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ABSTRACT: In recent decades, created ponds have become one of the dominant aquatic habitats in anthropogenic landscapes. Understanding
how competition between colonizing species influences community assembly in these new habitats is important for predicting species distributions
across the landscape. The objective of this study was to examine competition between larval Cricket Frogs (Acris blanchardi), which are showing
declines in parts of their range, and other anurans including Bullfrogs (Lithobates catesbeianus), Green Frogs (Lithobates clamitans), and Cope’s
Gray Treefrogs (Hyla chrysoscelis). Using two separate experiments, we examined competitive interactions between larvae of (1) Cricket Frogs and
different size classes of Bullfrogs; and (2) Cricket Frogs and Green Frogs, Cricket Frogs and Cope’s Gray Treefrogs, or all three species together.
We found no effect of either recently hatched or overwintered Bullfrog larvae on Cricket Frog metamorphosis. However, we found that Green
Frogs reduced Cricket Frog survival and that Cope’s Gray Treefrogs increased Cricket Frog time to metamorphosis. Because Cricket Frog
populations have an annual life cycle, they might be sensitive to factors that influence recruitment, including competition with some species.
Dispersal and landscape connectivity could be vital for maintaining Cricket Frog populations in areas with high densities of competitors (i.e., Green
Frogs and Treefrogs). Conversely, the lack of competition between Cricket Frogs and Bullfrogs could explain why both species are able to coexist.
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SINCE the 1780s, the United States has lost over 50% of
wetland habitat (Dahl 1990). The past decade has seen an
increase in created freshwater ponds, many of which are
used for irrigation and recreation and which provide habitat
for numerous taxa (Cereghino et al. 2008; Babbitt et al. 2009;
Dahl 2011). How communities are assembled in these
habitats is an important question for predicting species
distributions in anthropogenic landscapes, where created
ponds are one of the most-abundant aquatic habitat types
(Dahl 2011). Of the multiple biotic interactions that affect
species presence, resource competition has long been
acknowledged as an important driver of community assembly
(Gause 1934; Connell 1961; Goldberg and Barton 1992).

Competition between individuals can reduce fitness or
singular aspects of fitness such as growth or survival. These
effects of competition on individuals can have population level
consequences, resulting in reduced abundance within a com-
munity or, in extreme cases, exclusion (Gause 1934; Schoener
1983; Goldberg and Barton 1992). However, individuals can
avoid competition by altering behaviors (e.g., diet, spatial
habitat use, temporal activity patterns) to partition resources
(Schoener 1974; Pacala and Roughgarden 1982). Ultimately,
whether and how competition affects species abundance
depends on species traits and environmental conditions,
especially the availability of resources (Tilman 1977; Briones
et al. 1998; Kiesecker et al. 2001; Aresco 2010). In freshwater
habitats, where the composition and densities of resources
and competitors are in constant flux, competition might be a
prominent factor regulating population dynamics—especially
for species with complex life histories whose larvae must reach
metamorphosis within a single season.

Many amphibian species colonize newly created ponds in
agricultural landscapes (e.g., Babbitt et al. 2009); under-
standing competitive interaction between larval could help
explain observed patterns of community composition. While
instances of competitive exclusion appear rare in the wild
(but see Hairston 1980), competition can affect the quantity

and quality of individuals recruited into the population by
altering the size and timing of metamorphosis and, thereby,
influencing population dynamics and community structure
(e.g., Morin 1983; Semlitsch et al. 1988; Chelgren et al.
2006). One important factor for larval competition is size:
larger larvae are often competitively dominant and negative-
ly affect smaller larval amphibians (e.g., Morin and Johnson
1988; Boone et al. 2007; Knight et al. 2009). Size differences
can be the result of species-specific growth rates or priority
effects (Lawler and Morin 1993; Knight et al. 2009). In
addition to size differences, species with faster growth or
feeding rates could exploit and quickly deplete resources to
the detriment of others (e.g., Morin and Johnson 1988;
Smith and Burgett 2012). Differences in growth rate can
translate into differences in larval period and allow for
release from competition; as individuals leave the environ-
ment via metamorphosis, they reduce the length in time of
resource overlap (Lawler and Morin 1993). A final factor
affecting the outcome of competition between amphibian
larvae is a change in resource use throughout ontogeny
because the strength of competition changes as the food
preferences of individuals diverge (Werner and Gilliam
1984; Cereghino 2006).

