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Abstract

Effects caused by the invasive American bullfrog (Lithobates catesbeianus) are poorly understood at the community level.
This study assessed the effects of a small feral bullfrog population (at lag invasion phase) on the different components of
native aquatic communities (phytoplankton, zooplankton, invertebrates, fish and amphibians) of Acegud, Uruguay. Our
interest focused on exploring the early local effects of this invasion. We explored whether there existed any difference in
taxa richness, abundances and size structure in association to bullfrog invasion, using four seasonal sampling of all the lentic
system around the foci (two invaded and five non-invaded ponds). We analysed the occurrence of differences between the
invaded and the non-invaded communities: for the taxa richness we used rarefaction, for the abundances and body sizes
we used mean tests, and for the tadpole developmental stages we used G-test. We only found statistically significant bull-
frog effects, in fish and anuran larvae. The fish assemblage was favoured, reaching greater abundance and body size in the
bullfrog invaded ponds. In these ponds, the nektonic tadpoles diminished their abundances, and the benthic tadpoles also
reached greater body sizes, but decreasing their recruitment. Our results suggest that bullfrog invasion could have complex
effects, acting asymmetrically, affecting different trophic paths, and depending on native species’ habits and attributes.
Understanding these effects, in early invasion foci, has a great relevance to awareness of local environmental authorities and
the implementation of management plans.
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Introduction

Biological invasions are a major factor affecting global
biodiversity, and are associated with the decline and the
extinction of a large number of species (Clavero and Garcia-
Berthou 2005; Bellard et al. 2016). Invasions have increased
with rising commerce and this trend is expected to continue,
especially in aquatic systems (Sala et al. 2000; Havel et al.
2015). Despite the importance of invasions, knowledge about
their effects at different scales of ecological organization is
scarce. Most of the existing empirical evidence comes from
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ecological studies of the effect of invasive species on a single
native species and studies exploring interactions at the com-
munity level are scarce (White et al. 2006). This becomes
even more complex if we consider that most of the avail-
able evidence comes from studies in the exponential growth
phase, when invasive species increases their abundances,
and so their effects are more noticeable. Unfortunately, the
dynamics and interaction mechanisms during establishment
(at early invasion phase, when population remains restricted
in abundance and distribution), which could predict the inva-
sion success, are poorly evaluated (Crooks 2005). Taken
together, these poorly understood areas limit the develop-
ment of management strategies (Simberloff 2004). This situ-
ation is even more noticeable in South America, where few
species have been studied, mostly reporting their distribution
or occurrence (Speziale et al. 2012).

An invasive species can interact differently with each
component of the native community; these interactions
could be positive, negative, or neutral (Rodriguez 2006).
Larger scale studies on the effects of exotic species show
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the occurrence of drastic effects on communities and eco-
systems, mediated by trophic cascades, alteration in nutrient
cycling and habitat modification (Simberloff et al. 2013).
Some studies have demonstrated that the introduction of
large aquatic predators can produce radical changes in the
invaded communities (Baxter et al. 2004; Bwanika et al.
2006). An interesting case is that of the American bullfrog
Lithobates catesbeianus (Shaw, 1802) (= Rana catesbeiana),
considered among the most harmful aquatic invasive species
(Lowe et al. 2000). Given their ability to establish in large
numbers and voracious appetite, bullfrogs can cause signifi-
cant impacts on native biodiversity (Kraus 2009). Bullfrog
can alter native communities via predation, competition or
habitat modification (Kiesecker and Blaustein 1997a; Adams
2000; Kiesecker et al. 2001; Adams et al. 2003; Adams and
Pearl 2007). At the same time, this species can be benefit
from indirect trophic interactions with native and exotic
fishes (Adams et al. 2003; Babbitt et al. 2003; Maezono
and Miyashita 2003). Since most of the available evidence
focuses on simple interactions (restricted to one or a few
species), it is difficult to understand the effects of bullfrog
invasion at the community level (Kraus 2009).

