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Abstract
Forested vernal pools serve an integral role in the recruitment of amphibians in glaciated
northeastern North America. In south-central Ontario, vernal pools exist in relatively unimpacted
forest networks, but the amphibian communities face uncertain challenges from anthropogenic-
induced climate change. We surveyed amphibian larvae and collected measurements of habitat
characteristics from vernal pools to collect baseline information on amphibian community struc-
ture and species–habitat relationships. Amphibian communities were influenced by hydroperiod
length and canopy openness, and the relative abundances of early breeding amphibians were
affected by changes in the structure of vegetation communities within pools. Our study suggests
that, even across moderate ranges of breeding habitat characteristics, the structure of amphibian
communities is dynamic. With anthropogenic-induced climate change leading to more drought-
prone summers, the conservation of intact forests that support diverse wetland assemblages will
be a necessary component of future legislation.

Key words: vernal pool, amphibian community, amphibian habitat, hydroperiod, canopy cover,
wetland vegetation

Introduction
Global amphibian declines represent one of the hallmarks of the current biodiversity crisis.
Amphibians are impacted by numerous stressors, including habitat loss and alteration, invasive
species, disease, environmental pollution (Hamer and McDonnell 2008; Baldwin and
DeMaynadier 2009; Rollins-Smith 2017); however, one of the least understood threats is global
climate change because its effects have yet to be fully realized (Blaustein et al. 2010; Li et al.
2013). Shifts in seasonal timings of the onset of freeze–thaw periods may cause uneven changes in
the phenological cycles of interacting species (Blaustein et al. 2001; Ficetola and Maiorano 2016;
Green 2017), and environmental stress may increase the susceptibility of amphibians to disease
(Blaustein et al. 2010; Rollins-Smith 2017). In addition, amphibians often have very specific breed-
ing requirements that are tied to aquatic resources, so changes to climate that affect the availability
of these resources could have detrimental effects on recruitment (Corn 2005; Brooks 2009). Our
ability to predict and react to the direct effects of climate change and the negative synergistic effects

OPEN ACCESS

Citation: Luymes N and Chow-Fraser P.
2022. Community structure, species–habitat
relationships, and conservation of
amphibians in forested vernal pools in the
Georgian Bay region of Ontario. FACETS 7:
215–235. doi:10.1139/facets-2021-0097

Handling Editor: Mark Mallory

Received: July 8, 2021

Accepted: November 5, 2021

Published: February 17, 2022

Copyright: © 2022 Luymes and Chow-
Fraser. This work is licensed under a
Creative Commons Attribution 4.0
International License (CC BY 4.0), which
permits unrestricted use, distribution, and
reproduction in any medium, provided the
original author(s) and source are credited.

Published by: Canadian Science Publishing

RESEARCH ARTICLE

FACETS | 2022 | 7: 215–235 | DOI: 10.1139/facets-2021-0097 215
facetsjournal.com

FA
C

E
T

S 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.f
ac

et
sj

ou
rn

al
.c

om
 b

y 
18

.1
18

.2
54

.2
8 

on
 0

5/
12

/2
4

mailto:luymesnw@mcmaster.ca
http://dx.doi.org/10.1139/facets-2021-0097
http://creativecommons.org/licenses/by/4.0/deed.en_GB
http://creativecommons.org/licenses/by/4.0/deed.en_GB
http://dx.doi.org/10.1139/facets-2021-0097
http://www.facetsjournal.com


with other stressors will rely on efforts to understand the diversity of amphibian habitats and how
communities change across environmental gradients.

In glaciated northeastern North America, forested wetlands comprise a large proportion of amphibian
breeding habitat. These wetlands vary in a number of qualities that dictate patterns in amphibian
diversity across the landscape, including hydroperiod length (i.e., the amount of time a wetland is
inundated; Babbitt et al. 2003; Baber et al. 2004), canopy cover (Werner and Glennemeier 1999;
Werner et al. 2007), and surrounding land cover (Hecnar and M’Closkey 1998; Findlay et al. 2001;
Houlahan and Findlay 2003). Despite these differences leading to unique amphibian assemblages,
conservation efforts are often unequal across wetland types. Certain protections are provided to large
and conspicuous permanent wetlands, but temporary wetlands are frequently overlooked in legisla-
tion because of their relative obscurity in forested landscapes (Mahaney and Klemens 2008). In
northeastern North America, temporary wetlands that occur in the temperate forests are commonly
referred to as vernal pools and are a primary breeding habitat for many amphibians that are intolerant
of predatory fish populations, including salamanders in the genus Ambystoma and wood frogs
(Lithobates sylvaticus). To better conserve amphibian diversity on regional scales, underrepresented
habitats like vernal pools need greater research and management attention.

Our study focusses on vernal pool habitat in an intact forested region of eastern Georgian Bay,
Ontario. Little is known about the aquatic resources in this region compared with more urban and
agricultural regions in the southern part of the province. While breeding habitat associations for
amphibians are well studied for southern Ontario (Findlay and Houlahan 1997; Hecnar and
M’Closkey 1998; Findlay et al. 2001), there are differences in climate, landscape characteristics, wet-
land types, and amphibian ranges that could affect the reliability of these relationships across the
province. The primary objective of this study was to document baseline information on vernal pool
amphibian assemblages in the Georgian Bay region through assessments of community structure
and species–habitat relationships. In particular, we were interested in re-examining relationships with
influential variables from previous studies, including hydroperiod length and canopy cover (Babbitt
et al. 2003; Egan and Paton 2004; Baldwin et al. 2006; Veysey et al. 2011; Semlitsch et al. 2015), to
assess whether these variables were similarly important for community structure and abundance in
vernal pools within a largely intact forest ecosystem. There is an urgent need to identify key habitat
characteristics that structure amphibian communities in vernal pools of forests in the Ontario, espe-
cially in the face of anticipated threats associated with global climate change.