The effects of competition could have subtle impacts on
populations of long-lived species because of stochastic
variation in competitive environments. For short-lived
species, however, the negative effects of competition could
affect population dynamics more dramatically. Blanchard’s
Cricket Frogs (Acris blanchardi) have an annual life
history with very few individuals surviving more than 1 yr
in the wild (Lehtinen and MacDonald 2011). While
Cricket Frogs can be found in multiple habitat types, they
generally prefer open-canopy ponds and streams (Lehtinen
and Skinner 2006; Trumbo et al. 2012). Cricket Frogs are
declining across much of their range and are listed as
endangered or threatened in multiple states (Gray et al.
2005). Despite their conservation status, relatively little is
known about the basic ecology and species interactions of
Cricket Frogs.1 CORRESPONDENCE: e-mail, youngqmb@miamioh.edu
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The objective of this study was to examine how Cricket
Frog metamorphosis was affected by competition in the
larval environment. Using outdoor mesocosms, we con-
ducted two separate experiments using co-occurring species
that breed synchronously with Cricket Frogs (Bullfrogs
[Lithobates catesbeianus], Cope’s Gray Treefrogs [Hyla
chrysoscelis, hereinafter Treefrog] and Green Frogs [Litho-
bates clamitans]). We tested two hypotheses: (1) competition
between Cricket Frogs and Bullfrogs is influenced by initial
size of the Bullfrog competitor; and (2) Cricket Frogs
compete with co-occurring summer-breeding species, i.e.,
Treefrogs and Green Frogs. In the first study, we predicted
that Cricket Frogs would show reduced growth and survival
when reared with large, overwintered Bullfrogs versus
recently hatched Bullfrogs. In the second study, we
predicted that Cricket Frogs would experience stronger
competition with Green Frogs than with Treefrogs because
the former has a longer larval period and would exert
competitive pressures throughout the Cricket Frog larval
period. Alternatively, because Treefrogs metamorphose
faster and larger than Cricket Frogs, their rapid growth rate
might enable them to deplete resources early in the
experiment and cause them to compete more strongly with
Cricket Frogs.

MATERIALS AND METHODS

Animal Collection and Care

For each experiment, we collected 10 amplexed Cricket
Frog pairs on 20 and 21 May 2012 from Miami University’s
Ecology Research Center (ERC), Oxford, OH, USA. For the
first experiment, we tested Cricket Frog competition with
both recently hatched and overwintered Bullfrog larvae. To
obtain recently hatched Bullfrogs, we collected a total of
four partial Bullfrog egg masses on 21 and 25 May 2012
from the ERC. We collected overwintered Bullfrog tadpoles
(Gosner Stages 27–36; Gosner 1960) from two locations in
Oxford, OH: one location was a permanent residential pond
and the other was from Four Mile Creek in the Miami
University Natural Areas (MUNA). For the second exper-
iment, we tested for Cricket Frog competition with Green
Frogs and Treefrogs. We collected a total of three partial
Green Frog egg masses on 22, 24, and 26 May 2012 from
Boesel Pond in the MUNA. We collected a total of three
amplexed Treefrog pairs on 25 and 29 May 2012 from
Indian Creek Metro Park, Reily, OH. Eggs of each species
were placed in artificial outdoor rearing ponds containing
1000 L water, leaf litter, and algal inoculate from a fishless
pond. As with most anuran species, the species we used are
opportunistic feeders and, depending on ontogeny and
location, will feed on phytoplankton and invertebrates from
the water column, periphyton, and sediments (Jenssen 1967;
Johnson 1991; Schiesari et al. 2009; Ruibal and Laufer
2012).

Experimental Design

Both experiments were conducted simultaneously in
outdoor 1300-L cattle tank mesocosms at the ERC. To each
mesocosm we added 1000 L water, 1 kg leaf litter, and
plankton from a fishless pond to establish zooplankton and
algal communities. Mesocosms were filled 20 and 21 May
2012 and leaf litter added 21 and 22 May 2012 for

Experiment 1 and Experiment 2, respectively. Mesocosms
were covered by a 2-mm mesh lid to prevent invasion by
insects or other anurans and were inoculated with pond
water three times per week until initiation of the experiment.
For periphyton collection throughout the experiment, we
placed five glass microscope slides that were attached to
flotation noodles and submerged just below the water’s
surface into each mesocosm. The submerged surface area of
the side of a slide was 13.75 cm2.

