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Abstract Ecological niche models (ENM) have

been used with mixed success for predicting the

geographic extent of non-native species to aid man-

agement and conservation. This approach is problem-

atic for predicting invasions of patchily-distributed

species (e.g., pond-breeding amphibians), whose oc-

currence is often determined by local habitat condi-

tions. Here, we tested the performance of bioclimatic

ENM for predicting occurrence (from repeated sur-

veys) of two non-native pond-breeding anurans at 71

wetlands in British Columbia, Canada: permanent

pond specialist American bullfrog (Lithobates cates-

beianus), and generalist green frog (Lithobates clami-

tans). For L. catesbeianus, we assessed the risk of

invasion beyond the invasion front. We found higher

correlation between ENM and occupancy predictions

for L. clamitans (rs = 0.58), than for L. catesbeianus

(rs = -0.26). L. clamitans occurrence was highest at

low elevations and high annual precipitation; in

contrast, L. catesbeianus occupancy was predicted

by wetland connectivity and distance from a historic

introduction site [low at isolated ponds[50 km from

the introduction site, and high ([0.8) at all ponds with

[10 % water within 500 m]. Conditional on success-

ful dispersal, four sites beyond the L. catesbeianus

invasion front surveyed in this study were at high risk

of invasion due to high habitat suitability (proportion

of area occupied = 0.33; 0.04–0.83, 95 % CI). In

conclusion, ENMs may be useful for informing

invasion management for climate driven wetland

species, but repeated sampling is necessary to predict

invasions for habitat-driven wetland species.
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Introduction

Species introductions are widely recognized as a key

threat to global biodiversity (Richardson and Pyšek

2008), yet despite decades of research effort, success-

fully predicting the potential extent of invasions

remains elusive (Parker et al. 2013). Effective man-

agement actions to control invasions and protect

native biota (e.g., complete or ‘‘functional’’ eradica-

tion, habitat management to prevent spread, protection
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of habitats with low risk of invasion) often require

predictions of range extent in new environments

(Jones et al. 2010) at local to regional scales (Pluess

et al. 2012; Glen et al. 2013).

Predicting invasion extent and spread in novel

environments is a primary focus of biological invasions

research. When initial introduction locations and dis-

persal rates are known or time-series data on the spatial

progression of invasions exist, process-based spatially-

explicit dynamic methods have been used to success-

fully predict rates of spread, as well as future

probability of occupancy beyond the invasion front

(e.g., Bossenbroek et al. 2007; Eraud et al. 2007; Tobin

et al. 2007; Roques et al. 2008; Bled et al. 2011).

However, for many invasive species the initial site of

introduction is not known and time series data are

lacking, limiting the understanding of the invasion

progress or the fundamental controls on population

dynamics in the introduced range (Parker et al. 2013).

As a result, predicting the geographic extent of

biological invasions has relied primarily on static

ecological niche models (ENM), which statistically

relate ecological variables to presence-only species data

from native and invasive ranges. While ENM are

popularly parameterized with coarse bioclimatic vari-

ables, these models have the ability to include discrete,

previously surveyed sites and locally measured covari-

ates (Elith et al. 2010). These models provide insight

into the potential extent of invasions without evaluating

the temporal components, such as rate of spread

(Peterson and Vieglais 2001). An alternative to eco-

logical niche models are static occupancy modelling

approaches (MacKenzie et al. 2002). In contrast with

ecological niche models, which ignore issues of

imperfect detection in wildlife surveys and produce

habitat suitability predictions unless strict assumptions

are met (Royle et al. 2012), occupancy methods

quantify detection probabilities from repeated detec-

tion/non-detection surveys and predict the probability

of occupancy at a given site (MacKenzie et al. 2002).

While the spatial and temporal progress of invasions

cannot be evaluated using single season models, data

gathered across many seasons can be used to pa-

rameterize dynamic occupancy models, which estimate

colonization and extinction processes (MacKenzie et al.

2003). Such resource intensive methods often limit the

geographic scope of the study (but see Bled et al. 2011),

but time invested in field surveys for occupancy models

allows greater opportunity for incorporating habitat

data at finer resolutions, and potentially offer more

accurate predictions of invasive species distributions,

and insights on drivers of distribution and spread.

Predicting the extent of invasions in the absence of

systematically-collected species occurrence and habitat

data using coarse scale freely available bioclimatic data

is commonly done using ENM approaches, but whether

such models provide reasonable approximations of local

and regional invasion extent has not been well evaluated

(see Gormley et al. 2011). High consistency between

occupancy and ecological niche model predictions of

species distributions could reduce the need for intensive

occupancy and habitat surveys. For example, presence-

only ecological niche models and presence–absence

occupancy models yielded similar predictions for the

invasive Sambar deer in contiguous forest and grassland

landscapes in Australia, suggesting that niche models are

both cost-effective and can inform regional management

of ongoing invasions (Gormley et al. 2011). However,

ecological niche models may not be as well suited to

predicting invasions of species that occur in habitat

patches, such as pond-breeding amphibians. Within their

native ranges, the occurrence of many pond-breeding

amphibians are strongly regulated by pond-specific

characteristics and surrounding habitat (e.g., Hecnar and

M’Closkey 1998; Vos and Chardon 1998; Houlahan and

Findlay 2003; Herrmann et al. 2005; Van Buskirk 2005).

Such local-scale habitat relationships can be difficult to

evaluate without systematic sampling, and without

accounting for imperfect detection.

In this study, we used the invasion of American

bullfrogs (Lithobates catesbeianus) and Green frogs

(Lithobates clamitans) in southwestern British Colum-

bia (BC), Canada, as case studies to test the utility of

occupancy and ecological niche models to predict

invasions of patchily-distributed wetland species with

different degrees of habitat specialization. L. cates-

beianus and L. clamitans are native to eastern North

America, and despite high range overlap (Werner et al.

