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Abstract

Context The Brazilian Cerrado, a global biodiversity

hotspot, is being converted to agricultural production.

Amphibians in particular are susceptible to agricul-

tural practices that threaten both their wetland and

upland habitats. Although local site variables are

important for determining species occurrence, site

occupancy is also mediated by the broader landscape

and management context in which the site occurs.

Objectives Investigate the relative effects of broad-,

intermediate-, and local-scale factors on species

occurrence for pond-breeding anurans within different

landscapes across an agricultural-disturbance gradient

in the Cerrado.

Methods Ponds were surveyed for adult anurans

over 3 years within 18 landscapes (each 625 km2) that

varied in their degree of agricultural land use (land-

scape context). We analyzed species distribution

models for eight pond-breeding anurans, using hier-

archical binomial generalized linear models.

Results The broader landscape context had a signif-

icant effect on the incidence of pond-breeding anu-

rans, even after accounting for variation in other

environmental factors at more local (pond) or inter-

mediate (1-km2) scales. The top-ranked models for

most species included some combination of broad-,

intermediate- and local-scale factors, however. These

covariates influenced species occurrence in different

ways, with the response to agricultural disturbance

varying among species. Although some species were

negatively affected, others appeared to benefit from

agricultural activities that increased breeding habitat

(e.g., impoundments to provide water for cattle).

Conclusions Landscape context, the degree to which

landscapes have been transformed by agricultural land

use, has a major influence on the distribution of pond-

breeding anurans in the Brazilian Cerrado.

Keywords Amphibians � Habitat loss � Habitat
isolation � Grasslands � Land use � Species distribution
models � Scaling effects � Wetlands

Introduction

The probability that a species is present at a given site

(site occupancy or species occurrence) is dependent on

various landscape and environmental factors that
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GO 74001-970, Brazil

123

Landscape Ecol

DOI 10.1007/s10980-016-0376-8

http://dx.doi.org/10.1007/s10980-016-0376-8
http://crossmark.crossref.org/dialog/?doi=10.1007/s10980-016-0376-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10980-016-0376-8&amp;domain=pdf


operate across a range of scales. Although local site

variables are expected to be important determinants of

site occupancy, species occurrence may still be

mediated by the broader landscape context in which

the site occurs (Blevins and With 2011). For example,

agricultural and range-management practices are typ-

ically implemented at broad landscape or regional

scales, and can thus alter the suitability of whatever

native habitat remains within that landscape or region

(Carvalho et al. 2009). This may be caused by a

reduction in available habitat, owing to a decrease in

the amount and/or increasing isolation of habitat

remnants, and through more subtle changes that alter

ecological flows or functional linkages among habitat

remnants (Cushman 2006; Becker et al. 2007). Land-

use changes may alter the permeability or resistance of

the matrix to movement, thereby exacerbating isola-

tion-by-distance effects on dispersal, colonization

success, and gene flow among habitat remnants

(Chetkiewicz et al. 2006; Gilbert-Norton et al.

2010). Land-use change may also introduce new or

different stressors that decrease habitat suitability

(e.g., increased competition or predation, decreased

food availability), which can then lead to lower

abundance, higher mortality rates, and lower repro-

ductive success within habitat remnants (Becker et al.

2010; Baudron and Giller 2014). Subsequently, site

avoidance and local extinctions may reduce the

occurrence of the species across the landscape

(Nilsson et al. 2008; Becker et al. 2010). Thus, simply

mapping the availability of suitable habitat is unlikely

to be sufficient for evaluating a species’ probable

occurrence or distribution across the landscape, unless

due consideration is given to the broader landscape

context in which that habitat occurs (Blevins and With

2011; Scherer et al. 2012).

Landscape context is well known to influence

aquatic habitats (Naiman et al. 1993). Agricultural

land use may alter allochthonous inputs and nutrient

loads into these systems: some nutrient inputs may be

increased as a consequence of run-off (e.g., nitrogen

and phosphorus from fertilizers), others may be

substantially reduced (e.g., dead organic matter from

leaf litter or terrestrial insects that subsidize aquatic

food webs), and new threats (e.g., chemical pollutants

from herbicides and pesticides or the introduction of

predatory species, such as fish) may render entire

systems uninhabitable for a given species (Foley et al.

2005; Baudron and Giller 2014). Even if the apparent

availability of habitat is unaltered by land use (the

wetlands are still present), the suitability of these

habitats may have been compromised. Furthermore,

some wetland species, such as amphibians, have

different habitat requirements during different stages

of their life cycle (tadpoles vs. adults) or at different

times of the year (breeding vs. non-breeding season),

and thus wetlands must also be functionally connected

to other upland habitats (Pope et al. 2000). Agricul-

tural land use thus poses a double jeopardy for

amphibians, by impacting the suitability of both their

wetland and terrestrial habitats, as well as the possi-

bility that the altered land-use matrix may disrupt the

functional connectivity (dispersal and gene flow)

among these habitats (Becker et al. 2007, 2010).

The relationship between local- and landscape-

scale effects on site occupancy has previously been

explored for amphibians in temperate regions (e.g.,

Mazerolle and Desrochers 2005; Zanini et al. 2008;

Scherer et al. 2012; Cayuela et al. 2015), but not in

tropical regions. As the results among studies are quite

varied, few generalizations have yet emerged as to

which factors—and at what scales—influence site

occupancy in amphibians (Zanini et al. 2008). Some

studies have demonstrated the importance of land-

scape-scale factors (at both intermediate and broad

scales) on species occurrence (Mazerolle and Des-

rochers 2005; Birx-Raybuck et al. 2010; Collier et al.

2012; Scherer et al. 2012; Cayuela et al. 2015).

