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Abstract
Pacific chorus frog (Pseudacris regilla) populations have persisted despite urban and rural development throughout the species’
range; yet it is possible thatP. regilla, like other anurans with which it historically co-occurred, will become extirpated from cities and
suburbs if urbanization intensifies as predicted. An improved understanding of the conditions that enable this species to persist in
developed landscapes is needed to identify and conserve suitable habitats. We investigated species-habitat relationships for P. regilla
in a mixed urban-rural landscape in southwestern British Columbia, Canada, to identify potential criteria for habitat suitability. We
conducted repeat auditory surveys of chorusing males at 52 potential breeding wetlands and modeled occupancy at 26 of these sites
using local and landscape variables representing competing hypotheses and spatial scales of influence. Themodels that best explained
P. regilla occupancy included a combination of terrestrial habitat and connectivity factors and the presence of non-native predators.
We found that the proportion of impervious cover within 250 m of a wetland had the strongest negative impact on occupancy. Our
findings suggest that availability of terrestrial habitat adjacent to breeding sites is the primary driver of species presence in the
developed landscape. Conservation efforts should seek to limit impervious cover to less than 20% within a 250-m buffer around
breeding wetlands. Further, restored and created wetlands in urban and rural areas may be more likely to support P. regilla if they are
designed with a seasonal hydroperiod that excludes non-native aquatic predators and are placed in an area of high pond density.

Keywords Pseudacris regilla . Amphibian . Urban ecosystem . Constructed wetlands . Ecological design . Occupancymodel

Introduction

Amphibians are experiencing dramatic population declines
worldwide (Houlahan et al. 2000; Stuart et al. 2004; Hof et al.
2011), with an estimated 41% of species listed as threatened by
the International Union for Conservation of Nature and Natural
Resources (IUCN 2020). In North America, habitat loss and
fragmentation by urban and rural development are among the
leading causes of amphibian decline (Lehtinen et al. 1999;
Baldwin and DeMaynadier 2009; Scheffers and Paszkowski
2012; Grant et al. 2016). Aquatic-breeding amphibians are par-
ticularly vulnerable to the impacts of development due to their

requirement for multiple habitats to support their complex life
history (Baldwin and DeMaynadier 2009), their relatively low
vagility (Cushman 2006; Hillman et al. 2014), and their height-
ened sensitivity to environmental contaminants and stressors due
to their unique physiology (Egea-Serrano et al. 2012).
Nevertheless, recent research has encouraged cautious optimism
about the oft overlooked conservation potential of urban ecosys-
tems for amphibians. Some species have shown remarkable be-
havioural plasticity in habitat selection and resilience to land-
scape change (e.g., Brand and Snodgrass 2010; Saarikivi et al.
2013; Holzer and Lawler 2015). Furthermore, it is possible for
urban and rural wetlands to support abundant amphibian popu-
lations (e.g. Riley et al. 2005), high species richness (e.g. Holzer
2014; Boissinot et al. 2019), and genetic diversity similar to
habitats outside of developed areas (e.g. Garcia-Gonzalez and
Garcia-Vazquez 2012).

Successful conservation of a species in urbanizing regions
requires knowledge of their current distribution and the factors
that contribute to habitat suitability. Yet knowledge of how
distribution, abundance, and persistence is influenced by local
and landscape processes is incomplete for many aquatic-
breeding amphibians, even in the context of relatively undis-
turbed ecosystems (Semlitsch 2002; Nori et al. 2018). Still less
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is known about how these processes change with spatial scale
and with the intensity of urbanization (Hamer and McDonnell
2008; Scheffers and Paszkowski 2012). This knowledge gap
can be addressed, in part, with species-specific, multi-scale
studies (Cushman 2006). Such studies can identify whether
species occurrence at breeding sites is driven most strongly
by local characteristics of the aquatic habitat, within which
breeding and juvenile development occurs, or by characteristics
of terrestrial habitat assessed at larger scales on the surrounding
landscape, in which foraging, hibernation/estivation, and mi-
gration and dispersal movement occurs. By relating occurrence
to habitat variables measured at multiple spatial scales, it may
be possible to pinpoint the resolution, or scale of effect (Miguet
et al. 2016), at which each habitat variable should be managed.

The Pacific chorus frog (Pseudacris regilla) is an apparent
urban-adapted species for which habitat suitability criteria are
poorly understood.P. regilla is found fromBritish Columbia to
Baja California (Matsuda et al. 2006). Unlike several aquatic-
breeding amphibians with which it co-occurs, P. regilla popu-
lations have persisted despite urban and agricultural develop-
ment throughout its range (Rorabaugh and Lannoo 2005).
P. regilla is known to tolerate a relatively wide range of envi-
ronmental stressors (e.g. Ovaska et al. 1997; Marco et al. 1999;
Sparling and Fellers 2009) and has been observed in developed
landscapes from Los Angeles, California to Greater Victoria,
British Columbia (Riley et al. 2005; Holzer 2014). A better
understanding of the habitat characteristics influencing
P. regilla occupancy of aquatic and terrestrial environments
in these landscapes is necessary to guide management of this
species in the face of intensifying urban development.

With successful management, P. regilla could be an ideal
flagship species to advance biodiversity conservation and hab-
itat restoration initiatives in urban and rural areas of western
North America. It is a non-threatening, readily-observed, and
charismatic animal with positive associations: P. regilla cho-
ruses signal the arrival of spring and contribute to popular

culture, providing the ambient noise for Hollywood’s night-
time scenes. As an aquatic-breeding amphibian, P. regilla is
an important component of the food web, both as predator and
as prey, contributing to the flow of nutrients between aquatic
and terrestrial environments and helping to control insect pop-
ulations (Wells 2010; Bishop et al. 2014). Like other amphib-
ians, P. regilla is a good indicator of ecosystem health due to
its vulnerability to environmental stressors and pollutants and
its complex habitat requirements (U.S. EPA 2002; Blaustein
et al. 2003; but see Kerby et al. 2010). The presence of
P. regilla is also a good indicator of connectivity between
aquatic and terrestrial habitats for other species of equal or
greater vagility, such as other amphibians, turtles, and small
mammals, as it is unlikely to survive its annual migrations
between these habitats without a movement corridor offering
sufficient shelter and presenting few physical barriers.