Methods

Study area
We conducted our study in forests along the eastern coast of Georgian Bay, Ontario. This area lies
within the Georgian Bay Ecoregion (GBE) and marks the western extent of central Ontario. GBE is
characterized by a mixture of deciduous, coniferous, and mixed forests and common species include
white pine (Pinus strobus), red pine (P. resinosa), eastern hemlock (Tsuga canadensis), yellow birch
(Betula alleghaniensis), sugar maple (Acer saccharum), beech (Fagus americana), black cherry
(Prunus serotina), and white ash (Fraxinus americana) (Crins et al. 2009). The rugged terrain from
the underlying Precambrian Shield creates numerous landscape depressions where wetlands form,
including lakes, marshes, beaver ponds, thicket swamps, peatland, and vernal pools (Davidson 2015;
Luymes and Chow-Fraser 2021). The climate is cool-temperate with average annual temperature
and precipitation of 4.5 °C and 950 mm, respectively (Crins et al. 2009). The land cover is dominated
by forests, with only a small proportion (<10%) classified as agriculture or urban (Crins et al. 2009).
The shorelines of lakes and rivers are popular areas for cottage development and the eastern shore of
Georgian Bay supports large cottage communities, including the Muskoka cottage region.
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Approximately half of the forests in GBE are on public land are a managed according to sustainable
forestry practices (Davidson 2015).

Amphibian surveys
We conducted larvae surveys in 2019 and 2020 at 35 pools across five public (crown land) forest plots
along the eastern coast of Georgian Bay: three plots along southeastern Georgian Bay and two plots
along mid-eastern Georgian Bay (Fig. 1). Forest plots were generally characterized by few anthropo-
genic disturbances and a mixture of deciduous and coniferous species. Our criteria for wetland selec-
tion included easy access from roads or trails, a temporary hydroperiod, and signs of breeding
amphibians. We did not observe signs of recent logging in the immediate vicinity of any of the study
pools. To account for early- and late-breeding amphibians, we surveyed amphibian larvae twice per
year. In 2019, early surveys took place during the last week of May and first week of June, and late sur-
veys took place during the first and second weeks of July. In 2020, early surveys took place during the

Fig. 1. Map of the eastern Georgian Bay, Ontario, showing the locations of the five forest plots (white squares)
and the 35 vernal pools (white circles) included in the study. The map shows the predominant land cover classes
surrounding each forest plot. Created using ArcGIS Pro software. Land cover map adapted from Ontario Land
Cover Compilation v.2.0 (Ontario Ministry of Natural Resources and Forestry, 2016) and Ontario Hydro
Network – Waterbody (Ontario Ministry of Natural Resources and Forestry, 2010) licensed under the Open
Government Licence – Ontario. Projection: NAD83 UTM zone 17 N. SEG = southeastern Georgian Bay;
MEG = mid-eastern Georgian Bay.
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second-to-last week of June, and late surveys took place during the second week of July. Some pools
with short hydroperiods were dry during the later survey periods. Survey timing changed between
years due to differences in the onset of warm weather and the perceived rate of pool drying.

To mitigate biases associated with any one survey method, we used two techniques to estimate
species abundance at each pool: bucket traps and dip netting (Fig. 2). Bucket traps were 19 L buckets
(31 cm diameter) with bottoms removed and dip nets were 350-μm mesh nets on a D frame
(30 × 30 × 60 cm). For each bucket trap sample, the bucket trap was driven into the pool substrate
and any trapped larvae were extracted with a mesh strainer. For each dip net sample, the net was
swept just above the substrate for a 1-m transect. The net was then inverted into a bucket of water
and larvae were extracted with a mesh strainer. Extracted larvae were placed in gridded trays, where
they were photographed and identified to species.

Each survey consisted of one bucket trap sample and one dip net sample. The total number of surveys
per pool was proportional to pool surface area: the smallest pools (<50 m2) were surveyed 5 times
and the number of surveys increased in increments of 5 surveys per 150 m2 up to a maximum of
25 surveys for the largest pools (>500 m2). Amphibian species are known to prefer different micro-
habitat types within wetlands (Heyer et al. 1994), so we stratified survey locations by the proportion
of different microhabitat types (e.g., open leaf litter, emergent herbaceous vegetation, shrub thicket,
pool edge, pool center) to get a representative sample for each pool. In the case of bucket trap samples,
we were unable to survey locations deeper than 1 m, so survey locations were stratified by microhabi-
tat types in accessible regions of each pool. Larvae were identified to species in the field following
Altig et al. (2017) and Mills (2016) and released after photographs were taken.

Fig. 2. Strategy for amphibian larvae surveys in vernal pools. (A) Identification of sampling locations within each pool based on pool area, depth, and the dis-
tribution of microhabitats. (B) Larvae collection at each location using bucket-trap and dip-net techniques. (C) Photographs of larvae on gridded sampling trays
to identify species and tally individuals. Created by Samantha Lau using BioRender.
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Habitat surveys
We sampled multiple habitat variables for each pool that were thought to be important predictors
of species presence and abundance, including hydroperiod length, pool surface area, maximum
depth, percent cover of microhabitat types, percent canopy openness, and road density.
To approximate hydroperiod length, we placed HOBO Pendant MX Water Temperature Data
Loggers (Onset, Bourne MA, U.S.A.) in the deepest location of each vernal pool and set the record-
ing interval to every hour. We retrieved the loggers in late August when most pools had dried; we
then visually assessed the temperature traces to estimate the dates when each pool dried (Baldwin
et al. 2006). Using depth data from Leveloggers (Solinst, Georgetown ON, Canada) placed alongside
temperature loggers in three pools, we found estimates from the temperature data were accurate to
within one day of the Levelogger estimates. Because of logistical constraints, we were only able to
estimate pool drying dates in 2020. We were also unable to measure timing of ice-off for each pool
but have found most pools to be ice-free by mid-April in previous years. While the timing of ice-off
likely differs among pools, we assumed that differences in the timing of pool drying were greater
and thus had a greater effect on hydroperiod length. Consequently, we estimated the average day
of ice-off to be April 15 and characterized hydroperiod length to be the number of days between
average ice-off and the date that each pool had dried. Future studies may benefit from actual obser-
vation of pool ice-off to better approximate differences in hydroperiod length. We analysed hydro-
period as an ordered categorical variable with three levels: short (<3 months; 19 pools), moderate
(3–4 months; 7 pools), and long (>4 months—they had not dried before we took out the tempera-
ture loggers; 9 pools).