Specifically, many of these studies reinforce the

positive effects of wetland habitat amount and

connectivity (Scherer et al. 2012; Cayuela et al.

2015), as well as the negative effect of isolation

between ponds or riparian zones (Birx-Raybuck et al.

2010), on the occurrence of some amphibian species.

These findings do not mean that local variables are

unimportant to the occurrence and persistence of

amphibians, however, especially for species with

indirect development (i.e., possessing an aquatic larval

stage) in which the characteristics of the water body

are vital to their successful development and survival

(Scherer et al. 2012). Clearly, patterns of species

occurrence can be related to factors at local (pond),

intermediate (pond context) and broad (landscape

context) scales, but the intensity and the direction of

this relationship will vary depending on the species

(Cunningham et al. 2007).

In this study, we considered the relationship

between landscape context and site occupancy for
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pond-breeding frogs in the Brazilian Cerrado. The

Cerrado is a vast tropical savanna that covers about a

quarter of the land area in Brazil (*2 m km2), making

it the country’s second largest ecoregion after the

Amazon rainforest (Ratter et al. 1997). The Cerrado is

characterized by a variety of vegetation types, ranging

from open grasslands to dense woodlands (Oliveira

and Marquis 2002). Among the major habitat types

within the Cerrado are campo limpo (‘‘clean field’’),

campo sujo (‘‘dirty field’’), campo cerrado (‘‘closed

field’’), cerrado sensu stricto (woody savanna), and

cerradão (forest-like savanna). Gallery forests line the

streams and rivers, and a variety of wetland habitats

(temporary and permanent ponds, puddles, and

swampy areas) occur throughout the Cerrado (Felfili

1995). As a consequence of this habitat diversity,

the Cerrado supports a high level of biological

diversity, including 209 amphibian species (Valdujo

et al. 2012). Like many grasslands and savannas

around the world, the Cerrado is being used for

agricultural production, including cattle grazing,

which has intensified in recent decades owing to

government incentives (Ratter et al. 1997; Carvalho

et al. 2009; Sano et al. 2010). Nearly 50 % of the

Cerrado region has been converted to agricultural

land use (MMA-IBAMA 2011), and only about 8 %

of it is protected (MMA 2015).

To investigate the effects of landscape disturbance

on the occurrence of pond-breeding frogs in the

Brazilian Cerrado, we developed and analyzed species

distribution models, using binomial generalized linear

models, to evaluate various landscape and environ-

mental factors on site occupancy for eight species. Our

model analysis was designed to assess the relative

effects of broad-, intermediate-, and local-scale factors

on species occurrence in ponds within different

landscapes across an agricultural-disturbance gradient

in the Cerrado. We considered several hypotheses in

constructing our candidate set of models. At broad and

intermediate scales, a species’ probability of occur-

rence was expected to increase with the total amount

of native habitat in that landscape. Because of the

inverse relationship between the amount of native

habitat and agricultural land use, this hypothesis

enables us to assess landscape effects on species

occurrence across a disturbance gradient. Habitat

amount is not the only factor that might affect species

occurrence, however. Habitat-isolation effects are also

important, especially since many amphibians are

critically dependent on terrestrial habitats in close

proximity to their aquatic breeding sites (Becker et al.

2007). Amphibians may spend a majority of their adult

lives in upland habitats or utilize these during dispersal

(Cushman 2006). Increased isolation of both native

habitat remnants and water bodies is therefore

expected to disrupt habitat connectivity and negatively

influence site occupancy in pond-breeding anurans.

Finally, we consider the role that local environmental

factors play on the occurrence of anurans within their

breeding habitat (Werner et al. 2007). Local charac-

teristics of the breeding habitat (pond size and the

relative amount of emergent vegetation within or

along the edge of ponds) can play a significant role in

determining species occurrence, especially given the

physiological, ecological and behavioral constraints

that restrict dispersal ability in this group (Mazerolle

and Desrochers 2005; Titon et al. 2010).

Methods

Study area

Because of the vast extent of the Cerrado biome

(*2 million km2), we restricted our surveys to 18

landscapes (25 9 25 km = 625 km2), located in the

heart of the Cerrado region. Based on a systematic

grid-survey and landscape analysis of the region, we

selected landscapes that collectively represented a

gradient in landscape disturbance (Supplemental

Materials, Methods; Fig. S1). We used aerial pho-

tographs and field reconnaissance to identify ponds to

survey in each landscape. We selected ponds non-

randomly to ensure that a mix of sites were surveyed

within either a predominantly agricultural or native-

habitat context. In total, we surveyed 62 ponds within

a native-habitat context and 65 within an agricultural

context, although the broader landscape context

(degree of agricultural disturbance) ultimately con-

strained how many of each kind we could survey

within a given landscape (range 1–6 ponds/con-

text/landscape). To ensure independence among sites,

we selected ponds that were at least 1 km apart, as this

distance exceeds the maximum annual dispersal for

most anuran species (Smith and Green 2005). Thus,

we ultimately surveyed four to nine ponds in each

landscape, for a total of 127 ponds across all 18

landscapes (Fig. 1). The number of ponds surveyed in
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each landscape varied as a result of constraints on site

access and availability.

Anuran survey methods

Pond surveys were conducted during the rainy season

(October–March) between 2010 and 2013. Up to four

trained observers conducted anuran surveys in a given

year, with one observer (L. Signorelli) participating in

surveys all 3 years. Each observer was responsible for

surveying all ponds in a given landscape. To assess the

presence of individual species, observers spent 1 h at

each pond between the hours of 1900 and 2400. Adult

frogs were surveyed via a combination of acoustic and

visual means (Rödel and Ernst 2004), by walking

slowly around the pond and systematically searching

or listening for calling males (Heyer et al. 1994).