In this study, we build on the body of knowledge of
P. regilla ecology in the developed landscape by investigating
the local and landscape-scale factors that drive breeding hab-
itat occupancy in a mixed urban-rural landscape. Our objec-
tives were to determine whether occupancy is most strongly
influenced by (1) aquatic habitat quality, (2) the presence of
non-native aquatic predators, (3) terrestrial habitat availability,
(4) habitat connectivity, or (5) a combination of these local
and landscape factors (Table 1), and to determine the scale of
greatest influence of landscape factors. We modeled our hy-
potheses using occupancy analysis, predicting that P. regilla
occupancy would be best explained by a combination of local
and landscape variables reflecting the competing importance
of multiple life history processes, rather than by variables
linked to a single process or scale. A secondary objective
was to compare P. regilla presence between urban and rural,
and natural and constructed, wetlands. We predicted that
P. regilla would not discriminate between urban and rural or
natural and constructed wetlands, provided certain local and
landscape criteria were met. Based on the relative explanatory

Table 1 Summary of a priori hypotheses used to structure models of Pseudacris regilla occupancy, including covariates for occupancy probability and
the scale(s) of analysis for each covariate

Hypothesis & global occupancy model structure Covariates Scale(s) of analysis

Wetland occupancy is driven by aquatic habitat quality
ψ(DEPTH +AQVEG + CANOPY)

Water depth (+)
Aquatic vegetation cover (+)
Canopy cover (−)

Local

Wetland occupancy is driven by the presence of non-native
aquatic predators

ψ(BULLFROG + FISH)

American bullfrog P/A (−)
Fish P/A (−)

Local

Wetland occupancy is driven by terrestrial habitat availability
ψ(IMP)
ψ(TREE)

Impervious cover (−)
Tree cover (+)

Landscape: 50, 100, 150, 250, 500, 1000, 1500,
2000 m from pond

Wetland occupancy is driven by habitat connectivity
ψ(PONDS + RD+WET + NEAR)

Number of ponds (+)
Road density (−)
Wetland cover (+)

Landscape: 50, 100, 150, 250, 500, 1000, 1500,
2000 m from pond

Distance to nearest pond (−) Landscape; constant across scales

Covariates are predicted as having a positive (+) or negative (−) influence on occupancy. Psi (ψ) is probability of occupancy
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power and scale of greatest influence of local and landscape-
scale habitat variables in supported occupancy models, we
propose habitat suitability criteria to guide conservation, res-
toration, and urban ecological design in the region.

Methods

Study area

This study was conducted in Saanich, British Columbia, a
104 km2 municipality in the greater Victoria region of southern
Vancouver Island, Canada. Historically, Douglas-fir
(Pseudotsuga menziesii) forest was the dominant land cover,
interspersed with open prairie and rich in wetlands (Bjorkman
and Vellend 2010), including marshes, vernal pools, streams,
lakes, and wet meadows that presumably supported abundant
amphibians. Since European settlement, over 75% of wetlands
and 95% of open prairie in the region have been lost to agri-
cultural and urban development (GOERT 2003; Cox and
Cullington 2009). Saanich is now situated within the second-
most populous metropolitan area in the Province of British
Columbia. It is divided approximately equally into Rural
Saanich and Urban Containment, a zoning arrangement that
has tempered ongoing and intensifying development pressures.
Nevertheless, throughout Saanich, remnant wetlands, as well as
constructed ponds and ditches, continue to be affected directly
or indirectly by urban and rural development.

Site selection

We used a stratified random sampling design to address ques-
tions of whether species occurrence and habitat relationships
differ between urban and rural landscapes, between lentic and
lotic wetlands, and between natural and constructed wetlands.
A detailed map of all freshwater features (hereafter referred to
as wetlands) was created in ArcMap (version 10.5; ESRI
2017). Each mapped wetland was assigned the attributes of
urban or rural, lentic or lotic, and natural or constructed (e.g.,
rural lentic constructed wetland, urban lotic natural wetland,
etc.). We then used NOAA’s Sampling Design Tool for
ArcGIS (NOAA 2013) to generate an equal number of ran-
domly selected wetlands (study sites) within each strata, keep-
ing a minimum distance of 500 m between each site to ensure
spatial independence (Petranka et al. 2004; Grand et al. 2017).

Randomly selected wetlands were vetted in ArcGIS using a
2015 aerial orthophoto to confirm their presence. Several sites
had access restrictions and were replaced by other randomly
selected sites within that strata for which access was granted
by the private landowner or public park agency. We then
confirmed each site’s suitability with a site visit. A minimum
hydroperiod of standing water until July, when the majority of
P. regilla have metamorphosed, was used as the suitability

criterion for ponds. The criteria for stream and ditch suitability
included a minimum length of 100 m, still water or low flow,
water depth exceeding 10 cm, and a hydroperiod extending
until at least July. If a stream/ditch (hereafter collectively re-
ferred to as waterways) did not have standing water at the time
of the site visit, a minimum channel depth of 0.5 m and the
presence of hydrophytic vegetation (e.g., Lysichiton
americanus, Carex spp., Typha spp.; Cox and Cullington
2009) were used as indicators of suitability. Sites that did
not meet these suitability criteria were replaced by other ran-
domly selected sites within that strata. A total of 52 wetlands
were selected for study, including 12 urban ponds, 12 urban
waterways, 14 rural ponds, and 14 rural waterways (Fig. 1).