1995), they are thought to have only partially-

overlapping distributions along a freshwater habitat

gradient (Collins and Wilbur 1979; Wellborn et al.

1996). Within the native range, L. catesbeianus are

found exclusively in permanent ponds, and their

distribution is tightly linked to wetland and surround-

ing landscape characteristics (Skelly et al. 1999; Van

Buskirk 2003; Herrmann et al. 2005; Werner et al.

2007). In contrast, L. clamitans are a more generalist

wetland species, occupying a variety of habitats across
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the hydroperiod continuum (Wellborn et al. 1996; Van

Buskirk 2003), and their occurrence is primarily

limited by climatic factors, such as mean annual

temperature and annual precipitation (Trumbo et al.

2011). Within their native range, L. clamitans occur at

more sites relative to L. catesbeianus (Hecnar and

M’Closkey 1997; Kolozsvary and Swihart 1999;

Houlahan and Findlay 2003), and have more stable

populations (Skelly et al. 1999).

Lithobates catesbeianus and Lithobates clamitans

presence in the Fraser River floodplain (Fraser Valley

hereafter) of southwestern BC represents a classic case

of poorly-documented invasions. L. catesbeianus are

considered one of the top invaders to freshwater

wetlands globally, with successful populations estab-

lished in Europe, South America, southeast Asia, and

western North America (Ficetola et al. 2007; Funk

et al. 2011; Nori et al. 2011). Although global-scale

ecological niche models suggest low suitability in

Western Canada (Ficetola et al. 2007, 2010), L.

catesbeianus has been established in BC since the

1940s, most likely following containment failure from

post-World War II commercial bullfrog farms in the

region (Fig. 1; Vancouver Sun 1945; Govindarajulu

et al. 2006). The current L. catesbeianus range in the

region is estimated to be greater than 1800 km2, and is

currently expanding eastward (R. Murray unpubl.

data). It is thought that L. clamitans were introduced to

BC alongside L. catesbeianus (Govindarajulu et al.

2006), and past anuran surveys in the Fraser Valley

and Vancouver Island revealed that L. clamitans are

widespread (BC Ministry of Environment Species

Wildlife Inventory Database; www.env.gov.bc.ca).

However, there are limited data on L. catesbeianus and

L. clamitans invasion, which prevents proactive

management decisions for both currently invaded ar-

eas, and sites beyond the invasion front.

In this study, we aimed to: (1) determine the

strongest landscape predictors of L. catesbeianus and

L. clamitans occurrence in the invaded range of

southwestern BC using occupancy models, and (2)

evaluate the consistency of ecological niche model

and occupancy model predictions of invasion extent.

We hypothesized that the more specialized habitat

requirements (e.g., wetland characteristics) of L.

catesbeianus would result in less consistent ecological

niche and occupancy model predictions compared to

L. clamitans. In addition, we examined the potential

for L. catesbeianus invasions at wetlands beyond the

current invasion front.

Methods

Study area

The Fraser Valley is defined as the low-elevation

floodplain of the Fraser River as it drains to the Pacific

Ocean in southwestern British Columbia (BC)

Fig. 1 Current geographic distribution of L. catesbeianus and L. clamitans in the Fraser Valley and adjacent regions. Range was drawn

from data collected in preliminary studies as well as the British Columbia Ministry of Environment’s B.C. Frogwatch Program
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(Fig. 1). The Fraser Valley floodplain has been heavily

modified for agriculture, with only small isolated

wetlands or large managed reservoirs remaining. The

region constitutes the near northernmost extent of both

the American Bullfrog (L. catesbeianus) and Green

frog (L. clamitans) ranges in North America.

To determine the strongest landscape scale corre-

lates of L. catesbeianus and L. clamitans occupancy,

we randomly selected 71 sites within the study region,

including a range of permanent freshwater wetlands

within the known extent of L. clamitans occurrence

and spanning the current invasion front of L. cates-

beianus (based on 2009–2011 preliminary surveys, M.

Pearson and A. Kissel, unpubl. data). Because the

invasion extent for L. clamitans and L. catesbeianus in

the region differs, we used different datasets for model

construction. For L. clamitans, we used the full

dataset, as all 71 sites fell within their currently

observed occurrence in BC (Fig. 1). In contrast, the L.

catesbeianus invasion is continuing to expand east-

ward in BC, and only 51 sites were within the

hypothesized current invasion range (Fig. 1), which

we used to build occupancy models. Surveying the 20

remaining sites, located outside the known L. cates-

beianus invasion, served to examine the accuracy of

the hypothesized invasion front, and allowed us to

estimate the risk of future L. catesbeianus invasion

based on habitat and landscape characteristics.

Anuran call surveys

We conducted repeated night call surveys at 71

wetlands to assess occupancy by L. catesbeianus and

L. clamitans by visiting each site five times between

21 June and 2 August 2012 (except for six sites where

only four surveys were conducted). We followed the

North American Amphibian Monitoring (NAAMP)

protocol (Weir et al. 2005), and conducted 5 min

surveys at least 30 min after sunset. During surveys,

we also recorded variables used to model detection

probability (Table 1; Weir et al. 2005).

Site and landscape level characteristics

We estimated 17 site specific climatic, land cover and

landscape characteristics for each study site (Table 1)

that resulted from screening a larger number of variables

(n = 65) using Spearman rank correlations. We retained

variables that had low pairwise correlation (rs\0.7).