Target species

Of the 57 pond-breeding species we identified over the

course of the study, our analysis here is centered on

eight species that had an apparent occupancy of

20–85 % of ponds: Dendropsophus cruzi, D. nanus

(dwarf tree frog), D. rubicundulus (Lagoa Santa tree

frog), Hypsiboas albopunctatus (white-spotted tree

frog), Phyllomedusa azurea (southern orange-legged

leaf frog), Scinax fuscomarginatus (brown-bordered

snouted tree frog), Elachistocleis cesarii, and Lepto-

dactylus fuscus (whistling frog; Table S1). All eight of

Fig. 1 Landscapes

(n = 18) surveyed

throughout the state of Goiás

in central Brazil. The

locations of ponds surveyed

for anurans (n = 127) are

also indicated within the

individual landscapes. The

distribution of native

Cerrado habitat is

highlighted in gray
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these species depend on water to reproduce and are

considered to be open-habitat species. Three of these

species (D. cruzi, D. rubicundulus, and P. azurea) are

Cerrado endemics. We focused on species with at least

20 % apparent occupancy so as to minimize potential

biases in the estimation of species occurrence (Kendall

and White 2009).

Species distribution modeling and model selection

To model the influence of various covariates on

species distributions (probability of occurrence), we

adopted a hierarchical approach in which we first

developed and assessed a series of candidate models at

each of three scales (local, intermediate, or broad

scale) using binomial generalized linear models

(GLM). At the local scale, we included environmental

variables that may be directly influencing the occur-

rence of species within ponds. Previous research

indicated that vegetation in and around ponds was an

important correlate of anuran species diversity within

these Cerrado wetlands, more so than either pond area

or depth, probably because vegetation provides breed-

ing habitat and shelter (Becker et al. 2007; Vascon-

celos et al. 2009). We therefore focused on the

vegetation attributes of ponds as a local-scale factor

influencing site occupancy, which we characterized in

terms of the proportion of vegetation cover on the

water’s surface (pond-interior vegetation) and the

proportion of vegetation at the edge of the surveyed

pond (i.e., within 2 m of the water line; pond-edge

vegetation). Although our survey methods are gener-

ally considered sufficient for detecting pond-breeding

anurans (Pellet and Schmidt 2005), we also included

two covariates known to influence detection of these

species: air temperature (recorded at the end of each

pond survey; temperature) and the amount of rainfall

(recorded on the day of the survey; rain) in our

candidate model set, in an effort to account for factors

that might influence the apparent site occupancy of a

given species.

We defined intermediate-scale covariates in rela-

tion to the expected dispersal range of anurans.

Although we lack dispersal data for our target species,

we assumed a dispersal range of 1 km, consistent with

the reported dispersal range for most anurans (e.g.,

Houlahan et al. 2006; Gagné and Fahrig 2007). We

thus calculated the amount of native Cerrado habitat

within a buffer of 1 km around the centroid of each

pond (cover-1) using Fragstats 4.2 (McGarigal et al.

2012; Table S2). In addition, we calculated the

straight-line distance to the nearest pond (nearest

pond distance; Table S2) and assessed whether ponds

were obviously connected to other wetlands (pond

isolation) through a careful analysis of satellite

imagery (Google EarthTM). Ponds connected by

wetlands, creeks, streams or other water sources were

considered to be ‘‘connected,’’ whereas ponds sur-

rounded by agricultural land use or native habitats

(e.g., Cerrado sensu stricto, Cerradão, and other dry

habitat types) were considered to be ‘‘isolated.’’ The

latter ponds were either created to provide water for

livestock, or were ephemeral pools that formed only

during the wet season.

At the broadest scale (25 9 25 km2), we calculated

the proportion of native Cerrado habitat (cover-25)

and the mean straight-line nearest-neighbor distance

between native-habitat remnants (landscape configu-

ration; config-25) from a 2011 Landsat ETM ? satel-

lite image using Fragstats 4.2 (McGarigal et al. 2012;

Table S2). Because agriculture is the primary driver of

land-use change in this region (i.e., cattle grazing,

soybean, and sugar-cane production), we find that the

proportion of native habitat decreases, and the mean

nearest-neighbor distance between native-habitat rem-

nants increases, with increasing agricultural land use.

These covariates (cover-25 and config-25) thus corre-

late with the degree of landscape disturbance, and

provide the broader landscape context for assessing

species occurrence.

Prior to analysis, we calculated Pearson correlation

coefficients between all pairs of variables within each

scale (local, intermediate, and broad scales) out of

concern for possible collinearities. Only the cover and

configuration of native habitat at the broadest scale

(cover-25 and config-25) exhibited a significant cor-

relation (r = -0.26, P\ 0.003). This result was

expected, however, since habitat amount (cover) and

configuration tend to be linked (i.e., landscapes with a

large amount of habitat have larger patches that are

closer together than landscapes with little habitat), and

our study landscapes were specifically chosen to

represent a gradient in landscape disturbance that was

defined in terms of decreasing habitat cover and

increasing mean nearest-neighbor distance (Fig. S1).

Thus, we ended up using both variables because it was

not clear a priori which measure—cover or configu-

ration—might best explain how landscape disturbance
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influenced species occurrence in these pond-breeding

anurans.

