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Abstract Invasive species may affect community

diversity in several ways, causing species loss at local

scales and promoting either biotic homogenization

among sites within a region or increases in beta

diversity among regions. If these losses or additions

are restricted to specific functional groups or clades, it

could mean the loss or modification of an ecosystem

process, and cause important changes in native

community structures. In this study, we assessed

whether a bullfrog invasion is related to diversity

changes in Atlantic Forest anuran communities. We

compared communities from invaded and non-

invaded sites, and tested for differences in composi-

tion and in the variability of composition, at both

taxonomic and phylogenetic levels. The potential

influence of pond and habitat features in our results

was also assessed. We also tested if bullfrog invasion

is promoting nestedness. We found no differences

among anuran compositions from 57 invaded and non-

invaded sites, across the three regions studied, either

for taxonomic or for phylogenetic data. Habitat

descriptors partially explained taxonomic composi-

tion. The taxonomic and phylogenetic compositions

were also similar regarding dispersion variability. In

addition, invaded sites did not show nested composi-

tions from non-invaded sites. In sum, our results do not

support the hypothesis that bullfrog invasion caused

changes in diversity patterns of anuran communities.

Our results contrast with studies conducted in other

regions of the world, where invasive populations of

bullfrogs seem to affect local native communities. In

those places, bullfrogs find congeneric or confamilial

species, which may be more affected by the invasion.

In the Atlantic Forest, bullfrogs find suitable climatic

conditions, and may face low biotic resistance since

they find no congeneric species. These conditions may

allow bullfrogs to coexist with native species without

changes in diversity.

Keywords Phylo-betadiversity � Invasion �
Amphibians � Lithobates catesbeianus

Introduction

Species introduced into a new environment may affect

the native diversity in several ways, ranging from
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decreases in native species fitness to complete changes

in ecosystem functioning (Simberloff et al. 2005;

Pyšek and Richardson 2010). In some cases, however,

no apparent ecological effects have been detected,

generally when the alien species fails to achieve

invasive status (Blackburn et al. 2011; Zenni and

Nuñez 2013). Of special concern are the pathways by

which invasions may alter the diversity of native

communities, and the consequences for community

structure and ecosystem functioning (Olden and Poff

2003). For instance, invasions could lead to species

loss or community enrichment, and both processes can

profoundly alter community structure (Olden and Poff

2003; Sax and Gaines 2003; Winter et al. 2009).

Invasions may cause species loss at local scales,

decreasing local (alpha) diversity. This effect on local

diversity might also result in biotic homogenization,

causing an increase of similarity in composition between

invaded sites (Duncan et al. 2003; Ricciardi 2007). Biotic

homogenization is likely to take place in a scenario where

invaded sites present the same set of species, composed

mostly of resistant species. These invaded sites, harbor-

ing resistant species, may also constitute nested compo-

sitions compared to non-invaded sites. Such community

nestedness is likely to occur because non-invaded sites

can support a more varied composition, including both

resistant and susceptible species.

Studies of the effects of alien species on local

diversity have usually focused on the potential changes

of species composition and/or species loss (e.g., Qian

and Ricklefs 2006; Lockwood 2006; Piazzi and Balata

2008; Stenert et al. 2012; Trentanovi et al. 2013).

However, the vulnerability of a community to invasion

could be more closely associated with its phylogenetic

and functional diversity (Cianciaruso et al. 2009;

Winter et al. 2009). Species that have co-occurred for

long periods tend to be controlled by the same resource

constraints and biotic interactions and to show some

degree of divergence (Tilman 2004). Therefore, if

species losses are restricted to certain functional

groups or specific clades, the impacts on community

structure are expected to be worryingly severe, and

could mean the loss of an ecosystem process and/or of

a historically-molded relationship (Winter et al. 2009).

Furthermore, invasive species that are distantly phy-

logenetically related to species of native communities

may take advantage of their distinct life-history traits,

which may constitute a novelty in the invaded sites,

and successfully establish new populations and attain

high invasive status (Strauss et al. 2006). Accordingly,

the phylogenetic structure of invaded communities and

its relatedness to the invasive species are important

issues to be addressed in studies on communities

facing invasions.