One could hypothesize that bullfrog invasion will have
strong structural effects on native communities. Native prey
would not be able to recognize this novel predator (Polo-
Cavia et al. 2010), which due to its large body size and
broad trophic niche, will be the top predator (Jancowski and
Orchard 2013). Native species will be affected differentially,
according to their habits and encounter probability (Pearl
et al. 2004; reviewed by Adams and Pearl 2007; Kraus 2009).
In addition, this strong new competitor at high densities, will
affect those species that share resources (Kupferberg 1997,
Boelter and Cechin 2007). In this context, amphibians will
be one of the most affected groups (Blaustein and Kiesecker
2002; Boone et al. 2004; Li et al. 2011). As a consequence,
we predict that these mechanisms will generate a simplified
community structure at the local scale following bullfrog
invasion. Bullfrog effects will be stronger in some native
species abundances and body sizes, as a direct consequence
of predation. Species escaping bullfrog predation will reach
higher abundances and/or body sizes. Considering the strong
effects reported for this invasive anuran, we should notice
significant community changes during the lag phase.

Our objective was to explore the effects of a recently
introduced bullfrog population across a wide range of taxa
(from primary producers to vertebrates) in aquatic com-
munities in Acegud, Cerro Largo Department, northeastern
Uruguay. This incipient invasion was restricted to a small
number of lentic water bodies (lag phase according to Laufer
et al. 2018). A methodological challenge of this study was
the intrinsic problem of empirical evaluations of biological
invasions at early stages: the low number of invaded com-
munities, hampering comparisons and statistical analyses.
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Considering the importance of studying the early stages
for invasion management (Simberloff 2014), we provided
special emphasis in our methodology to counteract these
empirical limitations. Therefore, we explored data recorded
during four consecutive seasons with a large number of sam-
ples and including more than twice as many control (non-
invaded) than invaded communities.

Materials and methods
Study site

The locality of Acegua is an upland area (approx.
220 m a.s.l.), located in the Cuenca Sedimentaria Gond-
wanica ecoregion. Two hydrographic basins exist in this
site: the Laguna Merin lagoon and the Rio Negro river. This
region hosts important wildlife diversity, so its conservation
is a priority for Uruguay (Laufer et al. 2009; Gobel et al.
2013; Brazeiro 2015). This region has a mean temperature
of 23 °C in summer and 11 °C in winter; a mean relative
humidity of 64% in summer and 86% in winter; and a mean
monthly rain of 100 mm (distributed fairly evenly during the
year, data available at meteorologia.com.uy). According to
these characteristics, the region belongs to the Koppen “Caf”
classification (Kottek et al. 2006).

At the studied location (31°53'36"'S, 54°09'26""W) there
are a series of artificial, permanent lentic water bodies built
for agricultural uses including cattle farming. In 2007 a
feral population of L. catesbeianus in establishment phase
was detected there; in 2012 it was restricted to an approx-
imate radius of 1.2 km around the site where the former
bullfrog frog farm was located (Laufer and Gobel 2017;
Laufer et al. 2018). We could detect that bullfrog invaded
those water bodies that were nearer to the old farm (initial
invasion focus, described in detail in Laufer et al. 2018).
Considering the restricted bullfrog distribution, we could
only find two permanent ponds (31°53'39.7", 54°09'17.1";
31°53'48.7", 54°09'07.0") which had a persistent bullfrog
presence throughout the monitored period and were com-
pared with other five nearby non-invaded systems, randomly
selected and considered as control ponds (Online Resource
1). All the ponds were permanent, similar in bathymetry,
and average distance between ponds was 1690 m. Those
non-invaded systems were comparable to the invaded ones,
and many of them were invaded in the years following this
study, when bullfrog continued its expansion. In this sense,
we did not observe selectivity within the studied ponds; bull-
frog just invaded those systems located closer to the initial
focus (Laufer et al. 2018). All studied systems had an aver-
age pH of 7.5, a conductivity of 73.5 uS/cm, a maximum
depth of 2 m, 30% of their surface was covered by floating or
emergent macrophytes and they were surrounded by natural
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grasslands where livestock grazes. All the information about
areas, geographic coordinates, water quality, and macrophyte
coverage of each studied system are provided in the Online
Resource 1.