The binomial GLM with a logit link function

(Eq. 1; Kindt and Coe 2005) provides a flexible

framework to describe how a dependent variable

(presence or absence of a given species) can be

explained by a range of explanatory variables

(Calcagno and de Mazancourt 2010). The logit link

is defined as:

logit lð Þ ¼ log
l

1� l

� �

¼ b0 þ b1 � xi1 þ b2 � xi2 þ � � � þ bn � xin;

ð1Þ

where l is the probability of the site being occupied,

xi1; xi2; . . .; xin are the values for the n covariates of

interest measured at the ith sampling unit, b0 is the

intercept term, and b1; b2; . . .; bn are the regression

coefficients that determine the effect of the respective

covariates. Because response and predictor variables

were standardized (i.e., converted to z-scores) prior to

analysis, bi is called the standardized partial regression

coefficient or beta weight (Abdi 2004). Beta weights

are comparable among covariates, and account for the

relative contribution by each covariates to the model

regression. Beta weights are ranked by each covari-

ate’s contribution to the model, and indicate how that

covariate is expected to influence the dependent

variable (e.g., whether they increase or decrease the

probability of species occurrence). We therefore

evaluated the beta weights from the global multi-scale

model for each species to assess the relative impor-

tance of each covariate on species occurrence.We also

analyzed the influence of covariates on species

occurrence separately by scale. For each scale, we

investigated the individual and additive effects of all

covariates measured at that scale, which required a

comparison of 16 candidate models at the local scale,

eight at the intermediate scale, and four at the broadest

scale.

Model selection was based on Akaike’s Informa-

tion Criterion (AIC), in which we identified the top-

ranked models with DAIC\2 at each scale (DAIC is

the difference in AIC with respect to the AIC of the

best candidate model). In addition, we calculated

model probabilities or Akaike weights (wi), which

give the relative weight of evidence in support of each

model, given the candidate set of models. In other

words, it provides the probability that a specific model

is the best for the observed data (Johnson and Omland

2004; Wagenmakers and Farrell 2004). The wi is

defined as:

wi ¼
expð� 1

2
� DiAICÞPk

k¼1 expð� 1
2
� DkAICÞ

ð2Þ

where
P

wi ¼ 1. Finally, to explore the combined

effects of these scale-dependent covariates on the

probability of species occurrence, we constructed a set

of candidate models containing just the covariates

from the top-ranked models at each scale (local,

intermediate, and broad) from our previous analyses.

We then used model-selection procedures to identify

the best multi-scale model(s) of site occupancy for

each of our eight target species. Models were

constructed and explored using package glmulti

(Calcagno and de Mazancourt 2010) and Biodiversi-

tyR (Kindt 2015) in the R statistical computing

environment.

Results

Based on the multi-scale analysis, which included just

the covariates from the top-ranked models at each

scale (DAIC = 0.0), we found that the top-

ranked multi-scale models for most species included

some combination of broad-, intermediate- and local-

scale factors. The exception was P. azurea, whose

occurrence was related to a single local-scale predictor

(pond-interior vegetation; Table 1). The broad-scale

covariates (cover-25 and/or config-25) explained the

occurrence of six of the eight target species (all but P.

azurea and S. fuscomarginatus; Table 1). Broad-scale

covariates had a greater influence on site occupancy

than either local or intermediate covariates for four of

these six species (i.e., beta weights were largest for

broad-scale covariates): D. cruzi, D. rubicundulus, E.

cesarii, and L. fuscus (Table 2). In other words, the

broader landscape context had a significant effect on

the occurrence of these pond-breeding amphibians,

even after accounting for variation in other environ-

mental factors at more local or intermediate scales

(Table S3). In the case of D. nanus and H. albopunc-

tatus, local- and broad-scale covariates were of equal

importance in explaining the occurrence of these

species. Given that covariates at different scales
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explained site occupancy in most of our species,

however, we next consider how covariates at a given

scale variously influenced species occurrence, focus-

ing on just those effects that had a significant

relationship with site occupancy (i.e., the 95 % CI of

beta weights does not include zero; Table 2).

Local-scale covariates

Local-scale covariates were in the top-ranked models

(DAIC\2.0) of most species, with the exception ofD.

cruzi and E. cesarii, whose occurrence was not

explained by any of the local-scale covariates

Table 1 Multi-scale, model-selection results for the probability of site occurrence by eight pond-breeding anurans in the Brazilian

Cerrado

Species models AIC DAIC wi

Dendropsophus cruzi

1, cover-25, config-25, cover-1, pond isolation 335.3 0.00 0.38

1, cover-25, config-25, pond isolation 336.0 0.66 0.28

D. nanus

1, config-25, pond-edge vegetation, temperature 344.6 0.00 0.92

D. rubicundulus

1, cover-25, pond-interior vegetation 359.0 0.00 0.19

1, cover-25, pond-interior vegetation, rain 359.5 0.47 0.15

1, cover-25, pond-edge vegetation, pond-interior vegetation 359.7 0.69 0.13

1, cover-25, pond-edge vegetation, pond-interior vegetation, rain 360.1 1.10 0.11

1, cover-25 360.8 1.85 0.08

Hypsiboas albopunctatus

1, pond isolation, nearest pond distance, cover-25, config-25, cover-1, pond-interior vegetation, rain,

temperature

317.3 0.00 0.38

1, pond isolation, cover-25, config-25, cover-1, pond-interior vegetation, rain, temperature 318.7 1.43 0.19

Phyllomedusa azurea

1, pond-interior vegetation 362.7 0.00 0.60

1 363.5 0.78 0.40

Scinax fuscomarginatus

1, nearest pond distance, pond-interior vegetation, rain, temperature 351.6 0.00 0.19

1, pond isolation, nearest pond distance, pond-interior vegetation, rain, temperature 351.8 0.12 0.18

1, pond isolation, nearest pond distance, pond-interior vegetation, rain 352.4 0.78 0.13

