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We monitor  amphibian  occurrence  at  three  urban  wetland  types.
Amphibians  use  urban  stormwater  wetlands  for  breeding.
Occurrence and  abundance  of  amphibians  was  lowest  at  stormwater  wetlands.
Aquatic  vegetation  and  surrounding  habitat  promotes  urban  amphibian  biodiversity.
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a  b  s  t  r  a  c  t

Urbanization  is recognized  as a  major  driver  of  amphibian  declines  globally.  To  maintain  urban  bio-
diversity,  features  that  promote  local  amphibian  populations  must  be identified.  The  construction  of
stormwater  ponds  is a useful  tool  for mitigating  wetland  loss  and  retaining  water  runoff  from  imper-
meable  urban  surfaces,  yet  their  value  as  breeding  habitat  for amphibians  that  require  both  terrestrial
and  aquatic  habitat  to  persist  remains  poorly  known.  Within  the  City  of  Edmonton,  Canada,  we  sur-
veyed  75  urban  wetlands  (stormwater,  natural  upland  and  river  valley)  using  call  surveys  and  trapping
for  amphibian  species.  We  related  amphibian  occurrence  to 14  within-wetland  parameters  (reflecting
water  chemistry  and  aquatic  vegetation)  and  four  landscape  features.  We  used  an  information-theoretic
approach  to identify  predictors  of  anuran  occurrence.  Three  of the  five  amphibian  species  known  to  occur
regionally  (wood  frog,  boreal  chorus  frog,  and  western  tiger  salamander)  were  found  at all  wetland  types.
Overall, natural  wetlands  had  higher  levels  of occurrence  and  abundance  of  calling  wood  and  boreal  cho-
rus frogs  than  stormwater  wetlands;  however,  constructed  stormwater  wetlands  did  frequently  serve

as breeding  habitat  for amphibians.  Total  nitrogen  concentrations  and  aquatic  vegetation  were  the  best
within-wetland  predictors  of frog occurrence  whereas  the  nature  of  terrestrial  habitat  and  amount  of
wetlands  surrounding  breeding  habitats  were  the  best landscape  predictors.  Within-wetland  habitat
could  be  improved  if  stormwater  wetlands  were  designed  to promote  the  growth  of  emergent  and  sub-
merged  aquatic  plants.  Urban  amphibian  populations  would  benefit  if managers  preserved  or  restored

nding
terrestrial  habitat  surrou

. Introduction

Global landscapes are becoming increasingly urban as human
emand for space encroaches on agricultural land and natural habi-
ats (McKinney, 2002). Cities and towns are planned and built
o accommodate human needs, often to the detriment of native
lants and animals. To this end, urbanization is recognized as a
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

ajor force driving species declines globally (Czech, Krausman, &
evers, 2000; Foley et al., 2005; Scheffers & Paszkowski, 2012).
pecies with complex habitat requirements and life cycles, such
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 stormwater  sites.
© 2013 Published by Elsevier B.V.

as pond-breeding amphibians, are especially vulnerable to habitat
loss (Becker, Fonseca, Haddad, Batista, & Prado, 2007).

Pool-breeding amphibian species require aquatic habitats to
support larval development and terrestrial habitat for juve-
nile/adult stages. However, because land in urban settings is often
too expensive and the capacity to protect large areas is limited, ter-
restrial and aquatic habitats are frequently lost, and what habitat
remains is usually highly degraded (McKinney, 2006). Because of
this, understanding how amphibians use urban landscapes, con-
taining human-constructed features and isolated native habitats,
will aid their conservation (Brown, Street, Nairn, & Forstner, 2012;
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

Scheffers & Paszkowski, 2012).
Stormwater wetlands and the terrestrial habitat surrounding

them may  play an under-appreciated role in the conservation
of urban amphibians. Numerous stormwater wetlands have been

dx.doi.org/10.1016/j.landurbplan.2013.01.001
dx.doi.org/10.1016/j.landurbplan.2013.01.001
http://www.sciencedirect.com/science/journal/01692046
http://www.elsevier.com/locate/landurbplan
mailto:schefbr0@gmail.com
mailto:cindy.paszkowski@ualberta.ca
dx.doi.org/10.1016/j.landurbplan.2013.01.001
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onstructed throughout North America, in part as a means of mit-
gating wetland loss (Kennedy & Mayer, 2002; Kok, Shaw, Seto,

 Weatherbe, 2000). The general use of these systems is similar:
o prevent flooding, sequester pollutants and/or provide habi-
at for various species (Brown et al., 2012; Helfield & Diamond,
997; Smith, 2009). Constructed wetlands are often created accord-

ng to specific designs; thus, they offer a unique opportunity for
pplied conservation whereby existing plans may  be improved
o incorporate pond and landscape features that benefit amphib-
an populations (Pechmann, Estes, Scott, & Gibbons, 2001; Shulse,
emlitsch, Trauth, & Williams, 2010). Although these wetlands
re widespread and offer unique conservation opportunities,
esearchers have just recently begun to examine explicitly their
ole in supporting amphibian populations (e.g., Brand & Snodgrass,
010; Hamer & Parris, 2011; Simon, Snodgrass, Casey, & Sparling,
009).

Despite their inhospitable locations (Hamer & McDonnell,
008; McKinney, 2006), constructed urban wetlands may  be used
s breeding sites by amphibian species (Bishop et al., 2000;
stergaard et al., 2008; Simon et al., 2009), especially in areas with

ow densities of suitable breeding wetlands (Brand & Snodgrass,
010). Amphibian use of stormwater wetlands is closely tied
o design and within-pond and landscape parameters (Brand,
nodgrass, Gallagher, Casey, & Van Meter, 2010; Brown et al.,
012; McCarthy & Lathrop, 2011). In the growing body of literature
n constructed wetlands, many studies focus on water perma-
ency, which positively correlates with amphibian species richness
Brand & Snodgrass, 2010) and the impacts of fish on amphibians
constructed wetlands without fish support richer amphibian com-

unities and larger populations than those with fish; Brown et al.,
012). Constructed wetlands with abundant aquatic vegetation
nd/or greater amounts of surrounding natural vegetation display
n increased likelihood of amphibian presence, greater species rich-
ess and breeding success (McCarthy & Lathrop, 2011; Shulse et al.,
010; Simon et al., 2009). The quality of pond water and sediment

s also important; water chemistry may  be a useful predictor of
mphibian occurrence (Hecnar & M’Closkey, 1996) and polluted
ediment from stormwater wetlands negatively affects survival and
rowth of amphibian larvae (Brand et al., 2010; Massal, Snodgrass,

 Casey, 2007). Studies that evaluate both pond and landscape char-
cteristics in unison are less common than studies conducted at a
ingle spatial scale (but see Hamer and Parris, 2011; McCarthy and
athrop, 2011; Pillsbury and Miller, 2008).