We measured pool length along the longest wetted transect and pool width along the longest wetted
transect perpendicular to the length transect. We then used these measurements in an equation for
an ellipse to calculate pool surface area. For irregularly shaped pools, we calculated the surface area
of individual basins and added these together to calculate the total surface area. Maximum pool area
and depth were measured in the early spring when pools were maximally inundated. We also esti-
mated pool surface area during each survey period to correct for differences in larvae density as the
pools dried and became smaller.

Canopy openness is known to affect resource availability for anuran larvae (Schiesari 2006).
Open canopy wetlands primarily support grazing food chains starting with nutrient-rich algae,
whereas closed canopy wetlands primarily support detritus food chains starting with nutrient-poor
leaf litter (Werner and Glennemeier 1999; Skelly et al. 2002). We measured canopy openness dur-
ing leaf-on conditions using a spherical densiometer (Model C; Forestry Suppliers, Jackson MS,
U.S.A.) at four cardinal directions for five points within each pool: one point at the intersection
of the length and width transects and four points near the pool edge at each end of the length
and width transects. We then averaged these measures to come up with an estimate of overall
canopy openness.

We visually assessed the percent cover of microhabitat types in early summer when most plant species
had become established. We classified microhabitat types into four categories: open leaf litter or mud,
herbaceous vegetation (emergent, floating, and submerged), shrub thicket, and moss. Several of the
species in this region use persistent woody and nonwoody vegetation as egg attachment sites (Egan
and Paton 2004) and the four-toed salamander (Hemidactylium scutatum) is known to deposit eggs
within mossy hummocks along the pool margins (Chalmers and Loftin 2006). Herbaceous vegetation
such as grass may also represent a high-quality food source for anuran tadpoles (Williams et al. 2008)
and the presence of complex structure from vegetation communities may provide cover for develop-
ing larvae (Hecnar and M’Closkey 1997).
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Road density was estimated with ArcGIS software. A 300-m diameter buffer size was chosen to
encompass the approximate home ranges of common amphibian species in this study (Vasconcelos
and Calhoun 2004; Semlitsch and Skelly 2008) and to limit spatial correlation of road density mea-
surements among pools in the same forest plot.

Statistical analysis

Drivers of community structure
We quantified catch per unit effort (CPUE) of larval amphibians by dividing the total number of
larvae captured during a survey period by the number of surveys during that period. We combined
abundances from bucket trap and dip net surveys in our calculations of CPUE. We also wanted to
account for changes in larvae density due to changes in pool surface area across survey periods, so
we multiplied CPUE by the proportional pool area during the survey period (i.e., relative to the maxi-
mum area of the pool). We used these area-standardized CPUE values to calculate an average CPUE
across all survey periods.

To visualise differences in the structure of amphibian assemblages, we used nonmetric multidimen-
sional scaling (NMDS) plots. We used the Bray-Curtis dissimilarity matrix of the average CPUE
values for each amphibian species encountered to create NMDS plots. We used “stress” of the
NMDS solution to decide on the number of ordination axes and interpreted the stress values accord-
ing to common rules of thumb (Clarke 1993). We used permutational multi-variate analysis of vari-
ance (PERMANOVA) to assess amphibian community composition across two habitat variables:
hydroperiod length and canopy openness. These habitat variables have been found to have strong
effects on species richness and community composition in previous studies (Skelly et al. 1999;
Werner et al. 2007). PERMANOVAs were run with the Bray-Curtis dissimilarity matrix and 999 per-
mutations. We created separate univariate models for each habitat variable and a marginal-effects
model for all variables combined. Significance was assessed at a 0.05 confidence level based on p val-
ues derived from the pseudo F scores. For categorical variables that were found to be significant, we
performed pairwise PERMANOVA comparisons and used the similarity percentage routine
(SIMPER) to assess the contribution of each species to the average dissimilarity between different
categories. PERMANOVA and SIMPER analyses can be disproportionately influenced by species or
habitat categories with high variances in abundance (Warton et al. 2012). To overcome these biases,
we used results from the species-specific models to validate results from the community analysis.
All community analyses were performed in R Studio version 1.4 (R version 4.0.5) with the vegan
package (Oksanen et al. 2020).