In this study, we tested whether an invasive species

can affect community composition at taxonomic and

phylogenetic levels, by studying anuran pond com-

munities from Atlantic Forest areas invaded by

American bullfrogs (Lithobates catesbeianus). The

bullfrogs are native to North America, but are invasive

in more than 40 countries (Lever 2003). In some

invaded sites, bullfrogs have displaced native amphib-

ians and have been linked to species losses (Kraus

2009). Bullfrogs were introduced into the Brazilian

Atlantic Forest in 1935, and the invasion process has

been practically ignored since then (Both et al. 2011).

Lithobates catesbeianus belongs to the family Ranidae

(Pyron and Wiens 2011) and is distantly related to

Neotropical clades occurring in the Atlantic Forest,

with no confamilial member in the region.

We compared anuran compositions of communities

of invaded and non-invaded sites in the Atlantic

Forest. Specifically, we tested for (1) differences in

composition and (2) in compositional variances (beta

diversity), at both taxonomic and phylogenetic levels.

Considering the history of bullfrog impacts in other

invaded localities, we expected to find a low variance

in species composition among the invaded ponds (i.e.

low beta diversity). Additionally, we were interested

in the potential mechanisms related to the hypothe-

sized community changes in invaded versus non-

invaded sites. We also tested (3) the hypothesis that

the invaded communities were nested subsets, in terms

of both taxonomic and phylogenetic composition, of

the non-invaded communities.

Materials and methods

Study area and sampling

Amphibian diversity data were compiled from Both

et al. (2014), who sampled ponds invaded and not

invaded by bullfrogs in the Atlantic Forest, Brazil.

Communities were sampled in three areas in the

southern part of the Atlantic Forest. Study area A1 was

located in the central part of the state of Rio Grande do

Sul (29�2504600–29�2504600S/53�3502900–53�1204400W),
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and has Seasonal Deciduous Forest vegetation (IBGE

2004). Study area A2 was in the western part of the

state of Santa Catarina (26�4702500–27�0902400S/

52�5805700–52�3705700W), where both Seasonal Decid-

uous Forest and Mixed Ombrophilous Forest occur

(IBGE 2004; Lucas and Fortes 2008). Study area A3

was located in eastern Santa Catarina (26�4105100–
27�0202700S/49�1504800–49�0402500W) and is covered

by Dense Ombrophilous Forest (IBGE 2004). All

these areas have a highly suitable climate for L.

catesbeianus (Giovanelli et al. 2008; Nori et al. 2011),

and have the greatest density of bullfrog populations

yet recorded in Brazil (Both et al. 2011). The forest in

these areas is highly fragmented, as is the entire biome,

which currently comprises\8 % of the original forest

(Fundação SOS Mata Atlântica/INPE 2009). The

general land use is farming (soybeans, corn, tobacco)

and cattle grazing.

We selected 57 ponds suitable for bullfrog breeding

from a larger survey of 90 ponds (Both et al. 2014).

Ponds were natural or artificial, at least 50 cm deep and

were filled in the three visits we did in the period of 18 m

(one for pond selection and two for surveys). The 57

studied ponds were distributed in the three areas of study

(A1: 16 invaded and 7 non-invaded ponds; A2: 10

invaded, 6 non-invaded; A3: 11 invaded, 7 non-

invaded). We considered invaded ponds as those where

bullfrogs displayed reproductive activities (calling

males, amplexus, egg masses, tadpoles). Ponds without

evidence of breeding were considered as non-invaded.

Calling males were detected in 36 of the 37 invaded

ponds, and their presence was highly associated with the

presence of bullfrog tadpoles (X2 = 38.51, p \ 0.001).

Egg masses were observed in 12 ponds. In these three

subtropical regions, bullfrogs can be seen all year

around and concentrate reproductive activities during

spring and summer (Kaefer et al. 2007). Male of

bullfrogs are conspicuous and territorials. Data collec-

tion was planned to overlap breeding period (see

below). Geographical coordinates and pond character-

istics can be found in Online Resource 1.

Each pond was surveyed twice for post-metamor-

phic individuals and tadpoles. Surveys occurred in

February–March (late summer) and October–Novem-

ber (spring) of 2010 and lasted about 25 days each.

Those periods coincide with high native anuran and

bullfrog breeding activities in the subtropical region

(Kaefer et al. 2007; Both et al. 2008). On each day of a

survey, four to six sites were examined for tadpoles in

the daytime and for post-metamorphic individuals at

night. Tadpoles were sampled in different microhab-

itats (e.g., margin with and without vegetation, center

with and without vegetation) with dip-net sweeps

(40 9 30 cm, mesh 0.02 mm), always done by the

same collector. The effort was proportional to the

pond size and heterogeneity (Shaffer et al. 1994). At

least five sweeps were made in each microhabitat.