Experiment 1: Effects of size class on competition.—
To test for competitive interactions between Crickets Frogs,
recently hatched Bullfrog, and overwintered Bullfrog tad-
poles, we used 10 treatments: five species assemblages
crossed with the presence or absence of two overwintered
Bullfrog tadpoles. The species assemblages included: two
controls with Cricket Frogs only (30 or 60 per mesocosm),
two controls with recently hatched Bullfrogs only (30 or 60
per mesocosm), and both Cricket Frogs and two controls
with recently hatched Bullfrogs (30 Bullfrogs and 30 Cricket
Frogs per mesocosm). Ponds with only Cricket Frogs or only
recently hatched Bullfrogs served as density controls for
assemblages containing both species. Tadpole densities were
representative of those found in nature (Turnipseed and
Altig 1975; Kupferberg 1997; Casper and Hendricks 2005).
While overwintered Bullfrogs can be found at higher
densities, they were difficult to find at the start of this
experiment because of an unusually warm spring resulting in
early metamorphosis. All treatments were replicated five
times. All tadpoles were added on 4 June 2012 (experimental
Day 0).

We monitored mesocosms for phytoplankton, periphyton,
and zooplankton abundance as well as water quality (dissolved
oxygen, pH, and temperature) on experimental Days 8, 29, and
50. We collected periphyton by scraping 27.5 cm2 from
microscope slides. Samples were transferred to 0.7-mm glass
fiber filters (47 mm diameter) and immediately placed in 15 mL
of buffered acetone solution. Phytoplankton was collected by
filtering 100 mL of water taken from a 3-L composite water
sample onto a glass fiber filter and placed in 15 mL of buffered
acetone solution. Phytoplankton was sampled by taking three,
1-L samples from two sides and the center of each mesocosm.
Periphyton and phytoplankton samples were stored overnight
at 4uC for chlorophyll extraction. We estimated phytoplankton
and periphyton abundance from chlorophyll a via fluorometry
(10-AU fluorometer, Turner Designs, Sunnydale, CA). Zoo-
plankton abundance was qualitatively ranked on a scale of 0–3
(low–high) after observation of the entire mesocosm for 1 min.

We monitored mesocosms daily for Cricket Frog and
Bullfrog metamorph emergence. Cricket Frog response
variables were survival, time to metamorphosis, and mass at
metamorphosis. Bullfrog response variables were survival,
Gosner stage (Gosner 1960), and tadpole mass at the end of
the experiment. The experiment was terminated on experi-
mental Day 59, when the majority of Cricket Frogs had
metamorphosed (97% of surviving individuals), at which time
all ponds were drained and remaining tadpoles collected.

Only mesocosms that had $3 Cricket Frog or Bullfrog
survivors were included in the analyses, resulting in three
to five replicates per treatment: low-density mesocosms
containing Cricket Frogs and high-density mesocosms
containing recently-hatched and overwintered Bullfrogs
had five replicates; high-density mesocosms with Cricket
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Frogs had three replicates; all other treatments had four
replicates. Bullfrog and Cricket Frog data were analyzed
separately. We used Shapiro-Wilk tests to examine if data
were distributed normally and visualized normality of
residuals using normal probability plots (see Supplemental
Data available online). We transformed data that were
nonnormal. For Bullfrogs, we rank-transformed Gosner
stage because of highly skewed data and nonnormally
distributed variances. We analyzed Bullfrog survival and
mass using two-way analysis of variance (ANOVA) and
rank-transformed Gosner stage using a Friedman test (for
only main effects). For Cricket Frogs, we log transformed
mass and time to metamorphosis. All Cricket Frog
responses were analyzed using ANOVA. Relative chloro-
phyll a levels from periphyton and phytoplankton,
temperature, dissolved oxygen, pH, and zooplankton
relative abundance were analyzed using repeated-measure
ANOVAs. We log transformed periphyton and phyto-
plankton for normality. All analyses were run in SAS
(v 9.4, SAS Institute Inc., Cary, NC).