We combined land cover variables that were highly

correlated, but ecologically similar (e.g., percent marsh,

swamp or wetland within a 500 m buffer around

sampling sites), into single variables (e.g., percent

wetland). When variables were highly correlated, but

described processes acting at spatial or temporal scales

(e.g., mean monthly precipitation vs. mean annual

precipitation, or percent cover developed land vs. total

length of roads), we retained the variables that were

found to be biologically meaningful based on the

extensive amphibian ecology literature (e.g., annual

precipitation, percent cover of developed land). The 17

variables were grouped into four categories: (1) habitat

complexity, (2) climate, (3) land cover, and (4) anthro-

pogenic alteration. Each category corresponded to a

separate hypothesis regarding drivers of L. catesbeianus

and L. clamitans occupancy in the Fraser Valley. The

first hypothesis was that complex wetlands offer a wide

range of vegetation types, food and cover resources, and

greater connectivity that may increase movement and

colonization from other sites. The second hypothesis

was that as ectotherms, pond-breeding amphibians are

highly dependent on both broad scale- and micro-

climate during aquatic and terrestrial stages, and differ-

ences in climate (e.g., temperature during the breeding

season, moisture availability) among wetlands could

influence occupancy. The third hypothesis was that at

broader spatial scales, land cover surrounding individual

wetlands can promote or offer resistance to amphibian

movements (Rothermel 2004; Popescu and Hunter

2011), which can affect the frequency of colonization

events. Lastly, anthropogenic wetland alterations can

result in decreased patch size and reduced connectivity

for native species (Lehtinen et al. 1999), but may benefit

invasive species (Fuller et al. 2011). In addition to the

above characteristics, we also measured the Euclidean

distance from each survey site to the historic L.

catesbeianus farm where the original release of animals

is hypothesized to have occurred (Fig. 1). We predicted

that L. catesbeianus occupancy would be higher closer

to the introduction site reflecting the greater opportunity

for dispersal and direct colonization.

Data analysis

Occupancy models

To estimate the probability of L. catesbeianus and L.

clamitans occupancy at 51 and 71 sites respectively

R. G. Murray et al.
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Table 1 Survey specific variables used for modeling detection probability (p) and site specific variables used for modeling occu-

pancy probability (W) of L. catesbeianus and L. clamitans in southwestern British Columbia

Variable Description Range Resolution Data source

Detection (p) Survey specific

Julian day Days since January 1st, 2012 104–215

Time Hours past sunset 0.5–4.9

Winda Wind speed 0–3

Cloud covera,c Cloud cover and precipitation status 0–8

Noisea,c,d Ambient noise 0–4

Tempc,d Air temperature 0–9

Moon phase Percent moon visible despite cloud cover 1–100

Daytime high Daytime high temperature for 12 h previous 14.5–29.5

Rainfallc Rainfall accumulation within 24 h previous 0–14

Occupancy (W) Site specific

Landscape complexity hypothesis

Stream lengthb Length of streams (m) 0–3029.45 FLNROe

Patch sizec Surface area of site (km2) 0.0004–2.6548 0.2 m Orthoimage

SDIc,d Site perimeter:surface area ratio 0.005–2.000 0.2 m Orthoimage

Wetland complexitya,c,d Site is part of a large wetland complex 0–1 Field Survey

Climate hypothesis

ddZeroc,d Degree days above zero 2225.2–3677.9 EAUf

Jan temp January temp mean low (�C) -2.74–2.96 EAUf

Jul tempd July temp mean high (�C) 15.21–18.06 EAUf

Annual pptd Mean annual precipitation (mm) 1383–2183 EAUf

Elevationd Elevation (±20 m) 1–242 22.5 9 15.2 m CDEDg

Landcover hypothesis

Patch covera Vegetation cover at site 0–5 Field Survey

Forestb,c % cover mixed wood, conifer, deciduous forest 0–0.87 30 m GeoBaseh

Herbb,c,d % cover herbaceous vegetation 0–0.46 30 m GeoBaseh

Wetlandb % cover swamp, marsh, wetland 0–0.44 30 m GeoBaseh

Open waterb,c % cover reservoirs, lakes, ponds 0–0.28 FLNROe

Sloughb % cover slough 0–0.23 FLNROe

Anthropogenic alteration hypothesis

Dev. landb,c,d % cover developed land 0–1.00 30 m GeoBaseh

Agricultureb,c % cover annual/perennial crops and grazing land 0–0.89 30 m GeoBaseh

Distance from introc Distance from original introduction site (km) 3.64–63.57

Distance from colony Distance from nearest colonized site (km) 2.92–18.06

Bolded variables are aggregate of ecologically similar variables
a Variable is categorical
b Within a 500 m radius from site
c Used in the final model for prediction of L. catesbeianus
d Used in the final model for prediction of L. clamitans
e British Columbia Ministry of Forest Lands and Natural Resource Operations
f British Columbia and Nature Conservancy of Canada’s Ecological Aquatic Units
g Canadian Digital Elevation Database
h Natural Resources Canada Earth Sciences Sector
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(Fig. 1), we used a single-season occupancy model

implemented in the package unmarked (Fiske and

Chandler 2011) for the statistical program R 2.15 (R

Core Team 2012), which allows the estimation of the

probability of occupancy (w) at a given site while

accounting for imperfect detection (p). We modeled

the probability of detection as a function of the survey-

specific covariates recorded during call surveys

(Table 1), and probability of occupancy using the set

of scaled (centered at the mean and normalized by

dividing by the standard deviation) variables grouped

in the four categories of drivers described above

(Table 1).

Given our four hypotheses, we took a multi-step

model selection approach to identify the best predic-

tors of occupancy. First, for each of the four categories

of variables, we used a global model to identify the

survey covariates that best explained the probability of

detection. After identifying the best covariates for

detection, we subsequently fit occupancy models with

all possible combinations of site variables within each

hypothesis separately, and ranked them using AICc

(Burnham and Anderson 2002). We then selected the

variables from the top model corresponding to each of

the four hypotheses (Table 3) for a total of ten

variables for L. catesbeianus and eight variables for

L. clamitans (Table 1). Finally, we ran all possible

combinations of the variables identified during the

previous step (1024 models, L. catesbeianus, and 257

models, L. clamitans), and performed model averag-

ing on the set of models which had a cumulative AICc

weight of 0.95 (Burnham and Anderson 2002; 193

models, L. catesbeianus and 102 models, L.

clamitans).

