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Abstract Many amphibian species rely on both

aquatic and terrestrial habitats to complete their life

cycles. Therefore, processes operating both within the

aquatic breeding habitat, and in the surrounding

uplands may influence species distributions and com-

munity composition. Moreover, changes in land use

adjacent to breeding site may degrade aquatic habitats.

To assess land use effects on pond-breeding amphibian

assemblages, we investigated relationships between

land use, breeding habitat conditions, and breeding

amphibian use of constructed wetlands in urban

environments of the Baltimore metropolitan area,

USA. Forest and impervious surface associations with

species richness and occurrence occurred at spatial

scales ranging from 50 to 1,000 m, with strongest

relationships at 500 m. Forest and impervious surface

cover within 1,000 m of ponds were also related to

water and sediment quality, which in turn were capable

of explaining a proportion of the observed variation in

species richness and occurrence. Taken together, our

results suggest that forest and other land covers within

relatively proximal distances to ponds (i.e., within

50–1,000 m) may be influencing species richness

directly via the provisioning of upland habitat, and

indirectly via influences on within pond habitat

quality.

Keywords Urbanization �
Stormwater management � Impervious surface �
Anura � Caudata � Habitat use

Introduction

Wetlands are often small or located between terres-

trial and open water systems. Therefore, surrounding

land use affects wetland function in many ways. For

organisms such as pond-breeding amphibians with

complex life cycles, processes operating over multi-

ple spatial scales influence population dynamics

(Wilbur 1980; Semlitsch and Bodie 2003). Adult

pond-breeding amphibians aggregate at wetlands,

where eggs are laid, and larvae remain in the aquatic

environment until they metamorphose into terrestrial

or semi-aquatic juveniles. During the non-breeding

season, adults and juveniles may utilize terrestrial
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habitats in close proximity to breeding sites for

foraging and refugia (e.g., Bulger et al. 2003;

Regosin et al. 2005; Richter et al. 2001; Semlitsch

and Bodie 2003); in this context, the terrestrial

habitat can be viewed as either complementary or

supplementary to aquatic breeding sites (Dunning

et al. 1992). Over larger spatial scales, terrestrial

landscape structure may influence dispersal and

determine metapopulation dynamics (Marsh and

Trenham 2001; Rothermel and Semlitsch 2002).

Moreover, adjacent landscape structure and human

land use govern hydrogeochemical processes that

ultimately impact physiochemical and hydrological

properties of aquatic habitats (Crosbie and Chow-

Fraser 1999; Paul and Meyer 2001; Houlahan and

Findlay 2004), which in turn relate to amphibian use

(Johnson et al. 2002; Richter and Azous 1995;

Snodgrass et al. 2000).

Our objective here was to investigate relationships

between adjacent land use, pollutant conditions and

amphibian use of wetlands in urban landscapes. We

chose as our study sites human-created stormwater

management ponds because stormwater ponds are

becoming increasingly common features of urban

landscapes and may benefit or harm pond breeding

amphibians depending on habitat conditions within

and surrounding ponds (Stahre and Urbonas 1990;

Williams 1990; Campbell 1994; Helfield and Dia-

mond 1997). Stormwater ponds mitigate effects

associated with increased runoff and pollutant accu-

mulation on impervious surfaces by intercepting high-

velocity runoff and allowing sediment-associated

pollutants to accumulate in pond substrata rather than

entering natural streams or wetlands (e.g., Bishop

et al. 2000; Karouna-Renier and Sparling 2001).

Urban environments are characterized by extensive

structural changes to a previously natural landscape,

and as a result, processes and their scales of influence

on amphibian distributions in urban landscapes are

likely to differ from those in a natural or less-

developed system (e.g., agricultural; Pickett and

Cadenasso 1995). Amphibian movements in the

terrestrial landscape, whether for dispersal or habitat

complementation and supplementation, are hampered

by direct loss of habitat, habitat fragmentation, and

physical barriers (e.g., roadways; Carr and Fahrig

2001; Cushman 2006), all of which are common

features of urban areas. Therefore, we expected

that land use adjacent to ponds would have a

strong influence on pond habitat quality and thus

amphibian use.