Experiment 2: Competition with Green Frogs
and Treefrogs.—We created six different assemblage types
using Cricket Frogs, Green Frogs, and Cope’s Gray
Treefrogs: three controls with Cricket Frogs only (20, 30, or
60 individuals per mesocosm), both Cricket Frogs and Green
Frogs (30 of each species), both Cricket Frogs and Treefrogs
(30 of each species), and all three species together (20 of each
species). Assemblages with only Cricket Frogs served as
density controls. The medium-density (30) was a control for
the two-species assemblages and the low-density (20) was
a control for the three-species assemblage; the high-density
(60) was a control for all multispecies assemblages. All
treatments were replicated four times. Tadpoles were added
on 6 June 2012 (experimental Day 0).

Using procedures described in Experiment 1, we moni-
tored algal abundance and water quality on experimental
Days 8, 29, and 50. We searched ponds daily for metamorphs
and the experiment was terminated on experimental Day 55
when the majority of Cricket Frogs had metamorphosed (96%
of surviving individuals). Response variables were survival,
time to metamorphosis, and mass at metamorphosis for
Cricket Frogs and Treefrogs. Tadpole mass and Gosner stage
(Gosner 1960) were recorded for Green Frogs at the end of
the experiment.

We included all mesocosms that had $3 Cricket Frog
survivors in the analyses, resulting in $3 replicates per
assemblage: the low-density (20) Cricket Frog and both
Cricket Frog and Green Frog assemblages had three
replicates; all other assemblages had four replicates. We used
Shapiro–Wilk tests to examine if data were distributed
normally and visualized normality of residuals using normal
probability plots (see Supplementary Material available on-
line). We transformed data that were nonnormal: we xarcsine
square-root transformed survival. Because transformed sur-
vival was heteroscedastic, we used Welch’s ANOVA, which
corrects for heteroscedastic data in one-way ANOVAs. Mass
and time to metamorphosis were analyzed with ANOVA. We
also conducted an orthogonal contrast to detect differences
between assemblages with a total of 60 tadpoles (Cricket Frog
only, both Cricket Frogs and Green Frogs, both Cricket Frogs
and Treefrogs, and all three species together). The first
contrast tested for differences between only Cricket Frog

assemblages and the multispecies assemblages (testing for
differences in intra- and interspecific competition). The
second contrast tested for differences in effects of Treefrogs
and Green Frogs on Cricket Frog tadpoles. Relative chloro-
phyll a levels from periphyton and phytoplankton, tempera-
ture, dissolved oxygen, pH, and zooplankton were analyzed
using repeated-measure ANOVAs; we log transformed
periphyton and phytoplankton for normality.

RESULTS

Experiment 1: Effects of Size Class on Competition

We found no evidence of competition between either
recently hatched or overwintered Bullfrog tadpoles and the
Cricket Frog tadpoles (Figs. 1 and 2). There were no effects
of assemblage or overwintered Bullfrogs on Cricket Frog
survival (F2,19 # 1.10, P $ 0.35) or survival of recently
hatched Bullfrogs (F2,19 # 2.05, P $ 0.16). There were also
no effects of assemblage or overwintered Bullfrogs on
Cricket Frog time to metamorphosis (F2,18 # 1.19,
P $ 0.32), Cricket Frog mass (F1,19 # 2.15, P $ 0.16),
recently hatched Bullfrog Gosner stage (F2,21 # 2.23, P $
0.15), or recently hatched Bullfrog mass (F2,19 # 1.39, P $

FIG. 1.—(A) Mean (61 SE) Cricket Frog (CF) survival to metamorphosis
and (B) mean Bullfrog (BF) survival to end of the experiment in Experiment
1. Both CF 30 and BF 30 indicate low-density, single-species controls; CF
60 and BF 60 indicate high-density, single-species controls; CF + BF
indicates the two-species assemblage.
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0.27). There was a time by assemblage effect on relative
levels of chlorophyll a for periphyton (Table 1; Fig. 3).
While periphyton increased in the first 30 d, higher tadpole
density reduced periphyton abundance relative to low-
density treatments. The presence of overwintered Bullfrogs
did not affect periphyton (Table 1). There were no effects of
either assemblage or overwintered Bullfrogs on phytoplank-
ton (Table 1) or other water quality measures (F4,31 # 1.32,
P $ 0.29).

