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Abstract

Context Although amphibian distributions are as-

sociated with environmental moisture at global and

local scales, less is known about how desiccation

tolerance influences landscape distributions of

amphibians.

Objectives We evaluated two hypotheses linking

amphibian distributions in a fragmented tropical forest

landscape to desiccation risk. The patch quality

hypothesis predicts that desiccation-prone species

are absent on small forest patches, which are generally

warmer and drier than large patches. Alternatively, the

matrix effects hypothesis suggests that desiccation-

prone species are absent on isolated forest patches

surrounded by open savanna because they will be

unable to traverse the matrix in which patches occur.

Methods We quantified interspecific variation in

desiccation proneness using field-based desiccation

trials, and tested for associations between desiccation

proneness and distributions of amphibians in frag-

mented forest in northeastern Bolivia.

Results Rates of evaporative water loss were

negatively associated with an index of dispersal

limitation, but unrelated to species’ area requirements.

Conclusions By demonstrating that desiccation-

prone species do not occur on isolated forest patches,

we provide clear support for the matrix effects

hypothesis. We suggest that desiccation proneness is

a key trait that may determine amphibian responses to

a range of global change drivers, including habitat loss

and fragmentation, invasive species, and climate

change.

Keywords Connectivity �Conservation physiology �
Movement � Permeability � Trait � Water loss

Introduction

Amphibians are the most threatened group of terres-

trial vertebrates (Stuart et al. 2004), with habitat loss

and modification contributing most significantly to

their extinction risk (Bickford et al. 2008).
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Understanding the traits associated with species

responses to global change is an urgent conservation

priority (Sodhi et al. 2008). Compared with other

groups of terrestrial vertebrates, amphibians are

vulnerable to evaporative water loss because they

require environmental moisture to maintain gas

exchange (Duellman and Trueb 1994), cultivate

bacterial symbionts associated with immuno function

(Rollins-Smith et al. 2011), and protect their eggs

which lack an insulating shell (Martin and Carter

2013). Because amphibians are prone to desiccation

(Wygoda 1992; Toledo and Jared 1993), the avail-

ability of environmental moisture is a key determinant

of both large-scale distributions (Duellman 1999;

Belmaker and Jetz 2011; da Silva et al. 2013) and fine-

scale microhabitat selection (Wygoda 1984; Young

et al. 2005). Although the influence of desiccation

resistance on amphibian distributions is relatively

well-established at large geographic scales (i.e.,

1,000,000 km2 and larger), and very fine scales (i.e.,

\1 ha, or 0.01 km2), associations between desicca-

tion resistance and landscape-scale distributions (i.e.,

1–1000 km2) of amphibians are less clear. Some data

suggest that landscape distributions of amphibians

may also correlate with desiccation resistance. For

example, Pough et al. (1977) demonstrated that native

Eleutherodactylus in Jamaica were desiccation-prone,

and limited to relatively cool and moist habitats,

whereas more resistant, invasive congeners were most

abundant in disturbed, open areas. In another study,

plaster salamander models indicated that desiccation

rates were greater on southwest-facing ridges than in

ravines in forest in Missouri, USA (Peterman et al.

2013), corroborating observed patterns of Plethodon

salamander distribution and genetic diversity across

the landscape (Peterman and Semlitsch 2014; Peter-

man et al. 2014).

If evaporative water loss in amphibians is generally

greater in open compared with forested habitats

(Rothermel and Semlitsch 2002; Cosentino et al.

2011), it may be expected that desiccation-prone

species would have more restricted distributions in

fragmented landscapes than resistant species. Inter-

specific variation in desiccation resistance may influ-

ence the distribution of amphibians in fragmented

landscapes in at least two non-mutually-exclusive

ways: by mediating species responses to patch quality

and/or affecting use of matrix habitat in which patches

are embedded. We refer to these ideas as the patch

quality and matrix effects hypotheses respectively,

and elaborate on the two hypotheses below.