Materials and methods

Study sites

We investigated land cover effects on breeding

amphibian use of stormwater management ponds

using eighteen stormwater ponds located in the

Baltimore–Washington metropolitan area. To assure

our study sites included the range of land use

conditions found in urban areas, we selected sites to

represent three general land use categories: highway

(n = 5), residential (n = 6) and commercial (n = 7).

To define conditions expected at constructed wet-

lands that received little or no runoff, we included

two human-constructed wetlands that receive little

runoff from developed areas (referred to hereafter as

open space ponds). The mean distance between ponds

was 13.33 km, and to the best of our knowledge,

ponds did not dry during our study period (Spring

2002–2005). All ponds were constructed between

1984 and 1991, and are part of a longer-term

investigation of wildlife use of stormwater ponds in

the Washington D.C. area (Casey et al. 2007;

Karouna-Renier and Sparling 1997, 2001; Sparling

et al. 2004). Because all ponds have non-overlapping

drainage basins we considered individual ponds to be

independent.

Species richness and community structure

Throughout the 2002, 2003 and 2004 amphibian

breeding seasons ponds were surveyed using a

combination of survey methods (unconstrained

searches, calling surveys and larval surveys). Uncon-

strained searches were conducted four times per pond

(April, May, June and August 2002) by the USGS

Patuxent Wildlife Research Center for all ponds

except one, which was added to the study in 2003.

Unconstrained searches involved actively searching

and dip-netting for adult and larval amphibians in and

along pond edges and were terminated after all areas

of ponds were searched. During 2003 and 2004, early

(mid-February to late-March), mid- (early-May to

mid-June) and late season (late-June to early-August)

calling surveys were performed at all sites.
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Five-minute calling surveys began at least 30 min

after sunset but prior to midnight. To capture addi-

tional species potentially missed by calling surveys,

we conducted larval surveys at each site during each of

four time periods: mid-April to early May 2003, mid-

to late June 2003, mid-April to mid-May 2004, and

mid- to late July 2004. During larval surveys, we

ensured sampling of all pond microhabitat types using

dip nets and seines (both with 0.31-cm Ace-style

mesh) to sample vegetated and open space areas of

ponds, respectively. Dipnet sweeps were 1 m in

length, while seine hauls were 4–10 m in length

depending on the complexity of vegetation structure.

Each larval sampling event was a minimum of 30 min

and was terminated 30 min after no new species were

encountered. Specimens were identified in the field

when possible using adult (Gibbons and Semlitsch

1991) and larval keys (Altig 1970). To verify field

identifications, larval vouchers and unidentified larval

specimens were euthanized, preserved and returned to

the laboratory for identification with the aid of a

dissecting microscope.

Land cover

To assess land cover influences on species richness

and occurrence in stormwater ponds and to assess the

distance at which land cover impacts were greatest,

we utilized an ArcView GIS (ESRI, Redlands, CA)

software environment to extract land cover, impervi-

ousness and road data at overlapping intervals of 50,

100, 500, 1,000, 1,500, 2,000, 2,500 and 3,000 m

from pond edges. Digital aerial photographs

(30.48 cm 9 30.48 cm pixel size; taken in 2000 or

2002; acquired from local governments) were used to

determine pond surface areas and create interval

boundaries. Land cover and imperviousness data

layers (30 m 9 30 m pixel and sub-pixel resolution;

National Land-Cover Database 2001; Homer et al.