Native communities

Native aquatic vertebrate communities in the study area
are relatively well known and comprised mainly of fish and
amphibians (Laufer et al. 2009; Prigioni et al. 2011; Teixeira
de Mello et al. 2011; Gobel et al. 2013). The most com-
mon fish were three Characidae, Hyphessobrycon anisitsi,
Astyanax laticeps and Cheirodon interruptus. These small
fish (less than 9 cm of total length) are usually found in
large groups in local creeks, ponds and wetlands; they con-
sume detritus, algae, small sized crustacean, and insect larva
(Teixeira de Mello et al. 2011; Gobel et al. in press).

Natural lentic systems and water reservoirs are the com-
mon sites used for native anurans for foraging and repro-
duction. The most common tadpoles at the studied systems
are Boana pulchella, Odontoprhynus americanus, Pseudis
minuta, Scinax sp. (comprising S. granulatus and S. squa-
lirostris) and Phyllomedusa iheringii. These tadpoles con-
sume detritus and phytoplankton, with smaller amounts of
crustaceans or insect larvae (Lajmanovich 1997; Echeverria
et al. 2007). Boana pulchella (maximum total length 8 cm)
and O. amaericanus (maximum total length 7 cm) are two
common large benthic tadpoles that occur in a range of wet-
land habitats in the region. Both species have a relatively
long larval phase, from March to November. Pseudis minuta
is a large nektonic tadpole (maximum total length 9 cm) that
inhabits permanent lentic water bodies. This species also
shows a long larval period during the year, with most of the
metamorphosis in spring and summer. Finally, Scinax sp.
(maximum total length 4 cm) and P. iheringii (maximum
total length 7 cm) have nektonic tadpoles, with shorter larval
periods, from October to March (Moreira et al. 2007; Both
et al. 2009).

Field sampling and laboratory analysis

We conducted four contiguous seasonal samplings over
the course of 1 year, as follows: from May 24th to 27th,
July 19th to 22nd, and October 18th to 22nd, in 2012, and
February 4th to 7th, in 2013. We sampled phytoplankton,
zooplankton, macroinvertebrates and aquatic vertebrates,
in all seven ponds. We took three water samples from each
pond at the same date, and then measured the chlorophyll a
concentration for each, using a field fluorometer. The value
of chlorophyll a concentration was obtained as the mean of
the three samples. We evaluated the abundance and compo-
sition of zooplankton by five standardized filtrates of 2 1 of
water per pond, with a 68 um pore size filter. These samples

were subsequently analysed in the laboratory under a ster-
eomicroscope, thus obtaining the number of individuals per
litre (density) of each and every taxon found in the ponds.
Finally, in order to study the larger body-sized organisms
(macroinvertebrates, fish and tadpoles), we took standard-
ized samples with a seine fishing net (5 1 m area, 0.5 cm
mesh), hung vertically in the water with its bottom edge
held down by weights and its top edge buoyed by floats.
The use of this fishing gear allowed us to sample benthic
and water column organisms. The members of our team
entered the pond avoiding generating a disturbance in the
area that would later be sampled. We performed two tows
in each pond, one tow in the largest diameter and the other
in the lowest diameter covering between 7 and 10 m, in each
case. Tows were performed from the centre to the edge of
the pond in order to cover the different strata of the system
(benthos, water column and edge). Although the area did
not strictly standardize samples, we increased the effort in
largest ponds (Online Resource 1) and this was supported by
the completeness in diversity evidenced by the rarefaction
curves (see “Results”).

The collected vertebrates were sacrificed with an over-
dose of lidocaine hydrochloride and preserved with 4% for-
maldehyde. Macroinvertebrates were preserved in 70% alco-
hol. All the specimens were placed in the collections of the
Museo Nacional de Historia Natural museum in Montevideo
(MNHN). In the laboratory, we classified the specimens to
the lowest possible taxonomic level—identifying family and
species in the cases of macroinvertebrates and vertebrates,
respectively (Ziegler and Maneyro 2008; Laufer et al. 2009;
Mugnai et al. 2010; Teixeira de Mello et al. 2011). Then, we
measured total length of macroinvertebrates, the length from
mouth to the base of the caudal fin peduncle of fish, and the
length from snout to the tail tip of tadpoles. We assigned
developmental stage per Gosner (1960) for all tadpoles. For
the most numerous samples, we randomly selected 80 organ-
isms per taxon to measure and determine the developmental
stage. We calculated an abundance index for each taxon in
each pond, and in each sampling date, by dividing the num-
ber of collected individuals by the total distance towed by
the net.