Here we expand on the current understanding of urban
tormwater wetlands as breeding habitat for pond-breeding
mphibians by characterizing the assemblage that uses stormwater
etlands in Edmonton, Alberta, Canada. We  also surveyed natu-

al wetlands located in the city for comparison with constructed
ites. We  present data from a large number of stormwater wet-
ands constructed with a relatively similar (replicated) design. We
urveyed wetlands for five potential species (wood frog (Lithobates
ylvaticus), boreal chorus frog (Pseudacris maculata), boreal toad
Anaxyrus boreas),  Canadian toad (Anaxyrus hemiophrys), and west-
rn tiger salamander (Ambystoma mavortium)) all of which have
trong ties to terrestrial, as well as aquatic, habitats. All species
reed in ponds, but forage and hibernate in the surrounding ripar-

an zone and upland vegetation. Inclusion of a large number of
onstructed wetlands and investigation of a suite of species with
utual ties to wetland and terrestrial habitat offer a strong frame-
ork for determining which within-wetland factors and terrestrial

eatures should be considered when designing stormwater wet-
ands.
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

We  examined land cover within 100 m (e.g., native vegeta-
ion) of each wetland, as well as 14 within-pond variables (e.g.,
ater chemistry, coverage by aquatic vegetation), for stormwater

nd natural wetlands and related them to amphibian occurrence.
 PRESS
d Urban Planning xxx (2013) xxx– xxx

Unlike other urban study systems, Edmonton and north central
Alberta possess a regionally simple amphibian fauna that faces
harsh environmental conditions for small ectotherms. Edmonton is
characterized by cold winters (−20 to 40 ◦C), dry year-round condi-
tions (annual precipitation of ∼480 mm;  Environment Canada) and
a short-growing season of ∼140 frost-free days (Russell & Bauer,
2000, www.almanac.com). Thus, our study has a unique regional
setting (e.g., compared to Brand and Snodgrass, 2010; Simon et al.,
2009, which were conducted in the Northeast, USA, with warmer
winter temperatures (∼−6 ◦C), over 1000 mm of precipitation per
year, and ∼200 frost-free days) (www.almanac.com). Lastly, the
stormwater wetlands in our study area are all permanent water
bodies and nearly all are fishless; both factors are strong covariates
predicting amphibian occurrence, abundance and richness (Brown
et al., 2012). Control of these two drivers allows a clearer assess-
ment of other parameters such as surrounding habitat and local
water chemistry that may  also affect the utility of these wetlands
for urban amphibians.

2. Methods

2.1. Study area

The City of Edmonton, Alberta, Canada (Fig. 1; 53◦32′27′′N,
113◦29′37′′W)  is located in an ecotone between the Aspen Park-
land and the Boreal Mixed-wood Forest (Royer & Dickinson,
2007). It is estimated that 85–95% of the original Aspen Park-
land has been lost to agriculture and urbanization (Alberta
Environmental Protection, 1997). Although Edmonton is one of
the fastest growing cities in Canada (approximately 1.1 million
people in 2008), it is home to the largest protected urban park sys-
tem (7400 ha) in North America (www.edmonton.ca). The North
Saskatchewan River valley bisects the city and is a major com-
ponent of this park system. Still, 21% of the remaining native
habitats in the tableland (i.e., outside the river valley) have been
lost to development since 1993 and 71.5% of existing natural
areas within both the river valley and tablelands are unprotected
(Natural Connections Strategic Plan, 2007; www.edmonton.ca).
One artificial and two naturally occurring wetland types exist
within Edmonton: constructed stormwater wetlands, natural
upland wetlands, and natural river valley oxbow wetlands (for
a more detailed description of wetland types see Supplementary
materials).

2.2. Breeding Call Surveys

We  conducted surveys at urban wetlands in order to quantify
the number of calling male anurans. During spring 2008 and 2009,
we surveyed 75 bodies of water (58 stormwater, 12 natural upland,
and five river valley wetlands) throughout Edmonton. Breeding Call
Surveys (BCS) began at ice-off and followed methodologies outlined
in Stevens and Paszkowski (2004).  We  conducted surveys within a
3-h period starting 0.5 h after sunset (2100–2300 h). An initial sur-
vey point was established in an area with calling anurans, or at a
random point if no males were heard calling. Point counts were
conducted every 100 m for a maximum of four points per wetland.
At each point we  conducted a 180◦ point count for 5 min  to record
all anurans heard within 50 m.  For each species, we estimated the
number of male anurans per BCS point by taking the total number
of anurans heard calling per wetland divided by the total num-
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

ber of survey points. In 2008, BCS occurred from April 29 to May
15 and in 2009, BCS occurred from April 30 to May  18. In both
years, data from one survey was  used in analysis (Supplementary
materials).

dx.doi.org/10.1016/j.landurbplan.2013.01.001
http://www.almanac.com/
http://www.almanac.com/
http://www.edmonton.ca/
http://www.edmonton.ca/
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ig. 1. Wetland locations in Edmonton, Alberta, Canada. The study area is at the nor
f  study wetlands. Other areas of natural vegetation exist on the landscape, e.g., alo

.3. Surveys for western tiger salamanders

We used two survey techniques to detect western tiger sala-
ander at wetlands. We  visually surveyed for salamanders during

CSs at all 75 wetlands. In June and July 2008, we set minnow traps
44.5 cm long, 22.9 cm high, with 0.63 cm2 galvanized wire mesh)
t 39 wetlands. These wetlands were associated with another study
nd had been chosen because they had calling male wood frog
uring BCS. Traps were checked every 2 days.

.4. Measurement of wetland environmental features

We quantified within-wetland variables for 70 of 75 study wet-
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

ands from late July to mid  August, 2008. Five wetlands (two upland,
ne river valley, and two stormwater) were not surveyed due to
ogistical reasons. For each wetland, we also recorded maximum

ater depth. All stormwater wetlands were constructed with a
edge of the Aspen Parkland. White areas indicate natural vegetation within 1000 m
 North Saskatchewan River and its tributaries but is not demarcated on this map.

standard maximum water depth of 220 cm (Drainage Services, City
of Edmonton). These wetlands are relatively deep and therefore
retain water year round. The average stormwater wetland age in
our study is approximately 11 years (range 2–30 years).

2.4.1. Aquatic vegetation
Because aquatic vegetation structure can influence multiple

amphibian life-history stages (e.g., selection of egg-laying sites and
size at metamorphosis (Egan & Paton, 2004; Purrenhage & Boone,
2009; Skidds, Golet, Paton, & Mitchell, 2007)), we quantified emer-
gent vegetation (EMERG) and submersed aquatic vegetation (SAV)
for each wetland. We  conducted emergent plant surveys from late
July to mid  August at four points at each study wetland. A rank
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

(1–5) was assigned for emergent vegetation ranging from 1 (no
plant cover) to 5 (abundant plant cover, >75%). From late July to mid
August, the amount of submersed aquatic vegetation within a 1 m2

area was measured at four points for each wetland (determined

dx.doi.org/10.1016/j.landurbplan.2013.01.001
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Table  1
Summary of median values and upper and lower 95% confidence intervals (in parentheses, derived from 10,000 bootstrap samples) for 19 within-wetland and landscape
parameters recorded at 10 upland, 4 river valley, and 56 stormwater wetlands in Edmonton, Alberta, Canada in 2008.

