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Abstract

Context Habitat loss and habitat fragmentation neg-

atively affect amphibian populations. Roads impact

amphibian species through barrier effects and traffic

mortality. The landscape variable ‘accessible habitat’

considers the combined effects of habitat loss and

roads on populations.

Objectives The aim was to test whether accessible

habitat was a better predictor of amphibian species

richness than separate measures of road effects and

habitat loss. I assessed how accessible habitat and

local habitat variables determine species richness and

community composition.

Methods Frog and tadpole surveys were conducted

at 52 wetlands in a peri-urban area of eastern

Australia. Accessible habitat was delineated using a

highway. Regressions were used to examine relation-

ships between species richness and eleven landscape

and local habitat variables. Redundancy analysis was

used to examine relationships between community

composition and accessible habitat and local habitat

variables.

Results Best-ranked models of species richness

included both landscape and local habitat variables.

There were positive relationships between species

richness and accessible habitat and distance to the

highway, and uncertain relationships with proportion

cover of native vegetation and road density. There

were negative relationships between species richness

and concreted wetlands and wetland electrical con-

ductivity. Four species were positively associated with

accessible habitat, whereas all species were negatively

associated with wetland type.

Conclusions Barrier effects caused by the highway

and habitat loss have negatively affected the amphib-

ian community. Local habitat variables had strong

relationships with species richness and community

composition, highlighting the importance of both

availability and quality of habitat for amphibian

conservation near major roads.

Keywords Habitat loss � Landscape fragmentation �
Multi-model inference � Road ecology � Species
richness � Wetland

Introduction

Habitat loss and fragmentation, and broad-scale

landscape change, are among the largest threats to

biodiversity (Fischer and Lindenmayer 2007). Habitat

fragmentation is a landscape-scale process that
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involves the breaking apart of habitat independent of

habitat loss (Fahrig 2003). Roads contribute greatly to

both the loss of habitat for wildlife, and to the

fragmentation of landscapes due to barrier effects that

restrict the ability of individuals to disperse among

habitat patches (Forman and Alexander 1998), affect-

ing both terrestrial and aquatic ecosystems (Trombu-

lak and Frissell 2000). In some cases, roads do not

entirely prohibit movement, but act as selective filters

according to species behaviour, movement patterns

and body size (Fahrig and Rytwinski 2009; Rytwinski

and Fahrig 2012). Both the physical characteristics of

a road such as its width and traffic volume affect rates

of road mortality, with amphibians being particularly

susceptible to being killed by passing vehicles while

attempting to cross a road (Forman and Alexander

1998). A challenge for landscape ecologists is to

measure the effects of habitat loss and roads not

separately, but in combination where the position of a

linear barrier such as a road may restrict a species’

ability to access habitat resources on the other side of

the road.

Amphibian populations world-wide are currently

threatened by three key processes of anthropogenic

landscape change: habitat loss, habitat fragmentation

and isolation, and habitat degradation (Cushman 2006;

Hamer and McDonnell 2008). Furthermore, because

aquatic-breeding amphibians have a biphasic life

cycle, disconnection between the aquatic and terres-

trial habitats required by species to satisfy this

complex life history can result in ‘habitat split’, which

has been shown to negatively affect the richness of

species with aquatic larvae in human-altered land-

scapes (Becker et al. 2007). Linear barriers such as

roads can restrict the movement of species, preventing

individuals from accessing critical habitats between

life stages (e.g., post-metamorphic dispersal) and

during the terrestrial phase (e.g., overwintering and

breeding sites), thereby disrupting the metapopulation

dynamics of many pond-breeding species (Beebee

2013; Hamer et al. 2015; Jackson et al. 2015). High

mortality rates from traffic can occur when individuals

attempt to cross busy roads (Hels and Buchwald 2001;

Glista et al. 2008; Sutherland et al. 2010) leading to

reduced population sizes (Marsh and Jaeger 2015;

Rytwinski and Fahrig 2015). Both road mortality and

road-barrier effects can negatively affect amphibians

through decreased species richness, abundance and

occurrence patterns (Fahrig et al. 1995; Carr and

Fahrig 2001; Pellet et al. 2004; Parris 2006; Hartel

et al. 2010; Cosentino et al. 2014).

The extent of terrestrial upland habitat (e.g.,

forests and woodlands) in which roads and road

networks are embedded can influence the persistence

of many amphibian species with aquatic-breeding

larvae; studies conducted in human-altered land-

scapes have shown that species richness, abundance

and occurrence patterns generally increase with

increases in forest cover at distances up to 1500 m

from breeding sites (Gibbs 1998; Knutson et al.

1999; Guerry and Hunter 2002; Gagné and Fahrig

2007). Terrestrial non-breeding habitat provides

essential resources for amphibians such as dispersal,

foraging, sheltering and overwintering sites, and this

habitat needs to be linked with breeding habitat that

allows movement to complete the life cycles of

many aquatic-breeding amphibians (Pope et al.

2000). In areas with dense road networks (e.g.,

urban centres), terrestrial habitat can be a critical

component in ensuring successful dispersal and

recolonisation within regional metapopulations, pro-

vided there is functional connectivity among habitat

patches (Hamer and McDonnell 2008). In these

fragmented landscapes, species with the greatest

dispersal requirements are often more impacted than

sedentary species (Gibbs 1998).

Using uncorrelated measures of forest cover and

traffic density, Eigenbrod et al. (2008a) found a

negative association between amphibian species rich-

ness and traffic that was stronger than the positive

association with forests. Eigenbrod et al. (2008b)

further explored these relationships by introducing a

landscape variable known as ‘accessible habitat’ to

measure the combined effects of habitat loss and roads

which accounts for the location of habitat in relation to

roads. For instance, a road that needs to be crossed by

an individual to access a habitat patch is likely to have

a far greater negative effect on the population than one

that does not impede movement (Eigenbrod et al.