Patch quality hypothesis

Changes in patch quality in fragmented landscapes

often arise via edge effects, because small forest

patches have more edges (Fletcher 2005; Ewers et al.

2007), and therefore higher temperatures (Barbosa

et al. 2010), increased wind disturbance (Laurance

et al. 2002), and lower humidity (Matlack 1993) than

large, intact patches. The abiotic conditions in small,

low-quality patches may create inhospitable condi-

tions for desiccation-prone species. We would con-

sider a significant positive relationship between

evaporative water loss (a metric of desiccation prone-

ness) and the minimum patch size in which species are

encountered to be consistent with the patch quality

hypothesis, because only resistant species will occur

on small patches, with desiccation-prone species

limited to relatively large, high-quality forest patches.

Matrix effects hypothesis

Desiccation resistance may influence how species use

the matrix separating habitat patches, because

relatively open vegetation types such as grassland

may induce high rates of water loss that limit inter-

patch movements (Rothermel and Semlitsch 2002;

Cosentino et al. 2011; Nowakowski et al. 2013; Lee-

Yaw et al. 2015). When the matrix is relatively xeric,

isolated patches may be unavailable for either initial

colonization or demographic rescue by desiccation-

prone species. In landscapes dominated by xeric

matrix types, we would consider a significant negative

relationship between interspecific rates of evaporative

water loss and isolation of the most distant patch in

which species were found to be consistent with the

matrix effects hypothesis. According to this hy-

pothesis, the association between desiccation prone-

ness and dispersal limitation arises because only

resistant species will colonize isolated forest patches.

We evaluated evidence in support of either the

patch quality or matrix effects hypothesis by combin-

ing previously-published information on area and

isolation effects on 10 amphibian species in a

fragmented landscape in northeastern Bolivia, with
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new data on desiccation resistance. We used field-

based desiccation trials to measure interspecific

variation in evaporative water loss during the early

dry season at the study site, the time of year most

conducive to dispersal of post-metamorphic indi-

viduals (Watling et al. 2009). We conducted desicca-

tion trials in both savanna and forest to determine

whether desiccation rate varied between habitats. We

also tested for associations between estimates of

desiccation proneness for the 10 amphibian species

and their landscape distribution at the study site, using

metrics describing both minimum area requirements

and dispersal limitation to differentiate between the

patch quality and matrix effects hypotheses.

Methods

All field data were collected at the El Refugio-

Huanchaca biological station in northeastern Bolivia

(14045 S 61000 W, hereafter El Refugio). El Refugio is

located in a climate and biogeographic transition zone

where the moist forests of the Amazon meet and

intergrade with dry forests and savannas characteristic

of the extra-Amazonian Cerrado and Gran Chaco

biomes. The landscape at El Refugio includes moist

forest and seasonally-flooded savanna interspersed

with forest islands (Fig. 1). The study site borders the

large Noel Kempff Mercado National Park, and is

relatively undisturbed. The forest islands at El Refugio

do not result from recent forest clearance, but have

been part of the landscape for decades to centuries, as

evidenced by their unchanged appearance in aerial

photographs dating back at least 50 years (JIW pers.

obs; also see Mayle et al. 2007). The forest islands

(hereafter referred to more generally as forest patches)

included in this study ranged in size from 0.64 to

8.0 ha, and were isolated from continuous forest by

5–4820 m.