We evaluated occupancy model fit using the

receiver operator characteristic area under the curve

(ROC AUC; Swets 1988) in a Bayesian framework

using methods developed by Zipkin et al. (2012). The

ROC AUC ranges from 0 to 1 (values[0.5 indicate

progressively better discriminatory power), and mea-

sures the discriminatory ability of a model (combined

detection and occupancy), which in our case corre-

sponds to the ability to correctly predict which

wetlands are occupied by L. catesbeianus or L.

clamitans. We used conventional Markov Chain

Monte Carlo (MCMC) methods implemented in

program R via package R2OpenBUGS (Sturtz et al.

2005). We calculated a posterior distribution of ROC

AUC values for the top models identified using the

frequentist approach described above, as well as

models corresponding to each of the four hypotheses.

In this analysis, the priors were informed by the

parameter coefficients (and their 95 % confidence

intervals) estimated from the models run using

frequentist methods described above (Appendix C.

We ran three parallel chains of 100,000 iterations,

discarded the first 10,000 (burn-in) iterations, and

thinned by 1000, which resulted in 270 iterations used

for inference. The Gelman–Rubin statistic for all

parameters was 1.0, indicating acceptable conver-

gence. Similar to Zipkin et al. (2012), we used the full

posterior distribution (270 draws) and the R package

ROCR (Sing et al. 2005) to quantify the uncertainty in

model estimates, essentially producing a posterior

sample of ROC plots and AUC values. We used the

Bayesian occupancy approaches only for assessing

model fit; we are presenting the occupancy results

from the frequentist analysis because it allowed for

flexibility in running many models, as well as model

averaging.

Predicting L. catesbeianus occupancy beyond

the invasion front

Preliminary surveys from 2009 to 2011 (M. Pearson

and A. Kissel, unpubl. data) failed to detect L.

catesbeianus in the easternmost region of the Fraser

Valley, suggesting that either the invasion has not yet

reached the area, or that sites within this area may not

be suitable L. catesbeianus habitat. To evaluate the

sites at risk from invasion, we ran the occupancy

analyses using data from the 51 sites within the current

L. catesbeianus range, and reserved the sites from

beyond the invasion front (n = 20) for testing these

two hypotheses. We reasoned that drawing inference

from models fit only with data collected within the

known extent of occurrence would identify the

strongest variables influencing L. catesbeianus

occupancy.

Ecological niche models

We used native and non-native range occurrences to

build presence-only species distribution models using

maximum entropy methods in MaxEnt (Phillips et al.

2006). We used both native and non-native occurrence

data across North America because it takes advantage

of the full range of bioclimatic conditions within the

R. G. Murray et al.
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species current extent of occurrence, and accounts for

the potential for adaptation to novel climate conditions

(Nori et al. 2011). Occurrences were retrieved from

the Global Biodiversity Information Facility (GBIF)

and British Columbia Ministry of Environment’s

Frogwatch Program (L. catesbeianus only), combined

with field data on species presence surveyed in

2009–2011 (M. Pearson and A. Kissel, unpubl. data),

the present study, and Vancouver Island (P. Govin-

darajulu, pers.comm., L. catesbeianus only).

We used 1-km resolution bioclimatic variables from

the WorldClim dataset (Hijmans et al. 2005), which are

representative of the average climate conditions for the

period 1950–2000 (www.worldclim.org) to model the

suitability for L. catesbeianus and L. clamitans pres-

ence in the Fraser Valley. For both species, we used

elevation and four bioclimatic variables (Ficetola et al.

2007): maximum temperature of the warmest period

(MaxTWarm), minimum temperature of the coldest

period (MinTCold), precipitation of driest month

(PDryM), and precipitation of the wettest month

(PWetM). We ran 10 replicates of crossvalidation and

used ROC AUC to test the agreement between ob-

served presence and model predictions. We used

jackknife subsampling to evaluate the importance and

relative contribution of the environmental variables.

Pseudoabsence selection was constrained within the

bounds of both the native and invaded ranges, and we

limited the spatial predictions of the MaxEnt models to

areas where all environmental conditions fell within

the range of data calibration (i.e., ‘‘clamping’’). We

used the logistic output function to create maps of

suitability (Fig. 4), and used the raw MaxEnt output

(Yackulic et al. 2013) to compare ecological niche and

occupancy models.

Comparison of occupancy and niche models

To examine the feasibility of substituting intensive

occupancy-type surveys with ecological niche mod-

eling based on existing datasets, we compared the

probabilities of occupancy for the 51 and 71 sites for L.

catesbeianus and L. clamitans respectively, with the

raw output values at corresponding geographic loca-

tions predicted from our ecological niche models

using Spearman’s rank correlation coefficient (rs)

(Gormley et al. 2011). We used permutation to test the

significance that our observed rs[ 0 and calculated

the 95 % confidence interval for rs by bootstrapping

our data and correcting for bias and skewness using

BCa, a procedure that approximates confidence inter-

vals from the percentiles of the bootstrapped his-

togram, rather than assuming a normal distribution

(DiCiccio and Efron 1996). Based on a lower degree of

freshwater habitat specialization, we expected a strong

positive correlation between the two predictions for L.

clamitans.