2004) and a 2002 road layer (Bureau of Transporta-

tion Statistics, US Department of Transportation,

Washington, DC) were obtained from the Multi-

Resolution Land Characteristics Consortium (USGS,

EROS Data Center, MRLC Project, Sioux Falls, SD;

http://gisdata.usgs.net/website/MRLC/). Land cover

and impervious data layers are based on imagery

acquired between July 1999 and April 2001. We

defined five classes of land cover based on descrip-

tions given in Homer et al. (2004): Developed, Open-

Developed, Agricultural, Forest, and Wetlands.

Developed includes low-, medium- and high-intensity

developed areas, while Open-Developed describes

lesser developed areas dominated primarily by veg-

etation and lawns. Agricultural includes areas

dominated by crops, pastures and hay, and Forest and

Wetlands combines all forest and wetland types,

respectively. We used the Patch Analyst extension in

ArcView (Elkie et al. 1999) to determine the pro-

portion of each interval occupied by imperviousness

and each land cover class. Road density was calcu-

lated for each interval as total road length per interval

area.

Within-pond habitat

We characterized local pond habitat in terms of water

chemistry and sediment metal concentrations. Using

calibrated, hand-held meters, in situ measurements of

pH and conductivity were made in the littoral zone at

the inflow, middle and outflow areas of ponds. We

measured pH during larval surveys and six additional

visits to each pond, while conductivity was measured

four times from 2002 to 2005. In May 2002 and

September 2003, we collected surface water samples

from littoral zones at the middle of ponds and shipped

them to the USGS National Water Quality Laboratory

(NWQL) for analyses of total nitrogen (N), total

phosphorous (P), and acid-neutralizing capacity

(ANC). Samples for N and P analyses were acidified

using H2SO4, and all samples were placed on ice for

shipment. We measured As, Cr, Cu, Ni, Pb and Zn

concentrations in sediments collected from ponds.

Details of sediment sampling and metal analyses can

be found in Casey et al. (2007). Briefly, in September

2003 and July 2004, the top 2.5 cm of sediment were

collected at the inflow, middle and outflow areas of

each pond, composited, and homogenized prior to

analysis. To leach potentially bioavailable fractions

of trace metals from sediments, we digested sedi-

ments with 6 N HNO3 and measured dissolved

analyte concentrations using inductively coupled

plasma mass spectrometry.

Data analysis

We used an information-theoretic approach (Burnham

and Anderson 2002) to investigate relationships

between species richness, the occurrence of individual
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species, land cover, and local environmental charac-

teristics (i.e., wetland size, conductivity, pH,

nutrients, and metals). We considered species to be

present at a pond if any life stage was detected. At the

local scale we constructed a set of models that

included size (represented by surface area), nutrient

status (represented by nitrogen concentrations),

potential for road salt contamination (represented by

specific conductance), and degree of metal contami-

nation (represented by Cr, Ni and Zn sediment

concentrations) because these factors have been

previously linked to amphibian use of wetlands

(Findlay and Houlahan 1997; Houlahan and Findlay

2003; Knutson et al. 1999; Richter and Azous 1995).

Because of a high degree of correlation between

nitrogen and phosphorous levels (r = 0.83), we

included only nitrogen in our models to represent

nutrient status. We limited our consideration of metals

to Cr, Ni, and Zn because only these metals exceeded

consensus-based toxicity threshold effects concentra-

tions (MacDonald et al. 2000) at five or more ponds.

To relate both species richness and the occurrence of

individual species to local and landscape variables we

used generalized linear models as executed in the

GENMOD procedure of SAS. For species richness we

used a normal distribution for the error term as species

richness was normally distributed (Shapiro–Wilk’s

w = 0.952; P = 0.391). We log-transformed surface

area and metal concentrations to more closely

approximate the linearity assumption of the model.

To avoid over-parameterizing models, we only con-

sidered models with one and two local-scale predictor

variables. At the landscape scale we considered

models including proportion forest cover, proportion

impervious surface cover, and road density within

buffers from 50 to 3,000 m surrounding ponds.

