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Invasive species are a major threat to global biodiversity. Understanding the 

mechanisms underlying successful invasions is imperative for developing effective 

management strategies. Plasticity in physiological, morphological, and behavioral traits 

could be an indicator of invasion potential in non-native species. The invasive American 

bullfrog (Lithobates catesbeianus) has recently been observed breeding in ephemeral 

wetlands in the Willamette Valley, OR, which represents a shift from typical breeding 

sites in its native range. We hypothesized that plasticity in larval growth and 

development rates in response to ephemeral hydroperiod conditions has facilitated 

invasion into this novel habitat. In addition, we hypothesized that invasive bullfrogs 

would respond with plastic changes in behavior to a novel predator in ephemeral 

wetlands, the larval long-toed salamander (Ambystoma macrodactylum). First, we tested 

physiological plasticity in invasive bullfrog larvae with a 6 x 3 factorial mesocosm 

experiment. We quantified growth and development rates of 6 bullfrog clutches in 

response to 3 hydroperiod treatments. We found no differences due to hydroperiod 

treatments, but we found significant differences in growth between clutches. Clutch 

differences in growth could lead to population-level differences in the ability to invade 

ephemeral wetlands. We also tested behavioral plasticity in larval bullfrog response to 



 

A. macrodactylum chemical cues. We hypothesized that bullfrogs would reduce activity 

levels in response to predator chemical cues but we found no differences in activity or 

spatial orientation due to predator treatment. Instead, we found that bullfrog activity 

and spatial orientation were positively associated with bullfrog size. This indicates 

bullfrog larvae do not recognize predatory chemical cues from A. macrodactylum. 

Together, these results indicate that bullfrog populations will vary significantly in their 

invasion success into ephemeral wetlands. Further study of local variation in growth 

and development rates and site fidelity to ephemeral wetlands is needed to determine 

threats to ephemeral wetlands by bullfrog invasion. 
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Invasive Bullfrog Use of Novel Ephemeral Habitats in the Pacific Northwest  

 

CHAPTER 1: General Introduction 

 

Invasive species pose one of the greatest threats to biodiversity across the globe 

(Lowe et al. 2000). Their effects on native species and communities are numerous; 

invasive species can negatively impact native species behavior, alter population 

dynamics, modify habitat and ecosystem functions, and disrupt community composition 

(Olden et al. 2004, Lockwood et al. 2007). Invasive species often outcompete native 

species in a variety of environments (Richards et al. 2006) and physiological, 

morphological, and behavioral plasticity can contribute to competitive dominance. 

Plasticity plays a role in many aspects of amphibian ecology, particularly in allowing 

amphibians to adjust growth and development rates and behavior in response to 

environmental conditions and predators (Wilbur and Collins 1973, Werner 1986, Relyea 

2007). We hypothesized that plasticity in growth and development rates and behavioral 

avoidance of novel predators has facilitated the invasion of the bullfrog (Lithobates 

catesbeianus) into novel ephemeral habitats in the northwestern United States (U.S.).  

In its native range, the bullfrog breeds in permanent water, which allows larvae 

to overwinter, thereby metamorphosing at a large size. Recent evidence, however, 

suggests that invasive bullfrogs may be successfully reproducing in ephemeral wetlands 

in the Pacific Northwest. Bullfrog larvae were observed metamorphosing during the 

summer drying period of an ephemeral wetland near Corvallis, OR (S.S. Heppell et al. 

unpublished data). This is potentially problematic for native amphibians in the 

northwestern U.S. as many of these species breed in ephemeral wetlands (Jones et al. 

2005) and the hydroperiod gradient influences interactions between invasive and native 

species (Adams 1999, 2000). Invasive bullfrogs negatively impact native species in many 

ways, including competition and predation (e.g., Kiesecker and Blaustein 1997, Kats and 

Ferrer 2003). Invasion into ephemeral habitats throughout the northwestern U.S. could 
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contribute to further population declines of native amphibian species and significantly 

increase potential bullfrog breeding sites throughout the invasion range.   

Bullfrog success in ephemeral habitats, however, could be mediated by the 

presence of novel predators. If bullfrogs are unable to respond with appropriate 

antipredator behavior, predation could provide ephemeral wetlands with biotic 

resistance to invasion (deRivera et al. 2005). A common predator in ephemeral wetlands 

in the northwestern U.S. is the larval long-toed salamander (Ambystoma macrodactylum). 

Bullfrogs in their native range respond to a similar species, A. tigrinum, with 

antipredator behaviors such as immobility and increased refuge use (Werner and 

McPeek 1994, Relyea 2001a). Bullfrogs can also recognize novel fish (Pearl et al. 2003) 

and newt predators (Lefcort and Eiger 1993) in their invasive range. We therefore 

hypothesized that bullfrogs would respond with plastic antipredator behavior to A. 

macrodactylum chemical cues.  

We investigated plasticity as a mechanism for bullfrog invasion into ephemeral 

habitats in the Willamette Valley, OR, using experimental approaches. We first explored 

larval bullfrog growth and development rate as a function of hydroperiod and clutch. 

We employed a 6 x 3 factorial mesocosm design to measure the response of 6 bullfrog 

clutches to 3 hydroperiod treatments. We quantified larval growth and development 

and compared responses between clutches collected from ephemeral and permanent 

wetlands (Chapter 2). We also examined behavioral plasticity of bullfrog larvae in 

response to A. macrodactylum chemical cues in a laboratory setting (Chapter 3). Together, 

these two studies further our understanding of the implications of invasive bullfrog 

presence in ephemeral habitats in the northwestern U.S. 
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CHAPTER 2 

 

Bullfrog clutches differ in larval growth rate and lack plasticity to hydroperiod  

 

Megan T. Cook, Selina S. Heppell, Tiffany S. Garcia  
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ABSTRACT 

Species capable of rapidly adapting or plastically altering life history traits in 

response to changing environmental conditions may be more successful at invading 

novel habitats. Determining the mechanisms responsible for invasion success is crucial 

for developing effective management strategies. Many amphibian species can increase 

larval growth and development rates when their aquatic habitats begin to dry. American 

bullfrogs (Lithobates catesbeianus) have invaded ephemeral wetland sites in the 

Willamette Valley, Oregon, and we hypothesized that plasticity in growth and 

development rates in response to hydroperiod have facilitated this invasion. We tested 

this hypothesis by quantifying larval bullfrog development and growth response to 3 

hydroperiod conditions in a mesocosm setting and compared responses between 

clutches collected from ephemeral (n = 3) and permanent wetlands (n = 3). There were no 

differences in development or growth due to hydroperiod treatments (P > 0.05), but 

there were differences in growth due to clutch (P < 0.0001). Clutches collected from the 

same wetland type did not respond with similar growth and geographic barriers 

between collection sites did not account for the differences. These results indicate a lack 

of plasticity to hydroperiod and suggest that artificial hydroperiod manipulation, which 

is a common management strategy, will not induce rapid metamorphosis by invasive 

bullfrog larvae. 
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INTRODUCTION 

Effective control of biological invaders requires understanding the mechanisms 

that lead to successful establishment (Schlaepfer et al. 2005). Numerous hypotheses have 

been proposed to explain why some species successfully invade particular systems and 

others do not, yet relatively few studies have conducted manipulative experiments to 

test these potential mechanisms of invasion success (notable exceptions include Petren et 

al. 1993, Kupferberg 1997, Holway 1999, Kiesecker et al. 2001, Rehage and Sih 2004). 

Rapid adaptation to local conditions or phenotypic plasticity that results in tolerance to a 

wide range of environmental conditions may explain successful invasion across a large 

geographic range or environmental gradient (Sexton et al. 2002). The influence of these 

forces must be considered when developing management strategies for invasive species. 

For many pond-breeding amphibians, environmental stress in aquatic 

environments can promote rapid larval development and metamorphosis, thereby 

decreasing risk during the larval stage (Wilbur 1979). Temperature, density, and 

hydroperiod are among the factors that can increase development rates and lead to 

single season metamorphosis (Harris 1999, Rose 2005, Provenzano and Boone 2009). 