Parameter Wetland type

Upland (95% CI) River valley (95% CI) Stormwater (95% CI)

Year constructeda – – 1997
Area  (m2)b 8702 (531, 103,480) 4570 (2665, 22,223) 17,246 (841, 49,770)
H2O depthb 42 (18, 117) 86 (45, 100) 220
%  NATVEGb,c 37 (11, 62) 95 (6, 97) 3 (0, 65)
%  WETb,c 12 (5, 20) 4 (1, 15) 13 (1, 32)
%  AGRICb,c 0 (0, 0) 15 (0, 26) 0 (0, 42)
%  IMPERVb,c 5 (0, 40) 0 (0, 19) 11 (1, 24)
SAVb,d 40 (9, 100) 52 (0, 70) 16 (0, 88)
EMERGb,e 2.75 (0, 5) 2 (1, 3) 2 (0, 4.75)
TN  (�g/L)b,f 3950 (509, 20,100) 982 (908, 1720) 830 (436, 2040)
TP  (�g/L)b,g 530 (61, 5712) 29 (27, 477) 61 (25, 415)
Cond  (�S/cm)b,h 735 (266, 3870) 708 (676, 1508) 717 (197, 1860)
pH  8.42 (7.6, 9.1) 8.71 (7.8, 9.47) 8.23 (7.1, 9.9)
Chl-a (�g/L)b, i 31.4 (1.4, 137.4) 4.11 (0.46, 48) 13.3 (0.46, 87.4)
As  (�g/L)b,j 2.3 (0.004, 10.1) 2.76 (1.08, 10) 1.85 (0.001, 4.9)
Cr  (�g/L)b,k 0.2 (0, 4.5) 0.26 (0.1, 0.47) 0.2 (0, 1.4)
Cu  (�g/L)b, l 0.7 (0, 10.1) 1.35 (0.81, 5.58) 1.43 (0, 5.7)
Pb  (�g/L)b,m 0.4 (0, 0.6) 0.28 (0.09, 0.29) 0.11 (0.0002, 0.5)
Se  (�g/L)b,n 0.6 (0, 9.5) 0 (0, 0.7) 0.5 (0, 1.3)
Zn  (�g/L)b,o 20.2 (0.01, 70.9) 23.5 (2.8, 33.9) 11.5 (0.006, 52.4)

a N = 56.
b N = 10, 4, 56.
c Percent native vegetation (NATVEG), wetland (WET), agriculture (AGRIC), and impervious surface (IMPERV) within 100 m
d Submersed aquatic vegetation.
e Rank for emergent vegetation.
f Total nitrogen.
g Total phosphorus.
h Conductivity.
i Chlorophyll-a suspended in water.
j Arsenic.
k Chromium.
l Copper.
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n Selenium.
o Zinc.

y cardinal directions; for details see Supplementary materials)
Bayley & Prather, 2003).

.4.2. Water chemistry
We measured 11 water chemistry parameters (Table 1, e.g.,

eavy metals, nutrients, and pH) that might affect breeding site
election by adult frogs or larval development for 70 of the 75
tudy wetlands. Water samples were collected during daytime
ours from the center of open-water areas (typical depth ≥ 120 cm)

rom one of the four BCS point counts chosen at random from
uly 20 through August 20, 2008. Water samples were stored
n ice and transported to the Biogeochemical Analytical Labo-
atory, University of Alberta for analysis. All volatile compounds
ere analyzed within 24 h of collection. Collection of water sam-
les on multiple dates and sediment samples generally allows for
ore detailed characterization of pond environments, however,

ue to finite resoureses we  chose to sample more ponds and more
arameters on a single sample date. Winter water samples were
ot collected because none of the species overwinter in ponds and
se of road salt is very rare in Edmonton.

.5. Statistical and GIS analysis

.5.1. Amphibian surveys
For 2008 and 2009, for each species, the number of male
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

nurans per BCS point (total/number of survey points) at each
etland was used to characterize male abundance. We  generated

5% confidence intervals, based on 10,000 bootstrapped estimates,
round median values for all abundances (Table 2). Analyses were
performed in R stats version 2.11.1 (R Project for Statistical
Computing, http://www.R-project.org).

2.5.2. Occupancy and detection estimates for frog data
As detection error may  introduce bias in the estimator of site

occupancy, we  used a single-survey penalized maximum likeli-
hood approach to estimate model occupancy for our 2008 and 2009
surveys (Lele, Moreno, & Bayne, 2012; Moreno & Lele, 2010). This
analysis only requires a single survey and does not assume popula-
tion closure or inter-population independence. Instead of assuming
closure, this method employs a continuous covariate that affects
detection and occupancy. We expected two factors to influence
detection probability: days from first survey and size of wetland.
Other covariates that commonly affect detection such as air and
water temperature and observer identity were standardized across
wetland sites. Many pond-breeding anurans are explosive breeders,
therefore more frogs are likely to be calling earlier in the breed-
ing season making it easier to detect individuals and the presence
of species. This may  translate into lower detectability later in the
breeding season. Size of wetland may  also influence detection of
frogs. Although we surveyed multiple points at larger wetlands,
we may  fail to hear frogs calling between points because points are
too far away from each other and intervening frogs. Lastly, we  chose
natural vegetation (NATVEG) and submersed aquatic vegetation as
two factors, related to habitat structure in and around ponds that
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

influence occupancy. We  used the receiver operating curve (ROC)
and the area under the ROC (AUC) to compare heuristically the fit
of the detection and occupancy model. Model fit increases as AUC
increases and approaches one.

dx.doi.org/10.1016/j.landurbplan.2013.01.001
http://www.r-project.org/
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Table  2
Occurrence and abundance for wood frog, boreal chorus frog and western tiger salamander at 75 wetlands in Edmonton, Alberta, Canada, surveyed in 2008 and 2009. (SD)
denotes standard deviations. Median abundance values are provided with 95% confidence intervals (CI). Wetland type is classified as upland (U), river valley (RV), and
stormwater (S).

Species Year—metric Type N Occ.b % Occ.c Abundanced Abundancee Median (95% CI)d

Wood frog

2008 BCSa
U 12 11 92 8 (9) 9 (9) 4 (0, 30)
RV  5 4 80 3 (3) 3 (3) 2 (0, 8)
S  58 27 47 2 (3) 4 (3) 0 (0, 9)

2009  BCSa
U 12 12 100 11 (10) 11 (11) 7 (0.7, 30)
RV  5 5 100 4 (2) 4 (2) 4 (1, 6)
S 57 31 54 2 (2) 4 (2) 1 (0, 7)

Boreal  chorus frog

2008 BCSa
U 12 11 92 7 (5) 8 (5) 6 (0, 15)
RV  5 3 60 2 (3) 3 (4) 1 (0, 7)
S  58 26 45 2 (5) 4 (7) 0 (0, 10)

2009  BCSa
U 12 10 83 6 (9) 7 (9) 3.5 (0, 30)
RV  5 2 40 0.2 (0.3) 1 (0.1) 0 (0, 0.7)
S 57 10 18 1 (2) 4 (5) 0 (0, 8)

Tiger  salamander 2008 and 2009
U 12 3 25 N/A N/A
RV 5 3 60 N/A N/A
S  58 6 10 N/A N/A

a Abundances for Breeding Call Surveys for wood and boreal chorus frog represent mean number of calling male frogs per survey point.
b Occurrence.
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c Percent occurrence across wetlands sampled.
d Mean/median abundance for all wetlands surveyed (both with and without am
e Mean abundance after removing all wetlands with no amphibians.