Because of a high degree of correlation among land

cover types at any given distance from a pond, we

limited models to a single parameter at the landscape

scale. For the same reason, we did not investigate

models that included local and landscape-scale vari-

ables simultaneously. We followed the model

comparison criteria outlined in Burnham and Ander-

son (2002) and used a corrected Akaike’s Information

Criterion (AICc) and relative model weights (wi) to

rank models. We used logistic regression with a

binomially distributed error term and a logit link

function to model individual species occurrence as a

function of both land cover and local-scale variables.

For all models we calculated the percent of deviance

explained as the reduction in deviance for the full

model divided by the deviance of the null model (i.e.,

intercept term only). Only species occurring at

25–75% of the ponds were modeled; Pseudacris

crucifer, Rana clamitans and R. catesbeiana were not

modeled because of their near ubiquitous distribution

(Table 1). Due to similarities in larval characteristics

and mating calls between species belonging to the

gray tree frog complex (Hyla versicolor and H. chry-

soscelis), we grouped these two species together for

analyses purposes. We also grouped toad species

together for analysis because of their complementary

distribution (i.e., Bufo americanus was found mainly

in the Piedmont region of the study area and

B. woodhousei mainly on the coastal plain; Table 1).

Results

We detected ten anuran species and one caudate

species among our sites, with richness values ranging

from 0 to 11 (Table 1). The three most commonly

occurring species occurred at greater than 80% of the

sites, while five species occurred at only 25% of sites.

Open space ponds and ponds surrounded by residen-

tial land use generally supported the greatest number

of species, while ponds surrounded by highways

supported the fewest species (Table 1).

Land use surrounding ponds was related to water

chemistry and sediment metals levels (Table 2).

Forest and impervious surface cover at distances

C500 m were negatively and positively correlated

with pH, respectively. Conductance exhibited a

pattern similar to pH, but relationships with forest

and impervious surface cover were not as strong.

Metal levels in sediments were most strongly corre-

lated with impervious surface cover in close

proximity to ponds. Nutrients were the environmental

measures that correlated with road densities and

strongest relationships occurred at distances from 50

to 1,000 m (Table 2).

At the local scale, metal levels in sediments were

the best predictors of amphibian species richness

(Table 3). The most supported model for species

richness (wi = 0.66) included Zn sediment concen-

trations and pond surface area, and sediment

concentration of Zn was included in all models with

weights[0.10. Zn and surface area explained *43%
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of the deviance in species richness and Zn levels were

negatively correlated with richness while surface area

was positively correlated with species richness

(Table 4). Although Cr and specific conductivity

were included in some models with moderate support

(wi [ 0.10), the relative support for these models was

low in comparison to the model containing Ni and Zn

(Table 3).

The most supported model of species richness was

indicative of the relationships between local-scale

environmental variables and the occurrence of indi-

vidual species at ponds. Models of occurrence

accounted for between 8 and 67% of the deviance in

occurrence of individual species, with the occurrence

of R. palustris and Bufo americanus/woodhousei, two

relatively common species, being poorly predicted

(Table 3). With the exception of models for Bufo spp.

and Rana utricularia, a negative relationship between

Zn sediment concentrations and occurrence was

included in one or more of the most supported models

and was the most important variable for predicting the

occurrences of R. palustris, Acris crepitans, and

Notophthalmus viridescens (Table 4). A positive

effect of pond surface area was included in the most

supported models for both Acris crepitans and Rana

sylvatica, two species found in relative few ponds, and

appeared to be the most important local-scale envi-

ronmental variable for occurrence of R. sylvatica.

Specific conductivity was the most important local-

scale environmental variable for the H. versicolor/

chrysoscelis species and Bufo americanus/woodhousei

complexes, and negatively influenced the occurrence

of both.