Data collection

Species presence/non-detection

We used call surveys to indicate species presence at a potential
breeding wetland. Call surveys were conducted from mid-
March to mid-May 2017, timed to coincide with the peak
breeding season of P. regilla in this region. Surveys were con-
ducted by a single observer between 30 min after sunset and
0100 h, which approximates the peak calling period of North
American anurans (Weir and Mossman 2005). A survey
consisted of 5 min of listening from a randomly selected point
along the water’s edge (Dorcas et al. 2010). Surveys were re-
peated three times at each site to establish a detection history
sufficient to estimate probability of detection (MacKenzie and
Royle 2005). A site was considered occupied by P. regilla if
one or more individuals were observed or heard calling.

Variables with potential impacts on detectability

During each survey, we collected data for variables that could
impact P. regilla vocalization behaviour or the surveyor’s
hearing ability, to use in modeling detection probability
(MacKenzie et al. 2002, 2006). These variables included time
since sunset, air and water temperature, wind speed, and ordi-
nal codes representing precipitation intensity, moon bright-
ness, and level of ambient noise disturbance (Weir and
Mossman 2005) (Online Resource 1). If American
bullfrogs—a non-native predator and competitor—were heard
or observed, this was also noted. In accordance with the North
American Amphibian Monitoring Program protocol, surveys
were not conducted in winds of 20 km/h or higher, if precip-
itation was heavy enough to impact hearing ability, or if air
temperature dropped below 5.6 °C (Weir and Mossman
2005). Relative humidity at the time of each survey and total
daily rainfall were also considered. These measurements were
collected from the nearest weather station to each site.
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Fig. 1 Map of surveyed sites in Saanich, British Columbia. Inset: Map of western Canada; the star indicates the location of the study area
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Local habitat characteristics

The variables measured at each wetland were chosen through a
literature review and consideration of P. regilla life history
characteristics. The covariates that we assessed for habitat qual-
ity were aquatic vegetation cover (Goldberg and Waits 2009;
Holzer 2014; Hossack 2017), littoral water depth (Guderyahn
et al. 2016), and canopy cover (Goldberg and Waits 2009)
(Table 1). Hydroperiod may also be an important habitat factor
for P. regilla (Guderyahn et al. 2016); however, we could not
consider it as a covariate because the proportion of seasonal
wetlands in our sample—a product of the scarcity of seasonal
wetlands in the study area—was too low to permit analysis.

Habitat quality variables for 18 of 52 sites were measured
opportunistically in late January 2017 (outside of P. regilla’s
breeding season) as part of another study. Habitat quality var-
iables for the remaining sites were measured between late
March and mid-May 2017, to coincide with the breeding sea-
son. Aquatic vegetation cover, littoral water depth, and cano-
py cover were measured at multiple points at each site and
then averaged. For ponds, these data were collected at the
approximate cardinal direction points using a 1 m2 quadrat
frame spanning 0–1 m distance from the shore; for waterway
transects, data were collected from within the 1 m2 quadrat
frame placed mid-channel at 0 m, 50 m, and 100 m points
along the 100-m transect. Percent cover of aquatic vegetation
was visually estimated by the same observer. Water depth was
measured within each quadrat using a metre stick at a distance
of 1 m from the water’s edge. We measured percent canopy
cover over each quadrat using a densiometer.

In the study area, non-native aquatic predators of P. regilla
include American bullfrogs (Lithobates catesbeianus), pump-
kinseed sunfish (Lepomis gibbosus), goldfish (Carassius
auratus), and smallmouth bass (Micropterus dolomieu).
One-time surveys of non-native predator presence/non-
detection were conducted at permanent pond sites in June
and July 2017 using minnow traps (Shaffer et al. 1994;
Skelly and Richardson 2010). Minnow traps were not de-
ployed at sites where non-native fish and American bullfrogs
were readily observed or in waterways, which are not known
to support populations of these non-native predators.

Landscape-scale habitat characteristics

A literature review identified two relevant landscape-scale
variables used to describe P. regilla terrestrial habitat: tree
cover (Pearl et al. 2005; Goldberg and Waits 2009; Holzer
2014) and impervious surface cover, which includes build-
ings, roads, parking lots, and other built features of the urban
environment (Rowe and Garcia 2014; Guderyahn et al. 2016).
We identified four additional landscape-scale variables with
potential to influence P. regilla occupancy based on studies of
similar species and probable metapopulation dynamics:

percent wetland cover (Johnson et al. 2013), road density
(Marsh et al. 2017), number of ponds (Watts et al. 2015),
and distance to the nearest pond (Marsh and Trenham 2001).
These variables were grouped according to separate hypothe-
ses of terrestrial habitat availability and connectivity (Table 1).

The scale of influence of a habitat variable can be defined as
the spatial scale at which the strength of the relationship be-
tween species response (e.g. occurrence) and the amount of that
variable (e.g. wetland cover) is the strongest (Quesnelle et al.
2015). The spatial scale at which landscape-scale habitat vari-
ables influence wetland occupancy for P. regilla is not well
understood; therefore, we measured landscape variables within
eight nested buffers of 50, 100, 150, 250, 500, 1000, 1500, and
2000 m around each wetland using ArcMap (version 10.5;
ESRI 2017) to compare scale of influence during analysis.

Tree cover and impervious surface cover data were summa-
rized within 1-ha grid cells using a 2015 aerial orthophoto
provided by the Capital Regional District (Urban Forest
Stewardship Initiative 2008). Tree cover refers to urban forests,
which in this case includes relict forest and woodland patches
of all stages of maturity, orchards, and ornamental plantings, to
the scale of individual trees. We used a detailed waterbodies
shapefile supplemented with a 2015 aerial orthophoto, provid-
ed by the District of Saanich, to map all wetland boundaries to a
minimum area of 2 m2. We then calculated the distance to the
nearest neighbour pond, percent wetland cover, and number of
ponds at each scale using ArcMap’s Analysis Tools. We de-
rived road density, calculated as summed length of all roads
divided by the buffer area (m/m2; Simon et al. 2009), for each
scale from the Digital Road Atlas layer published by the B.C.
Ministry of Forests, Lands, Natural Resource Operations and
Rural Development. Roads included all single and multi-lane
roads and highways current to 2017.

