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Bullfrogs were introduced into Oregon in the early 1900s and have become widespread

members of many wetland communities. Little is known of their ecology outside their native range,

although they may play a role in the current declines observed in native herpetofauna. I analyzed
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National Wildlife Refuge between May and September of 2001 and 2002 in order to better
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series of Spearman rank correlation analyses.
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Stomach contents were analyzed numerically and by mass so as to obtain an estimaon of

bullfrogs' impact on their community (numerical data) and the importance of prey items to bullfrogs

(mass data). Arthropods dominated the numerical analysis. Although vertebrates were often

numerically insignificant, when present they comprised the largest percentage of their respective

samples. Amphibians were observed in the diets of bullfrogs from the ephemeral ponds, often

comprising at least 40% of the pooled stomach contents for each sampling period. The most

common amphibians in bullfrog diets from these ponds were larval anurans. Juvenile bullfrog diets

(<76mm SVL) were restricted to terrestrial and aquatic arthropods, while adult bullfrogs exhibited a

broader diet, consuming molluscs and various vertebrates in addition to arthropods.

Feeding strategy analyses indicated that bullfrogs are generalist predators at the individual

level. Some feeding specialization was observed at the individual level, but this was attributed to

patchy distribution of resources in the pond environment. The results of the Spearman rank

correlation analyses lent support to these findings.
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INTRODUCTION

Invasive species have numerous, costly, detrimental effects on natural and agricultural

ecosystems. They have been implicated in affecting the rates and patterns of succession,

displacement or extinction of native species, reducing biodiversity, and disrupting ecosystem

functions and processes (Coblentz 2000). They also have economic consequences, costing the

agricultural industries billions of dollars every year in crop losses, disease, weed and pest control,

etc.; the costs of invasive species to the United States have been estimated at more than $137

billion per year (Pimental et al. 2000).

The invasiveness of an organism may be facilitated by its biological, behavioral, and

demographic characteristics. These include high reproductive rates, early age at first reproduction,

the capability to disperse widely (high vagility), high genetic variability, phenotypic plasticity, a

broad native range, and a generalist diet (Meffe and Carroll 1997, Coblentz 2000). An

understanding of the role an invasive species plays in its new community is important for the

development of management strategies. Studying the ecology of an invader in its community and

the manner in which it interacts and affects the pre-existing community members should provide

valuable information for making appropriate management decisions, especially when funding and

other resources for control are limited.

One of the fundamental pieces of information necessary to evaluate the impacts of an

invader on a native community is diet composition. This may be variable, changing in different

habitats or through time. If prey are preferred or selected by an invader, there is a greater potential

impact on the prey population, and thus, the dynamics of the community.

The diet of juvenile and adult bullfrogs (Rana catesbeiana) is usually comprised of a wide

variety of food items, suggesting a low degree of selectivity in feeding (Perez 1951, Korschgen and
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Moyle 1955, Korschgen and Baskett 1963, Bruggers 1973, Bury and Whelan 1984, Clarkson and

DeVos 1986, Krupa 2002). Cannibalism is a common occurrence in larger frogs (Perez 1951,

McAlpine and Di$worth 1989, Stuart and Painter 1993, and Werner et al. 1995), especially in areas

of high densities. In addition, bullfrogs are often noted for their occasional ingestion of large

vertebrates, including mink (Beringer and Johnson 1995), rattlesnake (Clarkson and DeVos, Jr.

1986), mice and bats (Korschgen and Baskett 1963), and ducklings and other birds (Korschgen

and Moyle 1955, Bury and Whelan 1984). Typically, however, bullfrog stomachs have been found

to contain aquatic insects and crustaceans. For example, crayfish comprised 26.4 percent of the

total volume of stomach contents from bullfrogs collected over the course of two years in Missouri

(Korschgen and Moyle 1955). Other studies have cited the importance of crayfish in bullfrog diets

(Korschgen and Baskett 1963, Fulk and Whitaker 1969, Taylor and Michael 1971, Bruggers 1973).

In Ohio, Bruggers (1973) determined that insects comprised 84% of the numerical total of the

stomach contents, with coleopterans comprising 42% of that total, results similar to those found by

Cohen and Howard (1958).