2008b). Furthermore, Eigenbrod et al. (2008b)

hypothesised that accessible habitat will be more

strongly related to species persistence than total

habitat cover (e.g., forest), road density or distance

to a road when populations are negatively affected

both by habitat loss and roads. Landscape studies

examining road effects on amphibian distribution need

to include biologically-realistic variables such as

accessible habitat because measuring habitat loss
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and roads separately can underestimate the effects of

roads on populations.

Here I sought to test whether accessible habitat was

a better predictor of amphibian species richness than

landscape variables such as road density, total remnant

habitat and distance to a highway, and local habitat

variables that are known to influence amphibian

occurrence. I also explored the relative importance

of accessible habitat and local habitat variables in

determining amphibian community structure. Impor-

tant relationships between amphibian distributions and

community composition with both landscape and local

habitat variables have been previously demonstrated

(Van Buskirk 2005; Hamer and Parris 2011; Kruger

et al. 2015).

Methods

Study area

The study was conducted south of the township of

Nowra on the south coast of New South Wales,

Australia (Fig. 1). Nowra is a rapidly urbanising town

with a population of around 19,000 people (Australian

Bureau of Statistics 2015). The study area is situated

on a coastal lowland floodplain grading into forest on

undulating hills that occur generally to the south and

west. Mixed land uses dominate the study area;

residential areas including recent suburban develop-

ments predominantly occur towards Nowra, whereas

agricultural lands towards the south accommodate

livestock grazing. As such, the study area can be

considered peri-urban. There are two conservation

reserves and two state forests in the study area,

situated to the south and east. The road network

includes a four-lane divided highway (Princes High-

way, herein referred to as ‘the highway’) and two-lane

roads that intersect the highway, as well as residential

streets; all are mostly sealed roads. The highway forms

part of the main north–south road route along the east

coast of Australia and connects the cities of Sydney

and Melbourne. The study area has a temperate

maritime climate, with a mean annual maximum

temperature of 21.3 �C and an annual mean precipi-

tation of 1112 mm, peaking in February and March

(Bureau of Meteorology 2015). Daly (2014) detected

ten aquatic-breeding frog species throughout the study

area from 1996 to 2014.

From 2011 to 2014 a 6.3 km section of the highway

was upgraded from a two to a four-lane road. Because

the highway upgrade was likely to impact a population

of the endangered green and golden bell frog (Litoria

aurea) due to direct mortality, habitat loss and

fragmentation, several mitigation measures were

implemented to minimise any impacts on this species.

During construction, frog exclusion fencing was

installed along sections of the highway to prevent

amphibian mortality from machinery. To facilitate

frog movement under the highway once the upgrade

was operational, two box-cell culverts (underpasses)

were installed specifically designed for amphibian

passage, in addition to other drainage culverts posi-

tioned along the highway. Eight ponds were con-

structed in road reserves, three east and five west of the

highway, between 21 and 182 m from the highway to

function as replacement habitat for L. aurea.

Wetland site selection

Initial examination of aerial photographs (Google

Earth) revealed over 150 potential amphibian-breed-

ing sites in the study area. Reconnaissance surveys

were conducted in the field at up to 100 of these

wetlands in March and September 2013. Of these, 52

wetlands were selected primarily on the basis of their

proximity to a 10 km section of the highway (Fig. 1),

and secondly, to maximise variation in wetland type.

Because this study was undertaken in concert with a

study investigating the distribution of L. aurea, some

wetlands were selected on the basis of previous

records of this species. Site selection was also

restricted to those sites where permission for access

was granted by landholders. There were 35 and 17

wetlands situated east and west of the highway,

respectively, with distances to the highway ranging

from 21 to 4278 m (mean distance = 1284 m). Wet-

land type ranged from stormwater retention ponds,

replacement ponds for L. aurea that were constructed

of concrete, freshwater marshes, drainage lines

(creeks) and agricultural canals, golf course ponds

and farm dams. At one site, a large marsh was sub-

sampled to include an area where L. aurea had been

previously recorded (Daly 2014). Drainage line and

canal sections that were selected as sites consisted of

pooled areas of non-flowing open water. Lentic

wetlands and pools along creeks and canals are jointly

referred to as ‘wetlands’ in this study following the
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methodology of Heard et al. (2012). There were seven

creek and one canal sections, and 45 lentic wetlands

included in this study. Site selection also aimed to

include wetlands at varying distances from the nearest

wetland (range 35–1440 m), and to include a range of

hydroperiods, although selection was biased towards

permanent (n = 41) rather than ephemeral wetlands

(n = 11) based on availability. Mean wetland area

was 2763 m2 (range 119–26532 m2).

Amphibian surveys

Six surveys were conducted over two breeding seasons

in the Austral spring and summer (November, January

and February): three surveys in 2013/2014 and three in

2014/2015. These survey periods coincided with the

breeding season of most frog species recorded in the

region (Anstis 2002), and also coincided with the final

stages of construction of the highway upgrade. No

‘pre-construction’ data was collected in this study. The

52 wetlands were assigned into geographic clusters of

between two and eight near-neighbour wetlands to

facilitate sampling, surveying each cluster over six

consecutive nights. The chronology of surveys

between clusters was randomised. Surveys were

conducted at 52 wetlands in 2013/2014 and at 50 of

these in 2014/2015 because access was denied at two

sites (one east and one west of the highway). Frog

surveys commenced approximately 30 min after sun-

set (around 2100 h Australian Eastern Daylight Time,

AEDT) and continued until 0200 h. Because this study

also targeted L. aurea, call playback techniques were

used. Surveys for frogs comprised a quiet listening

period of 5 min followed by call imitation of L. aurea

for 2 min, ending with 3 min of quiet listening. Two

field workers then used headlights to spotlight for

frogs in areas of vegetation, open water and shoreline,

as well as the ground and vegetation within 10 m of

the shoreline. The number of frog species heard and

seen was recorded. The amount of time spent search-

ing was proportional to the size and habitat complexity

of the wetland. Surveys at large wetlands ceased after

60 min regardless of whether the entire site had been

searched. Surveys at one wetland were confined to call

playback techniques in November 2014 and January

2015 due to access restrictions.