Developmental plasticity in response to hydroperiod is well documented for many 

amphibians that breed in ephemeral wetlands and risk desiccation before 

metamorphosis (e.g., Newman 1989, Denver et al. 1998, Laurila and Kujasalo 1999). True 

ephemeral wetlands dry completely each year, while semi-ephemeral wetlands may dry 

about every two to four years. If individuals are unable to metamorphose before 

ephemeral habitat dries completely, these sites can become population sinks; therefore 

choosing to breed in these sites can be mal-adaptive. In addition, single-season larvae 

typically metamorphose at smaller sizes than larvae that overwinter at least one year. 

Size at metamorphosis significantly influences anuran fitness, with larger metamorphs 

showing greater reproductive success and survivorship as adults (reviewed by Rose 

2005). Responding correctly to these conflicting pressures depends on an individual’s 
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ability to respond to changing conditions. We posit that plasticity in larval development 

is one mechanism that allows the American bullfrog (Lithobates catesbeianus) to be one of 

the world’s most successful and widespread invaders. 

The International Union for Conservation of Nature lists the American bullfrog 

among the world’s 100 worst invaders based on its negative impacts to native 

amphibians and reptiles (Lowe et al. 2000). These impacts include competition 

(Kiesecker and Blaustein 1997, Kupferberg 1997, Lawler et al. 1999), predation (Kats and 

Ferrer 2003), habitat displacement (Pearl et al. 2004), disease transmission (Daszak et al. 

2004, Garner et al. 2006), and possibly breeding interference (Pearl et al. 2005, D’Amore 

et al. 2009). These effects, however, have often been difficult to separate from correlated 

factors such as the presence of invasive fish (Hayes and Jennings 1986) and habitat 

change (Adams 1999). Life history differences between invasive bullfrogs and native 

amphibians influence species interactions and likely contribute to the bullfrog’s invasion 

success. In their native range, bullfrogs breed during the summer months and larvae 

generally overwinter before metamorphosing, which requires permanent hydroperiods 

(Bury and Whelan 1984). Invasive bullfrogs in the northwestern U.S. are thus expected 

to breed in permanent hydroperiod habitat (Nussbaum et al. 1983). Based on this 

assumption, land managers often artificially drain wetlands at the end of the summer to 

promote natural ephemeral hydroperiod conditions, native vegetation, and to kill 

bullfrog larvae. 

Recent observations, however, indicate that bullfrogs are successfully 

reproducing in ephemeral habitats in the southern Willamette Valley, OR. Bullfrog egg 

masses and larvae have been observed in multiple ephemeral wetlands, and larvae at 

one site successfully reached metamorphosis in less than four months after hatching 

(S.S. Heppell et al. unpublished data, Cook et al. unpublished data). The ecological and 

conservation repercussions of this invasion into ephemeral habitats could be significant. 

Bullfrogs can lay egg masses that contain up to 40,000 eggs, which is 20 times larger than 
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the northern red-legged frog’s (Rana aurora) maximum clutch size, which is the largest 

native clutch size in the Pacific Northwest (Jones et al. 2005). This extreme difference in 

reproductive output would likely exacerbate any negative interactions between 

bullfrogs and native species, including competition and predation impacts. The 

bullfrog’s ability to breed in ephemeral habitats could lead to increased bullfrog 

occupancy across the landscape and effectively remove any habitat refuges for native 

amphibians. This could also mean that artificially draining wetlands could accelerate 

development rates of bullfrog larvae, unintentionally selecting for a rapidly 

metamorphosing population of bullfrogs (Adams and Pearl 2007). 

Although bullfrogs do not typically breed in ephemeral habitats in their native 

range (Bury and Whelan 1984, Gahl et al. 2009), they have demonstrated variation in 

larval development rate and size at metamorphosis (Collins 1979). Experimental 

evidence from the bullfrog’s native range documents plasticity in larval development 

rates in response to hydroperiod and larval density. Overwintered bullfrog larvae can 

accelerate development and reduce time to metamorphosis in response to ephemeral 

hydroperiods (Boone et al. 2004). Provenzano and Boone (2009) demonstrated that 

bullfrog larvae from Ohio can metamorphose in a single season across a range of 

densities. In ephemeral hydroperiods, temperature may be the crucial variable as 

shallower habitat increases temperature. With larval amphibians, increased temperature 

typically results in increased development and growth rates, shorter time to 

metamorphosis, and smaller size at metamorphosis (reviewed in Ultsch et al. 1999). It is 

possible that natural variation in larval development in combination with higher 

temperatures in ephemeral habitat have helped bullfrogs successfully invade these 

novel environments in the west, although data on single season metamorphosis of 

invasive bullfrogs is largely anecdotal (Cohen and Howard 1958, Flores-Nava and Vera-

Muñoz 1999). 
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Exploring plasticity in larval bullfrog development rate will provide insight into 

the mechanisms behind invasive bullfrog population persistence and spread in the 

northwestern U.S. This in turn will help identify potential management actions and their 

expected effectiveness, such as artificial hydroperiod manipulation. Draining ponds has 

often been used in attempts to control bullfrog populations and to maintain wetlands in 

their natural ephemeral state; this practice needs careful evaluation, however, if draining 

induces rapid metamorphosis in invasive bullfrogs (Adams and Pearl 2007). We 

hypothesized that invasive bullfrog larvae in the Willamette Valley, Oregon, can 

plastically respond to hydroperiod by altering development and growth rates. To test 

this, we quantified larval bullfrog development and growth in response to 3 

hydroperiod conditions in a mesocosm setting and compared responses between 

bullfrog larvae collected from ephemeral vs. permanent wetlands.  

 

MATERIALS AND METHODS 

Field Collection and Animal Care—We collected 6 bullfrog egg masses (hereafter 

clutches) from 3 ephemeral wetlands (E1, E2, E3) and 3 permanent wetlands (P1, P2, P3) 

from 24 June to 11 July 2010 (Table 2.1). Collection sites were approximately 3 to 59 km 

apart in a 2,300-square-kilometer area in the southern Willamette Valley, OR. We 

defined ephemeral wetlands as those that had completely dried in the summer or fall of 

2009 (Cook, personal observations). Clutches were transported to Oregon State 

University, Corvallis, OR, and held in 30-liter high density polyethylene plastic tubs 

filled with filtered tap water that had been treated with NovAqua Plus® and Amquel 

Plus® (Kordon, LLC, Hayward, CA) and left standing for 24 hours. All tubs were 

located in an environmental chamber with constant temperature and photoperiod (18° 

C, 16L:8D) under full-spectrum lighting (Philips Natural Sunshine fluorescent bulbs). 

After hatching and absorption of yolk sacs, larvae were fed a 3:1 ratio of ground 

spirulina algae and brine shrimp flakes ad libitum (Brine Shrimp Direct, Ogden, UT). 
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Water changes were performed every 3 to 4 days. With each water change, tubs were 

rotated to a different location in the environmental chamber to minimize the effects of 

differential heat distribution. Hatched larvae were held for 25-43 days in the lab at high 

densities (approximately 10 to 40 larvae per liter) before being placed in experimental 

mesocosms. Initial mean body size for each clutch was estimated by measuring 10 larvae 

per clutch (SVL 3.2-4.8 mm, wet weight 7.8-23.6 mg; Table 2.1). 