Data analysis

We compared taxa richness, abundance, and body size,
between ponds with breeding bullfrogs (n=2) and ponds
without breeding bullfrogs (n=35). We estimated and com-
pared taxa richness through rarefaction procedure, employ-
ing the EcoSim software (Entsminger 2012). This approach
accounts for patchiness in the data that result from natural
levels of sample heterogeneity. As a result, the rarefaction
curve is a plot of the number of species as a function of the
number of samples. This analysis allows comparison of the
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richness of different samples, by analysing these curves and
their 95% confidence intervals. Usually, this comparison is
made for the cutoff point of the smallest sample (Chao and
Jost 2012). For the analysis of rarefaction we considered
the 37 taxa of macroinvertebrates, fish and amphibian spe-
cies found in the whole area (the seven studied systems),
however, 24 of them were present in very low frequency and
therefore their data could not be used for the following anal-
yses of body sizes and abundances. A complete list of these
species, which includes the collection season and the inva-
sion status of the system, can be seen in Online Resource 2.
Then, we also analysed pond clustering using Bray—Curtis
similarity index to quantify differences between samples,
based on count data. This index ignores cases in which the
species is absent in both communities, and is influenced by
abundant species, rather than the rare species. The advan-
tage of this method is that the scale is easy to understand: 0
means the samples are exactly the same, while 1 is the maxi-
mum difference that can be observed between two samples
(Legendre and Legendre 1998).

We compared basal taxa density of the studied communi-
ties, by the repeated measures multivariate analysis of vari-
ance RM-MANOVA. Thus, we studied the possible occur-
rence of differences in the availability of basal resources
in relation to bullfrog invasion. We analysed chlorophyll a
concentration and density of cladocerans, copepods, nau-
plii, and rotifers, as response variables. Bullfrog adult and
larval presence (invaded and non-invaded systems, Online
Resource 1) were the independent variables. Also, we
included total abundance index of native primary consum-
ers (small omnivorous fish, amphibian larvae, and macroin-
vertebrate herbivores, following the classification criteria
of Arim et al. 2010) as a covariable and sampling interval
(included in the model in order to control annual variations)
as a factor. We also included pond identity as a subject-factor
in our analyses (Legendre and Legendre 1998).

We compared the abundance index of each taxon (for the
most frequent macroinvertebrates, tadpoles, and fish, Online
Resource 3) between invaded and non-invaded ponds with
an analysis of variance (ANOVA). We considered season,
and the presence-absence of fish and bullfrog as independent
variables of the model. In this case, we added fish presence
as a factor due to the strong available evidence that suggests
that this variable largely determines the structure of amphib-
ian larvae community (Hecnar and M’Closkey 1997; Porej
and Hetherington 2005). We performed the ANOVA with a
type III sum of squares analysis, which is appropriate for an
unbalanced model (Sokal and Rohlf 2009).

We explored differences for each taxon—in each sea-
son—in body sizes (macroinvertebrates, fish, and amphib-
ian larvae) and developmental stages (in tadpoles), between
invaded and non-invaded ponds. Due to the absence of nor-
mality in these variables, we performed a Kruskal-Wallis
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test. Body size, represented by total length and development
stage were considered as the response variable and bullfrog
presence (Online Resource 1) was the explanatory variable.

We compared the frequency distribution of Gosner
stage classes for the two most common tadpoles between
invaded and non-invaded ponds. We used stage data from
the sampling interval, in which the biggest range of body
size was recorded, for both systems (October for B. pul-
chella and May for O. americanus). We evaluated the fre-
quency distribution of Gosner’s stages in the invaded ponds
through a G-test, considering the registered distribution in
the non-invaded ponds as the null hypothesis. Finally, we
analysed the densities of four size classes of the complete
fish assemblage (obtained by quartiles 9.71-28.83 mm,
28.84-32.38 mm, 32.39-36.66 mm, and 36.67-85.86 mm)
in the invaded and non-invaded ponds through a type III
ANOVA with quadratic sum analysis. In all cases, we con-
sidered a=0.05 as statistically significant (Sokal and Rohlf
2009) and we used R version 3.2.5 for analyses and graphs
(R Core Team 2015).