Surveys for tadpoles were conducted when wet-

lands contained sufficient water levels using three

techniques simultaneously at each wetland: (1) fish

traps (45 cm long 9 25 cm high 9 25 cm wide,

15 cm long funnel at each end, 5 cm aperture) made

of nylon mesh (mesh size 2 mm) and containing a

yellow fluorescent glow-stick to attract larvae; (2) dip-

netting using a triangular-framed dip-net

(35 9 30 9 30 cm, mesh size 1.4 mm); and (3) direct

observation of free-swimming larvae. The total num-

ber of fish traps deployed was proportional to a pond’s

surface area (2 traps minimum, plus 1–4 additional

traps for increases in area greater than 1000 m2;

modified sampling protocol from Adams et al. 1997;

Supplementary Material, Table S1). Dip-net surveys

were time-constrained; a minimum 10 min was spent

dip-netting, plus 5–40 additional minutes for increases

in surface area greater than 500 m2; Table S2). Traps

were distributed randomly within wetlands so that

unbiased sampling occurred amongmicrohabitat types

(e.g., open water, emergent vegetation). This was done

by placing a compass at the centre of a map diagram of

the wetland and selecting which point of the wetland

shoreline or creek bank to place a trap, using a table of

random numbers between 0 and 360�. Tadpole surveys
were restricted to direct observation if the water depth

was\5 cm. Traps were placed into wetlands imme-

diately before or during the frog surveys between 2000

and 0200 h AEDT, and retrieved the following

morning (0700–1300 h). There was no bias in the

time over which traps were set at a particular wetland

because site selection within clusters was randomised.

Floats were placed into the traps to ensure there was

adequate air space to allow trapped organisms to

breathe. Dip-net surveys commenced immediately

following or during trap collection at a wetland. Two

field workers vigorously dip-netted all available

microhabitats at a wetland. Larvae were identified to

species using a field guide (Anstis 2002) and then

released. The count of all organisms captured in fish

traps and dip-nets was recorded. Fish species were

identified in the field using Allen et al. (2003). Where

identification of specimens in the field was difficult,

individuals were humanely anaesthetised and pre-

served in 70 % ethanol for later identification.

bFig. 1 Map of the study area, showing 52 wetlands distributed

throughout the South Nowra area of New South Wales,

Australia. Inset map depicts location of study area in south-

eastern Australia. The road network is shown relative to the

Princes Highway. Greyed areas indicate the extent of native

vegetation mapped by Tozer et al. (2010)
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Protocols to reduce the risk of spreading the amphib-

ian chytrid fungus were followed when conducting

fieldwork.

Landscape variables

Accessible habitat (ACC_HAB) was defined as the

total area of native vegetation (i.e., amphibian habitat:

wetland and terrestrial plant communities mapped by

Tozer et al. 2010) within a 1000 m radius of a wetland

(centroid) that could be accessed without crossing the

highway, expressed as proportion cover (Data Source:

‘Native vegetation of southeast NSW: a revised

classification and map for the coast and eastern

tablelands. Version 1.0.’ Department of Environment

and Conservation NSW, and Department of Natural

Resources). There is a dense network of suburban

roads within the study area. The carcasses of freshly-

killed frogs have been observed on several of these

roads on wet nights (A. J. Hamer pers. obs.) and so

road mortality is occurring on roads other than the

highway. Based on these observations, I assumed that

frog species in the study area are attempting to cross

most roads, but that the highway represents the

greatest barrier and that smaller roads are having a

weaker barrier effect (Eigenbrod et al. 2008b). For

example, the highway’s physical footprint is much

larger than that of other roads in the area (four lanes

versus two lanes), the speed limit is higher and traffic

volumes at night are high (A. J. Hamer pers. obs.). The

highway was therefore used to delineate accessible

habitat. Although culverts were installed under the

highway within 6 months of fieldwork commencing, I

assumed that there had not been sufficient time for

potential frog movements through them to result in

changes to frog communities either side of the

highway. Therefore, I did not consider the location

of the culverts in calculating accessible habitat. To

assess the performance of accessible habitat in

predicting the combined effect of habitat loss and

roads on species richness, a variable was also included

that described the total area of native vegetation

(Tozer et al. 2010) within a 1000 m radius, using

proportion cover, and that ignored the presence of the

highway within a buffer (NATIVE_VEG). This vari-

able therefore assessed habitat loss only. A 1000 m

buffer was used to assess relationships because it

likely encompassed the dispersal distances of the frog

species previously found in the study area (Daly

2014), and it has also been used in other studies that

assessed landscape predictors of amphibian distribu-

tions (e.g., Eigenbrod et al. 2008b; Hamer and Parris

2011). Positive associations between the amount of

vegetation in a 1000-m radius around a wetland and

the number of frog species have also been demon-

strated in areas of south-eastern Australia (Hamer and

Parris 2011; Smallbone et al. 2011). Road density (km

of road/km2; ROAD) was calculated for each wetland

site by summing the total length of roads in a 1000 m

radius around the wetland (Data Source: ‘Road

Network 1:25,000 [20 March 2013]’, NSW Roads

andMaritime Services) and done to assess the effect of

roads on species richness separately from habitat loss.