Experimental Design—We employed a 6 x 3 factorial mesocosm design with 6 

bullfrog clutches and 3 hydroperiod treatments (slow-draining, fast-draining, and 

permanent). Clutch was treated as a factor to isolate potential genetic effects from 

phenotypically plastic responses to hydroperiod. The slow-draining hydroperiod 

treatment mimicked a naturally drying wetland, while the fast-draining hydroperiod 

treatment mimicked a managed wetland that reduces water levels rapidly over a short 

period of time due to removal of drainage barricades (see Figure 2.1 for detailed 

draining parameters). Each clutch and hydroperiod treatment combination, totaling 18 

treatment combinations, was replicated 3 times and randomly assigned to mesocosms 

(54 total). Each mesocosm contained 20 larvae from its assigned clutch. Water levels for 

all mesocosms were initially set at 30.5 cm, which was maintained for the permanent 

hydroperiod treatment. For the slow-draining hydroperiod treatment, water levels were 

reduced every 3 days via cutting standpipe lengths. For the fast-draining hydroperiod 

treatment, water was maintained at 30.5 cm for 33 days and then reduced every 6 days 

(Figure 2.1). Well water was added to mesocosms every 2-3 days to replace water lost 

through evaporation. Draining ended on experimental day 51 and water was allowed to 

evaporate until the experiment ended, resulting in an average final depth of ~5.5 cm for 

the drained mesocosms.  

 Our experiment took place outdoors at the Willamette Research Station in 

Corvallis, OR (44.5361, -123.2486). Mesocosms were 120-liter white high-density 

polyethylene tubs arranged in a 6 x 9 grid. Each mesocosm was filled with well water 
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and stocked with 1.2 liters of pond water from one egg collection site (Display Pond in 

Finley National Wildlife Refuge) to establish algal and macroinvertebrate communities, 

2.5 grams of ground alfalfa pellets, and 15 grams of oak leaves (Quercus kelloggii). 

Mesocosms sat undisturbed for 12 days to allow algal growth. Mesocosms were covered 

with weighted frames of 3-mm mesh fiberglass to deter potential predators and 

colonists. Each mesocosm was equipped with a half-inch diameter external standpipe 

with which to manipulate water depth. Temperature loggers in waterproof casings 

(ibutton model DS1922L®, accuracy ± 0.5° C, Maxim Integrated Products) were added to 

two randomly chosen mesocosms within each treatment combination; water 

temperature was logged every 60 minutes for the duration of the experiment. 

Larvae were added to mesocosms on 11 August 2010 (experimental day 0) at 

about 35 days old and Gosner stage 25; the experiment ended 6-7 October 2010 

(experimental days 56-57). We measured the proportion of individuals that survived, 

Gosner (1960) developmental stage, and growth in snout-vent length (mm) and wet 

weight (g). Growth was calculated by subtracting initial estimates of SVL and weight of 

each clutch from the weekly and final measurements. All responses were averaged 

within mesocosms. During the experiment, we sub-sampled 5 larvae from each 

mesocosm every week to measure development and growth over time. Larvae were 

staged under a dissecting scope, snout-vent length and wet weight were measured, and 

then larvae were returned to their mesocosm. At the end of the experiment, surviving 

larvae were humanely euthanized prior to final measurements in a solution of tricaine 

methanesulfonate (MS-222, 3g/L water).  

Comparison to Field Sites—To compare mesocosm results with field conditions, we 

surveyed each clutch collection site on 13-14 September 2010. Bullfrog larvae were 

collected with dipnet sweeps while wading throughout the sites; at least 25 dipnet 

sweeps were done per site and dipnetting continued until at least 30 individuals were 

caught per site. Larvae were humanely euthanized with MS-222 and preserved in 95% 
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ethanol. Staging and SVL measurements took place at a later date (weight was not 

measured due to water loss from preservation). Second-year larvae were differentiated 

from first-year larvae based on coloration, size, and developmental stage and were 

excluded from comparisons with mesocosm larvae. Ephemeral sites E1 and E2 were 

completely dry on the sampling dates and no bullfrog larvae were caught or observed at 

site E3, despite extensive dipnetting (>100 sweeps) in heavily vegetated water <1.0 m 

deep. 

Statistical Analysis—Data were examined for normality and homogenous 

variance with residual plots and normal Q-Q plots. We used analysis of variance 

(ANOVA) tests with clutch and hydroperiod treatments as fixed effects to determine 

their effects on proportion survived and growth in snout-vent length and weight. We 

defined growth as the increase in SVL and weight during the experiment and calculated 

growth by subtracting the measurements of clutch SVL and weight prior to the 

experiment from the corresponding mesocosms’ average final measurements. ANOVAs 

were also used to compare mean SVL and Gosner stage between permanent field sites. 

Pairwise comparisons were made using Tukey’s Honestly Significant Differences (HSD). 

All analyses were performed using the R statistical program (R Development Core 

Team, 2010). 

 

RESULTS 

Growth and Development— We found no interaction between hydroperiod 

treatment and clutch for any of the analyses (Table 2.2). There were no differences in 

proportion survived due to hydroperiod treatment or clutch (grand mean was 0.75 ± 

0.06 [2 SE]). Larvae progressed from Gosner stage 25 at the beginning of the experiment 

up to Gosner stage 26.40 ± 0.25 (mean ± 2 SE; Figure 2.2) and exhibited no biologically 

meaningful differences in development due to hydroperiod treatment or clutch. The 

highest Gosner stage any single larva reached was stage 29, which was reached by 1-2 
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larvae from clutch E2, P2, and P3. There were significant differences in SVL and weight 

growth as a function of clutch, but no differences due to hydroperiod treatment (Table 

2.2). Clutches E2, P1, and P2 exhibited approximately twice as much growth as clutch E1 

and P3; clutch E3 overlapped both groups (Figure 2.3). The differences in growth 

between clutches were consistent throughout the weekly sub-sampling (Figure 2.4). 

Mesocosm Temperatures—Mean daily mesocosm temperatures, averaged across 

the entire experiment, were similar between the 3 hydroperiod treatments (slow-

draining 19.5 ± 2.7° C, fast-draining 19.8 ± 2.6° C, permanent 20.0 ± 2.5° C; means ± SD; 

Figure 2.5). Toward the end of the experiment, however, the slow- and fast-drained 

hydroperiod treatments reached greater maximum temperatures and lower minimum 

temperatures than the permanent hydroperiod treatment as water levels in the drained 

treatments decreased (Figure 2.5).  

Field Sites—Bullfrog larval size differed between the permanent sites, with higher 

mean SVL at site P3 than at sites P1 and P2 (ANOVA; F2,145 = 17.03, P < 0.0001; Table 2.3, 

Figure 2.6). Mean Gosner stage for first-year larvae ranged from 26.1 (± 0.7) to 27.4 (± 1.6) 

(means ± SD; Table 2.3). 

 

DISCUSSION 

Our prediction of phenotypic plasticity in response to hydroperiod treatment 

was not supported. Instead, we found differences in larval bullfrog growth as a function 

of clutch, which suggests a genetically-based response. These were not unique clutch-

specific levels of growth; rather, clutch growth formed a gradient (pairwise comparisons 

separated the 6 clutches into 3 groupings, Figure 2.3). Two clutches (labeled A in Figure 

2.3) exhibited approximately half as much growth as the 3 clutches on the large end of 

the gradient (labeled B in Figure 2.3) and one clutch fell in between. This pattern was 

evident throughout the experimental timeline; clutch growth over time indicated that 
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the clutches with the largest larvae at the end of the experiment exhibited greater 

growth throughout the entire experiment (Figure 2.4).  

This gradient in growth did not correspond to the source wetland types; clutches 

collected from both permanent and ephemeral wetlands were included at both ends of 

the gradient. This inconsistency suggests that clutch differences in growth were not due 

to genetic divergence based on hydroperiod conditions, i.e., adaptation to permanent vs. 

ephemeral habitats, although other collection site characteristics could correspond to the 

differences (e.g., pond egg density, Loman 2003). In addition, we found no geographical 

patterns between the 6 field sites that account for the clutch growth gradient. Clutches at 

opposite ends of the growth gradient were not from sites that were the farthest apart. 

Similarly, clutches with similar growth were not from sites nearest each other. The 

location of dispersal barriers between sites, such major highways and rivers, also failed 

to explain similarities or dissimilarities in growth between clutches. 