Statistical analysis

We used P. regilla call data to develop single-season occu-
pancy models structured according to four a priori hypotheses
(Table 1). Single season models incorporate two parameters:
the probability of occupancy (ψ) and probability of detection
(p) (MacKenzie et al. 2006). Occupancy analysis was con-
ducted in the R software environment (R Core Team 2017)
using the package ‘unmarked’ (Fiske and Chandler 2011). At
each stage of the analysis, we used an information-theoretic
approach tomodel selection, rankingmodels based onAICc, a
second-order variant of Akaike’s information criterion that
corrects for small sample size (n/k < 40) (Akaike 1973;
Hurvich and Tsai 1989; Burnham and Anderson 2002).

We developed a global occupancy model for each hypoth-
esis after completing four preliminary steps: (1) identifying
and addressing non-linear and colinear relationships (Zuur
et al. 2010); (2) scaling all continuous variables prior to
modeling to standardize values across the many different
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scales of measurement (MacKenzie et al. 2006); (3) modeling
detection probability; and (4) determining the scale of greatest
impact for each landscape variable by comparing occupancy
models of each variable at each scale.

Detection probability accounts for the sampling bias inherent
in call surveys when the target species may go undetected even if
present (MacKenzie et al. 2002, 2006). Variables with the poten-
tial to impact detection of P. regilla calls include sampling-
specific variables and pond area, bullfrog presence, and fish pres-
ence. Pond area was included as a detection variable because the
ability to detect calls may diminish with distance from the calling
individuals. Bullfrogs and fish were included because there is
some indication that P. regilla vocalization may be inhibited in
close proximity to predators (Brattstrom and Warren 1955). To
determine the best-fitting model for detection probability, we
modeled detection variables individually and in all combinations
of two covariates while holding occupancy probability constant.
Themaximumnumber of covariates in any given detection prob-
ability model was limited to two to avoid overfitting given the
small sample size. The detection covariates from the most sup-
ported model (ΔAICc = 0) were then incorporated into subse-
quent occupancy models.

We inferred the scale of influence for scale-dependent
landscape variables by comparing a set of eight occupancy
models for each variable. Within each set, models included
the detection covariates and a single landscape variable that
varied in value according to the eight scales of measurement.
The scale that appeared in the model with the most support
(ΔAICc = 0) was used to select the covariate value for use in
the global model for the respective hypothesis (Table 1).

For each hypothesis, the global occupancy model was
ranked against more parsimonious subset models using
AICc. Models with ΔAICc <2 from the top ranked model
were considered to have similar support from the data
(Burnham and Anderson 2002). The top models for each hy-
pothesis were then compared to each other to determine the
best model for P. regilla wetland occupancy in the developed
(urban and rural) landscape. Akaike weights and effect sizes
for ψ and p were compared to assess the relative explanatory
power of each competing model. Finally, we tested the good-
ness of fit of the global model from which the top model was
derived using a parametric bootstrap goodness of fit test
(Burnham and Anderson 2002; MacKenzie and Bailey

2004). We used 5000 runs to test goodness of fit and estimate
overdispersion (MacKenzie and Bailey 2004).

A posteriori modeling: combined model and relative variable
importance

Previous studies of hylid frogs have found that models that
included covariates from multiple spatial scales best explained
wetland occupancy (e.g., Altmoos and Henle 2010; Fischer
et al. 2015; Johnson et al. 2016). Therefore, after examining
the results of the hypothesis model sets for occupancy, we
created a multiscale model that combined variables from the
most supported model for each hypothesis. This multiscale
model was then ranked against the other models to determine
if a model reflecting the competing importance of multiple life
history processes better reflected the data. Finally, relative
AICc weights of variables were used to determine the relative
importance of each variable in explaining P. regilla occupancy.

Results

Call surveys detected P. regilla at 18 of 26 ponds but only 1 of
26 waterway transects (a rural stream that had, at the transect
location, temporarily flooded a field and developed the char-
acteristics of a lentic habitat). Due to the small number of
occurrences in waterways, these sites were excluded from
further analysis and occupancy modeling was performed on
the reduced set of 26 pond sites. P. regilla were detected at
42% of urban ponds and 93% of rural ponds. An equal num-
ber of natural and constructed ponds were occupied. At sites
where P. regilla was detected, calls were heard an average of
2.3 times over three repeat surveys (median 2.5, range 1–3).

American bullfrogs were detected in 67% of occupied
ponds and non-native fish predators were detected in 33% of
occupied ponds. On average, occupied ponds had deeper lit-
toral zones, greater aquatic vegetation cover, and less canopy
cover than ponds with no detections (Table 2). Waterway sites
were significantly shallower (U = 144, p = 2.0e-4) and shadier
(U = 450, p = 0.02) than pond sites, as determined by a Mann-
Whitney U test (p < 0.05).

Table 2 Descriptive statistics (range (mean)) for local habitat variables measured in ponds occupied and not occupied (no detections) by Pseudacris
regilla, and in all waterway transects sampled

Local habitat variable Ponds occupied
(n = 18)

Ponds with no detections
(n = 8)

Waterway transects
(1 occupied; n = 26)

Water depth at 1 m (average cm) 16–68 (41) 15–41 (27) 3–80 (21)

Aquatic vegetation cover (average % cover of emergent and submerged vegetation) 6–74 (37) 0.5–74 (26) 1.7–57 (23)

Canopy cover (average %) 0.16–92 (46) 0.74–96 (64) 0–100 (69)
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Detection probability

The most supported model of detection probability included
time since sunset and relative humidity as covariates
(Appendix 1). From this model, we can infer that detection
probability for P. regilla call surveys increased with minutes
after sunset and decreased as relative humidity increased. This
model had three times the support of the constant detection
probability model and was therefore used in subsequent occu-
pancy models (Appendix 1).