Experiment 2: Competition with Green Frogs and Treefrogs

There was an overall effect of assemblage type on Cricket
Frog survival (F5,16 5 7.95, P 5 0.01; Fig. 4). An orthogonal
contrast revealed a difference between the effects of Treefrogs
and Green Frogs on Cricket Frog survival (F1,16 5 5.15,
P 5 0.04); Cricket Frog survival was lower in the presence of
Green Frogs than in Treefrogs. The timing and size of Cricket
Frog tadpoles at metamorphosis differed among assemblage
types (Wilks’ Lambda 5 0.20, F10,30 5 2.45, P 5 0.03; Fig. 5).
Cricket Frogs did best alone at a density of 30 tadpoles per
mesocosm; Treefrogs and Green Frogs negatively affected
timing of metamorphosis and size at metamorphosis. Tree-

frogs metamorphosed earlier and larger than did Cricket
Frogs (Treefrog average time 61 SE 5 26.75 6 0.16 d;
Treefrog average mass 5 0.421 6 0.007 g). Only three Green
Frogs reached metamorphosis. There were no effects of
assemblage type on relative levels of chlorophyll a for
periphyton and phytoplankton; however, periphyton abun-
dance fluctuated over time (Table 2; Fig. 3). There were no
effects on other water quality measures (F5,15 # 1.36, P $
0.29).

DISCUSSION

A regional species pool is filtered by abiotic and biotic
factors, resulting in a local species assemblage. In addition to
other species interactions, competition can be an important
driver of community structure. Cricket Frogs breed in the
late spring and summer in a variety of aquatic habitats with
other amphibians, which could result in competition for food
resources. We manipulated competition between Cricket
Frogs and three co-occurring anurans species to assess if
competition could be important for population dynamics and
Cricket Frog distribution.

In the first experiment, we did not detect competition
between Cricket Frogs and Bullfrogs, nor did we see an
effect of overwintered Bullfrogs on growth and survival of
recently hatched Cricket Frogs or Bullfrogs. The density of
overwintered Bullfrogs used in this study is within the
natural range (Kupferberg 1997; Mueller et al. 2006);
however, it could be that the addition of two overwintered
Bullfrogs was not enough to affect recently hatched tadpoles.
Studies using higher densities show overwintered Bullfrogs
can negatively impact growth of amphibian larvae
(Kupferberg 1997; Boone et al. 2007). Additionally, there
was no evidence of either intra- or interspecific competition
between Cricket Frogs and Bullfrogs, despite lower levels of
periphyton in high-density mesocosms as well as in the
assemblages with Bullfrogs. While the absence of intraspe-
cific competition might lead to the conclusion that no
competition between tadpoles would be observed, its
absence does not preclude interspecific competition be-
tween Bullfrogs and Cricket Frogs if either were a superior
competitor.

The apparent disconnect between a depression of
periphyton and lack of competition indicates either that
the densities were not high enough to induce resource
limitation or that tadpoles were able to feed from multiple
sources. In particular, Bullfrog tadpoles appear to be
opportunistic feeders that feed preferentially on high-quality
food (Kupferberg 1997; Schiesari et al. 2009; Ruibal and
Laufer 2012). Tadpoles could also switch resource use to
avoid competition (Werner 1994). These behaviors could
explain why recently hatched Bullfrog tadpoles were un-
affected by Cricket Frog tadpoles. Cricket Frogs could also
have increased activity levels in Bullfrog assemblages, as has
been seen in other hylid species, to compensate for reduced
resources (e.g., Monello et al. 2006), although we did not
observe a change in activity. Cricket Frogs and Bullfrogs are
commonly found breeding in the same habitats, and one
study found a positive association between the presence of
Cricket Frogs and Bullfrogs whereby Bullfrog abundance
explained 75% of the variation in Cricket Frog abundance
(Brodman 2008). Because both species frequently occur in

FIG. 2.—(A) Mean (61 SE) growth of Cricket Frogs (CF) and (B) mean
growth of Bullfrogs (BF) in Experiment 1. Both CF 30 and BF 30 indicate
low-density, single-species controls; CF 60 and BF 60 indicate high-density,
single-species controls; CF + BF indicates the two-species assemblage;
OWBF indicates the presence of two overwintered bullfrog tadpoles.
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open-canopy, permanent wetlands (Shulse et al. 2010;
Trumbo et al. 2012), the apparent lack of competition in
the larval stage could contribute to their coexistence.