1, nearest pond distance, pond-interior vegetation, rain 352.5 0.87 0.12

Elachistocleis cesarii

1, config-25, cover-1 358.9 0.00 0.55

1, cover-1 360.6 1.64 0.24

Leptodactylus fuscus

1, config-25 347.4 0.00 0.70

1, config-25, pond-edge vegetation 349.0 1.65 0.30

Only the top-ranked models (DAIC\2) for each species are presented

Landscape Ecol

123



T
a
b
le

2
T
h
e
st
an
d
ar
d
iz
ed

p
ar
ti
al

re
g
re
ss
io
n
co
ef
fi
ci
en
ts
(b
et
a
w
ei
g
h
ts
)
an
d
9
5
%

co
n
fi
d
en
ce

in
te
rv
al
s
(l
o
w
er

co
n
fi
d
en
ce

le
v
el
;
u
p
p
er

co
n
fi
d
en
ce

le
v
el
)
ac
ro
ss

th
e
g
lo
b
al

m
u
lt
i-

sc
al
e
m
o
d
el
s
fo
r
co
v
ar
ia
te
s
u
se
d
to

d
et
er
m
in
e
si
te

o
cc
u
rr
en
ce

b
y
p
o
n
d
-b
re
ed
in
g
an
u
ra
n
s
in

th
e
B
ra
zi
li
an

C
er
ra
d
o

L
o
ca
l-
sc
al
e
co
v
ar
ia
te
s

In
te
rm

ed
ia
te
-s
ca
le

co
v
ar
ia
te
s

B
ro
ad
-s
ca
le

co
v
ar
ia
te
s

T
em

p
er
at
u
re

R
ai
n

P
o
n
d
-e
d
g
e
v
eg
et
at
io
n

P
o
n
d
-i
n
te
ri
o
r
v
eg
et
at
io
n

N
ea
re
st

p
o
n
d
d
is
ta
n
ce

P
o
n
d
is
o
la
ti
o
n

C
o
v
er
-1

C
o
v
er
-2
5

C
o
n
fi
g
-2
5

D
en
d
ro
p
so
p
h
u
s
cr
u
zi

-
0
.1
9

-
0
.3
6
;
-
0
.0
1

-
0
.1
4

-
0
.3
1
;
0
.0
3

-
0
.3
8

-
0
.5
8
;
-
0
.1
9

-
0
.2
2

-
0
.3
9
;
-
0
.0
5

D
.
n
a
n
u
s

0
.2
7

0
.1
1
;
0
.4
4

0
.2
5

0
.0
8
;
0
.4
2

0
.2
7

0
.1
0
;
0
.4
4

D
.
ru
b
ic
u
n
d
u
lu
s

-
0
.1
2

-
0
.2
9
;
0
.0
6

0
.1
1

-
0
.0
7
;
0
.2
9

-
0
.1
7

-
0
.3
5
;
0
.0
0

0
.2
0

0
.0
2
;
0
.3
7

H
yp
si
b
o
a
s
a
lb
o
p
u
n
ct
a
tu
s

-
0
.2
8

-
0
.4
4
;
-
0
.1
3

-
0
.1
6

-
0
.3
1
;
-
0
.0
2

0
.1
9

0
.0
4
;
0
.3
4

0
.1
4

-
0
.0
1
;
0
.2
9

-
0
.2
8

-
0
.4
4
;
-
0
.1
1

-
0
.2
1

-
0
.3
7
;
-
0
.0
5

-
0
.2
2

-
0
.4
0
;
-
0
.0
3

-
0
.2
8

-
0
.4
5
;
-
0
.1
1

P
h
yl
lo
m
ed
u
sa

a
zu
re
a

-
0
.1
5

-
0
.3
2
;
0
.0
3

S
ci
n
a
x
fu
sc
o
m
a
rg
in
a
tu
s

-
0
.1
4

-
0
.3
1
;
0
.0
3

-
0
.2
2

-
0
.3
8
;
-
0
.0
5

0
.1
9

0
.0
2
;
0
.3
6

0
.1
9

0
.0
3
;
0
.3
6

-
0
.1
3

-
0
.2
9
;
0
.0
4

E
la
ch
is
to
cl
ei
s
ce
sa
ri
i

-
0
.1
7

-
0
.3
4
;
0
.0
0

0
.1
9

0
.0
2
;
0
.3
6

L
ep
to
d
a
ct
yl
u
s
fu
sc
u
s

-
0
.0
6

-
0
.2
3
;
0
.1
1

0
.3
6

0
.1
9
;
0
.5
3

S
ig
n
ifi
ca
n
t
b
et
a
w
ei
g
h
ts

(i
.e
.,
co
n
fi
d
en
ce

in
te
rv
al
s
th
at

d
id

n
o
t
o
v
er
la
p
ze
ro
)
ar
e
h
ig
h
li
g
h
te
d
in

b
o
ld
fa
ce

Landscape Ecol

123



(Table 1). For three species, emergent vegetation

(pond-interior vegetation) was significantly related

(95 % CI for beta weights does not include 0; Table 2)

to their probability of occurrence in either a positive

(H. albopunctatus and S. fuscomarginatus; Fig. 2a, b)

or negative (D. rubicundulus; Fig. 2c) fashion. In

contrast, the occurrence of D. nanus was positively

correlated with the amount of vegetation along the

pond’s edge (pond-edge vegetation; Table 2; Fig. 2d).

In addition, air temperature significantly increased the

apparent occurrence of D. nanus, but significantly

decreased the occurrence of H. albopunctatus,

(Table 2; Fig. 2e, f). Rainfall was negatively related

to the occurrence of both S. fuscomarginatus and H.

albopunctatus (Table 2; Fig. 2g, h).