Scale of variable influence

For three scale-dependent landscape variables, a single scale
of greatest influence on P. regilla occupancy was identified
based on a model with considerable support in the data (wi ≥
0.65) and no models competing (ΔAICc < 2): 250 m for im-
pervious cover, 1500 m for number of ponds, and 2000 m for
wetland cover (Table 3). The top-ranked model for road den-
sity indicated a scale of 500 m was the best fit; however this
model received only moderate support. There were several
competing models for tree cover, each with low support
(Table 3). For all variables, the covariate value for the scale
appearing in the top-ranked model was used in subsequent
occupancy analyses. Impervious cover and tree cover had a
correlation coefficient of −0.74 (Appendix 2) and had to be
modeled separately to test the terrestrial habitat availability
hypothesis. For all other hypotheses, model covariates were
not collinear (Appendix 2).

Occupancy

There was a single competitive model (ΔAICc < 2) for three of
the four a priori hypothesis (Table 4). The top-rankedmodel for
the terrestrial habitat hypothesis had full support, and indicated
that P. regilla occupancy is strongly negatively influenced by
the amount of impervious cover within 250 m (IMP250;
Table 4). A model that included water depth (DEPTH) as its
single occupancy covariate was the top-ranked model for
aquatic habitat quality hypothesis; this model, which indicates
a slight positive relationship between P. regilla occupancy and
water depth, received moderate support (Table 4). The most-
supported model for the habitat connectivity hypotheses shows
that there is some support for the positive influence of the
number of ponds within 1500 m (Table 4). There were three
competitive models (ΔAICc < 2) representing the non-native
predator presence hypothesis; however, the top-ranked model
was the constant occupancy (ψ(.)) model. There was low sup-
port for the competing bullfrog-only (BULLFROG) and fish-
only (FISH) models (Table 4) and no support for a combined
influence of these predators on P. regilla occupancy.

When the best models representing each hypothesis were
compared, the model representing the terrestrial habitat avail-
ability hypothesis (IMP250) ranked as the top model with sub-
stantial support (Table 5). The only other model with any sup-
port was the PONDS1500 model representing the habitat con-
nectivity hypothesis (Table 5). The parametric bootstrap
goodness-of-fit test on the top model showed that there was
adequate fit (χ2 = 3.8, p value = 0.61) and no indication of
overdispersion (ĉ = 0.75). Based on this model, detection prob-
ability is estimated as 0.71 and the probability of occupancy is
predicted to be 1 for ponds with less than 20% impervious cover
and 0 at ponds surrounded by over 35% impervious cover.

Table 3 Most supported (ΔAICc <2) occupancy models for each scale-
dependent landscape variable, using the detection structure p(TIME +
RH)

Model AICc ΔAICc wi K -2 L

Impervious cover

ψ(250) 79.48 0.0 0.79 5 66.48

Tree cover

ψ(500) 90.25 0.0 0.32 5 77.26

ψ(1500) 91.16 0.90 0.20 5 78.16

ψ(2000) 91.35 1.10 0.19 5 78.36

ψ(1000) 91.60 1.35 0.16 5 78.60

Road density

ψ(500) 88.21 0.0 0.43 5 75.22

Number of ponds

ψ(1500) 85.04 0.0 0.75 5 72.04

Wetland cover

ψ(2000) 90.83 0.0 0.65 5 77.82

AICc is a second-order Akaike’s information criterion, for small sample sizes;
ΔAICc is the difference in AICc value from top-ranked model; wi is AICc
model weight; K is the number of estimated parameters in the model; −2 L is
twice the negative log-likelihood; ψ is probability of occupancy

Table 4 Most supported (ΔAICc < 2) models for each hypothesis
(abbreviated in italics) for Pseudacris regilla occupancy

Model AICc ΔAICc wi K -2 L

Aquatic habitat quality

ψ(DEPTH)p(TIME +RH) 91.23 0.0 0.43 5 78.22

Non-native predator presence

ψ(.)p(TIME + RH) 93.49 0.0 0.68 4 83.58

ψ(BULLFROG)p(TIME + RH) 96.52 0.84 0.15 5 83.52

ψ(FISH)p(TIME + RH) 96.56 0.88 0.15 5 83.56

Terrestrial habitat availability

ψ(IMP250)p(TIME + RH) 79.48 0.0 1.0 5 66.48

Habitat connectivity

ψ(PONDS1500)p(TIME + RH) 85.04 0.0 0.42 5 72.04

p is probability of detection; DEPTH is water depth at 1 m from shore;
TIME is minutes after sunset; RH is relative humidity; BULLFROG is
American bullfrog presence/non-detection; FISH is non-native predatory
fish presence/non-detection; IMP250 is impervious cover within 250 m;
PONDS1500 is number of ponds within 1500 m of the sample wetland
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Relative variable importance

When the IMP250 model was compared with a global model
that combined all covariates from the top models for each hy-
pothesis, and all possible subset models, it remained the top
model; however, two other models, which included impervious
cover, one or both types of predators, and the number of ponds
within 1500 m as covariates, were competing (ΔAICc < 2)
(Table 6). The global model received no support. Relative var-
iable importance was calculated from among supported models
(wi > 0). The amount of impervious cover within 250 m of a
wetland was identified as the most important factor describing
P. regilla occurrence with a relative variable weight of 0.91.
Bullfrogs, fish, and number of ponds within 1500 m received
moderate support, and water depth received the least support
(Table 6). Several subset models of the global model would not
converge and were removed from the candidate set.