Results

We did not observe significant differences in taxa richness
(considering macroinvertebrates, native tadpoles and fish)
between invaded communities and those non-invaded by
bullfrog. The rarefaction analysis revealed an overlap in
the confidence intervals of the different (invaded and non-
invaded) communities (Fig. 1). This analysis also showed
that our samples were representative of the studied com-
munities, since the majority of them reached an asymptote.
The cluster analysis by the Bray—Curtis similarity index also
did not show a pattern related to bullfrog invasion, since
invaded and non-invaded communities showed similarities
(Online Resource 4).

The abundances of the non-vertebrate community com-
ponents did not significantly differ between the invaded and
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Fig.1 Taxa richness rarefaction curves in the invaded (black) and
non-invaded (grey) ponds by the bullfrog in Acegud, Cerro Largo,
Uruguay. Dotted lines indicate 95% confidence interval
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non-invaded ponds. We observed no significant differences
in the density of phytoplankton (assessed by the concentra-
tion of chlorophyll a) and zooplankton: cladocerans, cope-
pods, nauplii, and rotifers (Wilks’ lambda=0.75, F=0.26,
P=0.9, df=1; Fig. 2, Online Resource 5). For macroinver-
tebrates we observed a similar trend, where the abundances
of the different families showed no statistically significant
differences between invaded and non-invaded ponds (Fig. 3,
Online Resource 6).
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Fig.2 Mean density and standard deviation of the different zooplank-
ton taxa measured in individuals per liter, and chlorophyll a concen-
tration measured in relative fluorescence units (RFU), in invaded
(black) and non-invaded (white) environments by Lithobates catesbe-
ianus in Acegud. Ro rotifers, CI cladocerans, Co copepods, Na nau-
plii, Ch a chlorophyll a
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Fig.3 Mean abundance index and standard deviation of macroin-
vertebrates, fish and amphibian larvae in invaded (black) and non-
invaded (white) environments by Lithobates catesbeianus in Acegui.
Be Belostomatidae, Cor Corixidae, No Notonectidae, Coe Coenagrio-
nidae, Li Libelulidae, A. 1: Astyanax. laticeps, C. i: Cheirodon inter-

Abundance of several vertebrates’ species differed
between invaded and non-invaded ponds. The Characid
fish H. anisitsi was 20 times more abundant in the invaded
than the non-invaded ponds (F=8.58, P <0.05, df=1). Lar-
vae of Scinax sp. (F=6.30, P<0.05, df=1) and P. minuta
(F=4.94, P<0.05, df=1), were nine and ten times less
abundant in the invaded systems. The other common tad-
poles (B. pulchella and O. americanus) did not show signifi-
cant differences in abundance index (Fig. 3, Online Resource
6).

Body sizes of the different community components
showed significant differences between bullfrog invaded and
non-invaded ponds (Fig. 4, Online Resource 7). Macroin-
vertebrates body size changes did not show a clear pattern
related to bullfrog presence. In contrast, vertebrate species
generally had larger sizes in the invaded ponds, with some
exceptions. The fish H. anisitsi was 30%, and C. interrup-
tus was 16% larger in the invaded ponds across all seasons
sampled. Astyanax laticeps was 47% larger in the invaded
ponds (with the exception of the autumn sample). A similar
pattern was observed for two native amphibian species: the
tadpole Boana pulchella was 32%, and that of O. americanus
was 19% larger in the invaded ponds. In contrast, we did not
detect significant differences in hylids larvae Scinax sp. and
P. iheringii (species with a shorter larval period, detected
only in summer). Pseudis minuta larvae were not detected
in the invaded ponds (only two individuals in a single pond,
in autumn; Online Resource 6).