Species-specific relationships with habitat variables
We used generalized linear mixed models (GLMM) to evaluate the relationship between habitat var-
iables and the larval abundance of any species that were encountered in>50% of the study pools. We
fit our models with a Poisson distribution and a log link to accommodate the count data. We stand-
ardized the count data in our models using a log-transformed offset term with the number of surveys
as the numerator and proportional pool area as the denominator. Our habitat variable set included
hydroperiod length, maximum pool surface area, maximum depth, percent canopy openness, percent
herbaceous vegetation cover, presence of thicket cover, and road density within a 300-m diameter
buffer around each pool. Reproductive success is known to vary between years for pond-breeding
amphibians due to changes in population sizes and weather-related impacts on breeding migrations
and larval survival (Woodward 1982; Berven 1990; Werner et al. 2009). Consequently, we decided
to include year as a variable in all models. We also included day of year as a variable in all models
because larvae abundance within a pool initially increases as eggs hatch and decreases as hatched
larvae compete for resources. The size of larvae may also have an impact on detectability, with
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observers less likely to miss larger larvae (Gunzburger 2007). Unfortunately, the structure of our sur-
veys did not allow for an estimate of detection probability, so the effect of day of year on CPUE may
be confounded by differences in detectability over time. We checked for collinearity in our variable set
using Spearman’s rank correlation coefficient (ρ) and variance inflation factors (VIF). We used
conservative cut-offs of ρ> 0.7 or VIF > 8 to consider removing variables from our analysis. All var-
iables were scaled and centered prior to model development to allow for comparisons of effect sizes.
We created 23 models for each species, including a null model, a global model, models for each hab-
itat variable, and models with different a priori combinations of habitat variables.

Since pools in the same forest plot were often in close proximity to one another (<1 km apart), the
abundance of larvae at one pool may be influenced by abundances in nearby pools. To account for
potential spatial autocorrelation, we specified forest plot as a random effect in all of our models. We
also specified pool ID and year nested within pool ID as random effects to account for repeated sam-
ples of each pool and unequal sampling of pools across years, respectively. Lastly, we found evidence
of overdispersion in initial model formulations, so we specified an observation-level random effect for
all models (Harrison 2014). We fit GLMM using the blme package in R (Dorie et al. 2020) and
assigned priors to the covariance matrices using Wishart distributions that were parameterized using
the blme package defaults.

We used an information theoretic approach with Akaike’s Information Criterion corrected for small
samples sizes (AICc) to compare and select models with the best support from our data (Burnham
and Anderson 2002). We considered models with the lowest AICc to have the best support. The dif-
ference between the AICc value of a model and the best-supported model is ΔAICc (Symonds and
Moussalli 2011). Models with ΔAICc< 2 were considered to have strong support and were retained
to derive final model sets for each species (Symonds and Moussalli 2011). For each habitat variable
in the final model sets, we calculated a variable importance measure by summing the relative weights
of all the models where that variable occurred (Burnham and Anderson 2002). Habitat variables with
importance measures equal to 1.0 are found in all models in the final model set, whereas variables
with importance measures close to 0 are found in only one or a few models. To compare the propor-
tion of variance explained by the fixed effects between models, we calculated marginal R2 values for
the top models. AICc values, model weights, and marginal R2 values were calculated using R package
MuMIn (Bartoń 2020). Parameter estimates and confidence intervals were compared across models
for consistency and were reported for the model with the lowest AICc for that variable, unless other-
wise specified. To estimate confidence intervals, we resampled our data and calculated 95% confi-
dence intervals using 500 bootstrap iterations (Davison and Hinkley 1997).

To evaluate whether the relative rank of amphibian abundances across pools was preserved between
years, we tested the correlation of average CPUE between 2019 and 2020 for species encountered
in >50% of pools. We would expect the CPUE of species with relatively consistent annual breeding
effort, embryo survival, and (or) larvae survival to be highly correlated between years, while those with
large population fluctuations and (or) strong dependence on annual weather conditions to be less cor-
related between years. All analyses were performed in R (R Core Team 2020).

Ethics approval
Animal handling for this study followed guidelines recommended by the Canadian Council on
Animal Care and was approved by McMaster University’s Animal Research and Ethics Board
(Animal Use Protocol: 17-01-06).
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Results

Wetland characteristics
Pools varied in size and appearance (Table 1), with substrate and vegetation conditions spanning
hard packed leaf litter to loose muddy bottoms, and dense thicket cover to emergent grasses and
sedges. All variables had VIF < 8 and Spearman’s rank correlation coefficients for most of the
within-pool variables considered in this study fell between −0.2 and 0.2 with P> 0.05. Pool vegetation
cover and canopy openness were the only variables strongly correlated with one another (ρ = 0.72.
P < 0.00001), while hydroperiod length was moderately correlated with canopy openness (ρ = 0.59,
P < 0.001) and maximum depth (ρ = 0.49, P < 0.01). Since the mechanism by which key factors affect
the amphibian community may vary, all correlated variables were retained for further statistical
analyses.

Larvae assemblages
During 2019 and 2020, we captured 2830 amphibian larvae from eight amphibian species (five anu-
rans and three caudates). Of the 35 pools included in our study, 21 (60%) were surveyed four times,
twice each year; eight (23%) were surveyed three times because the sites had dried before the second
survey period in 2020; one (3%) was surveyed only twice in 2019 because it was dry during both
2020 survey periods; and five (14%) were surveyed only once because they only had standing water
during the early part of the 2019 survey period. From these 35 pools, we excluded the 5 pools with
extremely short hydroperiods from further analysis because they dried before any larvae could be
captured (i.e., we found unhatched eggs of spotted salamander (Ambystoma maculatum)). The early
surveys were generally characterized by early breeding species, including the spotted salamander,
blue-spotted salamander (Ambystoma laterale), and wood frog (Lithobates sylvaticus), whereas later
surveys were characterized by fewer encounters of wood frogs and more encounters of species with
prolonged breeding periods, including the spring peeper (Pseudocris crucifer).