.5.3. Within-wetland parameters and terrestrial habitat features
The type of land cover surrounding wetlands, across various

cales, may  affect amphibian use of wetlands for breeding (Simon
t al., 2009). In our study area, the occurrence of breeding amphib-
ans at stormwater wetlands is strongly tied to surrounding habitat

ithin 100 m (Scheffers, Whiting, & Paszkowski, 2012). Thus, we
apped four cover types within 100 m surrounding each wetland

ased on imagery from 2007: (1) impervious surfaces (IMPERV)
roads, parking lots, commercial buildings), (2) agriculture (AGRIC);
3) wetlands (WET) (natural and constructed) and (4) native veg-
tation (NATVEG) [mixed-wood forest and shrubland (areas of tall
rass mixed with shrubs)] (Supplementary materials and Scheffers,
010). Values did not comprise 100% of landscape composition and
ere therefore independent (see correlation matrix, Table S1).

We  compared within-wetland and landscape parameters
mong the three wetland types. We  generated 95% confidence
ntervals, based on 10,000 bootstrapped estimates, around median
alues for all environmental and landscape features (Table 1). We
ested for correlation among all landscape and within-wetland
arameters using a matrix and Spearman rank correlation in R
tatistics for all wetlands and separately for stormwater wetlands
see Supplemental material: Tables S1 and S2).  Because of high
orrelation (Spearman rho r > 0.4) some factors were not consid-
red in analyses (see Supplementary materials). As a general rule,
o avoid over-parameterization of models, one variable can be

odeled for every 10 data points (see Wintle, Elith, & Potts, 2005).
ight within-wetland variables were identified that were not sig-
ificantly correlated with each other. In addition, we  excluded
r, resulting in seven explanatory variables for the analysis of 70
onds. The seven variables modeled are AREA, EMERG, SAV, TN,
onductivity (Cond), pH, and Pb.

A generalized linear regression model (GLM) with a binomi-
lly distributed error term and a logit link function in R 2.11.1
as used to determine which within-wetland parameters and

andscape features surrounding breeding wetlands best predict
ood and boreal chorus frog occurrence. We  only conducted this

nalysis for wood and boreal chorus frog because western tiger
alamanders were too rare to achieve reliable results. We  failed to
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

etect any other amphibian species. In total we  tested 11 within-
etland models consisting of seven univariate models, one null
odel (intercept only), two multivariate models (Cond + pH + Pb;

MERG + SAV) and one global (all variables combined). We  chose
ns occurrence).

two multivariate models that combined water chemistry variables
(i.e., Cond + pH + Pb) and vegetation variables (i.e., EMERG + SAV).

We tested eight landscape models consisting of four univari-
ate models, one null model (intercept only), two  multivariate
models (NATVEG + WET; IMPERV + AGRIC) and one global model
(all variables combined). Our two multivariate landscape models
combined both natural habitats (NATVEG + WET) and disturbed
habitats (i.e., IMPERV + AGRIC). Based on the best predictors of
occurrence derived from the aforementioned models, we gen-
erated a third set of models, which tested within-wetland and
landscape parameters combined. This included five combined
models (NATVEG + WET; EMERG + SAV; NATVEG + WET  + EMERG;
TN + IMPERV; EMERG + SAV + TN), one null model (intercept only)
and one global model (all variables combined).

We combined into a single model, natural landscape vari-
ables (i.e., NATVEG +WET), aquatic vegetation variables (i.e.,
EMERG + SAV), and a mix  of natural landscape and aquatic veg-
etation variables that all positively affected frog occurrence
in the first set of landscape and within-wetland models (i.e.,
NATVEG + WET  + EMERG). Total nitrogen concentration may be
indicative of urbanization as is impervious surface, thus, we com-
bined these two variables in a single model (i.e., TN + IMPERV).
Lastly, we included a model with only within-wetland vari-
ables that included aquatic vegetation and total nitrogen (i.e.,
EMERG + SAV + TN). For all generalized linear regression analyses
in this study, we only used 2008 BCS occurrence as our binomial
response because the imagery used to characterize landscape fea-
tures was from 2007 and water chemistry data was  collected in
2008. We conducted our analysis for the same 70 wetlands across
all models.

In addition to examining trends across constructed wetland
sites, we  reran our GLM analyses for the 56 stormwater wetlands,
alone. This allowed us to examine further parameters for predicting
wood frog and boreal chorus frog occurrence that may be specific
to stormwater wetlands. For this analysis, we  evaluated 10 within-
wetland models and the same eight landscape model sets used for
all 70 wetlands; our binomial response was 2008 BCS occurrence.
We applied the one variable for every 10 data points rule (Wintle
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

et al., 2005) which afforded between five and six variables for analy-
ses of the 56 stormwater wetlands. There were 10 within-wetland
variables that were not significantly correlated with each other.
Of these, we excluded As, Cr, Cu and pH to retain six explanatory

dx.doi.org/10.1016/j.landurbplan.2013.01.001
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Table  3
Estimated parameters with estimates, standard errors and 95% confidence intervals for the best occupancy and detection models for wood frog and boreal chorus frog
occupancy based on call survey data for 2008 and 2009 at 70 urban wetlands in Edmonton, Alberta, Canada. Occupancy covariates [NATVEG + EMERG]; detection covariates
[AREA  + JULIAN]. No models were significant (at p < 0.05).

Model Covariates Estimates SE 95% CI AUC Detection Occupancy Naïve Occ. Est.

WF  2008

Occupancy
Intercept −1.10 10.44 −0.76, 26.62 0.80 0.84 (0.60, 0.95) 0.70 (0.28, 1) 0.44 (0.02, 0.99)
Log(NATVEG) 0.68 5.72 −6.52, 14.47
Log(SAV) 0.84 29.76 −82.76, 32.54

Detection
Intercept 6.12 98.19 −262.89, 253.89
Log(AREA) −0.37 24.78 −17.64, 50.18
Julian −0.10 10.45 −14.77, 8.66

BCF 2008

Occupancy
Intercept −1.07 18.89 −0.88, 54.91 0.72 0.78 (0.69, 0.85) 0.65 (0.29, 0.99) 0.40 (0.06, 0.99)
Log(NATVEG) 0.49 10.08 −10.12, 9.46
Log(SAV) 1.15 27.98 −51.95, 50.19

Detection
Intercept 2.84 86.98 −183.58, 113.36
Log(AREA) −0.13 12.38 −20.50, 29.16
Julian −0.04 13.15 −5.20, 13.56

WF  2009

Occupancy
Intercept −0.82 15.62 −0.65, 50.16 0.85 0.77 (0.21, 0.99) 0.82 (0.36, 1) 0.67 (0.01, 1)
Log(NATVEG) 1.11 8.51 −8.64, 15.18
Log(SAV) 1.26 23.53 −42.26, 66.22

Detection
Intercept 12.08 149.89 −2.41, 503.21
Log(AREA) −0.93 13.83 −40.12, 6.61
Julian −0.22 4.36 −9.28, 4.10

BCF  2009

Occupancy
Intercept −1.87 0.91 −2.17, −0.31 0.69 1 (1, 1) 0.27 (0.13, 0.52) 0 (0, 0)
Log(NATVEG) 0.36 0.57 −0.36, 0.39
Log(SAV) −0.18 10.44 −3.34, 2.49

Detection
Intercept 4.08 77.41 −51.66, 95.09
Log(AREA) 0.47 9.26 −20.30, 4.76
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Julian 0.69 18.47 

ariables for the analysis of 56 ponds. The six variables modeled
re AREA, EMERG, SAV, TN, Cond, and Pb.