Intermediate-scale covariates

The probability of occurrence for four species was

found to be correlated with covariates assessed at an

intermediate scale (1 km around ponds; Table 1). One

of these four species (H. albopunctatus) exhibited a

significant negative relationship with the amount of

native habitat (cover-1,[50 % probability of occur-

rence when cover\40 % = z-scores\0.5; Table 2;

Fig. 3a). The occurrence of two species, D. cruzi and

H. albopunctatus, exhibited a negative correlation

with the isolation of ponds from other water sources

(pond isolation), meaning that site occupancy was

more likely in isolated ponds. Finally, the occurrence

of S. fuscomarginatus increased with increasing

Fig. 2 Probability of occurrence for anurans in the Brazilian

Cerrado as a function of local-scale covariates: proportion of

emergent vegetation within ponds for a Hypsiboas albopunc-

tatus, b Scinax fuscomarginatus, and c Dendropsophus rubi-

cundulus; proportion of pond-edge vegetation for dD. nanus; air

temperature for e D. nanus and f H. albopunctatus; and, rainfall
for g Scinax fuscomarginatus and hH. albopunctatus. Predicted

values (line) and the 95 % confidence interval (dashed lines) are

depicted from the binomial GLM models for each species
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distance between ponds ([50 % occupancy

when[270 m nearest pond distance = z-scores[ 0;

Table 2; Fig. 3b).

Broad-scale covariates

The probability of occurrence for all but two species was

significantly correlated with one or both of the broad-

scale landscape factors (25 9 25 km2; Table 2). Two

species (D. cruzi and H. albopunctatus, Fig. 4a, b)

exhibited a negative relationship with mean distance

between native-habitat remnants (config-25), but three

other species (D. nanus, E. cesarii, and L. fuscus) were

positively correlatedwith thismeasure (Table 2; Fig. 4c,

e). In addition, the occurrence of three species was either

positively (D. rubicundulus) or negatively (D. cruzi and

H. albopunctatus) influenced by the amount of native

Fig. 4 Probability of occurrence for anurans in the Brazilian

Cerrado as a function of broad-scale covariates: mean distance

between native-habitat patches (config-25) for aDendropsophus
cruzi, b Hypsiboas albopunctatus, c D. nanus, d Elachistocleis

cesarii, and e Leptodactylus fuscus; and, proportion of native

habitat within 625-km2 landscapes for f D. cruzi, g H.

albopunctatus, and h D. rubicundulus. Predicted values (line)

and the 95 % confidence interval (dashed lines) from the

binomial GLM models are depicted for each species

Fig. 3 Probability of occurrence for anurans in the Brazilian

Cerrado as a function of intermediate-scale covariates: propor-

tion of native habitat within 1-km2 landscapes surrounding

ponds for a Hypsiboas albopunctatus; and, nearest pond

distance for b Scinax fuscomarginatus. Predicted values (line)

and the 95 % confidence interval (dashed lines) are depicted

from the binomial GLM models for each species
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habitat on the landscape (cover-25; Table 2; Fig. 4f, h).

Thus, the incidence of D. rubicundulus was higher

within landscapes having abundant native habitat

([50 % probability of occurrence when cover

[60 % = z-scores[1.8; Fig. 4h), whereas D. cruzi

and H. albopunctatus occurred mainly in landscapes

that had a low proportion of native habitat (D.

cruzi:[50 % occupancy when\16 % native cov-

er = z-scores\-0.93, Fig. 4f; H. albopuncta-

tus:[50 % occupancy when\44 % native cover = z-

scores\0.83; Fig. 4g), but in which habitat remnants

were still fairly close together (D. cruzi:[37 % occur-

rence when patch distance\1.6 km = z-scores

\-1.3; Fig. 4a; H. albopunctatus:[50 % occurrence

when patch distance\3.5 km = z-scores\0.2,

Fig. 4b). In contrast, the incidence of D. nanus, E.

cesarii andL. fuscus increased as a function of increasing

patch distance ([50 % occurrence when patch dis-

tance[5.4 km = z-scores[2; Fig. 4c, e).

Discussion

Landscape context exerted a major influence on the

distribution of most of the pond-breeding anurans we

studied in the Brazilian Cerrado. For six of our eight

target species, landscape factors were as or more

important (based on relative beta weights) than the

local- or intermediate-scale variables describing the

pond habitat and surrounding environment (i.e., within

a 1-km radius of ponds). This finding is all the more

surprising given that the landscape context of these

small wetlands was assessed at a very broad scale, in

terms of the overall amount and configuration of

native Cerrado habitat. Of the two broad-scale land-

scape factors, landscape configuration—the average

distance between native-habitat remnants—had a

greater effect on species distributions than native-

habitat area (based on their relative beta weights).

Habitat configuration was featured in the top-ranked

models of five species (D. cruzi, D. nanus, H.

albopunctatus, E. cesarii, and L. fuscus), whereas the

amount of native habitat was featured in the top-

ranked models of three species (D. cruzi, D. rubicun-

dulus, and H. albopunctatus). It is worth noting that

two of these species influenced by landscape context

(D. cruzi and D. rubicundulus) are also Cerrado

endemics (Valdujo et al. 2012). Given that our

assessment of landscape context captures the relative

degree to which landscapes have been converted to

agricultural land use, we suggest that agricultural

practices related to cattle grazing and cash-crop

production are influencing the occurrence of these

pond-breeding anurans in the Cerrado.

Landscapes altered by agricultural and grazing

practices may reduce species occurrence by creating a

more open, drier environment that puts amphibians at

increased risk of evaporative water loss and desicca-

tion (Cosentino et al. 2011; Watling and Braga 2015).