In several cases, tadpole Gosner stage significantly dif-
fered between invaded and non-invaded ponds (Fig. 5,
Online Resource 8). Boana pulchella tadpoles were more
advanced in Gosner stages in invaded ponds, in May
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ruptus, H. a: Hyphessobrycon anisitsi, B.p: Boana pulchella, O. a:
Odontophrynus americanus, S. sp: Scinax sp., P. m: Pseudis minuta.
The symbol * indicates that the differences are statistically significant
(ANOVA)
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Fig.4 Ratio of mean body size of each species in invaded and non-
invaded ponds by bullfrog, in each sampled season. The circle indi-
cates autumn, the triangle winter, the diamond spring and the square
summer. The black-filled symbol shows that the body size differences
are statistically significant and open symbol indicated not statistically
differences. The species are the ones defined in Fig. 3, with the addi-
tion of Phyllomedusa iheringii
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A Winter
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T T f ‘
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Ratio of Gosner stage in invaded to Gosner stage in non-invaded system

Fig.5 Ratio of mean Gosner’s developmental stages for different
native tadpoles in invaded and non-invaded ponds by bullfrog, for
each sampled season. The circle indicates autumn, the triangle winter,
the diamond spring and the square summer. The black-filled symbol
shows that the developmental stage differences are statistically signif-
icant and open symbol indicated not statistically differences

(X?=45.12,P<0.001, df=1), in July (X*=14.84, P<0.001,
df=1), and in October (X*=21.33, P<0.001, df=1). The
same greater development was observed for O. americanus
in May (X?=6.53, P=0.01, df =1). Contrary, Scinax sp.
were less advanced in development stages in invaded ponds
(X2 =9.78,P=0.002, df =1). Phyllomedusa iheringii larvae
did not show significant differences between invaded and
non-invaded ponds (Fig. 5, Online Resource 8).

The larval developmental stages of B. pulchella
(G=33.39,P<0.001, df=4) and O. americanus (G=46.28,
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P<0.001, df =4) differed between the invaded and non-
invaded ponds. For both species, the invaded ponds had a
lower frequency of early stages (less than 31 of Gosner) and
a higher frequency of the advanced stages (Fig. 6). Finally,
in reference to the fish assemblage, we observed that the
invaded water bodies had a greater abundance of the two
larger body size classes (mouth to peduncle length > 32 mm;
F=5.73,P=0.04,df=1; F=11.15,P=0.01, df=1; Fig. 7,
Online Resource 9).

Discussion

Despite the early stage of the invasion in Acegud, our
results suggest that bullfrog are affecting some components
of native communities. Bullfrog is a dangerous invading
organism, being a large sized aquatic predator (Babbitt and
Tanner 1998). This exotic anuran is two to three times larger
(adults and larva respectively), than the average recorded
for Acegua native anurans. Its effects were evident in body
sizes and abundances of aquatic vertebrates (fish and anuran
larvae). Our analyses of community richness and diversity,
density of plankton and abundances and sizes of macroin-
vertebrates did not show any effect attributable to bullfrog
invasion. Our observations show the effects of an exotic
predator during the invasion lag phase, in which it could be
already structuring native communities by locally affecting
some of its components. Although we had the limitation of
the small number of communities sampled, we can assume
that the differences observed would not respond to genetic
differences, considering ponds proximity and the absence of
environmental barriers, or to plastic responses to environ-
ment conditions, considering that all sampled ponds had the
same water regime, and were similar in basal resources and
macroinvertebrates predator’s abundances.

Considering the regional studies, it seems clear that bull-
frog has a predatory role, mainly consuming invertebrates
and amphibians (Silva et al. 2009; Leivas et al. 2012, 2013;
Quiroga et al. 2015). Strong effects following bullfrog inva-
sion are described in the literature, such as the declining
of native species richness (e.g. Li et al. 2011; Batista et al.
2015, but see Both and Melo 2015), associated with various
mechanisms such as predation, competition, and transmis-
sion of pathogens (Hirai 2004; Pearl et al. 2004; Wu et al.
2005; Garner et al. 2006, 2009). However, our results do
not show a significant effect on the richness of the native
communities. Probably, at this early stage of the invasion we
should not expect to find an important effect on richness, but
on other more sensitive community attributes.

