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Abstract The bullfrog, Lithobates catesbeianus, is
one of the most important invasive anurans, affecting
especially native anurans due to their similar habits.
Here we used a hierarchical co-occurrence model fit in
a Bayesian framework to investigate the effects of the
bullfrog on two native frog species from southern
Brazil, testing the hypothesis that bullfrog presence
changes the activity of native species and their
relationship with habitat. We found that both occu-
pancy and detection probabilities of native species
were similar with bullfrog presence or absence at a
site. However, we observed changes in activity and
microhabitat use preferences of both native species
when the bullfrog was present, suggesting that the
presence of the invasive species altered the behavior of
the native species. Changes induced by invasive
species can result in severe long-term consequences
for native species since niche differentiation may not
mediate the ability of species to persist together
indefinitely.

Electronic supplementary material The online version of
this article (https://doi.org/10.1007/s10530-020-02385-4) con-
tains supplementary material, which is available to authorized
users.

S. S. Silveira - M. Guimaraes (D<)

Programa de Pds-Graduagdo em Biologia Animal,
Departamento de Zoologia, Universidade Federal do Rio
Grande do Sul, Porto Alegre, Brazil

e-mail: mu.guima@gmail.com

Graphic abstract

A . ° , .;‘ ;‘f&" F R
The bullfrog, Lithobates catesbeianus.
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Introduction

According to niche theory, species with similar
functional traits are more likely to co-occur, while
coexistence may promote competition and species
exclusion (Leibold et al. 2009). The introduction of a
non-indigenous competitor is especially critical,
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because native species share no evolutionary history
with invasive species and thus, may be unable to cope
with new competitors (Kats and Ferrer 2003). Such
interaction can result in several temporary or perma-
nent effects for resident species (Simberloff et al.
2013), including shifts in activity and behavior, and
thus, influencing habitat use patterns over time (Mayer
et al. 2015).

The bullfrog, Lithobates catesbeianus, is one of the
best-known invasive amphibian species worldwide
and it has been related to population losses mainly due
to competition and predation (Blaustein and Kiesecker
2002). Currently, biological invasions are among the
main causes of worldwide amphibian declines (Kats
and Ferrer 2003) and the invasive amphibians repre-
sent a real threat to native amphibians, given their
niche similarities. Understanding the response of
native populations to an invasive species can be
critical to understand the invasion process, to predict
future outcomes and to develop better management
strategies. Here we test the hypothesis that the
presence of the bullfrog induces population disruption
in native species. We predict that native species will
show opposite activity and habitat use patterns, or at
least that such spatiotemporal relationships will be
weakened, when the bullfrog is present at a site.

Materials and methods

We performed our study in southern Brazil (Online
Resource 1), where there are invasive populations of
bullfrog (Both et al. 2011). The study area lies in a
transitional zone between seasonal forests, grasslands
and coastal dune forests. We sampled 58 ponds
(hereafter ‘sites’), mostly inside private land. Sites
varied in size, between 0.0045 km” and 7.85 km” with
the surrounding landscapes including a variety of
anthropogenic modifications such as livestock graz-
ing, roads and urban settlement. We selected adults of
two common native frog species that share life-history
traits with the bullfrog, including activity patterns and
microhabitat use, the lesser swimming frog, Pseudis
minuta (Pseudidae), and the criolla frog, Leptodacty-
lus latrans (Leptodactylidae) (Langone 1994; Zank
et al. 2008). All three species co-occur in the study
area (Online Resource 2).

We surveyed sites during the breeding season
(austral spring and summer), from October 2017 to
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March 2018, which we assumed closure according to
the assumption of occupancy modeling. Two to four
trained observers sampled sites using the independent
observer method (Borchers et al. 1998), where
observers performed sampling with no communica-
tion with each other. Thus, observers represented
single independent visits at a site and sampling
occasion. Given that not all sites were surveyed in
all months, we had a total of two to six visits on each
site along the breeding season. We recorded the
presence of the three species using 10-min auditory
search plus 10-min visual search per site, always after
sunset, between 7 pm and 1 am. Along with the
species detection/non-detection data, we recorded
nocturnal activity (the time when sampling occurred,
recorded as minutes after midnight, ‘time’), activity
along the breeding season (date of sampling according
to the Julian calendar, ‘date’) and water temperature
(‘twater’). These temporal covariates were used to
understand species ‘activity patterns by including
them in the detection probability parameter, which is
related to physical activity (Strebel et al. 2014). We
collected information on pond area (‘area’) and
proportion of macrophyte vegetation cover (‘veg’) to
estimate the effects of microhabitat use. These spatial
covariates were included in the estimation of occu-
pancy probability. For the analysis, the numerical
covariates were centered and scaled to have zero mean
and one standard deviation. All covariates were
included as logit-scale parameters in linear models.