Amphibians are especially vulnerable to evaporative

water loss because they require environmental mois-

ture to maintain gas exchange (Wells 2007). For

example, H. raniceps, a species from the H. albop-

unctatus group (Faivovich et al. 2005), was found to

suffer greater evaporative water loss in open savanna

than in forest. Thus, a susceptibility to desiccation may

well be important in determining an anuran’s response

to habitat loss and the isolation of habitat remnants

(Watling and Braga 2015), even in species that are

considered habitat generalists (La Marca et al. 2004),

including the Cerrado species we studied. Consistent

with our expectations, then, the occurrence of D.

rubicundulus increased with native-habitat cover,

whereas the occurrences of both D. cruzi and H.

albopunctatus were negatively influenced by the

increasing isolation of native-habitat remnants. The

occurrence of H. albopunctatus has previously been

shown to exhibit a negative relationship with the

increasing isolation of forest fragments in an agricul-

tural region of southeastern Brazil (São Paulo state;

Prado and Rossa-Feres 2014).

Still, not all anurans responded as expected to this

landscape-disturbance gradient in the Cerrado. The

occurrence of three species (D. nanus, E. cesarii, and

L. fuscus) was positively associated with increasing

distance among habitat remnants, whereas the occur-

rence of three other species (D. cruzi, H. albopunc-

tatus, and E. cesarii) was negatively related to the

proportion of native-habitat cover on the landscape.

Many anurans found within the South American Dry

Diagonal region (Werneck et al. 2012), which is

formed by the Caatinga, Cerrado, and Chaco biomes,

are habitat generalists that possess reproductive

strategies that minimize the risk of desiccation (Prado

and Rossa-Feres 2014). Although most of the species

we studied from the Cerrado region have a generalized

mode of reproduction, in that they lay their eggs

directly in water (D. cruzi, D. nanus, D. rubicundulus,
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H. albopunctatus, E. cesarii, and S. fuscomarginatus),

others lay their eggs in vegetation above water (P.

azurea lays its eggs on leaves, which it folds to form a

closed nest) or underground (L. fuscus lays its eggs in

foam nests in underground chambers at the margins of

ponds) to prevent desiccation (Haddad and Prado

2005), and so may not be especially sensitive to broad-

scale landscape changes resulting from grazing and

agricultural land use. The Cerrado is by definition an

open habitat, and thus pond-breeding anurans associ-

ated with this biome might be less susceptible to

human-modified landscapes than, for example, forest-

interior species. Species such as D. nanus, H. albop-

unctatus, E. cesarii, and L. fuscus are known to be

tolerant of human disturbance (IUCN 2015), and

might actually be benefiting from agricultural land-use

activities that create small or temporary water bodies

that can be used for breeding (e.g., cattle watering

holes, roadside ditches, and skidder ruts; da Silva et al.

2011; De Marco et al. 2013).

Even for species that exhibited a positive associa-

tion with more-intact Cerrado landscapes, however,

the occurrence of these species had less to do with the

amount of native habitat than the configuration of

those habitats on the landscape. Although habitat loss

is generally expected to have a deleterious effect on

the distribution and abundance of amphibians (Riley

et al. 2005; Rubbo and Kiesecker 2005), the config-

uration of terrestrial habitats may be a more important

determinant of species occurrence for pond-breeding

amphibians (Cayuela et al. 2015). Fragments of native

habitat, independent of their size, could help facilitate

dispersal across the landscape (e.g., habitat stepping

stones) or provide other resources, such as suit-

able habitat during the non-breeding season or forag-

ing areas in close proximity to breeding ponds (da

Silva and Rossa-Feres 2011). In addition, wetlands

within landscapes that have experienced less agricul-

tural conversion may have better water quality

(something we did not measure directly), as a conse-

quence of less runoff, for example (De Marco et al.

2013). Thus, the occurrence of species in heavily

disturbed landscapes dominated by agricultural land

use does not mean that these species will be able to

persist in those landscapes (i.e., that populations are in

fact viable). Wetlands within a predominantly agri-

cultural context could function as ecological traps

(Rotem et al. 2013), which is a possibility that should

be addressed by future research on anurans in the

Cerrado.

Although the occurrence of most pond-breeding

anurans we studied was predominantly influenced by

landscape context, factors at the local and intermediate

scales were also important to some species. Indeed, the

occurrence of P. azureawas best explained by a single

local-site variable (pond-interior vegetation). The

occurrence of D. rubicundulus was negatively associ-

ated with vegetation inside the pond, reflecting the

preference of this species for open water. Dendropso-

phus rubicundulus and P. azurea are widely dis-

tributed throughout the Cerrado (Napoli and

Caramaschi 1999; Silva et al. 2011), and thus might

be expected to occur in a wide variety of pond habitats.

We do know that P. azurea can be found in open areas

within native Cerrado habitats as well as in highly

disturbed environments elsewhere (e.g., Nomura et al.

2012; Bruschi et al. 2013), which reinforces the results

of our occupancy model analysis.

At the intermediate scale, isolation of water bodies

was expected to disrupt habitat connectivity and

negatively influence site occupancy in these pond-

breeding anurans. Our results do not support that

prediction, however. We found that the incidence of

just one species (S. fuscomarginatus) was related to

the nearest pond distance, and in that case, the

association was a positive one (i.e., site occupancy

increased with increasing nearest-pond distance). An

increase in species occurrence as a function of

increasing pond isolation was also found for five frog

species (D. elianeae, D. minutus, Pseudis platensis, S.

fuscovarius, and E. bicolor) in an agricultural region in

southeastern Brazil, a region characterized by frag-

ments of semi-deciduous forest and savanna sur-

rounded by a matrix of agricultural land use (Prado

and Rossa-Feres 2014). It may be that isolated ponds

that are not hydrologically connected to other water

sources can better prevent the establishment of

predators, such as fish (Scheffer et al. 2006). Further,

pond isolation-by-distance is a relative concept, and it

may be that the observed inter-pond distances do not in

fact limit movement and dispersal for these species.