Results

Occupancy models

We detected L. catesbeianus during one or more surveys

at 30 of the 51 sites (naı̈ve proportion = 0.59) within the

known range and L. clamitans at 47 of all 71 sites (naı̈ve

proportion = 0.66). We did not detect L. catesbeianus at

any of the 20 sites beyond the estimated extent of

occurrence. L. catesbeianus and L. clamitans were

highly detectable during the night call surveys (L.

catesbeianus: 0.76 (0.61–0.88) 95 % CI; L. clamitans:

0.82 (0.72–0.89) 95 % CI. Detection probability of L.

catesbeianus was negatively associated with rainfall

within the previous 24 h and during surveys, and

ambient noise, and was positively correlated with

temperature at the time of survey (highest detection at

20.5 �C). Detection probability of L. clamitans was

negatively associated with ambient noise and positively

correlated with temperature at the time of survey (highest

detection at 21 �C). The model-averaged predicted

proportion of sites occupied (PAO) across the sites

included in our analysis was 0.59 (0.34–0.80) 95 % CI

for L. catesbeianus and 0.66 (0.41–0.85) 95 % CI for L.

clamitans, similar to the naı̈ve estimates, because of the

high detectability for both species. Of the set of models

corresponding to the four different occupancy hypothe-

ses (Table 1) the climate hypothesis was least supported

for L. catesbeianus (AUC for top model = 0.61;

Table 2), while the other three hypotheses (landscape

complexity, land cover, and anthropogenic alteration had

higher similar support (AUC = 0.72–0.86; Table 2).

For L. clamitans, there was high support for landscape

complexity (AUC = 0.7), and climate (AUC = 0.77),

while land cover (AUC = 0.61) and anthropogenic

alteration (AUC = 0.62) variables alone were poor

predictors of occupancy (Table 2).

Following model averaging, L. catesbeianus occu-

pancy showed a strong negative association with

Predicting invasions of pond-breeding amphibians
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distance from the known introduction site (summed

Akaike weight (w) = 0.99) and a strong positive

association with percent cover of open water within

500 m from survey sites (w = 0.99; Figs. 2a, 3a;

Tables 3, 4; see Appendix for full suite of models). All

the other variables in the final set of models had a low

summed Akaike weight: SDI, wetland complexity, and

% developed land had a negative influence on occu-

pancy, while % agricultural land and % herbaceous

were positively associated with L. catesbeianus pres-

ence (Fig. 3a). L. clamitans occupancy was strongly

influenced by regional climate [positive association

with mean annual precipitation (w = 0.97), and

negative association with elevation (w = 0.91);

Figs. 2b, 3b; Tables 3, 4]. Local and landscape scale

variables had an overall low contribution (SDI, wet-

land complexity), while annual maximum temperature

and degree days above zero (ddZero) had a negative

effect on occupancy (Fig. 3b).

Predicting L. catesbeianus occurrence beyond

the invasion front

Because one of the predictors for L. catesbeianus

occurrence was distance to the known introduction site

(Fig. 1), which confounds our ability to assess the

Table 2 Model fit for top models from each of four hypotheses that might explain L. catesbeianus and L. clamitans occupancy in the

Fraser Valley, British Columbia

Model Parameters DAICc Total # of models

Landscape complexity

L. catesbeianus 16

Top Wetland complexity ? SDI ? Patch size 0

Global Wetland complexity ? SDI ? Patch size ? Stream length 0.71

L. clamitans 16

Top Wetland complexity ? SDI 0

Global Wetland complexity ? SDI ? Patch size ? Stream length 3.02

Climate

L. catesbeianus 32

Top ddZero 0

Global ddZero ? Jan temp ? Jul temp ? Annual ppt ? Elevation 3.97

L. clamitans 32

Top ddZero ? Jul temp ? Annual ppt ? Elevation 0

Global ddZero ? Jan temp ? Jul temp ? Annual ppt ? Elevation 1.17

Land cover

L. catesbeianus 64

Top Forest ? Herb ? Open water 0

Global Forest ? Herb ? Open water ? Wetland ? Slough ? Patch Cover 4.21

L. clamitans 64

Top Herb 0

Global Forest ? Herb ? Open water ? Wetland ? Slough ? Patch Cover 9.11

Anthropogenic alteration

L. catesbeianus 8

Topa Distance from intro ? Dev. land ? Agriculture 0

L. clamitans 8

Top Dev. land 0

Global Distance from intro ? Dev. land ? Agriculture 3.9

Variables in top models were used to parameterize a final global model for model averaging and prediction of occupancy
a Also the global model
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suitability of habitat beyond the invasion front

unconditionally on the dispersal process, we devel-

oped a post hoc analysis using the model which

excluded this term and included all other habitat

variables. While this model received less support, its

predictive ability was high (AUC = 0.91; Table 3).

Using this model, the predicted proportion of occupied

sites beyond the invasion front was 0.33 (0.04–0.83,

95 % CI), suggesting that local landscape and habitat

characteristics are conducive to bullfrog invasion at

four sites (using an occupancy probability threshold

for presence w[ 0.5). Of the four sites, two had an

occupancy probability[0.95.

Ecological niche models

Maxent models for L. catesbeianus (AUC = 0.73)

predicted that habitat suitability was positively related

to maximum temperature of the warmest month

(MaxTWarm) and negatively related to elevation.

Suitability was highest at -7 �C for minimum tem-

perature of the coldest month (MinTCold) and at

125–200 and 50–60 mm for the amount of precipitation

in the wettest month (PWetM) and the amount of

precipitation in the driest month (PDryM), respectively.

The area of highest predicted suitability was the central-

eastern part of the Fraser Valley (Fig. 4b). Jackknife

tests showed that the variables MinTCold and PDryM

had the most predictive power (Figure B1). Models for

L. clamitans (AUC = 0.80) predicted habitat suitability

was positively related to PDryM, and negatively related

to elevation. L. clamitans presence peaked at -15.0 to

Fig. 2 Model-averaged probability of occupancy (W) for L. catesbeianus (a) and L. clamitans (b) in relation to the top two predictors,

while holding all other variables constant at their mean value

Fig. 3 Standardized model-averaged coefficients (points) and

95 % confidence intervals (horizontal bars) for variables used to

describe L. catesbeianus (a) and L. clamitans (b) occupancy in

the Fraser Valley
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-5.0 �C and 25.0–30.0 �C for MinTCold and MaxT-

Warm, respectively, and at 80–200 mm PWetM. The

predicted L. clamitans suitability showed a great

variation across a west–east gradient, with highest

values also overlapping high L. catesbeianus suitability

areas (Fig. 4d). Jackknife tests showed that the variable

PDryM had the most predictive power while MinTCold

had the least (Figure B2).