In pools with larvae, richness varied from 1 to 6, with a mean of 3.5. The most commonly encountered
species, the spotted salamander, was captured in all but two pools (93% of the pools). Other common
species included the blue-spotted salamander, wood frog, and spring peeper, which were found in
more than 60% of the study pools (>17 pools). Together, spotted salamanders, blue-spotted salaman-
ders, wood frogs, and spring peepers accounted for 95% of all larvae captured. Gray treefrogs (Hyla
versicolor) and four-toed salamanders were less common but were still found in more than 20% of
the study pools (>6 pools). American toads (Anaxyrus americanus) and green frogs (Lithobates clami-
tans) were the least common species in our study (one and two pools, respectively). Both of these

Table 1. Within-pool and landscape variables measured at survey pools (N = 35) during 2019 and 2020.

Variable Description Mean Range

Canopy openness Percent canopy openness; measured using a densitometer. 24 4–57

Herbaceous vegetation cover Percent of pool covered by herbaceous vegetation; measured via ocular estimation. 34 0–95

Area Pool area in square meters; estimated using length and width. 180 13–590

Maximum depth Maximum depth of pool in centimeters. 58 27–110

Hydroperioda Estimated number of ice-free, wetted days from 15 April–26 August 2020; maximum of 101 days. 72 44–101+

Road density Length of roads (km) per squared kilometer in a 300-m buffer around pool. 2.0 0–2.8

aPools were estimated to be ice-free around mid-April based on observations from previous years.
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rarely encountered species were excluded from the community analysis so as not to disproportion-
ately influence overall trends.

Drivers of community structure
The stress of the two-dimensional NMDS model was 0.11, indicating a good representation of the
dissimilarities between pools in reduced dimensions. Species with close phylogenetic relationships
tended to be associated in ordination space. For instance, centroids for the two mole salamanders
(spotted and blue-spotted salamanders) and for the two treefrogs (gray treefrogs and spring peepers)
were found closer to each other than with centroids of other taxa (Fig. 3). The centroid for the
four-toed salamander (upper right corner of the Fig. 3) was isolated from the other species in ordina-
tion space and this species tended to be captured in pools where other species were either absent or
captured at low abundances. They were also the only species found in two sphagnum-dominated
pools, which had environmental characteristics that were very different from those of the other pools.
These two pools had a disproportionate influence on the appearance of initial NMDS ordinations and
were excluded from further statistical analyses.

Results of the between-sites PERMANOVAs indicated that larvae community structure changed
across hydroperiod classes (pseudo F = 2.27, P = 0.01; Fig. 3) and across the gradient of canopy open-
ness (pseudo F = 2.25, P = 0.04); however, neither variable had significant independent effects on
community structure in the marginal-effects model (hydroperiod: pseudo F = 1.59, P = 0.09; canopy
openness: pseudo F = 1.00, P = 0.4). Pairwise comparisons of hydroperiod classes revealed community
structures in pools with short hydroperiods were dissimilar from those in pools with long hydroper-
iods (pseudo F = 3.79, P = 0.003) and somewhat dissimilar from those in pools with moderate hydro-
periods (pseudo F = 2.06, P = 0.05). Community structures in pools with moderate hydroperiods were
not significantly different from those in pools with long hydroperiods (pseudo F = 0.51, P = 0.8).
Spring peepers contributed the most to average dissimilarity (SIMPER) between pools with short
hydroperiods and pools with moderate and long hydroperiods (32% and 50%, respectively), followed

Fig. 3. Ordination plot of the first and second axes from nonmetric multidimensional scaling (NMDS) on
amphibian communities within 28 forested vernal pools in eastern Georgian Bay, Ontario sampled during 2019
and 2020. Vernal pools were divided based on relative hydroperiod. Shapes represent different wetlands, and let-
ters represent species codes. Confidence ellipses were plotted for each of the vernal pool groups to visualise
differences in species composition. FT = four-toed salamander; BS = blue-spotted salamander; SS = spotted sala-
mander; WF = wood frog; SP = spring peeper; GT = gray treefrog.
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by wood frogs (25% and 22%, respectively) and spotted salamanders (20% and 14%, respectively). The
remaining species contributed <20% to average dissimilarity between hydroperiod classes. The
proportion of spring peepers in total larvae captured increased with hydroperiod (Fig. 4A); spring
peepers had a low average CPUE in pools with short hydroperiods, whereas spring peepers in pools
with moderate and long hydroperiods had the highest average CPUE (Fig. 4B). Average percent
canopy openness also increased across hydroperiod classes and was twice as large in pools with long
hydroperiods compared with those with short hydroperiods. The other three common species
(spotted salamanders, blue-spotted salamanders, and wood frogs) did not appear to differ as strongly
among hydroperiod classes, though wood frogs and spotted salamanders appeared to have a some-
what higher average CPUE in pools with moderate hydroperiods.

Species-specific relationships with habitat variables
GLMMs were used to test the effect of habitat variables on the relative abundances of spotted sala-
manders, blue-spotted salamanders, wood frogs, and spring peepers. Gray treefrogs and four-toed sal-
amanders were excluded because they were found in less than 30% of the study pools. Variables in
models with strong support (ΔAICc < 2) were considered potential drivers of species abundances
(Table 2). Models without any habitat variables were strongly supported for two species (blue-spotted
salamanders and wood frogs), but the best supported model for all species included some combina-
tion of habitat variables. The combinations of habitat variables in models with strong support did
not overlap appreciably between species (Fig. 5). Since parameter estimates for the most influential
variables were mostly conserved across models, we did not perform model averaging. The exceptions
to this were canopy openness and hydroperiod, where parameter estimates were slightly weaker in
models including both variables. Parameter estimates for canopy openness and herbaceous vegetation

Fig. 4. (A) Relative abundance and (B) average catch per unit effort of amphibian larvae in short (<2 months;
N = 12), moderate (2–3 months; N = 7), and long hydroperiod (>3 months; N = 9) vernal pools surveyed in
eastern Georgian Bay, Ontario, during 2019 and 2020.
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cover were also substantially different in models including both variables, but these models were
relatively weak for all four species and not included in the final model set.