Field sampling allowed us to make comparisons between the permanent clutches 

and larvae collected at the corresponding permanent field sites. Similar to our 

experimental results, we found size differences between the field site populations. These 

site differences in larval size, however, were opposite from the pattern observed in the 

experimental clutches. In the field, larvae at site P3 were larger than larvae from sites P1 

and P2, but in the mesocosm experiment, clutch P3 grew less than clutch P1 and P2. This 

discrepancy suggests that collecting a single clutch from each site may not accurately 

represent overall site characteristics or that, in the wild, environmental conditions have a 

bigger effect than clutch. In addition, the absolute sizes of the larvae were much smaller 

in the mesocosm experiment than at the field sites. Gosner stages, however, were similar 

between larvae from permanent field sites and larvae from the mesocosm experiment.  

Clutch Differences in Growth—Numerous models of larval amphibian growth 

propose that higher growth rates confer higher fitness in nearly any environmental 

condition; thus, growth rate can relate to competitive ability (Wilbur and Collins 1973, 
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Smith-Gill and Berven 1979, Travis et al. 1987). The Wilber-Collins model predicts that a 

minimum size threshold must be reached before metamorphosis can occur. In an 

ephemeral hydroperiod, individuals with a higher growth rate will reach the size 

threshold faster and be able to undergo metamorphosis sooner, which will help avoid 

habitat drying-induced mortality. In a permanent hydroperiod, higher growth rates 

would allow individuals to maximize growth before metamorphosis, potentially 

increasing size at metamorphosis and reducing age at first reproduction, which are both 

important factors in lifetime fitness (Berven and Gill 1983, Smith 1987, Semlitsch et al. 

1988, Chelgren et al. 2006). Balancing trade-offs between these selective forces can 

maintain genetic variation in growth rate (Alford 1999). 

 Werner (1986) expanded on the growth-only models and proposed that the 

optimum size at metamorphosis will change depending on the ratio of size-specific 

mortality and growth between the aquatic and terrestrial habitats. Under this model, 

metamorphosing at a smaller size is not necessarily disadvantageous if the ratio of 

mortality to growth is higher in the aquatic habitat than the terrestrial habitat. Cleary, 

the effects of growth rate on metamorphosis and fitness are complex. The variation in 

growth rates that we measured will affect bullfrog population dynamics through these 

differences in metamorphic success and adult fitness. This may lead to local variation in 

invasion potential and success in different hydroperiod conditions.  

Higher growth rate is often associated with increased invasion success when 

comparing plant species (Grotkopp et al. 2002, van Kleunen et al. 2010, Dawson et al. 

2011; but see Bellingham et al. 2004) and within species, invasive populations exhibit 

higher growth rate than non-invasive populations (Erfmeier and Bruelheide 2004, Zou et 

al. 2007). Different growth rates by larval bullfrogs could limit the range of ephemeral 

conditions and habitats in which bullfrogs can successfully breed and metamorphose. 

Ephemeral wetland habitats are extremely valuable for native amphibian reproduction. 

Understanding which habitats are at greater invasion risk from bullfrog invasion will 
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help target management and conservation efforts. Even if bullfrog larvae cannot 

metamorphose in a single season, however, their presence in ephemeral habitats could 

still negatively impact native amphibians through competition for food and refuge. 

Variation among clutches in larval growth rates appear to be species specific and 

may depend on ecological conditions (Gramapurohit et al. 2004). Clutch differences in 

growth or metamorphic traits have been documented for Hyla gratiosa (Travis 1983a, 

1983b), Scaphiopus couchii (Newman 1989), and Pseudacris triseriata (Travis 1980), yet no 

clutch differences were found for Tomopterna breviceps (Gramapurohit et al. 2004) or Bufo 

melanosticus (Saidapur and Girish 2001). Smith (1999) found that bullfrog clutches 

differed in their early larval growth at low densities (1 larva/0.45 L, reared individually), 

but not at medium or high densities (2 and 4 larvae/0.45 L, respectively). Our study’s 

densities were approximately 0.08 to 0.90 larvae/0.45 L, which are all below Smith’s low 

density value; as such, our study did not test the impact of high densities on growth.  

Our experimental design prevents us from determining whether clutch effects 

are due to additive genetic variation, nonadditive genetic variation, or maternal effects 

(Harris 1999). Maternal effects such as egg size could be due to nongenetic factors (e.g., 

the mother’s feeding history) and since maternal effects can affect larval growth and 

development (e.g., Kaplan 1989, Woodward and Travis 1991, Laugen et al. 2002), we 

cannot use our clutch differences as definitive estimates of genetic variation. Regardless 

of the underlying mechanism, however, clutch differences in growth rate still have 

important implications for larval survival and adult fitness. 

During our 2-month experiment, we measured larval development comparable 

to development observed in our permanent hydroperiod field sites. Although 3 to 4 

months is the minimum length of time in which bullfrog larvae have been documented 

undergoing metamorphosis (Bury and Whelan 1984, Provenzano and Boone 2009, 

Heppell et al. unpublished data), we predicted larvae would develop faster than the 1-3 

Gosner stages we measured. A potential explanation could be that the draining cue was 
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not delivered early enough in development. Multiple studies, however, have shown that 

development rate is changeable until late in the larval period (e.g., Newman 1994, 

Tejedo and Reques 1994, Audo et al. 1995, Beck 1997). In addition, many factors are 

confounded with natural pond draining (Denver et al. 1998) and our experimental setup 

may not have adequately reproduced the appropriate indirect cue. Our draining 

treatments increased larval density and decreased swim time to the top of the water, but 

did not increase concentration of compounds in the water (as would occur with natural 

evaporation) and we are unsure whether food became limiting in draining treatments.  

Most importantly, the temperature of the drained treatments may not have 

realistically imitated temperature profiles of ephemeral sites in the wild. Temperature is 

closely tied to growth and development for larval amphibians (Ultsch et al. 1999) and 

may be the key proximate cause of increased growth and development in response to 

hydroperiod. Temperatures were nearly identical between all hydroperiod treatments 

for the majority of the experiment with greater fluctuations in the drained treatments in 

the last third of the experimental timeline (Figure 2.5). Although the drained treatments 

reached greater maximum temperatures during this time, stress from the lower 

minimum temperatures or the daily fluctuations may have prevented increased growth 

or development.  

Management Implications—The lack of plasticity in response to hydroperiod in 

this study suggests that artificially draining ponds to simulate ephemeral hydroperiods 

would not induce rapid metamorphosis in invasive bullfrogs. We do not, however, 

propose that bullfrog eradication should be the primary motivation for draining ponds. 

Previous eradication and control efforts have focused on pond draining and culling 

adults, but the bullfrog’s high fecundity and dispersal and recolonizing abilities have 

made these efforts largely ineffective (Adams and Pearl 2007). Govindarajulu et al. 

(2005) suggested that culling newly-emerged metamorphs would be optimal for 

reducing population growth rate in an invasive bullfrog population in Canada. Other 
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research suggests that maintaining complex emergent vegetation and riparian habitat  

would promote coexistence between invasive bullfrogs and native amphibians 

(Schlaepfer et al. 2005, Adams and Pearl 2007, Adams et al. 2011) and managing non-

native fish species might have greater benefits for native amphibians (Hayes and 

Jennings 1986, Adams et al. 2003). If pond draining is pursued as part of a greater 

management scheme to reduce invasive vegetation, remove non-native fish, and 

maintain wetlands that should naturally be ephemeral, our results suggest these efforts 

would not inadvertently benefit invasive bullfrogs. 

Conclusions.—We found significant differences in growth between bullfrog 

clutches and an unexpected lack of plasticity in response to hydroperiod. This suggests 

that the bullfrog’s widespread invasion success has not been facilitated by plasticity to 

changing hydroperiods. Pre-existing genetic variation in life history traits such as 

growth rate along with multiple introduction events and tolerance of disturbed habitats 

could be sufficient to explain the bullfrog’s ability to spread throughout the western U.S. 