Discussion

Our findings lend support to two emerging themes in amphibian
conservation in developed landscapes: first, that there is a stron-
ger relationship between wetland occupancy and
surrounding terrestrial habitat characteristics than with the char-
acteristics of the wetlands themselves (Lehtinen et al. 1999;
Quesnelle et al. 2015; Grand et al. 2017); and second, that am-
phibian occupancy is driven by multiple factors operating at
local and landscape scales (Fischer et al. 2015; Johnson et al.
2016;Marsh et al. 2017).We found that wetland occupancywas
driven most strongly by the amount of impervious cover within
250 m of a wetland, underscoring the importance of terrestrial
habitat availability for P. regilla. We also found a moderate
negative association between wetland occupancy and the pres-
ence of non-native predators at the local (wetland) scale and a
moderate positive association between wetland occupancy and
the number of ponds found within 1500 m.

A negative relationship between impervious cover and oc-
cupancy has been observed for many aquatic-breeding amphib-
ians (e.g. Knutson et al. 1999; Simon et al. 2009; Marsh et al.
2017) and can be explained by a number of factors. Impervious
cover not only displaces essential terrestrial habitat resources, it
also limits habitat connectivity by presenting amphibians with
barriers to movement and generally high landscape resistance
due to risk of desiccation and road mortality. For habitat gen-
eralists such as P. regilla, which are found in diverse vegetation
cover ranging from urban gardens to agricultural fields to open
forests, impervious cover can be considered the inverse of suit-
able terrestrial habitat. Impervious cover can also negatively
influence wetland occupancy by increasing surface water flow,
leading to extreme water level fluctuations that can strand the
eggs of aquatic-breeding amphibians above water (Reinelt et al.
1998; Hayes et al. 2008) causing desiccation and mortality. In
addition, stormwater runoff from roads and other impervious
surfaces is well known to carry higher concentrations of pol-
lutants (St-Hilaire et al. 2016), which can contaminate receiv-
ing wetlands. In this study, only one site was confirmed to be a
stormwater treatment pond, while remaining sites were as-
sumed to receive only incidental overland flow. We observed
an increase in conductivity with increasing impervious cover
(Online Resource 2); thus, another indirect impact of increasing
impervious cover is the risk of negative behavioural and phys-
iological effects caused by exposure to increased conductivity,
which have been documented for other amphibians (e.g. Sanzo
and Hecnar 2006; Karraker et al. 2008; Chambers 2011).

Impervious cover was very strongly negatively associated
with P. regilla wetland occupancy at the scale of 250 m, and
there was nomodel support for other scales. This suggests that
the most important terrestrial habitat for P. regilla is found in
close proximity to wetlands. It is possible that the 250-m scale
was most influential because it is reflective of home range
size. To our knowledge, no studies have investigated
P. regilla home range size directly. One of the earliest studies
of P. regilla natural history found that most juveniles that had
settled post dispersal remained within 200 m of their natal

Table 5 Between-hypothesis occupancy model selection results for
Pseudacris regilla. Naïve occupancy ψ, defined as the estimate of
occupancy probability based on the number of positive detections

divided by the number of sites, without taking into account occupancy or
detection parameters, is shown for comparison. The null model (ψ(.)p(.))
assumes constant occupancy and detection across sites and call surveys

Model AICc ΔAICc wi K -2 L bψ SE(ψ) bp

(naïve ψ = 0.69)

ψ(IMP250)p(TIME + RH) 79.48 0.0 0.94 5 66.48 0.99 0.03 0.71

ψ(PONDS1500)p(TIME + RH) 85.04 5.56 0.06 5 72.04 0.85 0.12 0.74

ψ(DEPTH)p(TIME +RH) 91.23 11.75 0.0 5 78.22 0.76 0.11 0.74

ψ(.)p(.) 93.49 14.01 0.0 4 83.58 0.70 0.09 0.75

ψ(BULLFROG)p(TIME + RH) 96.52 17.04 0.0 5 83.52 0.67 0.16 0.74

ψ(FISH)p(TIME + RH) 96.56 17.08 0.0 5 83.56 0.72 0.11 0.74

bψ is the estimated proportion of sites occupied (with occupancy covariate set at its mean); SE(bψ ) is the standard error of ψ̂; p̂ is mean detection probability
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pond, while all juveniles recovered were found within 250 m
(Jameson 1956). Other early researchers observed adult
P. regilla hibernating in small holes in the soil on grassy hills
approximately 450 m from a known breeding site (Brattstrom
and Warren 1955). Schaub and Larsen (1978) describe the
species as relatively sedentary, tending to remain within
10 m of the same pond during the breeding season, but capa-
ble of moving up to 400 m. These accounts suggest that
P. regilla home range is 250–500 m around a wetland in
undisturbed habitats, and it is possible that urban and agricul-
tural development restricts home range size to the lower limit
of this range. However, mark-recapture and telemetry studies,
particularly those which quantify movement across scales and
relate this to individual or population parameters, are needed
to understand the optimal home range size for P. regilla in a
developed landscape (Bailey and Muths 2019).

Multiscale models that included non-native predator covari-
ates alongside landscape-scale covariates were competitive with
the most supported model (Table 6a). The presence of American
bullfrogs and non-native fish had a moderately negative and
slightly negative effect on P. regilla wetland occupancy, respec-
tively (Table 6b). A negative effect of non-native predators was
expected, as there is ample evidence that bullfrogs displace, com-
pete with, and predate on, native amphibians (Kiesecker and
Blaustein 1998; Kiesecker et al. 2001; Pearl et al. 2004; Rowe
and Garcia 2014), and that non-native fish predate on, and facil-
itate bullfrog predation of, native amphibians (Pearl et al. 2005;

Rowe andGarcia 2014; Guderyahn et al. 2016). Themoderate to
weak negative associations with P. regilla occupancy are consis-
tent with other reports, and lend support to the theory that bull-
frogs and non-native fish are negatively impacting amphibians in
western North America without completely excluding them
(Adams 1999; Govindarajulu 2004; Pearl et al. 2005; Holzer
2014). Nevertheless, the negative impacts of non-native preda-
tors can be mitigated with restoration and creation of wetlands
that have hydroperiods sufficient for metamorphosis in native
species, but which do not support the permanent water require-
ments of American bullfrogs and fish (Snodgrass et al. 2000;
Govindarajulu 2004; Pearl et al. 2005).