Amphibians seem to be the most affected species else-
where by bullfrog invasion (Kraus 2009). Due to the early
invasion stage in Acegud, we can assume that the native tad-
poles cannot identify bullfrog as a predator and this makes
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Fig.6 Comparison of development stages frequencies of the two
native tadpoles which showed the greatest change in body size associ-
ated with the presence of bullfrog. Here we compare the frequencies
of the different classes of Gosner’s developmental stages, between
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Fig.7 Mean density and standard deviation of fish assemblage classi-
fied into body size classes in invaded (black) and non-invaded (white)
ponds by bullfrog. The symbol * indicates where differences were
statistically significant

them more vulnerable (Polo-Cavia et al. 2010). We observed
two types of responses in native tadpoles: first a decrease in
abundance of P. minuta and Scinax sp. (Fig. 3), and second,
an increase in the average body size and developmental stage
of B. pulchella and O. americanus (Figs. 4, 5). Both patterns
could be related to predation and competition by bullfrogs,
and the differences could be due to an asymmetry in the
susceptibility of these native larvae.

The density of larvae of P. minuta and Scinax sp. could
have been affected earlier because of their nektonic habits
that make them more susceptible to bullfrog predation (Pearl
et al. 2004). Alternatively, B. pulchella and O. americanus

b

02 03 04 05 06

A

25-27 28-30 31-33 34-36

0.0 0.1

>36

B. pulchella Gosner stage

ponds invaded (black) and non-invaded (white) by bullfrogs, in the
season in which the greatest differences in average body size were
observed: autumn for Odontophrynus americanus (a) and spring for
Boana pulchella (b)

could have escaped predation due to their size and/or benthic
habits, without affecting their abundances (Altig and John-
ston 1989). Boana pulchella and O. americanus appeared
with the highest averages of body size and Gosner’s stage
in the invaded ponds (Figs. 4, 5), probably evidencing an
increase in predation rate, rather than a response induced
by environmental conditions (see Relyea 2007). We under-
stand that this increase in body size (and development stage)
would not be due to a decrease in competition pressure
between native tadpoles, caused by the introduction of a
new predator, considering the important biomass and con-
sumption rate of bullfrog larvae in the invaded communities.
This idea was reinforced in relation to the observed reduc-
tion of early larval stages frequencies (Fig. 6). Predation
commonly affects smaller sizes individuals, affecting the
recruitment and so increasing the mean larval size (Jara and
Perotti 2010). Although adults of L. catesbeianus consume
tadpoles of other species (Jancowski and Orchard 2013),
the high density of bullfrog larvae present in the invaded
sites (between 10 and 31 individuals per trawled meters)
could also be playing an important role. Both stable iso-
tope analysis and studies of stomach contents reveal that the
trophic position of bullfrog larvae corresponds to a preda-
tor (Schiesari et al. 2009; Ruibal and Laufer 2012). In fact,
Ruibal and Laufer (2012) suggest that these larvae might be
excluding other species in the invaded systems by predation,
especially by egg consumption. Moreover, Kiesecker and
Blaustein (1997b) reported that bullfrog tadpoles actively
prey on larvae of other anurans, especially on earlier stages,
which are vulnerable because of their lower mobility and
size. However, we cannot discard that the observed effects
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in the different native tadpoles respond to a mechanism of
competitive exclusion, considering the large size, the high
densities and consumption rate of bullfrog larvae (Online
Resource 1). This phenomenon has been repeatedly invoked
for different invaders and also for the bullfrog (Kiesecker
and Blaustein 1997b; Kupferberg 1997; Kiesecker et al.
2001; Kraus 2009).

Although our interpretation is based on the impor-
tant existing evidence of the direct effects of the bullfrog
as predator, we cannot fail to consider that other mecha-
nisms could explain the two types of responses observed in
native tadpoles. One could be a change in foraging strategy
in certain species or stages (Jara and Perotti 2010). In any
case, the sampling method used should not be considered a
cause, since it is an active method that covers a large area
and diversity of strata within the pond. On the other hand,
the recruitment of O. americanus and B. pulchella could be
affected by a decrease in the reproduction of adults in the
invaded ponds. However, our field observations do not show
an inhibition of reproduction in the invaded ponds and most
of the species present have synchronous reproduction pulses
in the region (Both et al. 2008). In conclusion, the evidence
seems to indicate a removal of individuals from the invaded
aquatic systems, which could be associated with bullfrog
predation.