Studies documenting prey consumption through time found significant increases in the

volume of arthropods ingested from spring to fall and concurrent decreases in the volume of

amphibians ingested (Korschgen and Moyle I 955). Krupa (2002) studied bullfrog diets in Carlsbad

Caverns National Park where bullfrogs had recently invaded a small isolated spring system. In a

comparison of stomach contents from June and July of 1997 (n = 85), he found that the majority of

the items taken were insects or isopods, and that insects comprised 14% of the total diet (by

number) in June and increased to 77% of the total diet in July. Vertebrates were present in the diet

in both months, but in small numbers. Korschgen and Moyle (1955) and Krupa (2002) both



4

suggested that the documented dietary changes exhibited were most likely the result of concurrent

changes in community composition, although this was not quantified in either study.

Despite this propensity toward an opportunistic feeding strategy, some authors have

observed apparent anomalies in bullfrog diets relative to prey availability. For example, despite a

virtually infinite number of goldfish (Carassius auratus) and golden shiners (Notemigonus

chiysoleucus) in Missouri fish hatchery ponds, consumption of fish by the resident bullfrog

population remained conspicuously low, while ingestion of other organisms, chiefly insects,

changed seasonally in response to apparent changes in availability (Corse and Melter 1980).

Balfour and Morey (1999) measured availability and consumption of prey by juvenile bullfrogs in

vernal pools in California and determined that crustaceans and beetles were over-represented in

relation to their abundance, while hemipterans, odonate nymphs, mayfly nymphs and chironomid

larvae were under-represented in bullfrog diets. A deficiency of hemipterans in the diets of

bullfrogs (0.7% by volume) was evident in a diet study by Korschgen and Moyle (1955) when

compared to the availability of hemipterans in the system. They also suggested that bullfrogs

preferred crayfish, and that bullfrog densities increased in ponds where crayfish were present.

Taylor and Michael (1971) documented bullfrogs gorging on crayfish and amphibians when they

were available, but consuming a reduced volume of food when they were not.

As recent invaders of western wetland systems, bullfrogs have an uncertain impact on

native pond communities. Little is known of their biology outside their native range, but their large

size, aggressive predatory habits and invasive nature are sufficient to elicit concern for native

wetland species. This is especially true in the Willamette Valley, which has suffered the extirpation

of at least one wetland-dependent species, the spotted frog (Rana pretiosa), and has witnessed

declines in others, including western pond turtles (Clemmys marmarota) and red-legged frogs
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(Rana aurora). The introduction of a new predator into a system has potential consequences that

can span multiple trophic levels, and a predator who employs a selective feeding strategy may

affect the structure and stability of the system (Ellis et al. 1976). An invasive predator, such as the

bullfrog, that is highly prolific, may ultimately restructure a community enough that it obtains the

status of a "negative keystone" species (Coblentz 2000). If this were indeed the case with

bullfrogs, it would elevate the level of concern for wetland communities, and may demand rigorous

eradication efforts.

Bullfrogs (Rena catesbeiana) were introduced into the Willamette Valley, Oregon in the

early 1900's and have since become widespread members of many wetland communities. They

can be found in many different habitat types, ranging from temporary vernal pools to permanent

ponds, lakes, and rivers and are suspected of having negative effects upon several native

vertebrates. The Willamette Valley is riddled with wetland habitat, both permanent and ephemeral,

making it suitable for bullfrog colonization and proliferation, likely at the expense of native fauna. In

addition, hydrologic changes and co-evolved exotic fish actually benefit bullfrogs in the Pacific

Northwest (Adams et al. 2003). Despite the rising concern over declining wetland-dependent

herpetofauna, little is known of bullfrog ecology outside their native range.

I analyzed the stomach contents of bullfrogs from selected sites in the Willamette Valley to

determine their feeding habits at regular intervals during their active season (May through

September). Three ponds, permanent, ephemeral, and ephemeral but connected to a permanent

water source, were selected for this study in order to document bullfrog feeding habits in the

different lentic habitats common to western Oregon. The study was conducted over the course of

two years in order to account for any year-to-year trends.

My general hypotheses were:



Organisms ingested by bullfrogs should change throughout the season, reflecting a

concurrent change in the wetland community. Specifically, I expected to see mostly

insects (Cohen and Howard 1958, Bruggers 1973, Krupa 2002, and others) in the

diets, with amphibians becoming more evident during periods when small anurans are

abundant (i.e., red-legged frogs and Pacific tree frogs in June, and bullfrogs in August

and September).