We fitted the Waddle et al. (2010) co-occurrence
occupancy model that considers one species as
dominant (here, the bullfrog) and the other as subor-
dinate (the native species), as a prey-predator
approach. Occupancy and detection of the subordinate
is modeled conditional on the presence or absence of
the dominant (Waddle et al. 2010). The model
distinguishes the ecological process, which means
the presence or absence of a species, the occupancy
probability (), from the observation process, which
describes measurement error in the presence/absence
of a species at a site, the detection probability
(p) (Kéry and Royle 2016).

We addressed potential issues of pseudoreplication
within localities (see Online Resource 1) by including
a random normal variable eps with zero mean and
variance thau.alpha (Online Resource 3). With our
model structure we were able to account for detection
errors, to incorporate predictors of species occupancy
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and detection, and to account for the spatial structure
of sites nested within the four localities. We conducted
the analysis in software JAGS (Plummer 2003) run
through R (R Core Team 2019), via the jagsUI
package (Kellner 2014). We used a Bayesian mode of
inference with MCMC techniques and vague priors for
all parameters (Kéry and Royle 2016) (details in
Online Resource 3). We checked chain convergence
by visual inspection of trace plots and by the Brooks-
Gelman-Rubin statistic (Brooks and Gelman 1998),
which were always below 1.1. We present mean
estimates of occupancy and detection, as well as
predictor effects for the native species in the presence
and absence of the invader. We used the 95% credible
intervals (CRI) for all posterior distributions to
measure uncertainty in parameter estimates.

Results

We detected the bullfrog in 10 out of the 58 sites
surveyed (17%), whereas the lesser swimming frog
was found in 19 sites (33%) and the criolla frog in 31
sites (53%:; Online Resource 4). Most detections of the
lesser swimming frog came from auditory cues, while
the criolla frog was mostly found visually. Point
estimates of detection and occupancy probabilities of
both native species were similar both in the presence
and in absence of the bullfrog with superimposed
credible intervals (Online Resource 5).

Activity of the lesser swimming frog was higher in
the beginning of the breeding season in sites the
bullfrog was absent (Sgase pm.withou= — 1.31, CRI
— 3.18 to — 0.48, Fig. 1, Online Resource 6). How-
ever, there was no effect when the bullfrog was onsite
(Ydate.pmwin = — 3.89, CRI — 12.61 to 4.402; Fig. 1).
Activity of the lesser swimming frog along the night
did not vary when the bullfrog was absent (S;me. pm.wirh-
owr = — 0.99, CRI — 3.31 to 1.09, Fig. 1, Online
Resource 6), but with bullfrog presence, the lesser
swimming frog was active later on the night
(Ogime.pm.wien= 4.52, CR10.731 to 10.47, Fig. 1, Online
Resource 6). The criolla frog was equally active
during the breeding season and along the nights when
the bullfrog was absent. However, in the presence of
the bullfrog, the criolla frog was more active later in
the breeding season (0 gare.wirn = 9.05, CRI 2.59 to
15.62) and earlier at nights (0 sime.win = — 16.56, CRI
— 28.67 to — 4.54; Fig. 1). Water temperature was

not related to activity of the native species (Fig. 1,
Online Resource 6).

In sites with no bullfrog, occupancy probability of
the lesser swimming frog was positively related to
pond size (Bpondareapmwihows = 8.21, CRI 1.42 to
25.78, Fig. 2) and vegetation cover (Byeg pm.without
= 9.03, CRI 1.54 to 27.49, Fig. 2, Online Resource 6).
However, both effects were unimportant in sites
including the bullfrog (Byondareapmwin= — 1.51, CRI
— 28.66 to 27.64; Byeg pmwin= 7.38 CRI — 22.95 to
25.78, Fig. 2, Online Resource 6). Neither pond size
nor vegetation cover influenced occupancy probability
of the criolla frog, either in the presence or absence of
bullfrog (Fig. 2, Online Resource 6).