Variation in larval growth rate can lead to variation in size at metamorphosis, which can 

affect reproductive success. If larval bullfrog growth rates vary systematically between 

populations or geographic areas, this could lead to population differences in bullfrog 

invasion potential into ephemeral habitats (e.g., Erfmeier and Bruelheide 2004). If 

bullfrogs are unable to complete metamorphosis in ephemeral wetlands, these sites 

could act as population sinks. A greater understanding of local variation in bullfrog 

growth and development rates in permanent and ephemeral habitats is needed to 

determine the threats to ephemeral habitats and their native biota by bullfrog invasion. 
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TABLES AND FIGURES 

 

Table 2.1 – Bullfrog clutch descriptions and collection sites. E indicates clutch collected 

from an ephemeral wetland; P indicates clutch collected from a permanent wetland. 

Coordinates refer to clutch locations. Initial larval sizes were measured just prior to the 

experiment and were based on 10 larvae per clutch. SVL = snout-vent length. 

 

   Initial larval size (mean ± 2SE) 

Clutch & Site Name Latitude Longitude SVL (mm) Weight (mg) 

E1  Raindance Ranch 44.3282 -123.3497 4.2 ± 0.4  15.7 ± 4.6 

E2  Evergreen Mitigation Bank 44.5071 -123.3394 4.8 ± 0.5 23.6 ± 8.2 

E3  Field 1, Finley National 

Wildlife Refuge  

44.4278 -123.3098 3.2 ± 0.2 7.8 ± 0.7 

P1  Display Pond, Finley 

National Wildlife Refuge  

44.4097 -123.3355 4.5 ± 0.3 16.8 ± 2.9 

P2  Frog Pond, Ankeny 

National Wildlife Refuge  

44.7760 -123.0862 4.2 ± 0.3 17.3 ± 3.4 

P3  One Horse Slough 

Mitigation Bank 

44.5627 -122.8710 3.9 ± 0.2 13.5 ± 3.2 
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Table 2.2 – Analysis of variance results for mesocosm experiment. There were no 

differences in survivorship to the end of the experiment. There were no differences in 

growth due to hydroperiod treatment for snout-vent length or weight, but there were 

differences in growth due to clutch. 

 

Variable Source  df SS MS F P 

Proportion survived Clutch 5 0.30 0.06   0.75 0.59 

(arcsine square root Hydroperiod Treatment   2 0.21 0.10   1.31 0.28 

transformed) Clutch x Hydroperiod  10 0.48 0.05   0.61 0.80 

 Residuals 36 2.86 0.08   

Snout-vent length  Clutch 5 257.72  51.55 11.36 0 *** 

growth (mm) Hydroperiod Treatment   2     6.86   3.43  0.76    0.48    

 Clutch x Hydroperiod  10 48.44   4.84  1.07    0.41    

 Residuals 36 163.34   4.54                        

Weight growth (g) Clutch 5 2.25 0.45  9.86 0 *** 

 Hydroperiod Treatment   2 0.12 0.06  1.35   0.27    

 Clutch x Hydroperiod  10 0.45 0.04  0.98   0.48    

 Residuals 36 1.64 0.05                       

Significance levels: *** ≤ 0.0001    ** ≤ 0.001     * ≤ 0.01     . ≤ 0.05    
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Table 2.3 – Snout-vent length and Gosner stage of first-year bullfrog larvae sampled 

from permanent hydroperiod field sites 13-14 September 2010. 

 

  Snout-vent length (mm) Gosner stage 

Field site n Mean ± SD Range Mean ± SD Range 

P1 28 18.7 ± 3.3 16.2 - 27.3 26.1 ± 0.7 25 - 29 

P2 47 19.4 ± 3.6 10.7 - 26.2 27.3 ± 1.6 25 - 31 

P3 73 23.0 ± 4.4   9.9 - 30.3 27.4 ± 1.6 25 - 31 
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Figure 2.1 – Hydroperiod treatment parameters for mesocosm experiment. In the slow-

draining hydroperiod treatment, water was gradually lowered throughout the 

experiment, mimicking a naturally drying wetland. In the fast-draining hydroperiod 

treatment, water was held constant for most of the experiment and then rapidly drained, 

mimicking an artificially drained wetland. Water was held constant in the permanent 

hydroperiod treatment for the entire experiment. 

 

 
 



 23

Figure 2.2 – Gosner developmental stages of bullfrog larvae at the end of the mesocosm 

experiment. Y-axis ranges from stage 25, where larvae were at beginning of experiment, 

to stage 42, which is the initiation of metamorphosis. There was no biologically 

significant development due to hydroperiod treatment (left) or clutch (right). The 

boxplot whiskers extend up to 1.5 times the length of the box; any point beyond is an 

outlier. The bold line within the box is the median.  
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Figure 2.3 – Growth in snout-vent length (SVL) and weight over the course of the 

mesocosm experiment (means ± 95% individual confidence intervals). There were no 

differences in SVL growth (top) weight growth (bottom) due to hydroperiod treatment 

(left). There were significant growth differences due to clutch (right) that did not 

correspond to source wetland type. The dotted line separates the clutches from 

ephemeral source wetlands from clutches from permanent source wetlands. A and B 

labels represent results from pairwise comparisons made with Tukey’s Honestly 

Significant Differences. 
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Figure 2.4 – Growth in snout-vent length (SVL) over time for each clutch in mesocosm 

experiment. - - - in blue shades indicate clutches collected from ephemeral source 

wetlands; — in red shades indicate clutches collected from permanent source wetlands. 

Clutches with the highest growth at the end of the experiment exhibited greater growth 

throughout the experimental timeline. Growth differences did not correspond to source 

wetland type. 
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Figure 2.5 – Mesocosm temperatures (° C) throughout experimental timeline for each 

hydroperiod treatment. Temperatures are based on hourly readings from 0001 hours to 

2400 hours everyday from temperature loggers in two-thirds of the mesocosms. Colors 

represent maximum (red), minimum (blue), and mean (black) daily temperatures, 

averaged across mesocosm tubs. Temperature profiles are similar between hydroperiod 

treatments for most of the experiment. Towards the end of the experiment, the drained 

mesocosms experienced higher maximum and lower minimum temperatures than the 

permanent hydroperiod treatment. 
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Figure 2.6 – Gosner stage and snout-vent length (SVL) of first-year larvae sampled from 

permanent hydroperiod field sites 13-14 September 2010. The boxplot whiskers extend 

up to 1.5 times the length of the box; any point beyond is an outlier. The bold line within 

the box is the median. SVL was greater for bullfrog larvae collected from site P3 than 

sites P1 and P2. 
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ABSTRACT 

 Successful biological invasion often depends on a species’ ability to recognize 

novel risks and respond appropriately. Invasive amphibian larvae must balance the 

costs of predator avoidance with foraging demands in novel environments, and 

correctly recognizing novel predator cues can strongly influence this trade-off. We tested 

the behavioral response of invasive bullfrog larvae (Lithobates catesbeianus) to chemical 

cues from the larval long-toed salamander (Ambystoma macrodactylum), a native predator 

in northwestern United States ephemeral wetlands. We found no differences in bullfrog 

larval activity or depth choice in response to A. macrodactylum chemical cues. We 

determined that bullfrog larval size was the best predictor of activity. These results 

indicate bullfrog larvae do not recognize predatory cues from A. macrodactylum, 

although conspecific injury cues could be important for inducing antipredator behavior 

from larval bullfrogs.  
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INTRODUCTION 

 A species’ capacity to invade a particular environment depends on its ability to 

respond appropriately to novel species interactions (Rehage et al. 2004). A species 

outside its native range may escape natural predators (i.e., the enemy release hypothesis; 

Keane and Crawley 2002) but will likely encounter novel predators to which it has 

limited adaptive defenses (Maron and Vilà 2001). The ability for an introduced species to 

recognize predation risk and respond with appropriate antipredator defenses will affect 

predator-prey dynamics and thus, invasion success (Sol and Lefebvre 2000). If novel 

predator species are similar to natural, coevolved predators, preadaptation may allow 

individuals to gauge risk more effectively (Schlaepfer et al. 2010). Similarly, behavioral 

plasticity may give introduced prey flexibility in their responses to novel predators and 

environmental conditions (Sol and Lefebvre 2000). If a non-native prey species cannot 

respond to a novel predator with antipredatory defenses, predation may contribute to 

that system’s biotic resistance to invasion (e.g., Lodge 1993, Tilman 1999, Kennedy et al. 