Comparison of occupancy and ecological niche

modeling

We found a weak negative correlation between the

predicted L. catesbeianus probability of occupancy

and the MaxEnt raw values of habitat suitability at 51

sites in the Fraser Valley (Spearman’s rank correlation

coefficient rs = -0.26; (-0.50, 0.06) 95 % CI,

p = 0.05). In contrast, occupancy probabilities and

MaxEnt suitability predictions for L. clamitans at 71

sites showed a positive correlation (rs = 0.58 (0.29,

0.70) 95 % CI, p = 0.001).

Discussion

Our combined occupancy (presence–absence) and

bioclimatic ecological niche (presence-only) model-

ing approach to studying environmental correlates for

the non-native pond-breeding L. catesbeianus and L.

clamitans in southwestern BC supported our hy-

pothesis that ecological niche models provide a more

accurate spatial approximation of invasion potential

for species whose occurrence is primarily driven by

climate, compared to species with more specialized

Table 3 Model selection results for models including all possible combinations of covariates for predicting occupancy of L.

catesbeianus and L. clamitans in the Fraser Valley, British Columbia using parameters selected across four occupancy hypotheses

Hypothesis ka DAICc AUC AUC CI

Model (parameters for L. catesbeiana occupancy probability)

Distance from intro ? Open waterb 6 0 0.88 0.87, 0.89

Global model 14 12.05 0.9 0.86, 0.97

Distance from intro ? Dev. land ? Agriculture Anthropogenic alteration 7 12.6 0.84 0.79, 0.88

Forest ? Herb ? Open water Land cover 7 13.85 0.86 0.77, 0.92

Open water 5 16.12 0.81 0.81, 0.81

Wetland complexity ? SDI ? Patch size Landscape complexity 7 18.04 0.72 0.67, 0.75

All variables except Distance from intro 13 18.61 0.91 0.82, 0.97

Distance from intro 5 18.72 0.72 0.73, 0.75

ddZero Climate 5 23.06 0.61 0.38, 0.65

Null model 4 24.71 0.5 0.5, 0.5

Model (parameters for L. clamitans occupancy probability)

ddZero ? Jul temp ? Annual ppt ? Elevation Climate 6 0.29 0.77 0.74, 0.80

ddZero ? Annual ppt ? Elevationb 5 1.38 0.75 0.72, 0.77

Global model 10 4.14 0.79 0.75, 0.81

Wetland complexity ? SDI Landscape complexity 4 5.99 0.7 0.67, 0.71

Annual ppt 3 6.04 0.7 0.70, 0.70

Dev. land Anthropogenic alteration 3 9.64 0.62 0.62, 0.63

Herb Land cover 3 10.91 0.61 0.38, 0.65

Elevation 3 11.32 0.57 0.56, 0.57

Null model 2 11.41 0.5 0.5, 0.5

Model averaging was performed on the set of models with a cumulative AICc weight, w = 0.95 (see Appendix for full suite of

models used for model averaging). The best detection predictors for both species were the air temperature during surveys and ambient

noise

AUC CI = 95 % credibility interval
a Number of parameters including parameters used to model detection probability
b Most parsimonious within 2 DAICc of top model
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habitat requirements. While the units for predictions

from ecological niche and occupancy models differ

(Fig. 4), the rank correlation between the two predic-

tions is informative. We found a positive correlation

(Spearman rs = 0.58) for the climate driven generalist

L. clamitans, and a weak negative correlation for the

freshwater habitat specialist L. catesbeianus (rs = -

0.26). These results were apparent in the spatial

predictions of invasion extent, where ecological niche

models based on data from both the native and invaded

range overestimated suitability for L. catesbeianus at

our occupancy survey sites (Fig. 4c), but in contrast

there was high congruence between the two model

predictions for L. clamitans. These results provide

support for the use of ecological niche models to

produce rapid, low-cost assessments of the invasion

potential for invasive species, which can inhabit a

wide range of habitats within their climate niche.

Our model-averaged occupancy analysis suggested

that the strongest environmental correlates of L.

Table 4 Parameter

estimates for variables

predicting occupancy

probability of L.

catesbeianus and L.

clamitans in the Fraser

Valley, British Columbia

a Weighted parameter

estimate ± unconditional

SE
b Cumulative Akaike

weight

Parameter L. catesbeianus L. clamitans

w Estimatea wb w Estimatea wb

Agriculture 0.26 ± 0.62 0.2

Elevation -0.97 ± 0.44 0.91

Dev. land -0.47 ± 0.6 0.24 -0.27 ± 0.33 0.27

ddZero 0.12 ± 0.46 0.18 -0.95 ± 0.64 0.56

Forest 0.11 ± 0.56 0.18

Annual ppt 1.19 ± 0.52 0.97

Herb 0.36 ± 0.52 0.22 0.35 ± 0.36 0.3

Distance from intro -1.9 ± 0.67 0.99

Jul temp -0.7 ± 0.47 0.49

Open water 4.35 ± 1.65 0.99

SDI -3.09 ± 2.83 0.3 -0.95 ± 1.03 0.51

Wetland complexity -0.21 ± 0.6 0.19 0.35 ± 0.35 0.32

Patch size -0.29 ± 0.84 0.19

Fig. 4 Predictions for L.

catesbeianus and L.

clamitans occupancy and

habitat suitability for the

Fraser Valley and adjacent

regions. Model averaged

predictions of occupancy

probability within the

current range for L.

catesbeianus (a), and L.

clamitans (c). Ecological

niche predictions of

suitability using occurrences

within both the native and

invaded ranges for model

training for L. catesbeianus

(b) and L. clamitans (d)
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clamitans occurrence included only climate variables

(annual precipitation, mean annual temperature, and

degree days above 0 �C) and topography, with no

support for landscape characteristics. In contrast, L.

catesbeianus occurrence was primarily influenced by

landscape-scale characteristics including wetland con-

nectivity (percent cover of lakes within 500 m from

survey sites) and distance from the historic introduc-

tion site. We interpret distance from the introduction

site as a proxy for propagule pressure and dispersal;

sites located at larger distances from the introduction

are further from well-established, potentially large

populations, and thus receive fewer individuals

through dispersal (Foxcroft et al. 2004; Warren et al.