Faunal sampling

The field protocols used to describe landscape distri-

butions for the 10 amphibian species at El Refugio are

detailed elsewhere (Watling and Donnelly 2008;

Watling et al. 2009) and synopsized here. Between

September 2002 and March 2004, JIW used pitfall and

funnel traps (Corn 1994) to sample amphibians and

reptiles in continuous forest, forest patches, and

seasonally-flooded savanna at El Refugio. Pitfall trap

arrays in continuous forest and forest patches consist-

ed of 8 m straight-line traps (expanded to 12 m in

January 2003) with four buckets sunk in the ground,

connected with a plastic fence running the length of

the array. Large forest patches (2.5–8.0 ha, N = 12)

were sampled with two arrays, whereas small forest

patches (0.64–2.5 ha, N = 11) were sampled with a

single array. Five pairs of traps were sampled in

continuous forest using paired drift fences as described

for forest patches. Seasonal flooding in the savanna

precluded the use of sunken pitfall traps, so we used

12 m funnel trap and drift fence arrays for faunal

sampling at four locations. Sampling throughout the

landscape exceeded 10,000 trap days, with oppor-

tunistic encounters supplementing species counts from

the pitfall and funnel trap dataset. Asymptotic species

accumulation curves and few new species observa-

tions in subsequent years indicate that the 2002–2004

sampling was relatively complete.

Desiccation trials

Desiccation trials took place in the same landscape

where faunal sampling occurred 10 years previously.

Trials were conducted between approximately

0900–1200 h in June 2012 and June 2013 using a

protocol modified from previous studies of field-based

measurements of evaporative water loss in amphibians

(Rothermel and Luring 2005; Mazerolle and Des-

rochers 2005). Although some amphibians at the field

site are diurnal, most are primarily nocturnal. We

chose to measure desiccation resistance during day-

time trials because we assume that at least some

dispersing individuals are likely to encounter daytime

conditions in the matrix. Many forest patches at El

Refugio are separated from their nearest neighbor by

hundreds of meters, a long distance for many

amphibian species (Smith and Green 2005), and one

unlikely to be traversed in\12 h.

Animals were obtained in the field via opportunistic

hand capture or from drift-fence arrays with pitfall

traps installed in forest and at the forest-savanna

ecotone at El Refugio. Prior to the initiation of field

trials, we measured snout-vent length (SVL) of each

animal to the nearest mm and placed individuals in

plastic containers with ca. 100 mL of water for an hour

to achieve full hydration. After the hour-long hydra-

tion period, individual animals were wiped with a
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moist cloth to remove excess moisture from the body,

squeezed gently to remove bladder water, and weighed

to the nearest 0.1 g (0.01 g in 2013) using a portable

electronic balance. This measurement represents each

animal’s pre-treatment, fully hydrated mass. Indi-

viduals were immediately placed on the ground either

in the savanna or on a forest island. Individuals were

held in place with a piece of 10 cm diameter PVC pipe

cut to approximately 20 cm in length and partially

buried in the ground around the animal. Each pipe was

fit with a 1 mm2 plastic mesh top to prevent the animal

from escaping, while ensuring its exposure to ambient

environmental conditions. Desiccation trials lasted

2 h, after which individuals were again weighed to the

nearest 0.1 or 0.01 g for a post-treatment mass

measurement. Individuals were then placed in a

container with water and leaf litter and returned to

their point of capture as soon as possible after the

conclusion of the trial. Two hour trials were used

because longer trials may have resulted in potentially

lethal rates of water loss for some species. We always

tested individuals of multiple species during concur-

rent trials on a single morning, and tested multiple

individuals of a species during different trials

(mornings) so that variation in abiotic conditions

during trials was shared among species as much as

possible.

Desiccation trials were conducted in both savanna

and forest habitats in 2012. In 2013 we conducted

additional trials in the savanna for some species

encountered in 2012, but focused on measuring

desiccation resistance for species not found the

previous year. The only difference in the protocol

between years was that in 2013 we used a balance with

greater precision (0.01 g) than in 2012. Across both

years, we ran desiccation trials for 102 individuals of

10 species. However, observations for 12 individuals

of three species indicated an increase rather than a

decrease in mass during trials, a result that we attribute

to measurement error or incomplete expulsion of

bladder water prior to the commencement of trials.

Those individuals were removed from analyses,

leaving 90 individuals of 10 species, with observations

for 62 individuals of all 10 species in savanna, and 28

individuals of seven species in forest (Table 1).