2002, deRivera et al. 2005). 

Amphibian larvae often rely on waterborne chemical cues to identify predators 

(Kats and Dill 1998) and respond to perceived threats with behavioral and 

morphological plasticity (Relyea 2001a). Antipredator behaviors in aquatic habitats often 

include increased refuge use and reduced activity levels (e.g., Petranka et al. 1987, Kats 

et al. 1988, Kiesecker et al. 1996, Benard 2004). These antipredator responses can affect 

larval survival and growth, potentially resulting in decreased size at metamorphosis 

(Benard 2004, Relyea 2007). Trade-offs between predation risk and foraging needs can be 

strongly influenced by additional environmental stressors such as pond drying, 

temperature, and refuge availability (Sih et al. 2003, Relyea 2007). Invasive amphibians 

in novel habitats will be at a significant disadvantage if they are unable to gauge 

predation risk in an already stressful environment.   
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Recent evidence suggests invasive American bullfrogs (Lithobates catesbeianus) are 

moving into ephemeral habitats in the northwestern United States (U.S.); this provides a 

unique opportunity to explore the response of an invasive prey species to a novel 

predator. The bullfrog has been established in the western U.S. for over a century, 

primarily occupying permanent wetlands (Nussbaum et al. 1983, Jennings and Hayes 

1985). Recently, however, bullfrog egg masses and larvae have been observed in 

ephemeral wetlands with successful metamorphosis occurring in less than four months 

after hatching at one site (S.S. Heppell et al. unpublished data, Cook et al. unpublished 

data). A common predator in these ephemeral wetlands is the larval long-toed 

salamander (Ambystoma macrodactylum). Differences in breeding phenology are 

important to understanding potential interactions between these two species. In the 

northwestern U.S., larval A. macrodactylum can metamorphose as early as May at low 

elevations, which is the earliest bullfrogs begin breeding (Jones et al. 2005), or as late as 

July and August (Cook et al. personal observation), the optimal breeding time for 

bullfrogs. Thus, newly-hatched bullfrog larvae are likely to encounter relatively large 

predatory A. macrodactylum larvae in ephemeral wetlands. Ambystoma macrodactylum 

could impact bullfrog success through direct mortality, or indirectly through inducing 

changes in larval bullfrog behavior and growth.  

 Bullfrogs in their native range alter behavior in response to numerous natural 

predators. Ambystoma tigrinum larvae induce reduced activity levels, spatial avoidance, 

or both in bullfrog larvae (Werner and McPeek 1994, Relyea 2001a), and odonate larvae 

(dragonflies and damselflies) induce similar avoidance behaviors (Werner and Anholt 

1996, Relyea and Werner 1999, Eklöv and Werner 2000, Eklöv 2000). Many fish species, 

however, find bullfrog larvae unpalatable and bullfrogs correspondingly respond to 

those species less strongly or not at all (Relyea and Werner 1999, Relyea 2001a).  

In addition, invasive bullfrogs have been shown to respond to novel fish and 

newt predators that are not present in the bullfrog’s native range. Pearl et al. (2003) 
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found that invasive bullfrog larvae increased refuge use when exposed to chemical cues 

from two novel fish predators native to the northwestern U.S. invasive bullfrog tadpoles 

also reduced activity level when exposed to chemical cues from rough-skinned newts 

(Taricha granulosa), which were shown to prey upon bullfrog larvae in a lab setting 

(Lefcort and Eiger 1993). It is important to note, however, that these studies quantified 

antipredator responses under permanent hydroperiod conditions. Behavioral responses 

to predators in ephemeral habitats could have different consequences for bullfrog 

reproductive success due to the added stress and unpredictability of habitat drying. 

 Based on the bullfrog’s ability to respond to A. tigrinum in its native range and 

novel fish and newt predators in its invasive range, we hypothesized that invasive 

bullfrog larvae would recognize A. macrodactylum as a predator by plastically reducing 

activity levels. We also measured spatial orientation of bullfrog larvae as this could 

affect their susceptibility to A. macrodactylum predation. Ambystoma tigrinum forage with 

a variety of strategies, including crawling along the bottom, swimming through the 

water column, and floating in the water column; while A. macrodactylum primarily 

forage on the bottom of ponds (Petranka 1998). We therefore predicted bullfrog larvae 

would use areas close to the water’s surface as refuge from A. macrodactylum predation. 

We also predicted responses would be similar between bullfrog clutches collected from 

ephemeral and permanent hydroperiod sites.  

 

MATERIALS AND METHODS 

Test Animals—We collected 6 bullfrog egg masses from 3 ephemeral wetlands 

and 3 permanent wetlands in the southern Willamette Valley, OR, from 24 June to 11 

July 2010 (Table 2.1). We collected eggs rather than larvae to control for history of 

exposure to native predator cues for all individuals. We collected 16 A. macrodactylum 

larvae from ephemeral wetlands near Corvallis, OR, on 22 July 2010 (total length 44.5 ± 

9.0 mm, mean ± SD). All animals were transported and held at Oregon State University, 
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Corvallis, OR. Bullfrog clutches were held in 30-liter tubs (~10-40 larvae/L) and 

salamander larvae were held individually in 1-liter cups made of high density 

polyethylene plastic. Bullfrog tubs were located in an environmental chamber with 

constant temperature (18°C) and photoperiod (16L:8D) under full-spectrum lighting 

(Philips Natural Sunshine fluorescent bulbs). Bullfrog larvae were fed a 3:1 ratio of 

ground spirulina algae and brine shrimp flakes ad libitum (Brine Shrimp Direct, Ogden, 

UT). All bullfrog larvae used in the trials were Gosner (1960) stage 25 and mean wet 

weight of individuals from each clutch ranged from 7.46 mg (± 1.25) to 20.60 mg (± 3.92) 

(means ± 2 SE, n=10 per clutch, Table 3.1). Ambystoma macrodactylum larvae were held in 

the lab at room temperature (19-20°C) and constant photoperiod (16L:8D) and fed 1-2 

bloodworms daily. Bullfrog tubs and A. macrodactylum cups were filled with filtered tap 

water that had been treated with NovAqua Plus and Amquel Plus (Kordon, LLC, 

Hayward, CA) and left standing for 24 hours. With each water change, tubs/cups were 

rotated to a different location in the environmental chamber/lab bench to minimize the 

effects of differential heat distribution. 

Experimental Design—We employed a 2 x 6 factorial design with two predator 

treatments (chemical cue or control) and 6 bullfrog clutches. Because the size of 

individuals from each clutch was significantly different, we used size as a proxy for 

clutch (ANOVA for wet weight (mg); F5,54 = 1.60, P < 0.0001, n = 10 per clutch). Since each 

clutch had only a single estimate for size, clutch identity and size are confounded in our 

design. Each treatment combination was replicated 8 times. Trials were run on 2 

different days (3 and 5 August 2010) so we statistically blocked by day, with 4 replicates 

of each treatment combination in each block. Replicates were randomly assigned to lab 

bench position and time (half of each block’s replicates occurred in the morning, half in 

the afternoon). Experimental units were 21.2 cm x 34.3 cm clear plastic tubs with 4.0 L of 

water, each containing 10 bullfrog larvae from a randomly-assigned clutch and predator 

treatment combination.  
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Predator chemical cue was produced by holding A. macrodactylum larvae in 750 

mL of filtered and de-chlorinated tap water for 48 hours; larvae were not fed during this 

time. 600 mL of cue water was obtained from each salamander cup and cues from all 

larvae were combined into one source tank before addition to experimental containers. 

Experimental units received either 300 mL of A. macrodactylum cue water (chemical cue) 

or 300 mL of filtered and de-chlorinated tap water (control).  