Surveys were done between 09:00 and 19:00. Post-

metamorphic surveys were begun 30 min after sunset,

and we searched for individuals along the perimeters

of breeding sites. Records of species presence were

made using visual and auditory sampling. The effort

employed for post-metamorphics was proportional to

the size and complexity of the pond (Scott and

Woodward 1994). Further details about sampling are

available in Both et al. (2014) and anuran composi-

tions are presented in Online Resource 2.

Pond and habitat descriptors

Depth was measured at each microhabitat sampled for

tadpoles, and we used the maximal depth recorded to

describe each pond (Both et al. 2014). Pond areas were

measured at the two sampling events. To characterize

the surrounding habitat for each pond, we used the

distance to the closest forest fragment and accounted

for the land use within a 400 m radius of each site. Land

use classifications used were: grazing, crops, protected

(nature reserves), or leisure (private properties without

economic activities).

Phylogenetic tree

Knowledge of amphibian evolutionary relationships

has improved greatly in the last 10 y, and major

phylogenies are now available (Pyron and Wiens

2011; and see references herein). We opted to use the

phylogenetic hypothesis of Pyron and Wiens (2011),

as well as their proposed taxonomy. This hypothesis is

based on molecular information for more than 2,800

species belonging to more than 400 genera. We

extracted our subtree, including branch length infor-

mation, in the R environment using the function

prune.sample of the picante package (Kembel et al.

2012). Some taxa were not present in the source tree,

and these were included in our subtree by collapsing

terminal branches of the most closely related taxa

(Fig. 1).

Diversity of anuran communities facing bullfrog 1139

123



Data analyses

We tested our hypothesis that invaded and non-invaded

sites would show distinct taxonomic and phylogenetic

compositions through Permutational Multivariate Ana-

lysis of Variances (PERMANOVA) based on distances

(Anderson 2001). We also tested PERMANOVA

models accounting for potential confounding factors

associated with invaded and non-invaded ponds: (1)

distance to the next fragment, (2) land use (protected,

leisure, crops, grazing), (3) pond type (natural, artificial)

and (4) pond area. Tests were computed using Sørensen

(taxonomic composition) and Phylosor (phylogenetic-

weighted composition) dissimilarity matrices (Gower

1971; Bryant et al. 2008). For all models, we computed

9,999 permutations stratified within each study area. We

used Non-metric Multidimensional Scaling (NMDS) to

visually explore the variation of community composi-

tion among invaded and non-invaded ponds (Legendre

and Legendre 1998).

Phylogenetic and taxonomic composition structure

may not differ between invaded and non-invaded sites,

even though they still may show distinct variability in

composition (i.e., beta diversity). We assessed whether

the invaded communities are more homogeneous in

terms of variations in taxonomic and phylogenetic

composition than non-invaded ones, using a test of

homogeneity of multivariate dispersions (Anderson

2006). The test obtains centroids of the multivariate

dispersions of invaded and non-invaded ponds and

calculates the mean distance of ponds from their

respective group centroid. Thus, we could test whether

invaded sites show more homogeneous compositions

(small distances from their group centroid) than non-

invaded sites. The homogeneity tests were also computed

on the same Sørensen and Phylosor dissimilarity matri-

ces, and the significance was evaluated through 9,999

permutations stratified among the three study areas.

We assessed if the invaded sites harbor nested

compositions in relation to non-invaded sites. We

Fig. 1 Phylogenetic tree

for 34 anuran species from

57 ponds in the southern

Atlantic Forest. Species

were found in sites that were

invaded and not invaded by

bullfrogs
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used the Nestedness metric based on Overlap and

Decreasing Fill (NODF; Almeida-Neto et al. 2008)

to evaluate nestedness in taxonomic composition,

and a NODF extension, the phyloNODF (Melo et al.

2014), for phylogenetic composition. Both metrics

order communities (e.g., rows of a site-by-species

matrix) by a hypothesis supposedly to cause

decreasing diversity, and compare if the hypothe-

sized diversity-poor communities in fact show lower

diversity than the hypothesized diversity-rich com-

munities. If so, NODF quantifies the percentage of

diversity in the diversity-poor communities that is

shared with the diversity-rich communities. For the

NODF, diversity is expressed as species richness.