2013). By predicting occupancy probability for sites

beyond the invasion front using a model that included

all habitat characteristics, we found that four wetlands

surveyed beyond the L. catesbeianus invasion front

are at high risk of invasion. This suggests that some

sites beyond the invasion front have habitat charac-

teristics that are conducive to colonization by bull-

frogs, and that the current absence of observations of

bullfrogs in this area is likely due to dispersal

limitations, and not due to unsuitability of the habitat.

Despite the widespread use of ecological niche

models for inference about non-native species spread

and extent at broad geographic scales (e.g., Thuiller

et al. 2005; Ficetola et al. 2010), few studies have thus

far examined the utility of such models at regional and

landscape scales (but see Gormley et al. 2011).

Moreover, for patchily distributed amphibians, the

utility of regional ecological niche models has been

tested only for species within their native ranges.

Focusing on an area in eastern Missouri, Trumbo et al.

(2011) evaluated the accuracy of ecological niche

models compared to estimates from single detection/

non-detection surveys for nine amphibian species, and

found that six of nine species (including L. clamitans)

had high congruence, while three species showed a

weak or no congruence (including L. catesbeianus).

Our findings corroborate these studies, and support the

potential for an expanded utility of ecological niche

models applied to predicting invasions of climate-

driven species. However, we need to recognize that

using bioclimatic ecological niche models to predict

invasions requires that the species ecology is well

understood in the native range, and relies on the

assumption that the species distribution would con-

tinue to be climate-driven in the invaded range.

Our occupancy model results also supported the

hypothesized differences among L. clamitans and L.

catesbeianus in their freshwater habitat associations.

L. clamitans occupancy was most strongly associated

with low elevation and high precipitation, and two

other climate variables had a moderate negative

influence on occupancy (Table 2). This strong climate

influence within the top-ranked occupancy models

explains the consistency between occupancy-based

and MaxEnt-based estimates, and strengthens the

understanding of L. clamitans as a freshwater habitat

generalist capable of persisting across a broad range of

landscape and pond conditions in native (e.g., Skelly

et al. 1999; Houlahan and Findlay 2003; Mazerolle

et al. 2005), and non-native ranges (e.g., Campbell

et al. 2004). In contrast, no climate variables, and only

percent cover of open water (within 500 m) was found

to be a strong positive predictor of L. catesbeianus

occupancy (Table 2). L. catesbeianus in natural wet-

land habitats are associated with site level attributes

such as pond size and proportion of forest cover

surrounding each site (Houlahan and Findlay 2003;

Werner et al. 2007). However, pond occupancy in

agricultural landscapes is driven by proximity to other

wetlands (Kolozsvary and Swihart 1999), and our

study corroborates these results, highlighting the

importance of landscape connectivity for this species

in highly modified landscapes.

For L. catesbeianus, the interplay between the

distance from the historic introduction site and percent

open water (Fig. 2) provides insight into the progres-

sion of the invasion in southwestern BC. We estimated

that the probability of occurrence increased for ponds

with greater pond connectivity, while isolated ponds

showed a dramatic decrease at 50 km from the

introduction site (Fig. 2). Our data suggest that L.

catesbeianus was able to reach wetlands far from the

historic introduction site, but only when wetland

connectivity was high, suggesting that habitat perme-

ability mediates diffusion spread for this species

(Turchin 1998). We recognize that the relationship

between distance from the historical introduction site

and bullfrog occurrence can take several forms,

including linear and non-linear (e.g., exponential

decay). We used a logit link in our occupancy models,

which transformed the relationship to a logit-linear

(sigmoid) function, and consider this to be a conser-

vative approach given that our study cannot make

inferences on dispersal and rates of spread.

R. G. Murray et al.

123



To our knowledge, this is the first study of an

ongoing invasion (L. catesbeianus) to use occupancy

models for predicting spread beyond the invasion front

in the absence of temporal data on range expansion.

Others have successfully used dynamic (multi-season)

occupancy models to predict the spread of invasive

species (Eraud et al. 2007; Bled et al. 2011), but these

studies relied on time-series data that explicitly

modeled extinction and colonization processes, and

such data-intensive methods are often beyond the

capacity of natural resource managers. The prediction

of our model for L. catesbeianus occupancy at 20

wetland sites beyond the invasion front provides

insight into invasion risk based on local and landscape

attributes. When using the model that included all

habitat parameters, we predicted that four of the 20

surveyed sites in the easternmost region of the Fraser

Valley are at high risk of invasion. These sites are

likely highly suitable based on landscape characteris-

tics alone (e.g., high degree of natural ground and

forest cover, less complex open water wetlands, and

little development and agriculture), and the absence of

bullfrogs during our surveys is a result of dispersal

processes (i.e., ongoing eastward invasion, and

colonists have not reached the area yet).

Both L. catesbeianus and L. clamitans exhibit many

of the traits common to other highly successful

invasive species (aggressive competitors, tolerant of

broad habitat conditions, fast growth and reproduction;

Ehrlich 1989). L. catesbeianus have been documented

to have widespread negative effects on native biota in

their invaded range in Europe, Asia, South America

and western North America, and include direct imper-

ilment of other anuran species through predation on

adults and juveniles (Doubledee et al. 2003; Wu et al.

