some surface water 
until the start of fall rains (7–18 September, depending on block; see 
Table S4).

In late summer (late August and September), among sites that 
still had water, the deepest water depth was greater in dammed wet-
lands than in undammed sites (Table 1) and tended to be greater in 
main pools than in isolated pools (F1,9.9 = 3.72, p = 0.082). There 
was a marginally significant tendency of greater rates of late-sum-
mer water level drawdown at dammed sites (Table 1); the rate of 
drawdown was significantly different from zero for dammed sites 
(t = 4.25, df = 8.95, p = 0.002), but not for undammed sites (t = 1.02, 
df = 9.84, p = 0.33). For water temperature, there was a margin-
ally significant interaction between the presence of dams and pool 
type (main vs. isolated; F1,10.6 = 3.40, p = 0.094); water tempera-
ture tended to be warmer at the bed of main pools at dammed sites 
(11.7°C) compared to the bed of main pools at undammed sites 
(10.0°C) on average.

4  | DISCUSSION

Ecosystem engineering by beavers appears to facilitate more robust 
populations of slow-developing pond-dwelling amphibian species, 
and consequently greater amphibian species diversity, in the montane 
wetlands of southern Washington state. In contrast, fast-developing 
amphibian species and species capable of variable development 
rates did not show significant links between breeding and beaver 
dams. The association between beaver dams and slow-developing 
amphibians is probably driven by increased quality of reproductive 
and nursery habitat behind beaver dams. Dammed sites had deeper 
water and longer hydroperiods during the summer larval develop-
ment period, which decreases the risk that pools dry before larvae 
are able to metamorphose. Indeed, none of the dammed sites lost 
all their surface water during the summer 2017 field season. Beaver 
dams maintained permanent or semi-permanent water bodies that 
northwestern salamanders might use to reproduce as paedomorphs 
over multiple years. Such paedomorphy can carry fitness advantages 
because it allows adults to reproduce sooner, avoid the costs of 
metamorphosis, and exploit aquatic conditions when they are more 
favourable than terrestrial conditions (Denoël et al., 2005). The as-
sociation of slow-developing amphibians with longer-hydroperiod 
beaver-dammed wetlands in the southern Washington Cascades 
parallels similar habitat associations of slow-developing amphib-
ians in other ecoregions, including north-central Florida, (Greenberg 
et al., 2017), southern Rhode Island (Paton & Crouch, 2002), and 

north-eastern Brazil (da Silva Vieira et al., 2009). In these other set-
tings, hydroperiods are controlled by factors such as variation in 
yearly and seasonal precipitation, fluctuations in groundwater lev-
els, and site-level characteristics including basin depth, geology, and 
position on the landscape, whereas in this study hydroperiod was 
controlled by the ecosystem engineering of beavers.

Slow-developing species in the southern Washington Cascades 
(red-legged frogs and northwestern salamanders) were rarely found 
at undammed sites, suggesting heavy reliance of these species on 
beaver-dammed sites in this region under current landscape, eco-
system, and climate conditions. Many mid-elevation forested catch-
ments in the Cascades have few deep lentic water bodies of long 
hydroperiod other than beaver-dammed pools. In addition, our op-
portunistic observations of 57 small, undammed wetlands and pools 
during travel between larger sites suggest that these habitats did not 
hold water as long as larger wetlands, nor did these small wetlands 
exhibit any breeding activity of amphibians, even fast developers, in 
any block (J. Romansic, personal observation). Thus, beaver-dammed 
wetlands seem to comprise the great majority of breeding habitat 
used by red-legged frogs and northwestern salamanders in our 
study blocks in the southern Washington Cascades mountains, high-
lighting the importance of beavers in determining landscape-level 
amphibian distribution and abundance. This tight correspondence of 
beaver ponds and wildlife is not necessarily unique to these amphib-
ians; similarly strong, nearly complete associations with beaver-en-
gineered water bodies have been observed in some duck species in 
other regions (McKinstry et al., 2001; Nummi & Holopainen, 2014).

Species with highly variable developmental rates (long-toed sal-
amanders and rough-skinned newts) had nonsignificant trends of 
higher site occupancy and/or breeding density in dammed compared 
to undammed sites. Detection probabilities were relatively low for 
these species, which may have prevented discerning statistically 
significant patterns, but future work might fruitfully evaluate the 
relations of beavers to these and other amphibians of variable de-
velopmental rate. Besides reducing the risk of desiccation, long hy-
droperiods in beaver-dammed ponds should allow amphibian larvae 
more time to reach greater size before metamorphosis (Semlitsch 
& Caldwell, 1982; Travis, 1984), which correlates with greater sur-
vival to adulthood and greater reproductive success (e.g. Semlitsch 
et al., 1988).