The distance from the centroid of each wetland to the

highway (HWY_DIST) was measured to also assess

road effects separately. Lastly, the distance from a

wetland to the nearest accessible wetland (centroid to

centroid) was calculated as a measure of spatial

proximity (DIST_WET), because some wetlands were

clustered and therefore not demographically indepen-

dent. ArcGIS 10.2.2 (Environmental Systems

Research Institute Inc., Redlands, California, USA)

was used to measure all landscape variables.

Local habitat variables

Previous studies of amphibian distributions have

highlighted the importance of local habitat factors in

addition to landscape variables (Pillsbury and Miller

2008; Hamer and Parris 2011). The following habitat

variables were therefore measured at wetlands during

January and November 2014, and February 2015:

proportion of the pond surface area covered by aquatic

vegetation (i.e., emergent, submerged vegetation and

floating vegetation; AQVEG) and electrical conduc-

tivity of water (EC). These two parameters were

measured as they have been shown in recent studies to

positively and negatively affect amphibian species

richness, respectively (Hamer and McDonnell 2008;

Hamer and Parris 2011; Kruger et al. 2015). Emergent

and submerged vegetation were defined as aquatic

vegetation that extended above or below the water

surface, respectively. Floating vegetation included

surface algae and rooted macrophytes. Water conduc-

tivity (lS/cm) was measured in 200 ml water samples

collected from 2 to 6 points around the wetland,*1 m

from the shoreline and at a depth of 5–10 cm using a

handheld electronic meter (Tracer Pocketester,
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LaMotte Company, Chestertown,Maryland, USA). No

water measurements were taken at dry wetlands.

Measurements were taken during the tadpole surveys

at each wetland. Hydroperiod and the presence of

predatory fish species are often important determinants

of amphibian community structure (Wellborn et al.

1996). The hydroperiod of each wetland (HYDRO)

was assigned as either ephemeral (1) or permanent (0).

Ephemeral wetlands were observed to dry down (i.e.,

\5 % of full water capacity) during at least one site

visit, whereas permanent wetlands retained water

throughout the study. The mean relative abundance

of predatory fish (FISH) was calculated at each wetland

using numbers of individuals captured in fish traps.

Predatory fish were those species recorded in the study

area that are known or suspected to eat frog eggs or

tadpoles (Pyke and White 2000) and included short-

finned eel (Anguilla australis), goldfish (Carassius

auratus), mosquitofish (Gambusia holbrooki), striped

gudgeon (Gobiomorphus australis), empire gudgeon

(Hypseleotris compressa), catfish (Arius sp.), and

perch (Perca sp.). Because wetland type may influence

the suitability of a waterbody as amphibian habitat

(Brand and Snodgrass 2010), eachwetland in this study

was assigned (WET_TYPE) as either a constructed

concrete pond (i.e., the eight replacement ponds for L.

aurea and two ornamental ponds; = 1), or a con-

structed or natural wetland composed of natural

substrate (e.g., farm dam, marsh, creek section; = 0).

The ten concrete ponds had vertical bank walls that

may deter occupancy by ground-dwelling frogs that

cannot climb vertical surfaces; such pond types support

lower species richness in some instances (Parris 2006).

The concrete ponds varied in their age of construction

from about three months prior to fieldwork commenc-

ing (replacement ponds) to greater than 20 years

(ornamental ponds). One ornamental pond was situated

2.7 km from the highway. The surface area of each

wetland (AREA) was calculated from digitised poly-

gons using ArcGIS.

Data analysis

Species richness was defined as the total number of

species detected during surveys for frogs and tadpoles

at each wetland over the two breeding seasons (2013/

2014 and 2014/2015). The bleating tree frog (Litoria

dentata) was excluded from the study due to the

ambiguity in its detection: on occasions it could be

heard calling up to 50 m from a wetland in surround-

ing vegetation; also L. dentata is an ephemeral pond-

breeder that is not likely to reproduce at most of the

wetlands included in this study.

I examined relationships between species richness

and the five landscape and six local habitat variables at

a wetland using Poisson regression modelling and

multi-model inference within a set of 37 models.

Firstly, I assessed six landscape models that each

contained one or two of four landscape variables

(ACC_HAB, NATIVE_VEG, ROAD and HWY_-

DIST) plus a constant and a spatial term. Because

some wetlands were located close together (e.g.,

\100 m) and frog species may be moving between

them, models accounted for spatial autocorrelation

between wetlands by containing the variable DIS-

T_WET. Calculation of Moran’s index in ArcGIS

indicated positive spatial autocorrelation of species

richness (Moran’s I = 0.38) thereby justifying inclu-

sion of a spatial variable in each model. I then assessed

ten local habitat models and 19 landscape ? local

habitat models that each contained three to five

variables. One model included DIST_WET only, and

a null model of ‘no effect’ was included that contained

a constant term only.

I examined the landscape and local habitat vari-

ables for multicollinearity using Spearman rank cor-

relation coefficients and excluded strongly correlated

variables (|rs| C 0.4) from the same model (Table S3).

DIST_WET was not included in models containing

the variable AREA due to a strong correlation between

the two variables (rs = 0.52). A conservative corre-

lation coefficient was used to discriminate between

weak and strong correlations to reduce the likelihood

of confounded explanatory variables biasing interpre-

tation of the models (Graham 2003). The following

variables were log10(x)-transformed: HWY_DIST,

DIST_WET, EC and AREA. The variable FISH was

log10(x ? 1)-transformed. HYDRO and WET_TYPE

were assessed as binary variables. Using Bayesian

inference, I identified relationships between species

richness and the variables in Poisson regression

models that included uninformative priors (mean and

precision [1/variance]) for the intercept term

(a * dnorm[0, 1.0 9 10-6]) and the regression coef-

ficients (beta[j] * dnorm[0, 1.0 9 10-6]) where j is

an explanatory variable. Models were limited to a

maximum of five explanatory variables given the

recommendation to restrict regression models to
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include one variable for every ten data points (Wintle

et al. 2005).