Discussion

In our study, the bullfrog presence did not change the
proportion of ponds occupied by the two native
species. On the other hand, the abundance of the
lesser swimming frog was nine to ten times lower in
sites invaded by the bullfrog in Uruguay, about
350 km from our sampling area (Gobel et al. 2019).
Thus, native population stability and persistence
should be assessed using multiple approaches to detect
variations on individuals, populations and the rela-
tionship with habitat. Although we found the pairs
invasive-native species in a relatively small number of
sites and detection probability was sometimes low,
potentially affecting the precision of our estimates (see
simulation scenarios in Waddle et al. 2010), the
presence of the bullfrog may have disrupted the
relationship between native species, activity and
microhabitat use in most cases.

In sites with no bullfrog, the lesser swimming frog
was more active earlier in the breeding season but
showed no preference along the nocturnal activity. In
the presence of the bullfrog, the pattern reversed, with
the lesser swimming frog showing no activity prefer-
ence along the breeding season, but preference in
nocturnal activity, later on the night. The criolla frog
showed no activity preferences when the bullfrog was
absent. However, we observed higher activity levels
later in the breeding season and earlier nocturnal
activity when the bullfrog was present. Changes in
activity patterns may result from behavioral responses,
as a way to avoid the invader (Mayer et al. 2015).
Bullfrog calls are louder, long-lasting and cover a
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Fig. 1 Relationship between detection probability and seasonal
activity (Julian day), nocturnal activity (minutes after midnight)
and water temperature (degrees Celsius) for the lesser swim-
ming frog and the criolla frog in the presence and in the absence

broad frequency spectrum than native species, mask-
ing the acoustic signal or changing calling activity of
native anurans (e.g. Zank et al. 2008; Both and Grant
2012). Additionally, bullfrog calls can also hinder the
ability of observers to detect calling anurans in the
ponds. Our results support previous information from
the literature, showing that invasive amphibians, such
as the bullfrog (Kiesecker and Blaustein 1997) and the
cane toad, Rhinella marina (Greenlees et al. 2007), as
well as other alien species induce changes in behav-
ioral activity of native amphibians (Nunes et al. 2019).

The presence of the bullfrog in our study broke the
strong and positive relationship between the lesser
swimming frog, the amount of pond vegetation cover
and pond size. Invasive species may force native
species to low-quality areas, such as observed in
Hawaiian coral reefs (Schumacher and Parrish 2005).
These behavioral responses observed in native
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of the invasive bullfrog. Dark blue lines show the posterior
means and light blue lines show estimation uncertainty, based
on 300 random posterior distributions sampled

populations may lead to changes in species’ habitat
use patterns (e.g. Hoare et al. 2007, Mayer et al. 2015).
The exclusion of invasive species may allow native
species to return to their natural habitats, but given
eradication is rarely feasible, native populations
usually co-occur with invaders. Unlike the lesser
swimming frog, none of the spatial covariates influ-
enced habitat use of the criolla frog neither in presence
nor in the absence of the bullfrog. We suspect that, at
least three life history characteristics may explain this
finding. First, the criolla frog presents a lack of
specificity to habitat types, and diet. Second, while
adult lesser swimming frogs attain around 25% of
bullfrog adult body size, adult criolla frogs are about
65%, which may reduce agonistic interactions. Third,
the criolla frog seems to share less habitat preferences
with the bullfrog than the lesser swimming frog.
Native species sharing more similar functional traits
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Fig. 2 Relationship between occupancy probability and pond
area (square meters) and vegetation proportion (% cover) for the
lesser swimming frog and the criolla frog in the presence and in

with invaders are the main species expected to suffer
the consequences of such interactions (Sebastian et al.
2015).

The disruptions observed here in activity and
microhabitat use for the native species suggests
spatio-temporal disturbances potentially induced by
the bullfrog. The persistence of a species will be
determined by a complex variety of processes across
different spatial and temporal scales. Yet, niche
differentiation may not mediate the ability of species
to persist together indefinitely.
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