As with the non-native predators hypothesis, models focused
exclusively on habitat connectivity were not competitive
(Table 5), but a habitat connectivity variable appeared in com-
petitive models when combined with other covariates (Table 6a).
Specifically, the number of ponds within 1500 m was identified
as having a moderate, positive influence on P. regilla occupancy
(Table 6b). The positive association between P. regilla occupan-
cy and the number of ponds within 1500 m suggests that
P. regilla is reliant, to some degree, on occasional long-
distance dispersal events to maintain local populations, and that
the likelihood of occurrence increases as the number of source
and “stepping stone” pondswithin amaximumdispersal distance
increases (Watts et al. 2015). While P. regilla appear to show
strong site fidelity and do not frequently make long-distance
movements, they are capable of moving at least 1900m in search

Table 6 (A) Model selection results for all subsets of the combined
global model using the detection structure p(TIME + RH). Note that
models without support (wi = 0) or that did not converge are not shown.
Estimates for occupancy(ψ) and detection probability (p) are calculated

with parameters set at their mean. (B) Relative variable importance (w+)
and direction (effect) of model averaged coefficient estimates based on
the candidate models for Pseudacris regilla occupancy

(A) Model AICc ΔAICc wi -2 L K bψ SE(ψ) bp
ψ(IMP250) 79.48 0.0 0.32 66.48 5 0.99 0.026 0.71

ψ(IMP250 + BULLFROG + FISH) 80.49 1.01 0.20 60.26 7 1.0 0.0012 0.71

ψ(IMP250 + PONDS1500 + BULLFROG) 80.49 1.01 0.20 60.26 7 1.0 1.2e−4 0.71

ψ(IMP250 + DEPTH) 82.26 2.79 0.08 65.84 6 0.99 0.024 0.71

ψ(IMP250 + FISH) 82.80 3.32 0.06 66.38 6 0.98 0.058 0.71

ψ(PONDS1500 + BULLFROG) 83.43 3.96 0.04 67.02 6 0.93 0.11 0.74

ψ(IMP250 + DEPTH + FISH) 84.40 4.92 0.03 64.18 7 0.86 0.13 0.75

ψ(PONDS1500) 85.04 5.56 0.02 72.04 5 0.85 0.12 0.74

ψ(PONDS1500 + DEPTH) 85.69 6.21 0.01 69.26 6 0.87 0.11 0.74

ψ(PONDS1500 + FISH) 85.81 6.33 0.01 69.38 6 0.91 0.098 0.74

ψ(IMP250 + PONDS1500 + FISH) 86.26 6.78 0.01 66.04 7 0.86 0.14 0.74

ψ(PONDS1500 + BULLFROG + FISH) 86.44 6.96 0.01 66.22 7 0.94 0.086 0.74

(B) Variable w+ Effect

IMP250 0.91 –

BULLFROG 0.54 –

FISH 0.42 –

PONDS1500 0.39 +

DEPTH 0.23 +

bψ is the estimated proportion of sites occupied (with occupancy covariate set at its mean); SE(bψ ) is the standard error of ψ̂; p̂ is mean detection probability
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of suitable habitat post displacement (Smith and Green 2005).
Model support for the number of ponds within 1500 m suggests
that thismay be the scale atwhichmetapopulation dynamics play
out forP. regilla in a highly fragmented urban or rural landscape;
however, focused research on P. regilla dispersal and local and
regional population dynamics is needed to test this hypothesis
(Smith and Green 2005).

The remaining variables we considered had little influence on
P. regilla occupancy. For aquatic habitat variables, is possible
that our measurements were within tolerable ranges.
Alternatively, effects might have been detected if we had collect-
ed multiple measurements throughout the breeding season and
used an average. Among the remaining landscape-scale vari-
ables, we were most surprised at the lack of influence of road
density on occupancy. The negative impact of roads on amphib-
ian population persistence is well documented (Beebee 2013).
Roads contribute significantly to amphibianmortality via vehicle
collisions and exposure to pollutants (e.g., Lefcort et al. 1997;
Garrah et al. 2015). Furthermore, high levels of ambient traffic
noise have been shown to significantly mask the breeding calls
of P. regilla, who are not able to alter the volume, duration or
timing of their calls in response to levels of ambient noise
(Nelson et al. 2017). Diminished communication could impede
breeding activities such as breeding site orientation and mate
selection, with long term consequences for population persis-
tence (Nelson et al. 2017). These documented impacts of roads
may explain the absence of P. regilla from ditch sites, the ma-
jority of which were located adjacent to roads.

Caveats

The main caveats for this study are that (1) the presence of
chorusing males is not evidence of successful breeding or
survival of offspring; therefore, further research of other life
stages is needed; (2) the identified species-habitat relation-
ships are correlational rather than causal, although known
ecological mechanisms explain the observed relationships;
(3) there may be other habitat characteristics that are influen-
tial that were not considered in this study; and (4) an ability to
detect effects and estimate model parameters with a high level
of precision are limited by a relatively small sample size.
Nevertheless, consistency between the most-supported
models and relative variable weights allow some confidence
in the quality of the results of this model framework.