A native amphibian that shares habits with the bullfrog
is P. minuta. This anuran inhabits aquatic environments
throughout its ontogeny, with adaptations in its adult stage
to this medium, such as the development of interdigital
membranes and dorsal eyes that allow it to observe over the
surface (Santana et al. 2016). This overlap in habitat increase
the chances of interactions. Considering that P. minuta is
much smaller than bullfrog, it could be a very susceptible
species. In fact, we could observe that this common species
is practically absent in the water bodies invaded by bullfrog
(Fig. 3). Both and Melo (2015) also reported the displace-
ment of Pseudis by bullfrog invasion in Atlantic Forest water
bodies in Brazil. Our observations suggest that this effect
would be common to the different aquatic frogs of the region
(Pseudis and Lysapsus), probably the most affected native
amphibians.

The positive interaction that was observed in Acegua
was the response of abundance and body size of native fish
assemblage in the invaded ponds. The magnitude of this pat-
tern was such, that the density of larger sizes fish classes in
the invaded ponds was two and a half times greater than in
the non-invaded (Fig. 7). This could lead to an increased
fitness in fish communities associated with the presence of
bullfrogs. Adams et al. (2003) and Maezono and Miyashita
(2003) reported a positive interaction between the bull-
frog and invasive fish due to an indirect trophic interac-
tion. Bullfrog tadpole, being tolerant to the presence of
fish (Babbitt et al. 2003), takes advantage of this release of
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predators achieving a higher survival, and therefore greater
abundances. While our observations also suggest a positive
interaction, the underlying mechanism should not be the
same. Meerhoff and collaborators (2007) stated that Uru-
guayan subtropical aquatic communities show different fish
assemblages, characterized by a lower relative abundance
of large-sized predators. Astyanax laticeps, H. anisitsi,
and C. interruptus are small omnivores (consuming algae,
zooplankton, and small invertebrates, Teixeira de Mello
et al. 2011; Gobel et al. in press) that are not consumed by
bullfrogs (unpublished diet data). The greater biomass of
these fishes should be supported by a greater availability
of trophic resources than in non-invaded ponds (Arim et al.
2010). Possibly, the presence of a large biomass of bullfrog
tadpoles alters the energy flow pathways, through an indirect
mechanism involving trophic resource availability (e.g. sedi-
ment removal; Smith et al. 2016). This increase in resources
should not necessarily be visible in zooplankton abundance
and could be masked by a high turnover due to fish con-
sumption. Surely, cases of positive interactions to invasion
are not as rare in nature as previously thought, but the lack
of field studies at the community level may be limiting the
evidence (Rodriguez 2006). This increase in fish density and
abundance, could also affect habitat availability for other
taxa, especially native amphibians (Semlitsch et al. 2015).

Our observations showed that not all the effects of a large
exotic predator are negative (Townsend 2003; Rodriguez
2006; Duxbury et al. 2010; Li et al. 2011), and this should
be evaluated at the community level (Simberloff et al. 2013).
Bullfrog effects vary according to the considered taxa, but
also according to the evaluated variables: size, growth rate,
development, population structure, and abundance. There-
fore, our data indicate that invasive predators could generate
positive and negative effects, or also be neutral at their lag
phase (Online Resources 7 and 8). Even an effect that could
be identified as positive to body size for a native species may
have been due to negative interactions addressing certain
ontogenetic stages (Rodewald 2012).

Although a number of biotic and abiotic factors could
have affected our observations, for instance, the low number
of evaluated systems (that hinders the statistical analyses) is
the main weakness of our study. This methodological defect
is an intrinsic feature in the surveys of biological invasions
at early stages. Invasive species effects may be masked by
their low abundances at these stages, and then should be
explored with sensible community attributes (Wiser et al.
1998; Parker et al. 1999). That’s probably why there is
a strong bias towards the study of invasions in advanced
stages, where the effects are notorious and clearly visible
(Crooks 2005; Pysek et al. 2008). Despite the methodologi-
cal limitations, we emphasise the need for research at early
invasion stages, for the understanding of involved mecha-
nisms, and as a rapid conscience generator for decision
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makers (Puth and Post 2005; PySek et al. 2008; Simberloff
et al. 2013). National environmental authorities should con-
sider our observations, early showing the potential risk of
bullfrog invasion in Uruguay and the region.
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