In the second experiment, our results support the
hypothesis that Cricket Frogs compete with co-occurring,
summer-breeding anurans. The presence of Treefrogs
increased time to metamorphosis for Cricket Frogs,
suggesting resource limitation early in Cricket Frog de-
velopment and subsequent competitive release as Treefrogs
metamorphosed. There was an average of 17 d between
Treefrog and Cricket Frog metamorphosis (,1/3 of the
Cricket Frog larval period without Treefrogs). Audo et al.
(1995) found that Treefrog (Hyla chrysoscelis) tadpoles
starved early in development delayed their time to meta-
morphosis, but that there were no effects on size or survival.
Similar results were found in damselflies that were starved
early in development (Dmitriew and Rowe 2005). The lack
of difference in Cricket Frog size indicates compensatory
growth occurred after Treefrogs metamorphosed, which is
common in species with complex life histories (e.g., Vonesh
and Bolker 2005; Stoks and Cordoba-Aguilar 2012). Where
food limitation early in development is concerned, our
results and those of Audo et al. (1995) differ from other
studies that found either no or opposite effects (Travis 1984;
Alford and Harris 1988). Although we did not detect
differences in algal resources between mesocosms with
Treefrog present versus absent, there was a trend in which
the mesocosms with Treefrogs had the lowest levels of
periphyton on experimental Days 8 and 29, which coincides
with the time when Treefrogs were present. Alternatively,
we observed that Treefrog tadpoles were more active than
Cricket Frog tadpoles, and they could have interfered with
Cricket Frog feeding (interference competition). More
activity by the larger Treefrog tadpoles could increase direct
interactions between tadpoles and reduce feeding efficiency

of competitors (e.g., Wilbur 1977; Faragher and Jaeger
1998).

Green Frogs also had a strong negative effect on Cricket
Frogs. They reduced Cricket Frog survival by up to 50%
compared to assemblages with only Cricket Frogs at a density
of 30 or 60 individuals. However, there were no differences
in size and time to metamorphosis of Cricket Frogs between
the high density (60) assemblages with only Cricket Frogs
and the assemblages with Green Frogs (30 of each species),
despite the decrease in Cricket Frog survival. The difference
in competitive effects of Green Frogs and Bullfrogs on
Cricket Frogs might indicate a more similar diet between
Cricket Frogs and Green Frogs than between Cricket Frogs
and Bullfrogs. Stable isotope analyses indicate niche
differentiation in feeding between Bullfrogs and Green
Frogs (Schiesari et al. 2009), and studies on competition
between Bullfrogs and Green Frogs also indicate possible
resource differentiation (Werner 1994). We did not attempt
to determine the exact nature of diet overlap. Audo et al.
(1995) found that tadpoles starved later in development had
lower survival and smaller size at metamorphosis but found
no impacts on time to metamorphosis. This pattern matches

TABLE 1.—Repeated measures analysis of variance of the effect of species
assemblage and overwintered Bullfrog larvae on periphyton and phyto-
plankton abundance in Experiment 1.

Response Source of variation df F P

Periphyton Between-subject effects
Assemblage 4 2.37 0.07
Overwintered Bullfrog 1 0.79 0.38
Assemblage 3 overwintered

Bullfrog
4 0.19 0.94

Error 30
Within-subject effects

Time 2 59.76 ,0.0001
Time 3 assemblage 8 2.47 0.02
Time 3 overwintered Bullfrog 2 0.71 0.46
Time 3 assemblage 3

overwintered Bullfrog
8 1.67 0.14

Error 60
Phytoplankton Between-subject effects

Assemblage 4 0.8 0.53
Overwintered Bullfrog 1 1.19 0.28
Assemblage 3 overwintered

Bullfrog
4 0.31 0.87

Error 30
Within-Subject Effects

Time 2 104.02 ,0.0001
Time 3 assemblage 8 1.2 0.31
Time 3 overwintered Bullfrog 2 0.66 0.52
Time 3 assemblage 3

overwintered Bullfrog
8 0.9 0.52

Error 60

FIG. 3.—(A) Mean (61 SE) relative levels of periphyton in Experiment 1
in Cricket Frog (CF) and Bullfrog (BF) assemblages. Both CF 30 and BF 30
indicate low-density, single-species controls; CF 60 and BF 60 indicate high-
density, single-species controls; CF + BF indicates the two-species
assemblage. (B) Mean relative levels of periphyton in Experiment 2. The
CF 20, CF 30, and CF 60 indicate the low, medium, and high-density
Cricket Frog controls; CF + TF indicates the assemblage with both Cricket
Frogs and Treefrogs; CF + GF indicates the assemblage with both Cricket
Frogs and Green Frogs; All Spp indicates the three-species assemblage.
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the trend of Cricket Frogs in the presence of Green Frogs. It
might be that, as Green Frog tadpoles grew, they gained
a competitive advantage over Cricket Frog tadpoles late in
the experiment and hindered resource acquisition by Cricket
Frogs. Because Cricket Frogs function as an annual species,
reductions in juvenile recruitment over successive years and
in the absence of migrants could result in an increased risk of
extirpation.