In general, land cover within 1,000 m of ponds

was a better predictor of species richness and the

occurrence of individual species than local-scale

environmental variables (Table 3). Species richness

and the occurrence of individual species were posi-

tively related to forest cover and negatively related to

impervious surface cover within 1,000 m of ponds

(Table 4), with the majority of the strongest relation-

ships occurring at 500 m (Fig. 1). Road density was

Table 2 Spearman rank-order correlation coefficients for relationships between land cover and environmental variables measured in

20 constructed wetlands in the Baltimore/Washington metropolitan area

Land cover @ distance (m) pH Nitrogen Phosphorus Conductivity Cr Ni Zn

Forest @ 50 -0.54 -0.57

Forest @ 100 -0.64 -0.61 -0.46

Forest @ 500 -0.56 -0.49 -0.43 -0.48

Forest @ 1,000 -0.61 -0.48 -0.45

Forest @ 1,500 -0.56 -0.43 -0.41

Forest @ 2,000 -0.57 -0.45

Forest @ 2,500 -0.53 -0.42

Forest @ 3,000 -0.51 -0.45

Impervious @ 50 0.59 0.46 0.73 0.70

Impervious @ 100 0.56 0.45 0.70 0.70

Impervious @ 500 0.75 0.57 0.64 0.57

Impervious @ 1,000 0.77 0.66 0.66 0.55

Impervious @ 1,500 0.70 0.42 0.67 0.59

Impervious @ 2,000 0.73 0.50 0.68 0.55

Impervious @ 2,500 0.71 0.49 0.66 0.51

Impervious @ 3,000 0.70 0.49 0.65 0.46

Roads @ 50 0.53 0.48 0.45

Roads @ 100 0.50 0.63

Roads @ 500 0.57 0.51 0.52 0.50

Roads @ 1,000 0.45 0.42

Only coefficients with absolute values[0.40 are listed to emphasize patterns. Land cover was quantified for buffers around wetlands

extending from 50 to 3,000 m
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Table 3 Fit information for the three most supported models of amphibian species richness and occurrence in stormwater ponds as a