We measured soil moisture (N = 10 samples per

year) in the area where trials took place using a

Decagon EC-5 moisture sensor. Air temperature and

Fig. 1 Satellite map of the El Refugio-Huanchaca biological station in northeastern Bolivia. Grey areas are forested and white

indicates seasonally-flooded savanna. The approximate location of the study area in Bolivia is indicated by a black dot on the insetmap
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humidity were recorded at the beginning and end of

each trial using a Traceable digital hygrometer.

Data analysis

We calculated the change in an individual frog’s body

mass observed as a result of the desiccation trial as

masspre-treatment–masspost-treatment. The change in mass

observed during the desiccation trial was the divided

by mass pre-treatment to provide an estimate of propor-

tional change in body mass, the term we used to

describe desiccation resistance (i.e., species that lose a

lower proportion of their body mass during the trials

are more resistant to desiccation than species that lose

a greater proportion of body mass). We did not

transform our metric of desiccation resistance, be-

cause inspection of the Q–Q plot for desiccation

resistance indicated normality (confirmed by a non-

significant Shapiro–Wilk test, W = 0.959,

p = 0.771), and recent literature suggests no need to

transform proportion data if normality assumptions are

met (Warton and Hui 2011).

Minimum area and dispersal limitation indices

We described landscape distributions of individual

amphibian species at El Refugio using previously-

published data from faunal sampling in 2002–2004

Table 1 Field-based estimates of evaporative water loss in savanna and forest expressed as a proportion of pre-treatment body mass

for 10 amphibian species in northeastern Bolivia

Species Snout-vent length

(mm)

Proportional loss in body mass

(sample size)

Minimum area

index

Dispersal limitation

index

Savanna Forest

Microhylidae

Elachistocleis ovalis 28.50 ± 2.13 0.060 ± 0.032

(3)

0.010 ± 0.010

(2)

2.230 0.950

Strabomantidae

Pristimantis peruvianus 32.50 ± 0.50 0.136 ± 0.030

(2)

2.230 0.605

Hylidae

Dendropsophus punctatus 29.00 ± 0.58 0.039 ± 0.039

(2)

0.00 (1) 2.174 1.109

Hypsiboas raniceps 42.70 ± 2.42 0.061 ± 0.040

(3)

0.026 ± 0.008

(2)

1.082 1.035

Bufonidae

Rhinella margaritifera 27.90 ± 0.82 0.099 ± 0.021

(16)

0.038 ± 0.021

(6)

0.890 0.779

Leptodactylidae

Physalaemus albonotatus 20.70 ± 0.90 0.077 ± 0.035

(7)

0.018 ± 0.018

(5)

1.034 0.605

Pseudopaludicola

boliviana

11.30 ± 0.25 0.008 ± 0.008

(8)

1.914 0.958

Leptodactylus elenae 38.00 0.071 (1) 1.205 0.955

Leptodactylus

podicipinus

26.60 ± 1.49 0.042 ± 0.020

(6)

0.033 ± 0.019

(4)

1.033 1.029

Leptodactylus

leptodactyloides

26.20 ± 0.96 0.062 ± 0.017

(14)

0.028 ± 0.018

(8)

1.561 0.959

Values of the minimum area and dispersal limitation indices were obtained from a previously-published analysis of distribution

patterns in the same landscape where desiccation trials were conducted. Large values of the minimum area index indicate species

with large area requirements, whereas low values of the dispersal limitation index indicate the most dispersal limited species. Means

are presented ± 1 SE
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(Watling et al. 2009). Species distributions were

described using odds ratios from logistic regression

equations relating species presence and absence to

area and isolation of the forest patches. Odds ratios

describe the change in the likelihood of the response

variable (presence) with each unit change in the

predictor variable (forest island area or isolation). For

presence-isolation relationships, odds ratios less than

one indicate that the likelihood of species presence

decreases with isolation, whereas odds ratios greater

than one indicate that the likelihood of species

presence increases with isolation. Because low values

of the odds ratio for the presence-isolation relationship

indicate dispersal limitation, we refer to those values

as a dispersal limitation index. Presence-area relation-

ships are interpreted in a manner similar to presence-

isolation relationships, with odds ratios greater than

one indicating that the likelihood of presence increases

with area. We therefore refer to the odds ratio of the

presence-area relationship as the minimum area index.