Herbaceous vegetation cover, thicket cover, and canopy openness were the only habitat variables that
were important for more than one species. Higher vegetation cover and canopy openness were
strongly and positively correlated with the CPUE of spring peepers and weakly and negatively corre-
lated with CPUE of blue-spotted salamanders. Herbaceous vegetation was also weakly correlated with
CPUE of wood frogs and spotted salamanders; however, these relationships appear to be tied to the
strong effects of other variables included in the same models. Accounting for the effect of hydroperiod
length, CPUE of spring peepers in pools with the most open canopies was estimated to be 50 times
greater than in pools that were almost completely shaded by canopy. Similarly, spring peeper CPUE
was estimated to be 20 times greater in pools with near-complete cover of herbaceous vegetation com-
pared to pools with no herbaceous vegetation. The presence of thicket cover in pools was strongly
associated with CPUE of spotted salamanders and wood frogs and weakly associated with CPUE of
blue-spotted salamanders. The CPUE of wood frogs and spotted salamanders was 6 and 4 times
greater, respectively, in pools with thicket cover compared with pools with no thicket cover.

Models including hydroperiod were only strongly supported for spring peepers and had a positive
effect on spring peeper CPUE. Accounting for the effect of canopy openness, the CPUE of spring
peepers was estimated to be five times higher in pools with moderate hydroperiods compared with

Table 2. Results of generalized linear mixed modelling relating relative abundance of amphibian larvae to local- and landscape-level variables of vernal pools
in eastern Georgian Bay, Ontario.

Model K AICc ΔAICc W R2

Blue-spotted salamander (Ambystoma laterale)

Herbaceous vegetation cover + year + Julian day 8 412.6 0 0.39 0.14

Year + Julian day 7 413.6 1.0 0.23 0.08

Canopy openness + year + Julian day 8 413.7 1.1 0.22 0.12

Herbaceous vegetation cover + thicket cover + year + Julian day 9 414.4 1.8 0.16 0.15

Spotted salamander (Ambystoma maculatum)

Thicket cover + year + Julian day 8 548.1 0 0.70 0.26

Herbaceous vegetation cover + thicket cover + year + Julian day 9 549.7 1.7 0.30 0.26

Wood frog ((Lithobates sylvaticus)

Thicket cover + year + Julian day 8 334.9 0 0.35 0.12

Herbaceous vegetation cover + thicket cover + road density + year + Julian day 10 336.1 1.2 0.19 0.15

Year + Julian day 7 336.2 1.4 0.17 0.05

Area + year + Julian day 8 336.5 1.6 0.15 0.08

Herbaceous vegetation cover + thicket cover + year + Julian day 9 336.9 1.9 0.13 0.13

Spring peeper (Pseudocris crucifer)

Canopy openness + year + Julian day 8 491.4 0 0.53 0.33

Hydroperiod + vegetation cover + year + Julian day 10 491.6 0.2 0.47 0.41

Note: Second order Akaike’s Information Criteria values (AICc) and marginal R2 statistics are shown for the top models for each species and for
models with small differences in AICc (ΔAICc< 2). K = number of estimated parameters; W = model weight.
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pools with short hydroperiods and twice as large in pools with long hydroperiods compared with
pools with moderate hydroperiods.

Wood frogs were the only species with strongly supported models that included pool size and road
density. Increases in pool size were associated with increases in the CPUE of wood frogs, though the
effect did not appear to be very strong. Road density within a 300-m diameter buffer appeared to have
a negative effect on CPUE of wood frogs in our study; CPUE of wood frogs was 16 times lower in pools
that had high road density (2.7 km/km2) compared with pools without any roads in the 300-m buffer.

All species had lower CPUE in 2020 compared to 2019, though this effect was weak for spotted sala-
manders (Fig. 5). We used Spearman’s rank correlation coefficients to investigate whether the rank
order of CPUE in pools was conserved across years. CPUE exhibited a strong and positive correlation

Fig. 5. Coefficient plot of generalized linear mixed-model parameters relating relative abundance of amphibian larvae to habitat and landscape-level variables of
28 vernal pools in eastern Georgian Bay, Ontario, sampled during 2019 and 2020. Habitat variables from the top models (ΔAICc < 2) were plotted for each
species. Only parameter estimates from the best supported model for each variable were plotted because estimates were consistent between the top models.
The linear and quadratic terms for the hydroperiod variable represent estimated linear and quadratic trends between the ordered hydroperiod categories and
larvae abundance. Estimates of habitat variables with a star (*) indicate that the associated variable has strong support from the top models (combined model
weights > 0.5). Parameter estimates are also shown for model intercepts, the effects of year and day of year, and for the four random effects (bottom of graph)
included in each model. Error bars represent 95% bootstrapped confidence intervals.
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across years for spring peepers (ρ = 0.82 P < 0.0001) but was only weakly correlated for wood frogs
(ρ = 0.35 P = 0.2), spotted salamanders (ρ = 0.30 P = 0.2), and blue-spotted salamanders
(ρ = 0.26 P = 0.3).

Discussion
The four most common amphibian species identified in this study (Ambystoma maculatum, A. later-
ale, Lithobates sylvaticus, Pseudocris crucifer) were either absent or detected less frequently compared
with other amphibians in previous studies in Ontario (Hecnar and M’Closkey 1998; Gagné and Fahrig
2007; Loder et al. 2019). For the most part, these studies investigated a wider range of wetland types,
including permanent forested wetlands and wetlands in urban and agricultural settings. Species asso-
ciated with permanent wetlands (e.g., Lithobates septentrionalis, L. catesbeianus, L. clamitans;
Semlitsch et al. 2015) and those associated with open-canopy and anthropogenically disturbed wet-
lands (e.g., Anaxyrus americanus; Werner et al. 2007) were either absent or uncommon in our study
pools. The species identified in our study generally aligned with species assemblages from previous
studies that were found in temporary to semi-permanent forested wetlands with moderate to high
canopy cover (Werner and Glennemeier 1999; Werner et al. 2007, Semlitsch et al. 2015).