function of local and landscape-scale environmental variables

Dependent variable Variables included [Log(£)] K AICc Di wi % Deviance

Local-scale

Richness Log(Zn) Log(SA) -56.85 4 124.4 0.000 0.66 43.0

Log(Zn) Log(Cr) -58.32 4 127.3 2.933 0.15 40.8

Log(Zn) Log(SC) -59.07 4 128.8 4.434 0.07 39.7

Rana palustris Log(Zn) -11.01 3 29.52 0.000 0.22 18.2

Log(Cr) -11.55 3 30.60 1.082 0.13 14.2

Log(Ni) -11.76 3 31.02 1.495 0.10 12.6

Rana utricularia N -12.70 3 32.90 0.000 0.20 7.7

Log(Cr) -13.63 3 34.76 1.858 0.08 1.0

Log(Ni) -13.64 3 34.77 1.875 0.08 0.9

Hyla versicolor/chrysoscelis SC Log(Ni) -9.68 4 30.02 0.000 0.18 30.2

SC Log(Zn) -10.11 4 30.89 0.869 0.12 27.1

SC -11.77 3 31.04 1.022 0.11 15.1

Acris crepitans Log(Zn) -4.38 3 16.25 0.000 0.41 61.1

Log(Zn) Log(SA) -3.75 4 18.16 1.907 0.16 66.7

Log(Zn) Log(Cr) -4.14 4 18.94 2.687 0.11 63.2

Bufo americanus/woodhousei Log(Zn) -12.49 3 32.49 0.000 0.18 9.2

Log(Zn) SC -11.39 4 33.45 0.968 0.11 17.2

SC -13.20 3 33.89 1.408 0.09 4.1

Rana sylvatica Log(SA) -8.32 3 24.14 0.000 0.29 26.0

Log(SA) Log(Zn) -8.21 4 27.09 2.946 0.07 27.0

Log(SA) SC -7.90 4 26.47 2.327 0.09 29.7

Notophthalmus viridescens Log(Zn) -8.20 3 23.90 0.000 0.28 27.1

Log(Zn) Log(Ni) -6.63 4 23.92 0.022 0.27 41.1

Log(Zn) Log(Cr) -8.09 4 26.84 2.947 0.06 28.1

Landscape-scale

Richness FOR @ 500 m -33.76 3 75.01 0.000 0.86 74.6

IMP@ 500 m -35.81 3 79.11 4.102 0.11 68.9

IMP @ 1,000 m -38.03 3 83.57 8.555 0.01 61.1

Rana palustris IMP @ 500 m -8.07 3 21.64 0.000 0.29 40.0

IMP @ 1,000 m -9.05 3 23.60 1.963 0.11 32.8

Road @ 1,000 m -9.40 3 24.29 2.654 0.08 30.2

Rana utricularia FOR @ 1,000 m -9.97 3 25.45 0.000 0.18 27.5

FOR @ 500 m -10.14 3 25.77 0.326 0.15 26.3

IMP @ 500 m -10.17 3 25.83 0.383 0.15 26.1

Hyla versicolor/chrysoscelis IMP @ 50 m -6.70 3 18.91 0.000 0.23 51.6

IMP @ 100 m -6.80 3 19.09 0.182 0.21 51.0

IMP@ 1,500 m -7.04 3 19.58 0.670 0.16 49.2

Acris crepitans FOR @ 500 m 0.00 3 5.50 0.000 0.23 51.6

FOR @ 1,000 m -3.06 3 11.63 0.182 0.21 51.0

IMP @ 500 m -3.46 3 12.42 0.670 0.16 49.2

Bufo americanus/woodhousei FOR @ 50 m -11.85 3 29.19 0.000 0.18 13.9

FOR @ 100 m -12.57 3 30.63 1.443 0.09 8.7

FOR @ 500 m -12.77 3 31.04 1.846 0.07 7.2
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only weakly related to species richness or the

occurrence of individual species (Table 3). Forest

cover within 500 m of ponds was the best predictor of

species richness and accounted for *76% of the

deviance in species richness, though impervious

surface cover within 500 m of ponds accounted for

69% of the deviance in species richness despite

relatively low support for this model (Table 3).

Among individual species, the occurrence of R. utric-

ularia, A. crepitans, Bufo americanus/woodhousei,

R. sylvatica, and N. viridescens was more closely

related to forest cover, while the occurrence of

R. palustris and individuals of the H. versicolor/

chrysoscelis complex were more closely related to

impervious surface cover. For the former group the

probability of occurrence declined rapidly as forest

cover was reduced from 40 to 30%; in the case of the

latter group the probability of occurrence declined

rapidly as impervious surface cover increased from

20 to 30% (Fig. 2).

Discussion

We found stormwater ponds capable of supporting a

relatively diverse community of pond-breeding

amphibians under specific landscape configurations.

We included two constructed wetlands in relatively

undeveloped areas to define expected conditions for

constructed wetlands that were not designed to treat

stormwater runoff. We found ponds receiving runoff

from both commercial and residential land use

supported the majority of pond-breeding amphibian

species in our region and had similar species richness

to our open space ponds when forest cover was

[*40% and impervious surface cover \*20%

within 1,000 m of ponds. Mole salamanders (Ambys-

toma maculatum and A. opacum) were the only

common species in our region that were not present

in any of our ponds, possibly as a result of their

limited dispersal ability or the permanent nature of

the ponds that we included in our study. Nonetheless,

our results do suggest that stormwater ponds can play

a role in amphibian conservation and that landscape

characteristics within 500 to 1,000 m from a pond

can be used to determine which ponds are most likely

to host a diverse community of breeding amphibians,

or to determine locations for the construction of new

stormwater ponds that might maximize their wildlife

habitat value.