The diets of juvenile and adult bullfrogs should reflect habitat differentiation. Given the

likelihood of cannibalism (Stuart 1993), especially in a drying ephemeral pond,

juveniles (<75mm SVL) may be forced into less than optimal (i.e., terrestrial) habitat,

and this may be reflected in the proportion of terrestrial and aquatic organisms in their

diets.

Bullfrogs should exhibit a generalist feeding strategy. Although there is some

evidence of feeding seIecvity or avoidance, the majority of authors agree that

bullfrogs are generalist predators with wide diet breadths. If feeding selectivity exists,

it should be directed toward more massive organisms, such as amphibians, that would

provide greater benefit to the individuals digesting them.

As generalist predators, the diets of bullfrogs should track availability. If bullfrogs

consume prey in a generalist manner, it can be expected that examination of their

stomach contents through the season should reflect compositional changes within the

community. If this is the case, prey use by bullfrogs should be positively correlated

with prey abundance within the community.

Diet composition analysis allows inference into a population's ecology. Diet studies

typically select either a numerical, mass, or volumetric method of analysis. If stomach contents are
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analyzed numerically, insight is gained into the direct effects of the sampled population on the

members of its community. An analysis of stomach content data by mass provides an estimate of

the importance of different prey taxa to the population, as well as to each individual. Because two

distinct stories emerge from the different analyses, both analyses were incorporated into this study

in order to gain a comprehensive understanding of the role a bullfrog population has assumed in its

community.

Previous bullfrog diet studies have tended to list and categorize bullfrog stomach content

data. To this date, only the study conducted by Balfour and Morey (1999) quantitatively compared

prey usage to its concurrent availability. Feeding ecology has been compared in different habitat

types (Korshgen and Baskett 1963, Fulk and Whitaker 1963, Tyler and Hoestenbach 1979), and

differences observed were attributed to observed, but not quantified, differences in availability.

Bullfrog diets have been described through time (Corse and Metter 1980, Taylor and Michael 1971,

Krupa 2002), and observed changes were attributed to concurrent changes in availability, although

again, this was not explicitly measured.

This study was comprehensive, providing complete dietary information of bullfrogs in

different habitat types through time in western Oregon. A rigorous sampling schedule over the

course of two years compared trends in bullfrog feeding habits. The diets of juvenile and adult

bullfrogs were compared, providing ecological information on intraspecific interactions. Prey use

was compared with availability measurements in a quantitative approach to determine if prey

selectivity was evident. Stomach content data were analyzed numerically and by mass in order to

obtain a complete estimation of bullfrog feeding ecology in different habitat types through time.
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METHODS

Study site

Bullfrogs were three ponds at William L. Finley National Wildlife Refuge, approximately 15

miles south of Corvallis, Oregon from May to September, 2001 and 2002. Each pond is a unique

habitat type. The permanent pond is open and lake-like. Recorded vertebrate aquatic fauna

include mosquito fish (Gambusia affinis), bullhead catfish (Ictalurus sp.), warmouth (Lepomis

gu!osus), Northwestern salamander larvae (Ambystoma grade), Pacific tree frogs (Hyla regifla),

and the lowest observed density of bullfrogs of the three ponds.

The first ephemeral pond lies due west from the permanent pond (Figure 1). Because this

pond is connected via a creek to the permanent pond, it is hereafter referred to as "ephemeral-

connected." This pond dried in August of both years included in this study. Emergent vegetation is

evident even in late spring when the water level is high, and by late summer emergent sedges

dominate the pond environment. The ephemeral-connected pond hosts populations of three-

spined stickleback (Gasterosteus aculea (us), dace (Rhinicthys osculus), Northwestern

salamanders, red-legged frogs, Pacific tree frogs, and a high density of bullfrogs.

The second ephemeral pond from which bullfrogs were taken in this study was excavated

in the middle of a field, and is hereafter referred to as "ephemeral-isolated." It hosts a population of

Northwestern salamanders and Pacific tree frogs. Bullfrogs were less dense in this pond than in

the ephemeral-connected pond. The surface of the ephemeral-isolated pond was covered with

variable leaf pond weeds (Potamogeton diversifolius). Emergent vegetation was confined to the

edges of the pond and consists mostly of rushes (Juncus sp.).



William L. Finley National Wildlife Refuge

o 0.5 1.OMi

I I I

0 0.8 1.6Km

Pond/marsh

Refuge boundary

- Road

Figure 1. Ephemeral-isolated (El), ephemeral-connected (EC), and permanent (P) ponds at
William L. Finley National Wildlife Refuge, Oregon.