The influence of hydroperiod on amphibians in our study was relatively minor, contrasting the large
body of literature documenting the strong influence of hydroperiod on numerous aspects of pond-
breeding amphibian communities (Snodgrass et al. 2000; Babbitt et al. 2003 Werner et al. 2007).
Though we identified a significant effect of hydroperiod length on community composition, the
strong positive relationship between hydroperiod length and spring peeper abundance appeared to
be the primary driver. We only found the rarely encountered gray treefrog (Hyla versicolor) in pools
with moderate or long hydroperiods, and this suggests that we may have found a similar positive rela-
tionship between hydroperiod length and abundance for this species if we had sampled more sites and
for a longer duration. The apparent lack of an effect of hydroperiod on the other amphibian species
may also be explained by our limited range in hydroperiod length. We focussed our study on forested
vernal pools and did not sample any wetlands that were permanently inundated such as beaver ponds,
thicket swamps, and marshes. At the other end of the spectrum, we lost seven of our pools with the
shortest hydroperiods because pools dried before larvae hatched from their eggs. By expanding our
sampling to include other wetland types and increasing sampling effort on pools that dry up quickly,
future investigations may be able to obtain a more pronounced effect of hydroperiod on abundances
of the vernal pool obligate amphibian species.

Canopy openness was positively correlated with herbaceous vegetation cover and hydroperiod length
in our study and may have contributed to differences in amphibian community composition across
hydroperiod classes. Spring peepers, in particular, had the highest larval abundance in open canopy
pools with high herbaceous vegetation cover. By comparison, we found no evidence to suggest a
strong effect of canopy openness or herbaceous cover on the abundance of wood frogs, spotted sala-
manders, or blue-spotted salamanders. The discrepancy between species responses to canopy open-
ness is thought to be primarily linked to differences in resource requirements (Earl et al. 2011).
Caudate larvae are carnivores and are considered canopy generalists because prey species are available
across a gradient of canopy cover (Earl et al. 2011). Anurans in this region, however, are primarily
herbivores/detritivores that feed on a range of food quality (Schiesari 2006). For instance, filamentous
algae and decaying nonwoody plants in open canopy pools are of higher nutritional quality than the
decaying leaf litter that covers closed canopy pools (Skelly et al. 2002; Williams et al. 2008). Lower
food quality can depress growth and development rates of larvae, which can reduce fitness and
increase the risk of mortality from pond drying (Werner and Glennemeier 1999; Skelly et al. 2002).
Compared to other anurans, wood frogs are more efficient at metabolizing lower quality detritus
and regularly breed in heavily shaded wetlands (Schiesari 2006).
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The presence of vegetation may also influence breeding effort by increasing the number of available
attachment sites for amphibian eggs. The anuran species and Ambystoma salamanders are known
to attach their eggs to a variety of sturdy structures within the pool basin, including floating logs
and branches, submerged thicket, and the remnants of herbaceous vegetation from the previous year
(Egan and Paton 2004). Anecdotally, we have found the large egg masses of wood frogs and
Ambystoma salamanders to be more frequently attached to submerged branches of shrubs compared
with herbaceous vegetation, which may explain the positive relationship we observed between the
presence of thicket cover and the abundance of wood frogs and Ambystoma salamanders. Unlike
the other species encountered in our surveys, four-toed salamanders are known to lay their eggs in
mossy clumps at the edges of pools (Chalmers and Loftin 2006). Though they were not included in
our species-specific analysis, four-toed salamanders appeared to be associated with sphagnum moss
cover and were the only species encountered in the two pools that were completely covered by sphag-
num moss.

Changes in canopy openness and vegetation communities can occur as a result of human interven-
tion, as is the case with forest management practices and land-use changes, or from disturbance
events such as forest fires. While clear-cut logging can be harmful to many amphibian species
(Quinn 2004), selective logging practices that maintain mature forests have been found to generally
provide favourable conditions for amphibians in central Ontario (Enright 1998). Natural fire disturb-
ances can be important for maintaining breeding habitat for some species (Skelly et al. 1999; Gorman
et al. 2013); however, increases in the frequency and severity of fires from climate change may lead to
more severe consequences, especially for species that depend on upland forest habitat for most of the
year (Blaustein et al. 2010).

Prolonged periods of drought and more frequent disease outbreaks are also expected to affect forest
health (Sturrock et al. 2011), which may further reduce the prevalence of closed canopy habitats.
More research is needed to determine the effect of widespread canopy changes on the performance
of amphibians in this region. Although changes in canopy openness in our study were modest, we
saw obvious shifts in vegetation communities and dominant amphibian species. More pronounced
canopy gradients have been associated with larger shifts in amphibian communities and can lead to
drastically different ecosystems (Werner et al. 2007). Regardless of the resiliency of pond-breeding
amphibians to widespread canopy changes, closed canopy wetlands represent unique ecosystems
and efforts should be made to ensure sufficient land is protected to allow patches of these wetlands
to persist in the event of forest loss.