One species (Pristimantis peruvianus) was observed

in continuous forest at El Refugio, but never on forest

patches. Pristimantis peruvianus is associated with

relatively moist Amazonian forest throughout its

geographic range (Hedges et al. 2008), and insofar

as we know, is confined to continuous forest at the

study site. To include P. peruvianus in analyses

relating desiccation resistance to landscape distribu-

tions, we assigned that species the lowest observed

values for the dispersal limitation index (Physalaemus

albonotatus, 0.605) and the highest value of the

minimum area index (Elachistocleis ovalis, 2.230).

Testing the patch quality and matrix effects

hypotheses

We tested whether desiccation resistance was greater

in the savanna than the forest using a one-tailed t test

assuming unequal variance. The assumption of

unequal variance was confirmed by a significant

Bartlett test (T = 8.532, df = 1, p = 0.003), so the

degrees of freedom for the t-test were determined

using the Welch approximation. Our general approach

for evaluating evidence for the patch quality and

matrix effects hypotheses used linear mixed effects

models that included a fixed effect of desiccation

resistance and a random effect of body size. The

inclusion of body size as a random effect was

prompted by the observation that desiccation

resistance may vary with body size (Spight 1968;

Withers et al. 1984). We tested for a significant effect

of individual SVL on desiccation resistance in our

dataset using simple linear regression. Support for the

patch quality hypothesis was evaluated using a mixed

effects model that included the minimum area index as

the response variable, with a fixed effect of desiccation

resistance and a random effect of body size. Support

for the matrix effects hypothesis was evaluated using a

mixed effects model that included the dispersal

limitation index as the response, with fixed and

random effects as described above. Significance of

the linear mixed effects models was tested by calcu-

lating the likelihood ratio between the full model and a

reduced model with fixed effect removed. A sig-

nificant likelihood ratio combined with lower de-

viance of the full model indicates significance of the

fixed effect being tested (Crawley 2012). We used

only results from savanna trials for hypothesis testing

because our hypotheses invoke desiccation resistance

to explain species responses to fragmentation, and the

low rates of water loss and little interspecific vari-

ability observed in forest trials (Table 1) indicated that

forest was not a desiccating environment. We opted

against the use of a phylogenetically-constrained

regression approach to analyze the desiccation data

because preliminary data analysis indicated that

desiccation resistance did not vary among species

(F9,52 = 1.40, p = 0.214). Linear mixed effects mod-

els were implemented in package lme4 (Bates et al.

2015), and all other analyses were conducted using the

base package in R (R Development Core Team 2014).

Means are presented ± 1 SE.

Results

Soil moisture in the savanna averaged 44.0 % ± 0.02

in 2012 and 44.9 % ± 0.02 in 2013. Soil moisture in

the forest averaged 13.0 % ± 0.05 in 2012. Tem-

perature and humidity were also similar in both years,

ranging from 28.6 to 35.0 �C and 50.0–79.2 % rH.

Analyzing all species together, evaporative water

loss was greater in the savanna (mean proportional

loss in body mass = 0.066 ± 0.07) than in the forest

(0.026 ± 0.04; t = -3.25, df = 76.83, p\ 0.001).

The same general trend was apparent when comparing

average evaporative water loss in savanna and forest

on a species-by-species basis (Table 1). There was a
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marginally non-significant effect of snout-vent length

on desiccation resistance (F1,60 = 3.61, p = 0.062),

corroborating our decision to include individual SVL

as a random effect in models evaluating the patch

quality and matrix effects hypotheses. However, the

result was in the opposite direction of that usually

reported, with greater desiccation resistance for

smaller-bodied individuals compared with larger

individuals (Supporting Information Fig. S1).