2005; Govindarajulu et al. 2006), competition during

the larval stage (Kupferberg 1997; Johnson et al. 2011),

and through synergies with other invaders, such as

sunfish (Adams et al. 2003). However, not all species

are likely to be affected equally, and a growing body of

research has documented asymmetric effects of L.

catesbeianus on native ranid (Genus Rana) and hylid

(Genus Hyla) amphibians. For example, highly aquat-

ic, habitat specialist species, such as the Oregon

spotted frog (Rana pretiosa) and Foothills yellow-

legged frog (Rana boylii) were at higher risk compared

to red-legged frogs (Rana aurora) and Pacific chorus

frog (Pseudacris regilla) due to larval competition and

direct predation (Kupferberg 1997; Kiesecker et al.

2001; Pearl et al. 2004). In contrast, no published

research has evaluated the effects of L. clamitans

introductions on native species, despite its potential

long-term presence in western North America (e.g., it

is hypothesized that L. clamitans and L. catesbeianus

were both introduced to BC circa 1950). However, the

widespread presence of L. clamitans in our study area

suggests a dispersal ability that exceeds that of L.

catesbeianus, which suggests high potential for eco-

logical impacts, and warrants further studies of inva-

sion extent and progression in other systems.

Conservation and management implications

Our results indicate that ecological niche models are

useful for estimating the potential invasion extent for

climate-driven species, but not habitat-driven, patchi-

ly-distributed species. Furthermore, these results sug-

gest that the use of ecological niche models for

climate-driven species are relevant at scales where

most conservation actions are likely to be implement-

ed (e.g., site or region). This finding has clear

implications for invasive species management by

facilitating the identification of wetlands at risk from

invasion and prioritizing conservation actions (e.g.,

invasive species eradication, implementing protection

measures for native species). However, intensive

surveys would likely be needed for species whose

occurrence is mainly driven by habitat attributes, and

whose invasion potential at local (pond) and regional

scales is less likely to be predicted successfully by

ecological niche models that are parameterized with

coarse scale climate data. Predictions from such

methods will come at a higher cost, but will more

accurately inform the identification of high/low risk

wetlands where conservation efforts could be directed.

However, for species with high detection probabilities

(as seen in this study), monitoring effort can be

substantially reduced (i.e., fewer visits per site) with

little cost to model predictive ability (MacKenzie and

Royle 2005). For example, for well-established inva-

sions, Brummer et al. (2013) found that species

distribution models based on single visit detection/

non-detection surveys, which covered as little as

0.5 % of their study area, performed well for capturing

the distribution extent of highly detectable non-native

plants. These types of low cost field surveys may allow

for better understanding of habitat associations for

established invasive species with minimal effort.
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Specifically to the Pacific Northwest region, the

continued invasion of L. catesbeianus (and potentially

L. clamitans) has the potential to jeopardize the

recovery efforts for Canada’s most endangered am-

phibian, the Oregon spotted frog (R. pretiosa) [also a

Proposed Threatened species by the United States Fish

and Wildlife Service as of September 2013; http://

www.gpo.gov/fdsys/pkg/FR-2013-09-26/pdf/2013-

23410.pdf]. Concerted conservation efforts, which

include population augmentation and habitat restora-

tion, are directed towards the four remaining R. pre-

tiosa populations in Canada, which occur at three of

our 71 surveyed sites. Understanding the factors

shaping L. catesbeianus and L. clamitans invasions

within the Fraser Valley is critical for informing de-

cisions about where and when habitat restoration,

control, or eradication efforts should be conducted

(Govindarajulu et al. 2005), and our research adds to

this body of evidence. Identifying wetlands beyond the

current invasion front that have the potential to support

L. catesbeianus populations (based on local and land-

scape characteristics) provides an opportunity to pri-

oritize wetlands for invasive species monitoring.

Monitoring could be followed by early eradication

actions (if invasions are recorded), or habitat restora-

tion and conservation actions to facilitate the persis-

tence or reintroduction of listed species. For example,

in 2013, a year after this study was conducted, L.

catesbeianus was detected at one of the sites located

beyond the 2012 invasion front, which is also one of

the four Oregon Spotted Frog breeding sites in Canada.

This particular site was predicted to have high prob-

ability of occupancy for L. catesbeianus based on

habitat and landscape characteristics alone (w = 0.97;

0.45–1.00, 95 % CI). Eradication measures were im-

plemented in 2013 (e.g., night time trapping through-

out the summer that resulted in the removal of two

breeding females, three males and one egg mass), and

L. catesbeianuswere not detected in 2014 (M. Pearson,

A. Schwitzer, pers. comm., unpublished data).

Summary

Our results add to the body of evidence on the

relevance of ecological niche models for predicting

local and regional occurrence of species within their

native ranges (Trumbo et al. 2011; Peterman et al.

2013), and in novel environments (Gormley et al.

2011; Vaclavik and Meentemeyer 2012). While

climate alone may oversimplify the spatial extent of

invasions, ecological niche models for patchily-dis-

tributed generalist species are a reliable alternative to

using data intensive methods that require substantial

resources and foresight. However, our study suggests

that systematic sampling in a framework that incor-

porates local and regional habitat correlates (poten-

tially coupled with ecological niche modeling) is

required to assess the potential invasion spread by

species with specialized habitat requirements, whose

occurrence is primarily driven by landscape and

habitat features. Such habitat associations are not

likely to be captured by the coarse scale resolution of

climate data used in ecological niche models. We also

found that some wetlands beyond the L. catesbeianus

invasion front were predicted to have high risk of

invasion, and these findings have the potential to

inform invasion prevention actions. Lastly, we provide

the first spatial evaluation of an established L.

clamitans invasion, and recommend further studies

to evaluate the ecological effects of this species on

native ecosystems. Understanding the potential eco-

logical impacts of L. clamitans invasions is critical for

formulating amphibian conservation strategies in this

highly disturbed system.
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