Unlike true oceanic islands, habitat patches (e.g.

ponds) in terrestrial landscapes are not surrounded by

a uniformly hostile matrix. Thus, species attempting to

move through the matrix may still find habitat in which

to live and reproduce (Prugh et al. 2008), such as in
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ephemeral water sources, for example. We therefore

should not expect pond isolation to have a consistent

effect across species. Moreover, we did not assess the

amount and configuration of native Cerrado habitat

among breeding ponds. ‘‘Habitat split,’’ the degree to

which wetlands are isolated from terrestrial habitats, is

linked to lower amphibian richness in the Atlantic

forest, for example (Becker et al. 2007, 2010), where

humans settlement are concentrated next to water

sources (Fonseca et al. 2013). Habitat split results in a

disconnection between habitats needed by adults

(forests) and their aquatic larvae (ponds and streams),

which compels individuals to travel farther through

the intervening matrix to reach breeding sites and/or

resources, leading to lower dispersal success, colo-

nization rates, and thus, species occurrence (Becker

et al. 2007). Future research should thus assess the

effect of habitat split on amphibian species from open

areas, like the Cerrado and in other savannas and

grasslands.

Conclusions and implications

Conservation for pond-breeding anurans typically

focuses on the local-site level (the pond), and although

that might still be necessary, especially for species like

P. azurea whose occurrence was only linked to local-

site variables, the results of our analysis highlight the

importance of managing the broader landscape con-

text. Landscape context had a significant effect on the

occurrence of most of the pond-breeding species we

studied in the Brazilian Cerrado. Much of this effect

was due to the configuration of native-habitat rem-

nants rather than the amount of native habitat remain-

ing on the landscape. Because the Cerrado is

undergoing widespread conversion to agricultural

land use, our results suggest that agricultural practices

are influencing the occurrence of these species.

Contrary to general expectations, however, agricul-

tural land use had contrasting effects on species, with

the occurrence of some species actually increasing in

response to the degree of landscape disturbance. This

does not mean that agriculture per se is beneficial to

these species, only that these species may be tolerant

of the sorts of disturbances created by agriculture or

can utilize habitats created as a byproduct of agricul-

tural land use (e.g., cattle watering holes).

This nevertheless poses something of a conserva-

tion dilemma (Prado and Rossa-Feres 2014), in which

management recommendations for one species might

well conflict with another. As mentioned previously,

many of our target species are widespread and habitat

generalists (Table S1), and are therefore expected to

occur in a wide variety of habitats, including human-

modified ones. In developing management recom-

mendations, we might therefore focus on just those

species that have more specialized habitat require-

ments and/or are Cerrado endemics, bearing in mind

that the fact a species is currently widespread does not

guarantee its long-term persistence. For example,

although Physalaemus cuvieri is a common and

widely distributed pond-breeding frog from the Cer-

rado region, habitat loss has been shown to have a

negative effect on the population genetic structure of

this species (Telles et al. 2007).

Therefore, if we use our model results for two

Cerrado endemics (D. cruzi and D. rubicundulus) as a

guide, since the occurrence of both species was strongly

affected by landscape context, it would be ideal if future

land use could minimize isolation among native-habitat

remnants by keeping these clustered and within 1.6 km

of each other (i.e., the threshold distance at which D.

cruzi exhibited greatest site occupancy). Developing a

recommendation for the amount of native habitat to

maintain is admittedly more difficult, given the con-

flicting response of these species to native-habitat cover

(i.e., the occurrence of D. rubucindulus increased, but

that ofD. cruzi decreased,with increasingnative-habitat

cover) and the large size of the landscapes considered

(625-km2), which likely exceeds the scale of manage-

ment by individual landowners. It might therefore be

best to maintain a diversity of landscapes across the

region, in which the amount of native-habitat cover

varies, but is reduced to no less than 16 % of the total

landscape (the threshold level at which D. cruzi had

50 %occupancy)but ideallywould be farmore than this

in other landscapes (e.g., D. rubicundulus did not

achieve[50 % occupancy unless there was[60 %

native-habitat cover). According to Brazilian environ-

mental law (12.651/12), landowners are supposed to

maintain at least 20 % of native vegetation on private

lands (Brasil 2012). Based on our analysis, this amount

of native habitat may be reasonable for some species

(e.g., D. cruzi), but would clearly be insufficient for

others (D. rubicunduls).
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As in many tropical regions of the world, research

on anurans in the Brazilian Cerrado is still in its

infancy. We lack basic information on the distribution

and possible threats to most of these pond-breeding

species. Species distribution modeling at least offers

one way of exploring the threat posed by land-use

change, such as from the agricultural conversion of the

Cerrado, to the expected occurrence of these species in

the meantime.
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técnicaMMA/IBAMA.Monitoramento do bioma Cerrado:

2008–2009. http://www.mma.gov.br/estruturas/sbf_chm_

rbbio/_arquivos/relatoriofinal_cerrado_2010_final_72_1.

pdf. Accessed Oct 2015

Naiman RJ, Decamps H, Pollock M (1993) The role of riparian

corridors in maintaining regional biodiversity. Ecol Appl

3:209–212

Napoli MF, Caramaschi U (1999) Geographic variation of Hyla

rubicundula andHyla anataliasiasi, with the description of

a new species (Anura, Hylidae). Alytes 16:165–189

Nilsson SG, Franzén M, Jönsson E (2008) Long-term land-use

changes and extinction of specialised butterflies. Insect

Conserv Diver 1:197–207

Nomura F, Maciel N, Pereira E, Bastos RP (2012) Diversidade
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Erratum 

The axes in Fig. 2 are incorrect, and thus I have attached the corrected figure. 
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