Models were evaluated using Akaike’s Information Criterion
djusted for small samples (AICc) to identify within-wetland vari-
bles and terrestrial land-use types within 0–100 m of wetlands
hat best predicted wood and boreal chorus frog occurrence
Burnham & Anderson, 2002). The top models were chosen from
hose models with the smallest �AICc (difference between AIC

odels; Burnham & Anderson, 2002). Models with �AICc < 2 were
onsidered top predictive models. The amount of variance in the
esponse variable captured by each model was assessed as the per-
ent deviance explained (%DE). This value is defined as a deviance of
he log-likelihoods of the best-approximating models from the null
nd was calculated by subtracting the deviance of the full model
rom the null model and dividing by the deviance of the null model.

e assessed the goodness-of-fit for each global model using the ĉ
tatistic (Burnham & Anderson, 2002). Values of ĉ > 1 indicate over
ispersion of models; however, this is often expected in ecological
ata (Burnham & Anderson, 2002). All values were approximately 1
cross all our global models indicating relatively low levels of over
ispersion.

. Results

.1. Occurrence, abundance, and detection estimates

We  found wood frogs, boreal chorus frogs and western tiger
alamanders at all three wetland types. In 2008, 73% and in
009, 66% of the surveyed wetlands contained at least one
pecies of amphibian, with 67% and 56% of stormwater wet-
ands containing one species in the 2 years, respectively. Wood
rogs were heard at 57% and 63% of the 75 surveyed wetlands
n 2008 and 2009, respectively (Table 2). We  detected calling
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

ood frogs at 48% of stormwater wetlands in 2008 compared
o 52% in 2009 (Table 2); wood frogs were detected at 42%
f stormwater wetlands in both 2008 and 2009. Wood frogs
ccurred at 92% and 100% of upland sites, and 80% and 100% of
 46.99

river valley sites in 2008 and 2009, respectively (Table 2); call-
ing wood frogs were detected at all upland sites in both survey
years.

In 2008 and 2009, boreal chorus frogs were heard at 53% and 30%
of the 75 surveyed wetlands, respectively (Table 2). Boreal chorus
frogs occurred at 45% of stormwater wetlands in 2008; however,
the species was  only present at 18% of stormwater wetlands in
2009. We  detected calling chorus frogs in both years at only 15%
of stormwater wetlands. Boreal chorus frogs occurred at 83% of
upland sites in 2008 and also 2009; we  detected this species at 70%
of upland sites in both years. Boreal chorus frogs were detected less
frequently at river valley wetlands, occurring at 60% of sites in 2008
and 40% in 2009.

Western tiger salamanders were recorded at 25% of upland, 60%
of river valley and 10% of stormwater wetlands (Table 2). Nei-
ther Canadian toads nor boreal toads were found at any of the
75 wetland sites. However, individual male Canadian toads were
encountered at three locations within one of the city’s forested
ravines.

The average and median number of calling wood frogs per point
was highest at upland wetlands and lowest at stormwater wet-
lands in both 2008 and 2009 (Table 2). Similarly, the average and
median number of calling boreal chorus frogs per point was high-
est at upland wetlands and lowest at stormwater wetlands in both
2008 and 2009 (Table 2).

We assessed occupancy and detection estimates for wood frogs
and boreal chorus frogs in 2008 and 2009 (Table 3). The final models
across species and year had AUCs between 0.69 and 0.85 indicat-
ing a fairly good predictive capacity for the models (Table 3). The
proportion of native vegetation surrounding wetlands and sub-
mersed aquatic vegetation within wetlands had positive effects
on the probability of occupancy for wood frogs in 2008 and
2009 and boreal chorus frogs in 2008 (Table 3). Detection prob-
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

ability (>77%) was high for both species in 2008 and 2009. As
expected, detection for both species decreased with increased
wetland size and later Julian date (Table 3). The exception, how-
ever, was  for boreal chorus frogs in 2009; detection increased

dx.doi.org/10.1016/j.landurbplan.2013.01.001
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Table  4
The three best models for within-wetland, landscape, and within-wetland and landscape (combined) parameters for predicting the occurrence of wood (WF) and boreal
chorus  (BCF) frogs at 70 urban wetlands in Edmonton, Alberta, Canada. All variables with a �AICc < 0.2 were considered substantial predictors of occurrence. We provide the
model rank for the null model (intercept only), 11 models for within-wetland analysis, eight models for landscape analysis, and five models for within-wetland and landscape
analysis. The models are ranked by Akaike’s Information Criterion corrected for small sample size (AICc). Predictor term used in analysis is amphibian occurrence in 2008.
Also  shown are the number of parameters (k), log likelihood (LL), the difference in AICc of each model from the highest ranked model (�AICc), and the percent deviance
explained by each model (%DE). For beta coefficients, standard errors and 95% confidence intervals see supplemental results.

Rank Model LL AICc �AICc %DE

Within-wetland

WF

1 Globala −36.42 88.84 0 22.69
2 EMERG −44.34  92.68 3.84 5.88
3 AREA  −44.51 93.01 4.17 5.53
8  Null −47.11 96.22 7.38

BCF

1  SAV −45.28 94.56 0 5.79
2  TN −45.45 94.90 0.34 5.43
3 EMERG + SAV −45.24 96.49 1.93 5.86
7 Null −48.06  98.12 3.57

Landscape

WF

1 NATVEG + WET −37.44 80.88 0 20.53
2  NATVEG −38.69 81.37 0.49 17.89
3 Globalb −36.77 83.54 2.65 21.95
5  Null −47.11 94.22 15.34

BCF

1  NATVEG + WET  −44.63 93.26 0 7.14
2  NATVEG −43.88 93.76 0.50 8.70
3 IMPERV −46.46  96.93 3.67 3.32
5  Null −48.06 98.12 4.86

Landscape and Within-Wetland

WF

1 NATVEG + WET  −37.44 80.88 0 20.53
2  NATVEG + WET  + EMERG + SAV −36.08 82.16 1.28 23.42
3  Globalc −35.90 85.81 4.93 23.79
7 Null −47.11  96.22 15.34

BCF

1 NATVEG + WET  −43.88 93.76 0 8.70
2  EMERG + SAV + TN −43.10 94.21 0.45 10.32
3 NATVEG + WET  + EMERG + SAV −42.86 95.72 1.96 10.82
7  Null −48.06 98.12 4.36

Notes: The statistic ĉ = �2/df is a measure of goodness-of-fit for global models and are 1.13, 1.07, 1.22, 1.13, 1.17, and 1.09, respectively from top to bottom.
For  beta coefficients, standard errors and 95% confidence intervals see supplemental results (Table S3).
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a Global [AREA + EMERG + SAV + TN + COND + pH + Pb].
b Global [NATVEG + IMPERV + WET  + AGRIC].
c Global [NATVEG + WET  + EMERG + SAV + TN + IMPERV].

ith increased wetland size and surveys conducted later in the
eason.