There was no relationship between desiccation

resistance and the minimum area index (v2 = 1.68,

df = 1, p = 0.196), indicating that species with large

area requirements were not more prone to desiccation

than species encountered on small forest patches.

There was a negative relationship (slope = -0.579)

between rates of evaporative water loss and the

dispersal limitation index (v2 = 5.65, df = 1,

p = 0.017, conditional R2 = 0.350; Fig. 2), indicat-

ing that dispersal-limited species were more prone to

desiccation than more widespread species.

Discussion

Our data indicated that the most desiccation-prone

species were dispersal-limited on forest patches in

northeastern Bolivia, and are therefore consistent with

the matrix effects hypothesis. Although several au-

thors have suggested that desiccation resistance may

be an important trait in determining how species

respond to habitat loss and fragmentation (Kolozsvary

and Swihart 1999; Rothermel and Luring 2005;

Rittenhouse et al. 2008) our study clearly connects

desiccation proneness to species distributions in a

fragmented forest landscape. As expected, we found

that overall decreases in body mass associated with

evaporative water loss were greater in the savanna

than in the forest. Somewhat unexpectedly, we found

that desiccation rates were greater for larger indi-

viduals than smaller ones, primarily because the

smallest species in our sample (Pseudopaludicola

boliviana) was widespread in the landscape. Our work

highlights the importance of a key physiological trait

in determining landscape-scale distributions of am-

phibians, and may have important implications for

understanding how amphibians respond to a variety of

global change stressors.

Habitat loss and fragmentation transform land-

scapes dominated by native vegetation into mosaics of

different land types varying in characteristics such as

degree of human impact and vegetation cover (Fahrig

2003). Species extirpations in fragmented landscapes

often disproportionately affect species sharing traits

such as small body size or aversion of the matrix in

which habitat patches are embedded (Gascon et al.

1999; Henle et al. 2004; Watling and Donnelly 2007).

Our study demonstrates that desiccation proneness is a

trait that can be important in determining amphibian

responses to patch isolation. Although the significant

association between evaporative water loss and dis-

persal limitation suggests that desiccation resistance

was more important in mediating matrix movements

than responses to patch area in the study landscape in

Fig. 2 a Species experiencing high rates of evaporative water

loss are dispersal limited (low values of the index indicate

dispersal limitation) in a fragmented tropical forest landscape in

Bolivia. b There was no relationship between evaporative water

loss and species minimum area requirements (high values of the

index indicate larger area requirements). Mean values of water

loss are presented ± 1 standard error, and expected relation-

ships are indicated in the grey inset at the top right of each plot
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northeastern Bolivia, we expect that the patch quality

hypothesis may be supported in other fragmented

landscapes where area, rather than isolation, is the

primary determinant of community responses

(Watling and Donnelly 2006).

The observation that desiccation-prone species do

not occur on isolated forest patches is consistent with

the matrix effects hypothesis, but more work is

necessary to understand how desiccation risk mediates

organism distributions in fragmented landscapes. For

example, the matrix effects hypothesis assumes that

colonization rates on distant forest patches are greatest

for desiccation-resistant species. We therefore expect

that desiccation-prone species would be less likely to

cross forest boundaries into xeric matrix types (i.e.,

they have lower gap-crossing tendencies) and move

shorter distances in the matrix (Cline and Hunter

2014) compared with resistant species, but lack data

with which to test those expectations. Movement rates

and stamina may also interact with desiccation

resistance to determine whether species are present

on isolated patches in fragmented landscapes. Pre-

sumably, desiccation risk increases with time spent in

the matrix. If desiccation-prone species increase

movement rates in unsuitable habitat (Rosenberg

et al. 1998), they could accumulate less desiccation

risk than more resistant, slower moving species.