Models were run in OpenBUGS 3.2.2 (Spiegelhalter

et al. 2007) to generate 100,000 samples from the

posterior distribution of each model term, discarding

the first 10,000 samples as a ‘burn-in’. All explanatory

variables were centred by subtracting the mean from

each variable in an effort to minimise autocorrelation

between successive samples obtained from the Monte

Carlo Markov Chain algorithm. Three replicate Monte

Carlo Markov Chains were run for each model with a

suitable number of iterations so that convergence was

reached for all variables on the basis of the Brooks-

Gelman-Rubin statistic (i.e., R\ 1.05) and by visual

inspection of the chain histories. I used Bayesian

credible intervals (BCIs) from the 2.5th and 97.5th

percentiles of the distribution of each model term as

95 % credible intervals. The relative fit of the models

against model complexity was evaluated using the

Deviance Information Criterion (DIC; Spiegelhalter

et al. 2002). The best models were considered those

with a DDIC\2 (DDIC = DIC - DICmin, where

DICmin = lowest DIC value in the model set). Models

with aDDIC of 2–7were considered to have amoderate

level of support and any models with a DDIC[7 were

considered to be unsupported (McCarthy 2007).

Effect sizes were used to gauge the relative

performance of each variable in predicting species

richness at a wetland. Effect sizes enable an ecolog-

ically-meaningful comparison of confidence intervals

rather than relying on statistical significance, and

allow one to quantify the magnitude of effects and the

precision of their estimates (McCarthy 2007). I

calculated the multiplicative effect size (Ei) with

95 % BCIs of each variable on species richness across

the range of the variable. In Poisson regression, the

multiplicative effect is calculated as the exponent of

the standardised coefficient:

Ei ¼ exp bi � rangeið Þ;

where Ei is the multiplicative effect of variable i, bi is

the regression coefficient of variable i, and rangei is

the range of values for variable i. A multiplicative

effect size of one corresponds to no change in species

richness. Effect sizes[1 indicate a positive effect of

the explanatory variable on species richness, whereas

effect sizes\1 indicate negative effects. Uncertainty

in a mean effect size is denoted by a 95 % BCI that

overlaps one.

I assessed the dissimilarity of wetlands where frog

species were detected by calculating the Bray–Curtis

measure of compositional dissimilarity (Bray and

Curtis 1957), because wetlands may have identical

numbers of species but with different species compo-

sition. The Bray–Curtis measure produces a dissimi-

larity value (D) between 0 and 1 for each pair of

wetlands; D = 0 when two wetlands have identical

species, whereas D = 1 when two wetlands have no

shared species. Primer 5 (Clarke and Gorley 2001) was

used for calculations.

I conducted a redundancy analysis (RDA) to

examine the relationship between the composition of

species assemblages at wetlands and accessible habitat

and local habitat variables. An initial Detrended

Correspondence Analysis (DCA) was conducted that

showed the species had a linear relationship with the

explanatory variables, as the gradient lengths of four

axes were all \4 standard deviations. RDA is a

constrained ordination method that is used when

variables have a linear relationship with environmen-

tal gradients (McCune and Grace 2002), producing

axes that are linear combinations of environmental

variables (ter Braak 2000). The RDA ordination

diagram can be interpreted as a biplot where species

arrows (or centroids) and environmental arrows jointly

approximate the covariances between species and

environmental variables; the cosine of the angle

between the arrows of a species and a variable

represents an approximation of the correlation coef-

ficient between the two (ter Braak 2000). I included

data on species detections at each of the 52 wetlands

and seven explanatory variables: ACC_HAB, DIS-

T_WET, AQVEG, EC, HYDRO, FISH and WET_-

TYPE. The analysis was run using CANOCO 4 (ter

Braak and Šmilauer 1998) with a Monte Carlo

permutation test to determine the eigenvalues of the

first ordination axis and the sum of eigenvalues of all

canonical axes together (9999 permutations). Axes

with eigenvalues closer to one can be interpreted as

having stronger relative importance than axes with

smaller values. The variance inflation factors (VIF) of

the explanatory variables were all less than two, so the

seven variables were included in the same RDA. Three

species were excluded from the analysis because they

were each detected at only one wetland on a single

survey.

I estimated detection probabilities (d) for species

detected at more than one wetland based on a null
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model using logistic regression that accounted for

imperfect detection, with uninformative priors for the

constant (a * dnorm[0, 1.0 9 10-6]) and for detec-

tion probabilities when the species is present

(d[1] * dunif[0, 1]) using OpenBUGS 3.2.2. The

detection of a species at a wetland was ascertained

using all survey methods over the two breeding

seasons. Detection probabilities were then used to

calculate the minimum number of visits (Nmin)

necessary to be 95 % certain that a species is absent

(Pellet and Schmidt 2005):

Nmin ¼
logð0:05Þ
logð1� dÞ

Results

A total of ten frog species (excluding Litoria dentata)

were detected in the study area, with between one and

seven frog species detected at a wetland (mean, BCI:

4.4, 3.9–4.9). The most frequently detected species

were the striped marsh frog (Limnodynastes peronii)

and the dwarf tree frog (Litoria fallax), occurring at 90

and 88 % of the 52 wetlands, respectively (Table S4).

The remaining eight species were detected at 2–77 %

of the wetlands surveyed. All species detected were

pond-breeding with aquatic-developing larvae. Detec-

tion probabilities for seven species ranged from 0.15 to

0.68 (Table S4). Mean number of species detected in

wetlands constructed of concrete was 2.8 (BCI:

1.6–4.0) compared with 4.8 species (BCI: 4.3–5.3) in

non-concreted wetlands.