For the phyloNODF, diversity is expressed as

phylogenetic diversity (PD, Faith 1992). In case

the supposedly PD-poor communities in fact show

lower PD than the supposedly PD-rich communities,

phyloNODF is simply the percentage of the branch-

lengths of the PD-poor communities that is shared

with the PD-rich communities. Ponds may show

nested faunas due to a number of other factors, such

as size, depth and structural complexity, and these

factors may add noise to the detection of the

hypothesized nested effect caused by the invasive

species. Therefore, we restricted nestedness analyses

to pairs of ponds, one invaded and one non-invaded,

as similar in size and depth as possible and no more

than 20 km apart. Among the 57 ponds, we were

able to select 15 pond pairs. Our hypothesis was that

anuran faunas in invaded ponds are a subset of those

present in non-invaded ponds. Accordingly, the first

row of each of our 15 two-row matrices included the

non-invaded pond (the hypothetically most species-

or PD-rich pond). Null models for a two-row matrix

should be very conservative, as only a limited

number of randomized combinations are possible.

Also, our hypothesis was general and not specific to

each pair of ponds. Accordingly, we used an

approach developed by Schneck et al. (2011) in

which a one-tailed paired t test is used to compare

observed nestedness to the mean of expected values

according to a null model. These expected values

were obtained from 9,999 runs of the equiprobable–

equiprobable null model. All analyses were per-

formed in the R environment (The R Development

Core Team 2012).

Results

The species pool was composed of 34 anuran species,

belonging to six families: Bufonidae, Hylidae, Alsod-

idae, Leptodactylidae, Leiuperidae and Microhylidae.

The region A3 included two exclusive genera,

Sphaenorhyncus and Bokermannohyla, although they

belong to family Hylidae, represented in all areas (see

Online Resource 2).

The NMDS ordination using taxonomic data indi-

cated that area A3 was slightly different from the other

two areas (Fig. 2a). However, the anuran composi-

tions in invaded and non-invaded sites were similar

within each study area. Similarly, the ordination for

the phylogenetic data did not separate the invaded

from the non-invaded ponds (Fig. 2b). The db-Mano-

vas assessing anuran communities in invaded and non-

invaded ponds did not show distinct taxonomic and

phylogenetic compositions (F1,53 = 1.23, R2 = 0.01,

p = 0.28; F1,55 = 0.83, R2 = 0.01, p = 0.66, respec-

tively). Models comparing invaded and non-invaded

ponds while accounting for habitat and pond features

also show no effect of bullfrog invasion upon

taxonomic or phylogenetic composition of anurans

(F1,48 = 0.95, R2 = 0.01, p = 0.45; F1,48 = 0.71,

R2 = 0.01, p = 0.72, respectively). Distance to the

closest fragment (F1,4 8 = 2.16, R2 = 0.03, p = 0.05)

and land use categories (grazing: F1,48 = 2.20,

R2 = 0.03, p = 0.04; leisure: F1,48 = 4.34,

R2 = 0.06, p \ 0.001; protected: F1,48 = 4.38,

R2 = 0.06, p \ 0.001) partially explained taxonomic

composition. No habitat or pond descriptor explained

phylogenetic composition.

Communities from invaded and non-invaded sites

also did not differ regarding beta diversity for both

data types analyzed (F1,55 = 0.37, p = 0.49;

F1,55 = 0.20, p = 0.64; respectively for taxonomic

and phylogenetic data; Fig. 3). Non invaded sites from

study area A1 showed a remarkably low phylogenetic

beta diversity when compared with invaded sites of the

same area (Fig. 3). This pattern was caused because

only a few clades were repeatedly present in these non-

invaded sites. The hypothesis that invaded ponds

harbor a nested subset of the species present in similar

and nearby ponds was not corroborated (t1,14 = 0.217,

p = 0.42; t1,14 = 0.942, p = 0.18, respectively for

taxonomic and phylogenetic data).
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Discussion

The presence of established populations of invasive

species has been linked to changes in native commu-

nity structure, and many examples come from fresh-

water ecosystems (Moyle and Light 1996; Ricciardi

and MacIsaac 2011). Most amphibians breed in

freshwaters and are known to be affected by invasive

fishes and amphibians (Kraus 2009). The American

bullfrog is an aquatic amphibian with high fecundity

rates and phenotypic plasticity, and is known to be a

superior competitor in both its larval and adult life-

history stages (Kats and Ferrer 2003). For these

reasons, we hypothesized that we would find different

anuran compositions in ponds with and without

established bullfrog populations. However, we did

not find evidence that bullfrog invasion affects the

anuran taxonomic or phylogenetic composition in

invaded ponds in the Atlantic Forest. The invaded

ponds were not more homogeneous in species or clade

compositions, and were not nested subsets of non-

invaded ponds.