Bullfrog larvae were allowed to acclimate to the experimental units for 60 

minutes before the predator treatment was applied. Observations began 10 minutes after 

treatments were administered and data were recorded every 10 minutes for a total of 10 

observations per experimental unit. To avoid observer bias, one person administered the 

predator treatment and recorded data and another performed all behavioral 

observations. Blinds were placed around the experimental containers to prevent 

disturbance by observers. A line was drawn on each experimental unit separating the 

top half of the water column from the bottom half. Activity level and spatial orientation 

were quantified by counting the number of bullfrog larvae swimming or not swimming 

in the top half, and swimming or not swimming in the bottom half of the experimental 

unit during a 10-second behavioral observation. Between each trial, experimental units 

were thoroughly scrubbed and rinsed 4 times (twice with tap water, once with distilled 

water, and once with filtered water).  

We assessed bullfrog larvae palatability to A. macrodactylum larvae prior to the 

experiment to confirm that A. macrodactylum prey upon invasive bullfrog larvae. Two A. 

macrodactylum larvae were placed individually into 18-liter glass aquariums with 10 

bullfrog larvae. We counted the number of surviving bullfrogs after 24 hours and 

observed A. macrodactylum larvae for any signs of poisoning or mortality for 48 hours; 

these larvae were not used in the behavioral trials. Both A. macrodactylum larvae 

consumed 6 of the 10 bullfrog larvae with no apparent ill effects. 
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After the behavioral trials were completed, all A. macrodactylum larvae were 

allowed to metamorphose in the lab to confirm species identification. We discovered 

that 2 out of the 16 salamander larvae were rough-skinned newts (Taricha granulosa) and 

had been mistakenly included in the predator chemical cue. Previous work, however, 

showed bullfrog larvae reduced activity level when exposed to chemical cues from T. 

granulosa (Lefcort and Eiger 1993), which matched our predictions for bullfrog larval 

response to A. macrodactylum chemical cues. Therefore, we contend this is not a flaw in 

the experiment and that the minimal mixing of native salamander cues will not produce 

a conflict in predicted bullfrog behavioral response. 

Statistical Analysis—Counts were converted to proportions and averaged across 

the 10 observations for each experimental unit. We used analysis of variance (ANOVA) 

to test the effects of predator chemical cue and bullfrog larval size (fixed effects) on the 

proportion of bullfrog larvae active and the proportion of bullfrog larvae in the top half 

of the water column. Block was included as a random effect. Responses were angularly 

transformed to normalize data and equalize variances. All analyses were performed 

using the R statistical program (R Development Core Team, 2010). 

 

RESULTS 

There was no interaction between predator treatment and bullfrog size for 

activity level (P = 0.32) or spatial orientation (P = 0.60). We found no effect of predator 

treatment on activity level (P = 0.96) or spatial orientation (P = 0.32; Table 3.2). Activity 

level and spatial orientation were both positively associated with bullfrog size, after 

accounting for block effects (Figures 3.1-3.2). An increase in weight of 1.0 mg was 

associated with an increase in the proportion active of 0.00129 ± 0.00002 (mean ± 2 SE 

from final reduced model for activity level; adjusted R2 = 0.62).  In addition, an increase 

in weight of 1.0 mg was associated with an increase in the proportion of bullfrog larvae 
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in the top half of the water column of 0.00106 ± 0.00003 (mean ± 2 SE from final reduced 

model for spatial orientation; adjusted R2 = 0.50).   

 

DISCUSSION 

Our behavioral plasticity hypothesis was not supported as bullfrog larvae did 

not decrease their activity level in the presence of predator chemical cues from 

salamander larvae. These findings indicate that invasive bullfrog larvae do not 

recognize A. macrodactylum larvae, a novel predator, as a threat. In addition, 

unpalatability does not appear to defend bullfrog larvae from A. macrodactylum 

predation, as A. macrodactylum larvae predated upon bullfrog larvae in preliminary trials 

with no ill effects. Our study differs from Pearl et al. (2003), which found that invasive 

bullfrog larvae increased refuge use when exposed to chemical cues from two novel 

predatory fish, redside shiners and northern pikeminnows, which are native to the 

Pacific Northwest. Pearl et al. (2003) suggested that invasive bullfrog larvae may adjust 

their behavioral response based on the novelty and perceived threat level of the 

predator. This pattern does not hold in our study.  

An important consideration is that our experimental study concentrated on 

predatory cues instead of conspecific injury cues. The vast majority of the studies that 

have documented bullfrog behavioral plasticity in response to predators used animals 

that had consumed bullfrog larvae immediately prior to the experiment (Werner and 

Anholt 1996, Relyea and Werner 1999, 2000, Eklöv and Werner 2000, Eklöv 2000, 

McIntyre and McCollum 2000, Anholt et al. 2000, Relyea 2001a, Ferland-Raymond et al. 

2010; but see Pearl et al. 2003). Other studies that showed bullfrog larvae failing to 

respond to a novel predator did not examine conspecific injury cues (Smith et al. 

2008a,b). In their study of larval bullfrog response to T. granulosa predators, Lefcort and 

Eiger (1993) used T. granulosa adults collected from sites sympatric with bullfrog larvae, 

but did not feed the T. granulosa bullfrog larvae while in captivity; it remains unclear 
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whether the T. granulosa used would have emitted chemical cues from preying on 

bullfrog larvae. In our study, we did not feed bullfrog larvae to A. macrodactylum used in 

the trials, which could account for the lack of bullfrog response when exposed to these 

chemical cues. We also did not provide visual or mechanical predator cues, which can be 

necessary to induce a response to a predator (e.g., Paoletti et al. 2011). 

The implications of A. macrodactylum predation on larval bullfrogs in ephemeral 

hydroperiods require further examination. If bullfrog larvae do not behaviorally 

respond to A. macrodactylum predatory cues, predation pressure could reduce bullfrog 

reproductive success in these habitats or exclude bullfrogs from A. macrodactylum-

occupied sites. Relyea (2001b) found high mortality rates of bullfrog larvae from A. 

tigrinum and suggested that A. tigrinum predation on bullfrog larvae prevented their 

coexistence within ponds on a reserve system in Michigan. If bullfrog larvae can 

recognize predation risk via conspecific injury cues, bullfrogs may similarly be excluded 

from ephemeral sites due to an inability to metamorphose before habitat drying 

resulting from slower growth and development rates (Relyea 2007). Positive indirect 

effects of predators on prey, however, must also be considered (Relyea 2007). Peacor 

(2002) found that the non-lethal presence of odonate predators reduced larval bullfrog 

foraging and actually increased larval growth by preventing overexploitation of food 

resources. This could also reduce the effects of bullfrog larvae on other ephemeral 

amphibians when competing for food and refuge resources. 

We found a positive association between bullfrog size and activity level even 

though our larvae represented a relatively small size range (~7-20 mg). Eklöv and 

Werner (2000) tested bullfrog larvae from 9 mg to 500 mg and found significant effects 

of both size and predation on larval bullfrog activity levels. Without predators, larval 

bullfrog activity increased with size and with odonate predator presence, activity 

decreased or remained the same as size increased. Measuring size for every replicate 

group of larvae, rather than general clutch estimates, would also allow differentiation of 
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potential clutch genetic effects from size effects, which are confounded in our study. 

Testing a greater range of sizes would also provide insight into whether bullfrog larvae 

exhibit size or stage-specific behavioral responses to A. macrodactylum predators. 

Varying environmental conditions with predator presence would explore potential 

interactions. McIntyre and McCollum (2000) found that small bullfrog larvae decreased 

activity after the addition of a lethal A. tigrinum in a high oxygen environment, but 

increased activity with A. tigrinum in a low oxygen environment. 