Model inference

Six models of species richness were the best-ranked

(DDIC \2): in addition to distance to the nearest

wetland, three models included one landscape vari-

able each (accessible habitat, road density and cover

of native vegetation) together with electrical conduc-

tivity, hydroperiod and wetland type (models 1, 4 and

5; Table 1). Model 6 contained two landscape vari-

ables (road density and distance to the highway).

Models 2 and 3 contained local habitat variables only;

wetland type was included in all models except model

6, while electrical conductivity was included in all but

model 2.

The remaining 31 models had DDIC values ranging

2.7–9.4; however, this set of models included the null

model of ‘no effect’ (DDIC = 4.4; model 12), which

suggests that they were no better than random in

predicting species richness. This set included models

containing only a single landscape variable (models

14, 17, 23 and 25), in addition to models that included

both cover of native vegetation and distance to the

highway (models 7, 15 and 22). Therefore, Models

7–37 can be regarded as having no relative importance

on species richness (i.e., no effect) based on multi-

model inference.

Landscape relationships

There was a clear and positive relationship between

species richness and distance to the highway, with a

multiplicative effect size of 1.66 (model 6; Fig. 2).

This finding predicts that, holding the other variables

constant, the wetland furthest from the highway would

have 1.66 times (i.e., nearly twice) the number of frog

species than the wetland closest to the highway. There

was also a positive relationship between species

richness and accessible habitat (Ei = 1.54), although

the BCI overlapped one slightly (Fig. 2). There was a

slightly smaller and more ambiguous relationship

between species richness and the proportion cover of

native vegetation (Ei = 1.43), whereas the relation-

ship with road density was negative and the BCIs

overlapped one widely (Fig. 2). There was no clear

relationship between species richness and distance to

the nearest wetland with all effect sizes close to one.

Local habitat relationships

There was a relatively strong negative relationship

between species richness and wetland type, with a

mean multiplicative effect size of 0.55–0.59 for

models 1 to 5 (Fig. 2). This translates to the prediction

that a concrete pond would only have around half the

number of species than a non-concreted pond. There

was also a strong negative relationship between

species richness and electrical conductivity, with a

mean multiplicative effect size of 0.42–0.56 across

five models (Fig. 2). The relationship with wetland

type was clear with no BCIs overlapping one, although

BCIs in four of the five models of conductivity slightly

overlapped one (Fig. 2). Hydroperiod had no clear

relationship with species richness.
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Table 1 Deviance information criterion (DIC) values for the 37 Poisson regression models of species richness at a wetland. Best-

ranked models (DDIC\2) are shown in bold

Model Variables DIC DDICa

1 Constant ACC_HAB DIST_WET EC HYDRO WET_TYPE 202.7 0.0

2 Constant DIST_WET WET_TYPE 202.9 0.2

3 Constant DIST_WET EC HYDRO WET_TYPE 203.5 0.8

4 Constant ROAD DIST_WET EC HYDRO WET_TYPE 203.6 0.9

5 Constant NATIVE_VEG DIST_WET EC HYDRO WET_TYPE 203.7 1.0

6 Constant ROAD HWY_DIST DIST_WET EC 204.6 1.9

7 Constant NATIVE_VEG HWY_DIST DIST_WET EC 205.4 2.7

8 Constant ACC_HAB DIST_WET HYDRO FISH WET_TYPE 205.6 2.9

9 Constant NATIVE_VEG DIST_WET HYDRO FISH WET_TYPE 205.6 2.9

10 Constant ROAD DIST_WET HYDRO FISH WET_TYPE 205.9 3.2

11 Constant DIST_WET HYDRO FISH WET_TYPE 206 3.3

12b Constant 207.1 4.4

13 Constant DIST_WET EC 207.4 4.7

14 Constant ACC_HAB DIST_WET 207.8 5.1

15 Constant NATIVE_VEG HWY_DIST DIST_WET FISH 208 5.3

16 Constant ROAD HWY_DIST DIST_WET FISH 208.3 5.6

17 Constant HWY_DIST DIST_WET 208.5 5.8

18 Constant ROAD HWY_DIST DIST_WET 208.6 5.9

19 Constant DIST_WET FISH 208.7 6.0

20 Constant DIST_WET 209 6.3

21 Constant ACC_HAB DIST_WET AQVEG EC HYDRO 209 6.3

22 Constant NATIVE_VEG HWY_DIST DIST_WET 209.2 6.5

23 Constant ROAD DIST_WET 209.2 6.5

24 Constant ACC_HAB AQVEG HYDRO FISH AREA 209.5 6.8

25 Constant NATIVE_VEG DIST_WET 210 7.3

26 Constant ACC_HAB DIST_WET AQVEG HYDRO FISH 210 7.3

27 Constant ROAD AQVEG HYDRO FISH AREA 210.1 7.4

28 Constant DIST_WET AQVEG 210.2 7.5

29 Constant NATIVE_VEG AQVEG HYDRO FISH AREA 210.3 7.6

30 Constant AQVEG HYDRO FISH AREA 210.9 8.2

31 Constant DIST_WET HYDRO 211 8.3

32 Constant ROAD DIST_WET AQVEG EC HYDRO 211.1 8.4

33 Constant DIST_WET AQVEG EC HYDRO 211.1 8.4

34 Constant NATIVE_VEG DIST_WET AQVEG HYDRO FISH 211.6 8.9

35 Constant ROAD DIST_WET AQVEG HYDRO FISH 211.6 8.9

36 Constant NATIVE_VEG DIST_WET AQVEG EC HYDRO 211.9 9.2

37 Constant DIST_WET AQVEG HYDRO FISH 212.1 9.4

ACC_HAB accessible habitat, total area of native vegetation within 1000 m radius accessible without crossing the highway,

NATIVE_VEG total area of native vegetation within 1000 m radius, ROAD road density, total length of roads within 1000 m radius,

HWY_DIST distance to the highway, DIST_WET distance to the nearest wetland, AQVEG proportion cover of aquatic vegetation, EC

electrical conductivity, HYDRO hydroperiod (ephemeral = 1; permanent = 0), FISH relative abundance of predatory fish,

WET_TYPE wetland type (concrete = 1; non-concrete = 0), AREA wetland surface area
a DDIC = DIC - minimum (DIC)
b Null model of ‘no effect’ (constant term only)
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Species composition

The species dissimilarity values (D) ranged from 0.76

at five wetlands with two species, to 0.00 at three sites

with seven identical species. The average D was 0.28

indicating that although the wetlands were not

identical in their species composition, there was a

high degree of similarity among them.