.2. Within-wetland parameters and frog occurrence

Overall, water chemistry was highly variable among wet-
and types (Table 1). Among the within-wetland parameters that

e assessed in our GLM models for all wetlands, the global
odel containing all seven variables best predicted wood frog

ccurrence whereas high submersed aquatic vegetation (SAV)
overage and high nutrient loads (TN) best predicted boreal cho-
us frog occurrence (Tables 4 and S3).  For our GLM analysis
f only stormwater wetlands, emergent vegetation was posi-
ively associated with wood frog occurrence whereas submersed
quatic vegetation displayed a negative relationship (Tables 5
nd S4).  Densities of both emergent and submersed aquatic
egetation were positively associated with boreal chorus frog
ccurrence.

.3. Terrestrial habitat and frog occurrence

The proportion of the surrounding area that was  covered by
ative vegetation differed among the three wetland types (Table 1).
iver valley wetlands had the highest proportion of native veg-
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

tation (97%) within the 0–100 m zone, which was expected as
hese wetlands are located within protected parks. In contrast, land
round stormwater wetlands supported the lowest proportions of
ative vegetation within 100 m with a median of 3% compared
to 37% at upland wetlands. Among the four landscape variables
that we assessed across all 70 wetlands and for stormwater wet-
lands only, native vegetation (NATVEG) and other wetlands (WET)
within 100 m of breeding wetlands were top predictors of wood
frog and boreal chorus frog occurrence (Tables 4, 5, S3 and S4). The
exception however, was that impervious surface (IMPERV) within
100 m of breeding wetlands negatively influenced boreal chorus
frog occurrence at stormwater wetlands (Tables 5 and S4).

3.4. Within-wetland parameters, terrestrial habitat, and frog
occurrence

We further explored predictors of wood and boreal chorus
frog occurrence by combining the best predictors from within-
wetland models with those from landscape models. For analyses
across all wetlands, the most parsimonious models from com-
bined parameters suggest that both frog species occur at wetlands
with surrounding landscapes comprised of high proportions of
native vegetation (NATVEG) and wetlands (WET), especially wet-
lands with high aquatic vegetation (SAV and EMERG) (Tables 4 and
S3). However, at stormwater wetlands, our analysis suggests wood
frog occurrence was still positively related to emergent vegetation
but was  negatively related to submersed aquatic vegetation cov-
erage (Tables 5 and S4)  whereas boreal chorus frog occurrence
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

was best predicted by surrounding native vegetation (NATVEG)
and wetlands (WET) as well as emergent (EMERG) and submersed
(SAV) vegetation (Tables 5 and S4). Importantly, the predictive
power of these models is weak as there are minimal differences in

dx.doi.org/10.1016/j.landurbplan.2013.01.001


ARTICLE IN PRESSG Model

LAND-2321; No. of Pages 11

8 B.R. Scheffers, C.A. Paszkowski / Landscape and Urban Planning xxx (2013) xxx– xxx

Table  5
The three best models for within-wetland, landscape, and within-wetland and landscape (combined) parameters that predicted the occurrence of wood (WF) and boreal
chorus (BCF) frogs at 56 stormwater wetlands. All variables with a �AICc < 0.2 were considered substantial predictors of occurrence. We provide the model rank for the null
model  (intercept only), 10 models for within-wetland analysis, and eight models for landscape analysis. The models are ranked by Akaike’s Information Criterion corrected
for  small sample size (AICc). Predictor term used in analysis is amphibian occurrence in 2008. Also shown are the number of parameters (k), log likelihood (LL), the difference
in  AICc of each model from the highest ranked model (�AICc), and the percent deviance explained by each model (%DE). For beta coefficients, standard errors and 95%
confidence intervals see supplemental results.

Rank Model LL AICc �AICc %DE

Within-wetland

WF

1 EMERG −32.89 69.78 0 15.27
2  EMERG + SAV −32.60 71.19 1.42 16.02
3 Globala −31.09 76.18 6.40 19.90
5  Null −38.82 79.63 9.86

BCF

1  SAV −36.65 77.31 0 5.48
2  EMERG + SAV −36.43 78.86 1.55 6.07
3 EMERG −37.72  79.43 2.13 2.74
4 Null −38.78  79.56 2.25

Landscape

WF

1 NATVEG + WET −34.82 75.65 0 10.29
2  NATVEG −35.98 75.97 0.32 7.30
3  Globalb −34.04 78.08 2.43 12.30
5  Null −38.82 79.63 3.99

BCF

1  IMPERV −36.90 77.80 0 4.84
2  NATVEG + WET  −36.26 78.51 0.71 6.51
3 NATVEG −37.38  78.76 0.96 3.62
7  Null −38.78 79.56 1.76

Landscape and within-wetland

WF

1 EMERG + SAV −32.60 71.19 0 16.02
2  NATVEG + WET  + EMERG + SAV −30.81 71.61 0.42 20.63
3  EMERG + SAV + TN −31.87 71.74 0.55 17.90
6 Null −38.82  83.04 11.84

BCF

1 NATVEG + WET  −36.26 78.51 0 6.51
2  EMERG + SAV −36.43 78.86 0.34 6.07
3 Null  −38.78 79.56 1.05

Notes: The statistic ĉ = �2/df is a measure of goodness-of-fit for Global models and are 1.20, 1.08, 1.13, 1.11, 1.25, and 1.13, respectively from top to bottom.
For  beta coefficients, standard errors and 95% confidence intervals see supplemental results (Table S4).
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a Global [AREA + EMERG + SAV + TN + COND + Pb].
b Global [NATVEG + IMPERV + WET  + AGRIC].

erformance (i.e., comparable delta AIC values) among parameter
nd null models (Tables 5 and S5;  BCF, landscape and combined
andscape and within-wetland models).

. Discussion

.1. Stormwater wetlands as habitat for amphibians

Our results indicate that, in addition to providing services such
s water storage and purification, stormwater wetlands and espe-
ially remaining natural wetlands within the urban matrix help
upport urban wood frog, boreal chorus frog, and western tiger sala-
ander populations in Edmonton (for similar results in different

eographic regions, see Colding, Lundberg, Lundberg, & Andersson,
009; Hamer & Parris, 2011; Simon et al., 2009, and the review
y Brown et al., 2012). However, constructed wetlands had sub-
tantially lower amphibian occurrence and abundance of anurans
ompared to natural wetland sites (similar to Bishop et al., 2000).
ur results suggest that, in urban landscapes, amphibians would
enefit from natural wetland preservation in addition to the cre-
tion of stormwater wetlands.