Conclusions—Based on the lack of response by bullfrog larvae to predator 

chemical cues in this study, we hypothesize that A. macrodactylum predation could 

reduce bullfrog larval densities or prevent coexistence in ephemeral wetlands in the 

northwestern U.S. If conspecific injury cues induce a behavioral response by bullfrog 

larvae, A. macrodactylum predation may affect bullfrog reproductive success in 

ephemeral wetlands by affecting growth and development rates, potentially preventing 

metamorphosis before habitat drying. The impacts invasive bullfrog larvae have on 

native amphibians through competition for food and refuge could also be reduced via A. 

macrodactylum predation. The presence of other prey species may affect A. macrodactylum 

predation rates on bullfrogs so it would be useful to perform prey choice trials with A. 

macrodactylum, offering them bullfrog larvae along with other potential prey in 

ephemeral wetlands such as Pseudacris regilla larvae. A field survey to determine 

whether bullfrog presence in ephemeral wetlands is correlated with the absence of A. 

macrodactylum larvae would also illustrate whether the patterns observed in our 

laboratory experiment correspond to occupancy and predation patterns in the wild. 
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TABLES AND FIGURES 

 

Table 3.1 – Mean wet weight (mg) of each bullfrog clutch in behavioral trials. n = 10 

larvae for each clutch; these individuals were not used in the experiment. Clutch identity 

and size are confounded in our design. 

 

 

Clutch 

Weight (mg) 

Mean ± 2 SE 

E1 11.9 ± 3.0 

E2 20.6 ± 3.9 

E3 7.5 ± 1.3 

P1 13.7 ± 1.2 

P2 17.8 ± 3.6 

P3 12.6 ± 2.0 
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Table 3.2 – Analysis of variance results for behavioral trials. Predator treatment had no 

effect on the proportion of bullfrog larvae active or the proportion of bullfrog larvae in 

the top half of the water column. Instead, responses differed based on larval bullfrog 

size. 

 

Variable Source  df SS MS F P 

Proportion active  Bullfrog Size 1 2.20 2.20 132.50 0 *** 

(with angular Predator Treatment   1 0.00 0.00 0.03 0.84 

transformation) Size x Predator Treatment  1 0.02 0.02 1.00 0.32 

 Residuals 91 1.51 0.02   

 Block (random) 1 0.36 0.36   

Proportion in top Bullfrog Size 1 1.83 1.83 83.07 0 *** 

(with angular  Predator Treatment   1 0.02 0.02 1.000 0.32 

transformation) Size x Predator Treatment  1 0.01 0.01 0.27 0.60 

 Residuals 91 2.00 0.02   

 Block (random) 1 0.25 0.25   

Significance levels: *** ≤ 0.0001    ** ≤ 0.001     * ≤ 0.01     . ≤ 0.05    



 42

Figure 3.1 – Proportion of bullfrog larvae active in behavioral trials (means ± 95% 

individual confidence intervals). There was no difference due to predator treatment; 

larval bullfrog activity increased with size. Within each block, n = 4 experimental units 

for each size and predator treatment combination. 
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Figure 3.2 – Proportion of bullfrog larvae in top half of water column in behavioral trials 

(means ± 95% individual confidence intervals). There was no difference due to predator 

treatment. Within each block, n = 4 experimental units for each size and predator 

treatment combination. 
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CHAPTER 4: Conclusions 

 

 This thesis explored plasticity as a mechanism by which invasive bullfrogs can 

invade ephemeral habitats. We used experimental approaches to quantify larval growth 

and development in response to hydroperiod, and behavioral responses to chemical 

cues from a novel predator, the larval long-toed salamander (Ambystoma macrodactylum). 

Results from the developmental (Chapter 2) and behavioral (Chapter 3) experiments 

indicate that the bullfrog larvae from local populations did not demonstrate plasticity to 

the novel conditions of ephemerality and A. macrodactylum cues. The mesocosm 

experiment from Chapter 2 documented no plasticity in response to the hydroperiod 

treatments but showed clutch differences in growth rate. Variation in growth rate could 

lead to population-level differences in growth or development rates that result in 

differences in length of the larval period, which would affect success in ephemeral 

habitats. The behavioral trials (Chapter 3) indicated that bullfrog larvae do not recognize 

native salamanders as a threat, which could lead to reduced success in ephemeral 

habitats via predation from A. macrodactylum. Taken together, these results indicate that 

invasive bullfrogs are unlikely to thrive in ephemeral habitats, yet we still have multiple 

observations of eggs and larvae in several ephemeral wetlands in the southern 

Willamette Valley, OR (Cook et al. unpublished data), though successful metamorphosis 

was observed at a single ephemeral site (Heppell et al. unpublished data). 

 There is a lack of available information on site preference and fidelity by 

breeding bullfrog adults. Bullfrogs may not specifically choose ephemeral wetlands for 

breeding, but may instead breed in any available water body within a landscape. The 

proximity of ephemeral sites to permanent aquatic habitats with established breeding 

populations of bullfrogs could also influence the likelihood of dispersal into ephemeral 

wetlands. Further, the predictability of hydroperiod (the consistency of permanence or 

the length of ephemeral hydroperiods between years) may also be an important factor in 

site fidelity. A mark-recapture study across multiple breeding seasons would provide 
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useful information on site fidelity by adult bullfrogs. More extensive larval bullfrog 

sampling is also necessary to clarify local variation in growth and development rates. 

Ephemeral wetlands in close proximity to populations of rapidly growing or developing 

bullfrog larvae could be at higher risk of invasion by bullfrogs than more isolated 

ephemeral wetlands. 

 The mesocosm experiment presented in Chapter 2 greatly benefitted from a pilot 

mesocosm experiment run in 2009. The pilot study used a common garden design where 

bullfrog larvae from all clutches were combined in each mesocosm, which were 1135-L 

plastic tubs. This required individually marking larvae with visible implant elastomer 

tags (Northwest Marine Technology, Shaw Island, WA) to identify clutch. A minimum 

size of 8 mm snout-vent length was necessary to inject the elastomer and marking was 

delayed by slow larval growth in the lab. The growth delay combined with a protracted 

egg collection period (until the end of July) delayed the start of the mesocosm 

experiment until late October. The late start date exposed mesocosms to cold fall 

weather and an extended freezing period in December. Survival was very low and 

growth was minimal. To avoid these problems in the next run of the experiment, we 

revised the design to keep clutches separate. This increased the number of tubs needed, 

so we designed and built entirely new experimental apparatus. Building the equipment 

delayed the experiment somewhat, but still allowed a start date in early August, nearly 

two months earlier than the start of the pilot mesocosm experiment.  

The mesocosm study design could be further improved in other areas. 

Comparing multiple clutches from a single site would provide greater clarity on the 

ability for a particular population to persist in ephemeral conditions or other 

environmental stressors. We found that the weekly measurements did not add any 

additional information that was not captured by the end point measurements. The time 

and effort would have been more useful spent surveying all the field sites throughout 

the season to measure larval growth and development rates. Starting the experiment 
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even earlier in the summer would allow the experiment to run longer and provide a 

more realistic timeframe to measure increased development or single-season 

metamorphosis. We ended in early October to avoid the cold fall weather that would 

have reduced growth and development. The start date, however, is entirely dependent 

on the dates of finding and collecting egg masses in the field, which can vary 

substantially between years (Cook personal observations). 

The behavioral trials generated many hypotheses to expand our understanding 

of invasive bullfrog response to novel predators. Repeating the behavioral experiment 

with chemical cues from A. macrodactylum fed bullfrog larvae would indicate whether 

bullfrog response is dependent upon conspecific injury cues rather than A. 

macrodactylum chemical cues. Expanding the foraging trials to provide A. macrodactylum 

larvae with other potential prey items, such as Pseudacris regilla larvae, would provide 

predation rate information on bullfrogs relative to native prey. In addition, including 

chemical cues from T. granulosa, to which bullfrog larvae are known to respond with 

antipredator behavior (Lefcort and Eiger 1993), would allow us to determine whether 

our methodology correctly communicates predator threat to the bullfrog larvae.  

 The presence of invasive bullfrogs in ephemeral wetlands and the potential for 

rapid metamorphosis remains a perplexing and intriguing puzzle. This thesis has 

provided valuable information, but raises additional questions. Freshwater habitats are 

some of the most threatened in the world, and ephemeral habitats are particularly 

threatened in the northwestern U.S. (Kentula et al. 1992). Further exploration of the 

causes and consequences of bullfrog invasion into ephemeral habitats is a necessary 

component of conserving ephemeral habitats and their native biota. 
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