Taxonomic composition of anuran communities

could only be explained by habitat descriptors.

However, phylogenetic composition could not be

associated with any predictors. These poor relation-

ships between compositions and the environmental

gradients were expected, since we only used water-

bodies which potentially could support breeding

populations of bullfrogs: ponds which hold water

throughout the seasons and are more than 50 cm deep.

Therefore, we partially controlled for pond perma-

nence-area-depth gradients, which are known to be the

main factors structuring amphibian communities in

ponds (Wellborn et al. 1996). Using a higher number/

kind of waterbodies, Both et al. (2014) assessed the

covariation structure between spatial, landscape and

pond feature descriptors explaining amphibian rich-

ness in these three areas and found that pond features

are the main determinants of anuran richness in

Southern Atlantic Forest. Here, we could associate

composition changes with habitat gradients describing

land use and distance to fragments. Interestingly, even

in the presence of such gradients, bullfrogs did not

affect anuran composition in ponds.

Most of the studies reporting bullfrog impacts on

native amphibian communities were done in the

northern hemisphere (Adams 1999; Adams and Was-

son 2000; Pearl et al. 2004; Li et al. 2011). In these

cFig. 3 Principal Coordinates Analyses of anuran communities

from invaded and non-invaded ponds in three study areas (A1,

A2, A3) of the Atlantic Forest. Taxonomic composition

ordinations are displayed on the left, and phylogenetic

composition ordinations are presented on the right. Black

circles indicate the centroid of invaded sites, which are

represented by open triangles. Gray circles indicate the

centroids of non-invaded sites, which are represented by open

circles. Polygons indicate the maximum dispersion of commu-

nities in each group

Fig. 2 Ordination plots showing the first two axes of a NMDS

analysis for taxonomic (a) and phylogenetic compositions (b) of

57 anuran communities in three study areas in the Atlantic

Forest. Black circles represent anuran compositions from sites

invaded by bullfrogs, and open circles represent compositions

from non-invaded sites. Solid black polygon delimits distribu-

tion of communities from study area A1, hatched gray polygon

delimits communities from A2, and hatched black polygon

delimits communities from A3
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regions, bullfrogs find congeneric or confamilial

species, and the similarity shared with them may

result in direct species interactions and consequent

displacement, reduction in fitness, or even extinction

of native species at local scales (Kats and Ferrer 2003;

Kraus 2009; and references therein). Indeed, alien

amphibians have been successful colonizers in places

where they find congeneric species, with an increased

probability of establishment where congeneric rich-

ness is higher (Tingley et al. 2011). Alternatively, the

lack of apparent effects of bullfrog populations on

anuran communities in the Atlantic Forest may be

explained by the limiting similarity hypothesis (Mac-

Arthur and Levins 1967). Specifically, bullfrogs may

not affect anuran compositions in Atlantic Forest

ponds because they exploit different resources in a

complementary way compared to native species.

Actually, this situation is predicted according to the

stochastic niche theory proposed by Tilman (2004),

who postulated that if an invasive species can survive,

grow and reproduce using resources left unconsumed

by the local community, it can overcome initial

demographic stochastic filters and be ‘‘accepted’’ in

the community (see also Stohlgern et al. 2006).

On the other hand, the opposite situation has also

been proposed, where invasive species sharing less

similarity with natives take advantage of their novelty,

attaining high invasiveness and changing resident

communities. This idea was first proposed by Darwin

(1859) and is known as Darwin’s naturalization

hypothesis. Strauss et al. (2006) tested if relatedness

between native and invasive grass species influences

the extent of impact on native communities, by

comparing mean relatedness and invasiveness catego-

ries. They observed that invasive grasses that are less

related to native communities were more invasive, and

concluded that these grasses have more impact on

native communities. It is important to note, however,

that the bullfrog has been successful in invading areas

containing both distantly and closely related species,

becoming invasive in almost all areas compatible with

their fundamental niche (Ficetola et al. 2007). The

success of this species as an invader in such a wide

range of conditions is probably due to multiple

introduction events and/or human efforts, which assure

multiple propagules and allow the species to overcome

stochastic filters. In this study, however, we are not

assuming that ‘‘invasiveness’’ means ‘‘impact.’’ Such

an association between invasiveness and impact may

be a valid route for some alien organisms, but not

necessarily for all. Amphibians may be highly invasive

and do not necessarily affect some native communities

(present study; Greenlees et al. 2006; Brown et al.