Forests in our study region have had relatively minor changes in surrounding land use. Roads
accounted for the highest percentage of urban land use and the only buildings within a kilometer
radius of each forest plot were cottages or marinas. Despite low levels of anthropogenic stress, we
found evidence to suggest that road density had negative effects on the abundance of wood frogs.
These results are consistent with those in more impacted regions (Findlay et al. 2001; Veysey et al.
2011) and suggest wood frogs may be particularly sensitive to land-use changes that disrupt seasonal
migration and dispersal. Impacts of land-use changes have also been found to extend to other species
of pond-breeding amphibians in more anthropogenically impacted regions (Houlahan and Findlay
2003; Veysey et al. 2011). Many pond-breeding amphibians are hypothesized to be governed by meta-
population dynamics on large spatial scales and may rely on landscape connectivity between wetlands
for gene flow and population rescue (Marsh and Trenham 2001; Semlitsch 2008). Future development
plans for the Georgian Bay region may necessitate the inclusion of the protection of landscape con-
nectivity to surrounding wetlands in management plans.

Despite the narrow range of hydroperiod lengths encountered in this study, our results suggested that
wetland hydroperiod had an effect on the structure of vernal pool amphibian communities. The
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relationship between hydroperiod and amphibian community composition is especially important to
consider in the face of global climate change. In northeastern North America, climate change is pro-
jected to lead to increased temperatures along with more frequent and longer periods of drought
(Bush and Lemmen 2019). Although there is evidence that shifts in the timing of spring melt may
promote earlier migration to breeding pools (Blaustein et al. 2001; Todd et al. 2011; Green 2017),
the average length of hydroperiods is predicted to decrease and low recruitment years for amphibians
are expected to occur more frequently (Brooks 2009; Blaustein et al. 2010).

How amphibian populations will respond to these changes remains unclear. The pools with the shortest
hydroperiods will likely become unreliable for most amphibians, whereas wetlands that previously held
fish populations may dry more frequently and become suitable for a greater range of amphibians. On
the landscape level, reductions in wetland density could limit dispersal across the landscape, leading to
reduced genetic diversity and slower rates of recolonization following local extinctions (Willson and
Hopkins 2013; Coster et al. 2015). Within breeding pools, differences in species-specific phenological
responses to earlier warming could alter predator–prey dynamics and lead to competitive advantages
for species that have high adaptive capacity (Todd et al. 2009; Blaustein et al. 2010; Walls et al. 2013).
The adaptive capacity of individual amphibian species may depend on their ability to colonize wetlands
that become suitable due to climate-induced changes in hydroperiod or canopy openness. Conservation
should prioritize the preservation of diverse assemblages of wetlands at the landscape scale.

While we did find associations between amphibians and habitat characteristics, it is clear that vernal
pools and their communities are dynamic, and short-term studies will undoubtedly miss information.
Hydroperiod length in this study is only useful as a relative measure, as annual weather conditions
will ultimately affect the duration that pools are available in any given year (Brooks 2009). Longer-
term studies could examine the effect of year-to-year fluctuations in hydroperiods on changes in the
composition of species assemblages. Given the short nature of this study, we acknowledge the pos-
sibility that we did not obtain a complete list of species that use these vernal pools on a long-term
basis. In addition, the relative performance of species in one year can have trickle-down effects in sub-
sequent years; population booms and busts for short-lived species like wood frogs or spring peepers
have the potential to affect breeding effort in subsequent years (Berven 1990; Werner et al. 2009).

Vernal pools in south-central Ontario are diverse in appearance and vary with respect to their suit-
ability as breeding habitat for amphibian species. Vernal pools and forested wetlands in general are
responsible for a considerable amount of energy and biomass that is then transferred to terrestrial
habitats (Leibowitz 2003). Conservation of forested wetlands is necessary for the maintenance of the
important ecological services provided by forests (Nyman 2011) and healthy forests, in turn, are
important for the amphibians that spend a majority of their lives in forested environments (Skidds
et al. 2007; Todd et al. 2009). Large remote forests like those in central Ontario support numerous for-
ested wetlands and are thought to provide indispensable environmental values (Watson et al. 2018).
Across Ontario, there is increased recognition of the importance of intact forest and wetland ecosys-
tems, especially for building adaptive capacity to climate change and improving the ecological func-
tions of watersheds (Environmental Commissioner of Ontario 2018). Sustainable management of
these forests appears to be compatible with healthy amphibian communities and is attractive from
an economic perspective due to the large number of cottagers, tourists, and campers that visit these
forests every year (Davidson 2015).

This study represents one of the first to explore the diversity of pond-breeding amphibian commun-
ities in south-central Ontario. There is an urgent need to understand the hydrology and physical char-
acteristics of amphibian breeding habitats, especially in the face of global climate change. A shift in
timing of rain events or onset of hot weather could severely reduce the reproductive success of species
with constrained breeding periods, such as wood frogs or Ambystoma salamanders (Brooks 2009;
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Blaustein et al. 2010). In areas where land-use changes already alter hydrological conditions, including
changes in the rate and direction of overland flow, the effect of climate change on the flashiness of
precipitation events is of even more concern (Semlitsch and Skelly 2008). In addition, climate change
may also affect forest health in this region, as well as increase the frequency of forest fires and disease
(Gillett et al. 2004; Bush and Lemmen 2019). Since the abundance of vernal pool obligate amphibians
(wood frogs, spotted salamanders, blue-spotted salamanders) appeared to be influenced by changes in
the composition of vegetation communities in this study, any change in forest health/canopy may also
affect the assemblages of these species. Unfortunately, most climate investigations have focused on
regions where the effect of climate change is difficult to separate from other amphibian stressors
(Li et al. 2013). Small-scale ecosystems in large remote forests, such as forested wetlands, have not
been explored as extensively as those in more urban settings, but may provide opportunities to study
the effects of climate change in the absence of other major stressors. There is clearly a need for more
research focused on forested ecosystems in these regions that support high diversity of wetland types
and wetland-dependent biota.
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