Management implications

As urban and agricultural development expands at the expense
of naturally-occurring ecosystems, the conservation and en-
hancement of biodiversity within the developed landscape will
take on even more importance. Species such as P. regilla are
valuable flagships for achieving biodiversity conservation
goals in developed areas, and should be included in wildlife

management programs. Our study identifies potential drivers of
P. regilla occupancy, and the scales of influence of these
drivers, to provide initial guidance for land managers. First,
thoughtful and innovative approaches to development that limit
impervious surface cover to 20% within 250 m of potential
aquatic habitat should improve the likelihood of P. regilla oc-
currence, particularly if vegetation is maintained on the remain-
ing landscape to provide sufficient complimentary terrestrial
habitat. Second, when selecting sites for breeding pond resto-
ration or creation, managers could consider placing ponds
where pond density at a scale of 1500 m is maximized.
Dispersal can be further supported by maintaining structural
connectivity and enhancingmatrix permeability, including pro-
tection of movement corridors (Churko et al. 2020) and strate-
gic placement of roadmitigation structures (Hamer et al. 2015).
Third, populations of P. regilla that co-occur with American
bullfrogs and/or non-native fish should be monitored to detect
long-term impacts. Where possible, created and restored ponds
should be designed to have a temporary hydroperiod to exclude
bullfrogs and fish. Finally, pond restoration or creation designs
should consider a wide depth gradient within the littoral zone,
as we detected a weak positive relationship with water depth
that is supported by the literature (Dupré and Petranka 1985;
Kiesecker and Blaustein 1998; Guderyahn et al. 2016).

Conclusion

This study demonstrates that P. regilla can still be found
chorusing in the second-most populous region of British
Columbia, in urban and rural areas, in relict natural ponds as well
as in the novel and designed ecosystems that are becoming in-
creasingly common (e.g. Monello and Wright 1999; Holzer and
Lawler 2015; Higgs 2017). However, our findings suggest that
the likelihood of P. regilla occupancy of a given wetland will
decrease as surrounding development intensifies unless impervi-
ous cover is heavily restricted and nearby ponds are protected. A
proactive approach to P. regilla conservation would be to iden-
tify and protect existing habitat and create additional habitat
using the suitability criteria identified here as a general guide
and point of departure for further research (Sterrett et al. 2019).
In turn, P. regilla can be used as a flagship species to further the
restoration and conservation of regional biodiversity.
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Appendix 1

Model selection results for detection probability. ΔAIC <2
indicates substantial support in the data. Models including
all other sampling covariates had less support than the null
model ψ(.)p(.) and are not shown here. AICc is a second-
order Akaike’s information criterion for small sample sizes;

ΔAICc is difference in AICc value from the top-ranked
model; wi is AICc model weight; K is number of estimated
parameters in the model; −2 L is twice the negative log-
likelihood; bp is estimated detection probability. Covariate
abbreviations: TIME is minutes since sunset; RH is relative
humidity; DIST is anthropogenic noise disturbance;
BULLFROG is American bullfrog presence/non-detection.

CANOPY AQVEG DEPTH BULLFROG FISH NEAR RD
500

PONDS
1500

WET
2000

TREE
500

IMP
250

TREE
2000

AREA ─0.15 0.16 ─0.24 0.19 0.46 ─0.16 ─0.29 0.24 0.02 0.21 ─0.34 0.33

CANOPY – ─0.41 ─0.05 ─0.14 0.13 0.09 0.16 0.05 0.22 0.21 0.00 0.04

AQVEG – 0.10 0.31 ─0.11 ─0.14 ─0.21 0.16 0.08 ─0.02 ─0.10 0.07

DEPTH – ─0.04 0.16 0.04 ─0.36 0.33 0.41 0.10 ─0.21 0.30

BULLFROG – 0.19 ─0.24 ─0.54 0.44 0.26 0.34 ─0.45 0.56

FISH – 0.10 ─0.41 0.21 0.16 0.29 ─0.17 0.35

NEAR – 0.29 ─0.44 ─0.28 ─0.07 0.24 −0.33
RD500 – ─0.70 ─0.45 ─0.54 0.80 ─0.60
PONDS1500 – 0.53 0.59 ─0.69 0.78

WET2000 – 0.45 ─0.40 0.48

TREE500 – ─0.74 0.68

IMP250 – ─0.58

Model AICc ΔAICc wi K -2 L bp

ψ(.)p(TIME + RH) 93.49 0.0 0.18 4 83.58 0.74

ψ(.)p(DIST + BULLFROG) 93.60 0.11 0.17 4 83.70 0.68

ψ(.)p(DIST) 93.83 0.34 0.15 3 86.74 0.68

ψ(.)p(RH) 94.71 1.22 0.10 3 87.62 0.68

ψ(.)p(TIME +DIST) 95.30 1.81 0.07 4 85.40 0.75

ψ(.)p(BULLFROG) 95.33 1.84 0.07 3 88.24 0.74

ψ(.)p(TIME + BULLFROG) 95.43 1.94 0.07 4 85.52 0.74

ψ(.)p(RH + BULLFROG) 95.60 2.10 0.06 4 85.70 0.75

ψ(.)p(TIME) 95.67 2.17 0.06 3 88.58 0.75

ψ(.)p(.) 95.68 2.19 0.06 2 91.16 0.75

Appendix 2

Correlation coefficients for modeled covariates. Bold font
indicates that the covariate pair is highly correlated and
should not be included in the same model. Covariate abbre-
viations: AREA is aquatic footprint (m2); CANOPY is per-
cent canopy cover over the shoreline; AQVEG is percent
cover of emergent/submerged vegetation within 1 m of
shore; DEPTH is water depth at 1 m from shore (cm);

BULLFROG is American bullfrog presence/non-
detection; FISH is non-native predatory fish presence/
non-detection; NEAR is distance to nearest neighbour pond
(m); RD500 is road density (m/m2) within 500 m;
PONDS1500 is a count of the number of ponds within
1500 m; WET2000 is percent cover of wetlands within
2000 m; TREE500 is percent tree cover within 500 m;
IMP250 is percent impervious cover within 250 m;
TREE2000 is percent tree cover within 2000 m.
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