2011).

Biotic homogenization driven by invasion has been

reported for several communities facing different alien

species. This process is expected to increase the

similarity of communities at local scales, i.e., decrease

beta diversity in invaded sites (Olden and Poff 2003).

We were not able to detect the occurrence of biotic

homogenization in this study, since the beta diversity

among anuran communities did not differ between

invaded and non-invaded sites. We suspect that this lack

of difference between invaded and non-invaded sites

could be partially due to the current status of the Atlantic

Forest biome, which is highly fragmented, with dense

human populations (Ribeiro et al. 2009). We speculate

that the anuran communities studied are insensitive to

the bullfrog invasion because they are already com-

posed of resistant species, able to maintain viable

populations in the face of fragmentation and anthropic

activities. In fact, bullfrogs are benefited by such

conditions (Adams et al. 2011), and disturbance gradi-

ents may be linked to native/alien coexistence (Hobbs

and Huenneke 1992; Tilman 2004). In this study,

composition changes occurred across habitat gradients

describing land use and distance to fragments, but were

not explained by bullfrog invasion. Ricotta et al. (2012)

studied the effects of two different groups of alien

plants, archaeophytes and neophytes, on phylo-betadi-

versity of native flora in urban landscapes in Europe.

They found that only invasive archaeophyte species

caused homogenization. Invasive species of neophytes

were, in fact, associated with diversification. They

attributed the contrasting effects of the two groups of

invasive species on diversity to the time of introduction,

region of origin, and association (or not) with anthropic

activities. These results reinforce the possibility that the

impacts of invasion may depend on the attributes of both

the invasive and native species.

Moreover, we should not discard the hypothesis that

the bullfrog changed the anuran compositions in these

ponds in the past, displacing some taxa or clades. For

instance, one candidate group that suffered displace-

ment by bullfrogs is the species of Pseudis, which could

be expected to occur in two of our study areas but were

not encountered. Juveniles of bullfrogs are morpholog-

ically similar to adults of Pseudis. Also, species of

1144 C. Both, A. S. Melo
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Pseudis share with bullfrogs the aquatic habit (i.e.,

remain mostly within the waterbodies, not only in

breeding seasons), and also have large tadpoles. The

lack of historical sampling is the major challenge for

understanding diversity changes at local scales (Sax and

Gaines 2003). Similarly, we cannot say that bullfrog

populations are not affecting communities at present,

since they can do it through subtle processes that may

result in community changes over the long term. For

instance, in a previous study in the same ponds

surveyed in this study, we found that bullfrogs have

the potential to affect the acoustic niches of native

species (Both and Grant 2012), which is directly linked

to sexual selection in anurans and could affect evolu-

tionary constraints over the long term (Ryan 1988). A

series of consecutive studies has provided indications

that bullfrogs may be effective vectors of lethal

diseases, suggesting that they could contribute to

amphibian species declines (Daszak et al. 2003; Toledo

et al. 2006; Schloegel et al. 2009).

In conclusion, we did not find any evidence that

invasive bullfrogs are causing changes in anuran

compositions in the Atlantic Forest. This result was

unexpected in view of the long list of impacts of

bullfrogs on native frogs in other invaded areas around

the world. Such contrasting results deserve further

attention, since they may be linked to the phylogenetic

structure of the invaded communities and the degree of

relatedness of their species to bullfrogs. In the Atlantic

Forest communities, bullfrogs find suitable climatic

conditions, and may face low biotic resistance,

exploiting available resources. This creates a situation

where the species is similar enough to cross the

environmental filter but divergent enough to avoid

competition. In addition, the coexistence of bullfrogs

and native species may be mediated through frequent

disturbances and anthropic gradients.
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W (2008) A consistent metric for nestedness analysis in eco-

logical systems: reconciling concept and measurement. Oikos

117:1227–1239. doi:10.1111/j.2008.0030-1299.16644.x

Anderson MJ (2001) Permutation tests for univariate or multi-

variate analysis of variance and regression. Can J Fish

Aquat Sci 58:626–639. doi:10.1139/cjfas-58-3-626

Anderson MJ (2006) Distance-based tests for homogeneity of

multivariate dispersions. Biometrics 62:245–253. doi:10.

1111/j.1541-0420.2005.00440.x
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