Finally, we did not detect any differences in survivorship
or metamorphosis between the low-density (20) Cricket
Frog assemblage, which acted as a density control for
Cricket Frogs in three-species assemblage, and the three-
species assemblage. This indicates that direct competition

may be reduced in complex communities with more than
two species interacting. These results are in contrast to the
observed differences between the medium-density (30)
controls and the two-species assemblages, which indicates
competitive effects of Treefrogs and Green Frogs on Cricket
Frogs. Our study indicates that Cricket Frogs likely perform
best when alone at medium to high densities. The low
survival, low mass, and long larval period found in the low-
density (20) treatment was surprising because we expected
Cricket Frogs to experience the least amount of competition
and highest access to resources in this assemblage. These
results could indicate a nonlinear response between density
and growth or survival; Cricket Frog tadpoles might
facilitate each other at medium densities and experience
Allee effects at low densities, as demonstrated in other
species (Wilbur 1977; Smith-Gill and Gill 1978; Smith and
Burgett 2012).

Conclusions

Our study shows that the growth and survival of Cricket
Frog tadpoles can be negatively affected by heterospecific
competitors and that competitive interactions are species
specific. The four species tested are sympatric and all
combinations, from a single species to all four, have been
observed at ponds in the wild (Brodman 2008; MBY,
personal observation); therefore, the experimental assem-
blages and competitive effects are ecologically relevant.
Because the competitive effects were relatively minor and
species specific, however, Cricket Frog recruitment and
population persistence might not be strongly affected by
larval competition in resource-rich environments within the
range of densities studied. In resource-poor environments or
in habitats where densities of Green Frogs and Treefrogs are
high, Cricket Frog recruitment might be reduced. High
variation in recruitment across the landscape attributable to
differences in community assemblage means Cricket Frogs
might need to rely on immigration to maintain regional
populations across a landscape. Further studies on
source-sink dynamics and competitor presence would be
needed to assess the importance of competition for species
presence and distribution. Finally, Bullfrogs can negatively
affect other larval anurans, including Green Frogs (Werner
1994; Kiesecker and Blaustein 1998; Boone et al. 2007),
which would indirectly benefit Cricket Frogs. Because

FIG. 4.—Mean (61 SE) Cricket Frog (CF) survival from Experiment 2.
Filled circles are mean Treefrog survival; Filled squares are mean Green Frog
survival. The CF 20, CF 30, and CF 60 indicate the low, medium, and high-
density Cricket Frog controls; CF + TF indicates the assemblage with both
Cricket Frogs and Treefrogs; CF + GF indicates the assemblage with
both Cricket Frogs and Green Frogs; All Spp indicates the three-species
assemblage. *Indicates Cricket Frog survival in CF + GF assemblage was less
than in the CF + TF assemblage.

FIG. 5.—Mean (61 SE) Cricket Frog mass and time to metamorphosis in
Experiment 2 by assemblage type. The CF 20, CF 30, and CF 60 indicate the
low, medium, and high-density Cricket Frog controls; CF + TF indicates
the assemblage with both Cricket Frogs and Treefrogs; CF + GF indicates the
assemblage with both Cricket Frogs and Green Frogs; All Spp indicates
the three-species assemblage.

TABLE 2.—Repeated measures analysis of variance of the effect of species
assemblage on periphyton and phytoplankton abundance in Experiment 2.

Response Source of variation df F P

Periphyton Between-subject effects
Assemblage 5 2.31 0.09
Error 15
Within-subject effects

Time 2 40.81 ,0.0001
Time 3 assemblage 10 0.79 0.64
Error 30

Phytoplankton Between-subject effects
Assemblage 5 0.26 0.93
Error 16
Within-subject effects

Time 2 58.66 ,0.0001
Time 3 assemblage 10 1.09 0.4
Error 32
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Cricket Frogs and Bullfrogs are likely to colonize similar
types of ponds, our results indicate that Bullfrog tadpoles
will not hinder, and could indirectly facilitate, Cricket Frog
colonization across a landscape.
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