There was no indication that any amphibian species had neg-
ative associations with beaver dams in the southern Washington 
Cascades, despite literature indicating that relatively permanent 
water bodies can feature increased density of amphibian preda-
tors or competitors (Drayer & Richter, 2016; Knauth et al., 2018; 
Woodward, 1983). For example, beaver dams may increase habitat 
quality for trout, which were observed at many of our study sites, 
and can have major impacts on some pond-breeding amphibians 
by preying on larvae (Pope, 2008; Vredenburg, 2004). In addition, 
percent cover of emergent vegetation, which might help amphib-
ians hide from predatory trout (Hartman et al., 2014), was lower 
in dammed compared to undammed sites, apparently because 
much of the substrate of dammed sites was too deep to support 
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emergent plants. However, the lack of negative associations for 
any species suggests that such possible negative effects of bea-
ver dams on amphibian breeding success were neutralised (for fast 
and variable-rate developers) or outweighed (for slow-developers) 
by the positive effects of beaver dams. We suggest that future 
studies investigate how amphibian prey thrive in beaver-influ-
enced sites despite the presence of trout. We suggest that hab-
itat complexity in the form of submerged and floating vegetation, 
riparian shrubs, and submerged woody debris might play an im-
portant role in allowing coexistence of trout and amphibians in 
beaver-dammed ponds.

Climate change is predicted to increase summertime drying and 
shorten hydroperiods of wetlands and other water bodies in the 
Cascade Range and many montane habitats worldwide (Dickerson-
Lange & Mitchell, 2014; Elsner et al., 2010; Hamlet et al., 2013; 
Hufnagel & Garamvöelgyi, 2014; Leibowitz et al., 2014; Montemayor 
et al., 2016). Undammed aquatic habitats that meet the minimum hy-
droperiod requirements of even fast-developing amphibian species 
are therefore likely to become more rare. Consequently, the success-
ful reproduction of a wide variety of pond-breeding amphibian species 
may come to depend heavily on the longer-lasting wetland habitats 
provided by beaver dams. Indeed, these habitats may be particularly 
important for pond-breeding amphibians palatable to trout, such as 
ranids, hylids, and ambystomatids (Gunzburger & Travis, 2005). These 
species are caught in a climate vice (Ryan et al., 2014), in which they 
are excluded from reproducing successfully in the more permanent, 
unimpounded deeper water bodies by trout predation and are forced 
to reproduce in the more climate-sensitive, shallow, isolated pools 
that lack fish. Restored beaver populations could, perhaps, lengthen 
hydroperiods in these isolated pools by storing surface water behind 
dams or facilitating groundwater flooding.

The beaver-dammed pools did seem to provide enhanced water 
outflow (whether to groundwater, soil moisture, plant uptake and 
evapotranspiration, or downstream flow) during the late summer 
season, as evidenced by their tendency for more rapid water level 
drawdown rates compared to undammed pools. In other words, in 
our study system, beavers seem to create deep pools that fill with 
water during spring snowmelt and rain events, and then, rather 
than provide stable water levels, lose water during the summer dry 
season until fall rains begin. This study did not assess whether this 
beaver-dammed pool water loss was predominately in the form of 
enhanced downstream flow or local wetland soil moisture stor-
age or evapotranspiration; further study is needed. Also, although 
dams certainly lengthen hydroperiods relative to undammed hab-
itats, the rapid drawdown in dammed pools calls into question 
whether beaver dams will continue to provide high-quality habitat 
for wildlife dependent on long hydroperiods as climate change in-
creases summer drying. If rapid water loss occurs during amphib-
ian larval periods, it can lead to significant larval mortality rates. 
For example, the dammed site in which we recorded the highest 
density of Cascade frog embryo masses in 2017 dried completely 
during the next summer by 9 September 2018, stranding dozens of 
Cascade frog tadpoles (K. Cook, personal communication). Further 

work is needed to enhance our understanding of how beavers in-
fluence the amphibian-relevant hydrological characteristics of 
montane aquatic systems.

This study demonstrates that beaver dams in the southern 
Washington Cascades are associated with increased diversity of 
pond-breeding amphibians, probably because of a strong facilitative 
link between hydrologically functional dams and slow-developing am-
phibian species during the breeding season. These results may help 
inform conservation efforts for other amphibian species. For example, 
our study suggests that beaver reintroductions may help facilitate the 
recovery of Oregon spotted frog (Rana pretiosa), an at-risk, slow-devel-
oping pond-breeder whose historical range includes parts of our study 
area. Furthermore, as many northern temperate wetland ecosystems 
are faced with increased summer drying as a result of climate change, 
beaver-affected habitats may increasingly represent climate refugia 
that could be critical for the regional persistence of many species.
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