The first RDA axis (axis 1; eigenvalue = 0.166)

explained 16.6 % of the variability in the species data

and 60.9 % of the variability in the species-environ-

ment relationship. Axis 1 described a gradient from
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Fig. 2 Multiplicative effect sizes of a five landscape and

b three local habitat variables (means and 95 % credible

intervals) on amphibian species richness at wetlands in the

South Nowra area, Australia. Model numbers refer to models

presented in Table 1. ACC_HAB accessible habitat, NATIVE_-

VEG total area of native vegetation within 1000 m radius,

ROAD road density within 1000 m radius (numbers refer to

models 4 and 6); HWY_DIST distance to the highway. Only

effect sizes predicted from best-ranked models (DDIC\2) are

presented. Multiplicative effect sizes [1 indicate a positive

effect of the explanatory variable on species richness; effect

sizes\1 indicate negative effects
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wetlands with a high proportion of both accessible

habitat and diverse aquatic vegetation to wetlands

constructed of concrete (Fig. 3). Four species were

positively associated with accessible habitat and

aquatic vegetation (Crinia signifera, Limnodynastes

peronii, Litoria aurea and L. fallax), whereas all

species were negatively associated with concrete

ponds. Three species were not associated with axis 1

(Litoria peronii, L. tyleri and L. verreauxii). The

second RDA axis (axis 2) explained 4.7 and 17.5 % of

the variability in the species data and species-

environment relationships, respectively. Axis 2 repre-

sented a gradient from wetlands with high electrical

conductivity to concreted wetlands (Fig. 3); no

species were associated with axis 2.

Discussion

The results of this study demonstrated a positive

relationship between accessible habitat and species

richness and composition of an amphibian community

at wetlands near a major highway. There was also a

positive relationship between species richness and

distance to the highway, and a smaller uncertain

relationship with proportion cover of native vegeta-

tion. Models that included both cover of native

vegetation and distance to the highway had no relative

importance on species richness based on multi-model

inference. These results mirror those by Eigenbrod

et al. (2008b) in that accessible habitat was a better

predictor of amphibian species richness than total

remnant habitat in the landscape. Had accessible

habitat not been considered, based on effect sizes and

credible intervals there would be the mistaken con-

clusion that there was no relationship between species

richness and the amount of remnant native vegetation.

This result leads me to reiterate the finding of

Eigenbrod et al. (2008b) that failing to consider

accessible habitat will result in studies of habitat loss

and road effects that underestimate the effect of

habitat availability on species richness. This result also

highlights the importance of the availability of rem-

nant natural wetland and terrestrial habitats at the

landscape scale for maintaining amphibian diversity in

rapidly-developing landscapes.

The positive relationships between accessible habi-

tat and species richness and community composition

infers that the highway is having a barrier-effect on

species distributions in the study area, and that frog

populations are likely being negatively affected by

both habitat loss and roads. Mortality along the

highway caused by passing traffic is likely contribut-

ing to this barrier effect; for example, a road-killed

Litoria aureawas observed on the highway prior to the

upgrade in 2012 (J. Stokes pers. comm.). There are

Fig. 3 Redundancy analysis (RDA) biplot of the composition

of amphibian communities relative to accessible habitat,

distance to the nearest wetland and five local habitat variables

at 52 wetlands in the South Nowra area, Australia. Axis 1,

indicated by the heavy dashed line and heavy dot (accessible

habitat–wetland type), explained 60.9 % of variability in the

species-environment relationship. Species codes C. = Crinia;

Lim. = Limnodynastes; Lit. = Litoria
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two possibilities on how the highway is acting as a

barrier. Either, mortality rates while crossing are so

high that there is near-negligible exchange of individ-

uals across the highway, or that individuals are

deterred from attempting to cross the highway because

of road traffic or unsuitable terrain for movement.

Mortality rates of amphibians attempting to cross

motorways can be[90 % (Hels and Buchwald 2001),

and the probability of an amphibian being killed on a

road increases with higher traffic volumes (Fahrig

et al. 1995; Mazerolle 2004; Sutherland et al. 2010).

The positive relationship between species richness and

distance to the highway implies that there may be

other road-related impacts on species distributions.

Aside from barrier effects, there may be impacts from

traffic noise and indirect road effects within a ‘road-

effect zone’ (Trombulak and Frissell 2000; Eigenbrod

et al. 2009). However, distance to the highway was

strongly correlated with wetland type (Table S3), and

so the relationship with species richness may be

confounded by the stronger negative effect of concrete

ponds.

Four species were positively associated with acces-

sible habitat: two relatively large-bodied and vagile

species (Limnodynastes peronii and Litoria aurea) and

two small-bodied species (Crinia signifera and Litoria

fallax). Litoria aurea has been recorded moving up to

5 km within the study area (A.J. Hamer pers. obs.) and

is therefore likely to encounter roads while dispersing.