Occurrence was highest at natural wetlands; however abun-
ance was similar between river valley and stormwater sites.
ccurrence data tells little about habitat suitability. For example, if
opulation density is low, suitable habitats may  contain occupancy
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

stimates similar to truly unsuitable habitats (Lele et al., 2012).
bundance data, however, provides useful metrics for deciphering
abitat suitability (Lele et al., 2012) and abundances at our sites
ere a magnitude higher at upland wetlands compared to both
river valley and stormwater wetlands. Less obvious were differ-
ences in abundance between river valley and stormwater wetland
sites. Although occurrence was consistently higher at river valley
compared to stormwater wetlands, abundances were more or less
equal between these two  wetland types. Considering the extensive
natural vegetation that surrounds river valley wetlands, this result
was unexpected. Abundance aside, it is plausible that some of our
constructed wetlands act as ecological traps or sink habitats as sug-
gested by McCarthy and Lathrop (2011).  In 2009, successful wood
frog recruitment (i.e., presence of young-of-year) was  documented
at 32% of stormwater wetlands compared to 73% and 100% of upland
and river valley wetlands, respectively (Scheffers, 2010). We  also
note that one year old wood frogs, marked as metamorphs in 2008,
were recaptured in 2009 at three stormwater wetlands from our
study area, indicating some level of sustained reproductive success
(B. Scheffers, unpublished data).

Surveys at larger wetlands and those later in the season
(JULIAN) had lower wood frog detection in 2008 and 2009 and
boreal chorus frog detection in 2008. In contrast, in 2009 larger
wetlands and later surveys yielded higher detection of cho-
rus frogs. Estimated occupancy for wood frog increased by 12%
from 2008 to 2009, whereas estimated occupancy for boreal
chorus frog decreased by 38% across all wetlands, but particu-
larly stormwater sites, from 2008 to 2009. Only 15% and 42% of
stormwater wetlands had boreal chorus frogs and wood frogs,
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

respectively, present in both years. These results suggest that either
detection at individual sites varied among years or that inter-
annual persistence of frog populations at these wetlands is highly
variable.

dx.doi.org/10.1016/j.landurbplan.2013.01.001


 ING Model

L

ape an

o
r
s
e
p
(
t
f
U
T
f
l
o
o
l
c
T
r
e
s
u
h

t
o
t
s
w
t
w
f
a
t
t
p
t
a

l
C
u
S
s
h
S
p
l
o
o
2

4

t
a
o
c
d
w
a
f
c
o
o

ARTICLEAND-2321; No. of Pages 11

B.R. Scheffers, C.A. Paszkowski / Landsc

Wood frogs occurred at 47% and 54% and boreal chorus frogs
ccurred at 18% and 45% of our stormwater sites in 2008 and 2009,
espectively. These occurrences are similar to those found in other
tudies in North America. For example, in Ontario, Canada, Bishop
t al. (2000),  found 13% of the surveyed stormwater retention
onds were occupied by wood frog, whereas Brand and Snodgrass
2010),  in Maryland, USA, found wood frogs at 44% of stormwa-
er wetlands. Similarly, Shulse et al. (2010) found boreal chorus
rogs at 31% of their constructed wetland sites located in Missouri,
SA, the southern portion of boreal chorus frog’s geographic range.
hese wetlands, however, were non-urban primarily consisting of
arm ponds and wetlands constructed for mitigating natural wet-
and loss. Our study occurred further north and further west than
thers that have examined wood frog and boreal chorus frog use
f stormwater wetlands. Urban landscapes are characterized by
imited or poor quality over-wintering habitat and drier terrestrial
onditions due to removal of vegetation (McKinney, 2002, 2006).
he environmental conditions of our study area, which are natu-
ally cold and dry, likely make the already degraded quality of urban
nvironments more severe for frogs (e.g., lower survival). Still, our
tudy suggests that these two frog species are capable of utilizing
rban constructed wetlands across geographic regions, even under
arsh environmental conditions.

Western tiger salamander was the only other species encoun-
ered in our surveys; however, we were unable to examine
ccurrence data in relation to habitat features at any scale due
o the species’ rarity. Our survey methods were not comprehen-
ive for this species which likely led to false-negatives across
etland sites. The few sites with salamanders were adjacent

o forested ravines with surrounding native vegetation and/or
etlands. Unlike wood frogs and boreal chorus frogs which are

reeze tolerant, western tiger salamanders along with Canadian
nd boreal toads require underground hibernating sites below
he frost line (Browne & Paszkowski, 2010). Soil compaction and
he elimination of hibernacula by urbanization may  explain the
atchy distribution of western tiger salamander and Canadian
oad, and the complete absence of boreal toad, in our study
rea.

We surmise that the basic amphibian community is more or
ess intact in our study area, as western tiger salamanders and
anadian and boreal toads occur relatively uncommonly at nat-
ral wetlands located in native Aspen Parkland (Eaves, 2004).
imilarly, Brand and Snodgrass (2010) found six frog species at
uburban stormwater wetlands in Maryland, USA, representing
igher species richness than adjacent natural wetlands. Hamer,
mith, and McDonnell (2012) found nine frog species of the
otential 13 that occur in the region at 30 stormwater wet-

and sites in Melbourne, Australia. Our study corroborates with
ther research suggesting that diverse amphibian communities can
ccupy constructed wetland sites (Brown et al., 2012; Hamer et al.,
012).

.2. Within-wetland characteristics and frog occurrence

Among the within-wetland parameters considered in our study,
he global model which contained seven variables, explained
pproximately 23% deviance and best predicted wood frog
ccurrences. Submersed aquatic vegetation and total nitrogen
oncentrations, which both explained approximately five percent
eviance, best predicted boreal chorus frog presence across urban
etland sites. Overall, models with aquatic vegetation (both SAV

nd EMERG) best predicted both wood frog and boreal chorus
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

rog occurrence at stormwater wetlands. The relatively low per-
ent deviance explained for boreal chorus frogs indicates that
ther factors not considered in our study may be influencing
ccurrence.
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Our GLM analyses indicated that extent of aquatic vegetation
in and around ponds was an effective predictor of occurrence
of both frog species for all wetland types and for stormwa-
ter sites only. Stormwater wetlands with wood frogs present
were smaller and supported more emergent vegetation, but less
extensive growth of submersed macrophytes. Whereas greater
growth of both emergent and submersed plants was positively
related to occurrence of boreal chorus frogs in stormwater ponds
which may  reflect this species preferred oviposition sites (Russell
& Bauer, 2000). Generally, aquatic vegetation is a good predic-
tor of adult occurrence and influences larvae survival of North
American amphibians (Purrenhage & Boone, 2009; Skidds et al.,
2007). For example, Shulse et al. (2010) found that the relative
abundance of boreal chorus frogs at created wetlands sites was
negatively associated with wetland slope and positively related
to aquatic vegetative cover (i.e., open water, emergent, floating,
and submerged vegetation). Future construction of stormwa-
ter wetlands should incorporate shallow littoral zones as it
likely benefits urban amphibians by providing vegetated areas
for laying eggs as well as habitat for developing larvae (e.g.,
Porej and Hetherington, 2005; Shulse et al., 2010; Skidds et al.,
2007).