Forest and impervious surface cover effects on

amphibians of stormwater management ponds

occurred at spatial scales ranging from 50 to

1,000 m, with peak effects occurring at 500 m from

ponds. Previous studies have identified peak land

cover effects at a range of spatial scales (i.e., 1,000–

3,000 m from wetlands; Findlay and Houlahan 1997;

Hecnar and M’Closkey 1998; Houlahan and Findlay

2003; Knutson et al. 1999), but in some cases, the

observed scale of peak influence (i.e., 1,000 m)

corresponds to the minimum spatial scale utilized

(e.g., Knutson et al. 1999). Parris (2006) reported a

12–19% increase in species richness of amphibians

with a decrease from 22 to 0% road cover within a

500 m radius of wetlands in the Melbourne, Australia

metropolitan area. Although some of the more

supported models for individual species included

forest or impervious surface cover within 50 and

100 m of ponds, the 30 m 9 30 m pixel resolution of

the land use/land cover data we used may not have

Table 3 continued

Dependent variable Variables included [Log(£)] K AICc Di wi % Deviance

Rana sylvatica FOR @ 500 m -6.10 3 17.70 0.000 0.18 45.8

FOR @ 50 m -6.40 3 18.31 0.611 0.13 43.1

IMP @ 50 m -6.52 3 18.54 0.843 0.12 42.0

Notophthalmus viridescens FOR @ 500 m -8.85 3 23.19 0.000 0.14 21.3

Road @ 2,500 m -9.35 3 24.20 1.011 0.08 16.9

FOR @ 1,000 m -9.41 3 24.32 1.133 0.08 16.3

The occurrence of individual species where modeled using logistic regression and species richness using a simple linear model

SA Pond surface area, SC specific conductivity, Cr chrome, Ni nickel, N total nitrogen as N, Zn zinc, FOR percent forest cover, IMP
percent impervious surface cover
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the resolution to discern patterns at these scales,

indicating a need for studies investigating relation-

ships at finer scales.

Variation in scales of influence for individual

species are likely to be a function of species-specific

differences in sensitivity to anthropogenic stressors

Table 4 Parameter estimates and standard errors for the most supported models of amphibian species richness and occurrence in

stormwater ponds and constructed wetlands as a function of local and landscape-scale environmental variables

Dependent variable Parameter DF Estimate Error

Local-scale

Richness Intercept 1 11.073 0.813

Log(SA) 1 1.2881 0.464

Log(Zn) 1 -2.8427 0.46

Rana palustris Intercept 1 4.5314 2.246

Log(Zn) 1 -2.3277 1.237

Rana utricularia Intercept 1 1.9497 1.357

N 1 -1.6973 1.244

Hyla versicolor/chrysoscelis Intercept 1 7.3244 3.775

SC 1 -0.0086 0.005

Log(Ni) 1 -4.0119 2.388

Acris crepitans Intercept 1 17.041 9.253

Log(Zn) 1 -12.607 6.793

Bufo americanus/woodhousei Intercept 1 2.5685 1.941

Log(Zn) 1 -1.6114 1.123

Rana sylvatica Intercept 1 0.0693 0.918

Log(SA) 1 3.3764 2.039

Notophthalmus viridescens Intercept 1 5.5529 3.5192

Log(Cr) 1 -4.2833 2.4177

Landscape-scale

Richness Intercept 1 2.5665 0.372

FOR @ 500 m 1 12.669 1.262

Rana palustris Intercept 1 -4.8314 2.358

IMP @ 500 m 1 16.679 7.878

Rana utricularia Intercept 1 2.487 1.33

FOR @ 1,000 m 1 -10.868 5.588

Hyla versicolor/chrysoscelis Intercept 1 -4.4807 2.137

IMP @ 50 m 1 19.299 9.368

Acris crepitans Intercept 1 9.2939 4.882

FOR @ 1,000 m 1 -23.088 12.06

Bufo americanus/woodhousei Intercept 1 0.8622 0.595

FOR @ 50 m 1 -6.4041 3.664

Rana sylvatica Intercept 1 4.6877 1.938

FOR @ 500 m 1 -11.57 4.813

Notophthalmus viridescens Intercept 1 2.9979 1.247

FOR @ 500 m 1 -6.7202 3.385

Note that the model for Acris crepitan is for forest at 1,000 m because complete separation of ponds with and without this species

along the forest at 500 m gradient prevented fitting of this model even though it had the highest rank