Future studies should investigate how motility, stami-

na, and desiccation resistance interact with environ-

mental conditions such as the availability of micro-

refugia in the landscape (i.e., shrubs, burrows, termite

mounds or other stepping stones; Joseph et al. 2011;

Reid and Lortie 2012) to influence colonization rates

of isolated forest patches.

It is likely that other physiological traits in addition

to desiccation risk may also provide insight into the

mechanistic underpinnings of landscape distribution

patterns. For example, researchers are increasingly

interested in how interspecific variation in high and

low thermal tolerances may influence adaptation to

climate change (Calosi et al. 2008; Duarte et al. 2012).

Given the high spatial variation in temperatures

associated with fragmented landscapes (Barbosa

et al. 2010), thermal tolerances may also influence

species responses to habitat fragmentation and modifi-

cation. Available evidence suggests that even relative-

ly closely-related species may differ in their response

to desiccation along thermal gradients, with some

species exhibiting greater desiccation resistance at

higher temperatures, and others more resistant at lower

temperatures (Beuchat et al. 1984). However, more

data are needed to understand how thermal tolerance

and desiccation resistance covary among species, and

how these traits influence species distributions in

modified landscapes.

Populations of some amphibian species exist as

metapopulations linked by dispersal (Smith and Green

2005), and the current study suggests that dispersal

limitation of some species may be influenced by

desiccation risk. If desiccation risk is a reliable

predictor of dispersal limitation, it may determine

the degree to which amphibians exist as metapopula-

tions, at least when patches are surrounded by high-

resistance matrix habitat. Dispersal is critical to

establishing new populations in vacant patches (Hast-

ings and Harrison 1994) and preventing extirpation of

small populations (Brown and Kodric-Brown 1977;

Sinsch 1997) in occupied patches. This study suggests

that desiccation risk may influence colonization of

isolated patches in a fragmented landscape, implying

that a key physiological trait may influence population

and genetic structure in amphibians (Hillman et al.

2014).

Our observation that the landscape distribution of

amphibians was associated with interspecific variation

in desiccation resistance suggests that desiccation

resistance may also mediate amphibian responses to

other stressors such as climate change and invasive

species. Many tropical areas, where amphibian rich-

ness is concentrated, are expected to become warmer

and drier over the course of the twenty-first century

(Cox et al. 2004; Beaumont et al. 2011, although there

are substantial uncertainties in tropical climate pro-

jections, Jupp et al. 2010). These warmer and drier

conditions may alter habitat quality for species in

much the same way as posited for habitat patches by

the patch quality hypothesis, although potentially at a

much larger spatial scale (Salazar et al. 2007). Another

major threat to biodiversity, invasive species, may also

influence distributions of native organisms by altering

abiotic conditions in invaded habitats (Ehrenfeld

2010). For example, spotted knapweed decreases soil

moisture where it invades (Fraser and Carlyle 2011),

and invasive trees in South Africa reduce river flows in

invaded cachements (Le Maitre et al. 2002). Although

we are not aware of studies attributing altered

distributions of amphibians to environmental drying

associated with plant invasion, synergies among land
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use alteration, invasive species and climate change

almost certainly increase the likelihood of such

impacts (Didham et al. 2007; Brook et al. 2008;

Nepstad et al. 2008). It remains to be seen whether

species can mitigate the negative effects of an

increasingly dehydrating environment by adapting to

new conditions (Lavergne et al. 2010).

To conclude, our use of field-based desiccation

trials coupled with analysis of species responses to

patch area and isolation gradients in a fragmented

landscape revealed that desiccation prone species

are dispersal limited and largely absent on isolated

forest patches. We suggest that interspecific varia-

tion in desiccation resistance may be a key trait

that helps explain amphibian responses to habitat

loss and fragmentation, the maintenance of

metapopulation structure, and potential effects of

other global change drivers such as invasive species

and climate change.
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