4.3. Within-wetland variables of potential importance

High levels of nitrogen (e.g., nitrogen pollution from fertil-
izer run-off) may  adversely affect anurans (Knutson et al., 2004;
Rouse, Bishop, & Struger, 1999) and wood frog occurrence was
negatively related to nutrients in 74 wetlands located in Ontario,
Canada (Houlahan & Findlay, 2003). However, in our study, wood
frog occurrence was positively related to nitrogen concentrations
and accompanying high phosphorus concentrations. Nitrogen lev-
els were highest at our natural sites; upland wetlands in our study
region have naturally high levels of TN (Browne, Paszkowski, Foote,
Moenting, & Boss, 2009; Eaves, 2004). Many shallow lakes in north-
ern Alberta exhibit alternative vegetative states—a clear-water
state dominated by submersed aquatic vegetation and a turbid
state dominated by phytoplankton (Bayley & Prather, 2003). Our
results show that nitrogen concentrations were positively corre-
lated with chlorophyll-a concentrations (reflecting algal abundance
in the water column) and negatively correlated with aquatic macro-
phytes at stormwater wetlands. Independent of urbanization, adult
occurrence may  be directly tied to these natural vegetative states.

Besides nutrients, other within-wetland variables may  also
affect the occurrence of anurans. A previous study by Brand et al.
(2010) in Maryland, USA, suggests that high conductivity may
significantly affect the survival of Hyla veriscolor embryos, how-
ever, conductivity levels in this study ranged from 3000 to over
5000 �S/cm, which is substantially higher than that found at our
wetland sites which average between 700 and 800 �S/cm. Overall,
conductivity was a weak predictor of frog occurrence in our study.
The exception was the global model, which best predicted wood
frog occurrence across all wetland sites. In this model, conductiv-
ity (COND) was  negatively related to wood frog presence. Road
salts, which can affect reproduction of amphibians (Brand et al.,
2010), are not used in our study region, perhaps explaining the
inconsistent influence of conductivity.

High concentrations of heavy metals may also negatively affect
amphibians. For example, exposure to stormwater pond sediment,
that contained levels of heavy metals ranging from 2.72 to 3.53 for
Cu (�g/L), 2.85 to 13.85 for Zn (�g/L), 1.03 to 1.28 for As (�g/L),
and 0.06 to 0.23 for Pb (�g/L), caused 100% mortality in wood frog
ibian use of urban stormwater wetlands: The role of natural habitat
plan.2013.01.001

embryos and negatively affected embryo survival of Hyla versicolor
(Brand et al., 2010; Snodgrass, Casey, Joseph, & Simon, 2008). The
metal concentrations across all of our wetland sites were within the
ranges of concentrations found to be lethal to anuran larvae (Brand

dx.doi.org/10.1016/j.landurbplan.2013.01.001
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t al., 2010; Snodgrass et al., 2008), yet we had breeding popula-
ions of frogs at many of our wetland sites. Lead (Pd) concentrations
ere significantly correlated with arsenic (As) and copper (Cu) and
egatively related to wood frog occurrence in our study according
o the global model, which was a top predictive model for wood frog
ccurrence across all sites. We  note that the within-wetland chem-
cal environment (both nutrients and heavy metals) at natural sites
s highly variable. This makes drawing definitive conclusions about
he importance of these variables in predicting the occurrence of
rogs difficult, particularly when comparing stormwater to natural
etland sites.

We  note that both wood frog and boreal chorus frog are explo-
ive breeders that spend only a few weeks out of the year in the
quatic environment. As these species spend considerable time
n terrestrial habitat during summer and are terrestrial hiberna-
ors (Regosin, Windmiller, & Reed, 2003; Rittenhouse & Semlitsch,
007), they are limited in their exposure to wetlands with marginal
ater quality. This may  explain the weak association between
ater quality and adult occurrence.

.4. Terrestrial habitat and frog occurrence

Our results agree with many studies that document the impor-
ance of terrestrial habitat for amphibians (see Semlitsch, 1998;
mith and Green, 2005). One hundred meters corresponds to post-
reeding movements of many amphibians in North America and
urope (Rittenhouse & Semlitsch, 2007; Semlitsch, 2008; Smith

 Green, 2005). According to our GLMs, natural vegetation and
he presence of nearby wetlands within 100 m of breeding wet-
ands were the most influential landscape features for predicting
he presence of both wood and boreal chorus frog. However, cau-
ion must be used when deciphering important predictors of boreal
horus frog occurrence. Specifically, our analyses of the relationship
mong boreal chorus frog occurrence at stormwater wetlands and
andscape and combined (landscape and within-wetland) param-
ters are suspect as the null and a priori models were statistically
n par (delta AIC < 2) (Tables 5 and S4).  Nonetheless, roads may
lso be an influential predictor of boreal chorus frog occurrence,
hich is supported by the negative influence of impervious surfaces

IMPERV) on its occurrence at stormwater wetlands. Roads and
ther paved surfaces have strong effects on landscape connectivity
Fahrig & Rytwinski, 2009) particularly for species such as pond-
reeding amphibians, which make annual movements between
quatic and terrestrial habitats (Semlitsch, 1998). Work on genetic
ifferentiation in wood frogs at several of our stormwater wetlands,
sing microsatellites, indicates considerable gene flow among sites
nd an overall lack of genetic differentiation among subpopula-
ions in our study area (B. Furman; unpublished data). Wood frogs
ave high juvenile dispersal and travel overland easily (Semlitsch,
008). Similarly, Pseudacris species are known to travel up to 1 km
rom breeding ponds (Smith & Green, 2005). A 5–25 m riparian zone
onsisting of tall grass and forbs accompanied by nearby patches of
atural vegetation or horticultural plantings may  provide sufficient
errestrial habitat to maintain small, local subpopulations of frogs
nd maintain some level of connectivity among constructed wet-
ands, likely through the North Saskatchewan River valley system.

. Conclusion

Consistent with studies elsewhere in North America, Australia
nd Europe, our results indicate that the preservation of natu-
Please cite this article in press as: Scheffers, B. R., & Paszkowski, C.A. Amph
features. Landscape Urban Plan. (2013), http://dx.doi.org/10.1016/j.landurb

al wetlands and surrounding patches of upland vegetation offer
he most effective means of conserving urban amphibian popu-
ations in northern prairie Canada. However, we propose that
reated wetlands offer numerous conservation opportunities as
 PRESS
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previous designs can be improved upon to incorporate pond and
landscape features that benefit amphibian populations (Pechmann
et al., 2001; Shulse et al., 2010). First, implementing designs that
facilitate the growth of aquatic vegetation, such as shallow benches
and gradual sloping banks, would provide habitat for amphibians,
as indicated by the strong relationship between emergent and
submersed vegetation and frog occurrence in our study (also see
Shulse et al., 2010). Second, natural vegetation along pond shore-
lines is often removed in urban landscapes (B. Scheffers; personal
observation; Bishop et al., 2000); simply leaving these areas fallow
would not only expand available terrestrial habitat and improve
local habitat quality through trapping run off (Dosskey et al., 2010),
but also reduce overall maintenance costs of stormwater facili-
ties. Third, constructing wetlands near areas of natural vegetation
or creating vegetated corridors between wetlands would facilitate
colonization and persistence of amphibian populations (Gagné &
Fahrig, 2007; Regosin, Windmiller, Homan, & Reed, 2005). Allocat-
ing financial resources to preserving or restoring terrestrial habitat
adjacent to stormwater wetlands offers an effective way to con-
serve diverse wildlife species, not only amphibians.
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