SA Pond surface area, SC specific conductivity, Cr chrome, Ni nickel, N nitrogen, Zn zinc, FOR proportion forest cover, IMP
proportion impervious surface cover
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and in terrestrial habitat use (Houlahan and Findlay

2003; Mazerolle et al. 2005; Price et al. 2005). A

direct loss of terrestrial habitat within 500 m of ponds

represents a loss of complimentary or supplementary

habitat to many amphibian species (e.g., Regosin

et al. 2005; Richter et al. 2001; Semlitsch and Bodie

2003). Roadways and high traffic densities impede

overland movements of amphibians, such that the

amount of suitable terrestrial habitat is further

reduced due to inaccessibility and road mortality

(Carr and Fahrig 2001; Hels and Buchwald 2001).

Therefore, species such as R. sylvatica that require

upland habitats or have extensive upland movements

may be influenced more by adjacent land cover than

species such as R. clamitans that are more tightly tied

to the aquatic habitat. Furthermore, species that

tolerate desiccating conditions, such as B. americ-

anus and B. woodhousei may tolerate degradation

and fragmentation of upland habitat better than

more sensitive species such as H. versicolor and

H. chrysoscelis.

Within ponds, species richness and the occurrence

of individual species was related to sediment metal

levels, and to a lesser extent, specific conductance

and pond surface area. Water and sediment quality

characteristics of stormwater management ponds

have been related to urban land use (Karouna-Renier

and Sparling 2001). Stormwater ponds are directly

linked to impervious surfaces via storm drains, and

therefore, non-point source pollutants accumulated

on impervious surfaces are easily transported by

surface runoff to stormwater ponds (Makepeace et al.

1995). Roadways and high traffic densities are major

contributors to a variety of trace metal pollutants and

road salts that influence specific conductivity, but
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other non-point sources of pollutants in urban envi-

ronments include chromated copper arsenate treated

lumber, pesticides, and fertilizers, all of which are

commonly used on manicured lawns (Makepeace

et al. 1995; Rice et al. 2002). Pollutant exposure risks

to amphibians in urban habitats are generally under-

studied (Snodgrass et al. 2008; Snodgrass et al. in

press), but adverse effects of trace metals and organic

pollutants on larval amphibians have been previously

documented (e.g., Bishop et al. 2000; Rowe et al.

1998; Snodgrass et al. 2005).

In conclusion, land cover (or other associated land

use changes) within 1,000 m of ponds was also

related to local-scale environmental variables, which

in turn were capable of explaining a proportion of the

observed variation in species richness and occur-

rence. Taken together, our results suggest that land

cover within relatively proximal distances to ponds

(i.e., within 50–1,000 m) may be acting directly on

species richness via the provisioning of upland

habitat and indirectly via influences on local pond

habitat quality. However, because land cover was

related to pollutant accumulation and water quality

within ponds, assessing the individual contributions

of upland habitat loss and pollution of breeding sites

to reductions in the habitat value of stormwater ponds

for amphibians in urban landscapes will require

experimental approaches. Moreover, relationships

between land use and pond habitat quality will make

it difficult to distinguish the role of land use changes

in the disruption of metapopulation dynamics because

measures such as road density cannot be used solely

as a measure of pond isolation (Parris 2006).

Therefore, experiments that investigate the toxicity

of wetland sediments and waters to amphibians are

needed (Snodgrass et al. 2008), and when combined

with field studies should yield insight into the

significance of pond pollution in urban wetland

systems.
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