Carr and Fahrig (2001) suggested that more vagile

species may be more vulnerable to road mortality than

less vagile species. Although underpasses for L. aurea

have been installed at potential movement points

along the highway (e.g., along drainages), it is

unknown as to their effectiveness in facilitating

movement under the highway. The wide usage of

terrestrial habitats by Crinia signifera places it at

particular risk of fragmentation effects (Baker and

Lauck 2006); hence, its association with larger areas

of intact remnant habitat. Negative impacts on Crinia

signifera from the highway would likely occur due to a

barrier effect. Large-bodied tree frogs that were not

associated with accessible habitat (e.g., Litoria per-

onii) may be able to climb over fencing and access

habitats on the far side of the highway. However, road-

killed L. peronii have been observed on smaller roads

in the study area and so some mortality would be

expected if individuals attempt to cross the highway. It

is therefore likely that the highway is acting as a filter

for species movement rather than being a complete

barrier.

There were clear relationships between landscape

variables and species richness only when local habitat

factors were also considered in models. This result

underscores the importance of local habitat quality

together with landscape habitat availability for

amphibian communities. I found strong negative

relationships between wetland type and water con-

ductivity with both species richness and community

composition. Concrete ponds constructed recently as

replacement habitat for Litoria aureawere designed to

exclude ground-dwelling frogs such as Limnody-

nastes peronii which have the potential to introduce

chytrid fungus into wetlands (Stockwell et al. 2010).

Pond age would likely exclude species according to

their dispersal abilities and distance to source ponds,

and there can be temporal variation in amphibian

colonisation of replacement habitat near highways,

indicating species-specific colonisation ability and

habitat requirements (Lesbarrères et al. 2010). A

negative association between amphibian communities

and conductivity has been demonstrated in other

modified landscapes (Hamer and Parris 2011; Ficken

and Byrne 2013). In the study area, higher conductiv-

ity at wetlands in low-lying areas is likely the result of

groundwater infiltration, whereas high conductivity in

creeks likely results from road run-off. The results of

the RDA showed contrasting relationships among the

species pool in their response to local habitat vari-

ables, thereby highlighting the importance of using

complementary measures of community diversity to

account for species-specific habitat preferences within

amphibian communities (Hamer and Parris 2011). For

example, Litoria fallax was associated with highly-

vegetated wetlands whereas L. verreauxiiwas not. The

effects of landscape predictors in disturbed landscapes

are generally much stronger and clearer than are

predictors of local habitat, which are more likely to

vary between species (Price et al. 2004; Pillsbury and

Miller 2008; Smallbone et al. 2011). However in this

study, wetland type was a much stronger predictor of

species richness than landscape variables.

Although I aimed to include as many wetlands as

possible within 1000 m of the highway, it was not

possible to include all wetlands due to constraints on

site access; consequently there was a strong positive

correlation between the proportion of accessible

habitat and native vegetation (rs = 0.81). However,
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despite the correlation, there was a slightly larger and

clearer effect of accessible habitat on species richness.

Many wetlands had overlapping buffers, so landscape

predictor variables were not entirely independent.

While this has the potential to reduce the statistical

power to detect an effect (Eigenbrod et al. 2011), I still

found positive effects of accessible habitat and

distance to the highway on species richness in separate

models. Furthermore, variation in predictor variables

was high; site values of accessible habitat ranged from

0.00 to 0.93. There was no relationship between

species richness and distance to the nearest wetland,

which may be because not every wetland in the study

area was sampled, so that a non-sampled wetland may

have been located closer to a sampled wetland than its

nearest neighbour.

Twenty seven (52 %) of the landscape buffers

included the highway (c.f. 59 % in Eigenbrod et al.

2008b), so that accessible habitat within 1000 m of the

road was measured from around half the total sample

size. Within buffers that included the highway, and in

the majority of buffers elsewhere, the dominant

vegetation community was dry forest (Tozer et al.

2010). Therefore, the relationship observed between

accessible habitat in proximity to the highway and

species richness was derived on the amount of

terrestrial habitat surrounding wetlands, furthermore

underscoring the importance of non-breeding habitat

for amphibian communities, which can be used for

movement, shelter and foraging (Pope et al. 2000).

Finally, the present study was conducted in a peri-

urban area containing a diverse selection of wetland

types and other roads, whereas the Eigenbrod et al.

(2008b) study was conducted in a rural area contain-

ing one motorway and where wetlands considered

unsuitable for amphibian breeding were excluded

(e.g., fish hatcheries). Had Eigenbrod et al. (2008b)

included more wetland types the effect of accessible

habitat they observed may have become less signif-

icant if, for instance, quarry sites containing fish had

strong effects on species richness. This study also

demonstrated a much clearer relationship between

species richness and accessible habitat than with the

density of roads in both urban and rural areas.

Eigenbrod et al. (2008b) were unable to assess this

relationship because there were no roads other than

the highway within 1000 m of their sampling ponds

with traffic volumes that would present a barrier to

amphibian movement.

Management implications

While the results of this study suggest that the highway is

a near-complete barrier for movement by some frog

species, it is unclear whether the underpasses that were

installed as road mitigation are functioning as intended.

For instance, although they were installed during road

constructionwithin 6 months of fieldwork commencing,

there may be a time lag until they are used effectively by

some species.Hence, accessible habitatwas calculated as

if underpasses were not facilitating frog movement, and

so the highway was still considered to be a barrier. It is

probable that the highway was historically a barrier to

frog movement prior to the highway upgrade, as pre-

upgrade traffic volumes would be comparable to those

experienced post-construction despite the increased road

width and speed limit. Time lags in the response of some

species to road construction may further complicate our

ability to detect road effects on species (Findlay and

Bourdages 2000).

By assessing the effects of a major road together

with local habitat variables, this study demonstrated

that maintaining viable frog populations close to a

highway should focus on conserving wetland and

terrestrial habitats that can be accessed through

movement by a range of species. The ability of species

to access these breeding and non-breeding habitats

will be dependent on the creation or maintenance of

functional connectivity to ensure regional persistence

of species populations in areas bisected by roads.
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