9
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Collection methods

Bullfrogs were collected from all three ponds approximately once every two weeks

between the end of May and September (Table 1). This was not a rigid sampling schedule, due to

occasional inclement weather in western Oregon, especially in the late spring and early summer

months. Sampling efforts did not seem to affect future sampling efforts within each year, or even

between years, except in the case of the ephemeral-isolated pond. Due to unexpectedly low

numbers of bullfrogs in the ephemeral-isolated pond in 2002, and the resulting difficulties in

capturing adequate numbers of buUfrogs for analysis (no frogs were caught before July 1, 2002), all

sampling efforts were abandoned after August 7. Because of these difficulties, and the low number

of frogs captured at the pond, the 2002 ephemeral-isolated bullfrog samples were excluded from

the analysis. Sampling for this project may have contributed to the observed population decline,

but other factors were likely involved as well. The year of 2001 was one of the lowest rainfall years

on record (Oregon Climate Service 2004), with only 12.35 inches of precipitation by August. In

contrast, by August of 2002, 23.7 inches of rain had fallen. This may have influenced survival and

recruitment of bullfrog populations as well as their prey populations.

Frogs were collected by hook and line during daylight hours, usually in late morning. Each

hooked frog was reeled into shore, where I severed its spinal cord and recorded its snout-vent

length (mm), gape width (mm), mass (g), and sex. A vertical ventral incision through the

epidermis and peritoneum was made from the sternum to the pelvis. Stomach contents were

extracted into a Whiripac® bag and then placed on ice, and later frozen.



Table 1. Number of bullfrogs caught (n) and mean snout-vent length () in mm, by date, at the permanent,
ephemeral-connected, and ephemeral-isolated ponds at William L. Finley National Wildlife Refuge, Oregon,
in 2001 and 2002.

Permanent pond
2001 2002

Ephemeral-connected pond
2001 2002

Ephemeral-isolated pond
2001 2002

Date n Date n Date n Date n Date n T Date n
6/20 10 106.9 6/1 10 91.3 5/31 8 95.5 5/24 10 97.4 6/20 14 97.7 7/1 3 135,7
7/6 9 94.2 6/19 10 99.5 6/14 12 110.7 6/19 12 83.6 7/10 4 98.0 7/13 9 113.4
7/25 12 77.5 7/19 10 95.5 7/11 22 99.9 7/12 14 93.4 7/25 14 86.7 8/7 1 102.0
8/8 12 88.6 7/30 10 102,5 7/30 17 104.5 7/30 15 115.5 8/8 11 81.0
8/24 25 72,1 8/13 13 104.0 8/9 8 102.4 8/12 31 99.7 8/24 15 71.3
9/15 15 67,0 8129 18 87.6 8/27 10 85.1

9/12 10 93.3
9/25 7 83.0

Ii 83 88 67 92 58 13
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Community sampling

I used a 1 m2 steel frame cube enclosed on four sides by 3 mm mesh netting to obtain an

estimate of the density of aquatic organisms in each of the ponds. The sampling cube was thrown

into the pond at four semi-random locations 1-3 meters from the shoreline where bullfrogs were

present, and a D-frame dip net was used to collect all the aquatic organisms in the cube. These

were placed in 10% form aIm solution for later examination and identification.

In order to obtain an estimate of the relative abundance of adult odonates, three-minute

visual point surveys were conducted at three different locations at each pond. Four net sweeps

were taken in the vegetation at the edge of the ponds to estimate the relative abundance of

terrestrial organisms. The net sweeps were neither quantifiable, nor were the organisms collected

relevant to the study, so the results from this sampling were removed from analysis. Pitfall trapping

was considered, but due to the mortality rates associated with them, especially with respect to

small mammals, they were not allowed on the refuge.

Laboratory methods

In the laboratory, I removed the stomach contents from the freezer and thawed them with

warm water. The stomach contents were teased apart, sorted and identified to at least family using

a dissecng scope, and then labeled and stored in 70% ethanol in 2Oml scintillation vials.

I allowed the aquatic samples to fix in the formalin solution for at least 36 hours, then

nnsed them twice with water and stored them in 70% ethanol. Each sample was sorted, and the

organisms were identified, counted and weighed and then returned to 70% ethanol for storage.
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Analyses

Bullfrog diet analysis. Bullfrogs were pooled within each sampling date for each pond and

year. Prey items were consolidated into broad categories according to their ecological roles and

life history requirements: terrestrial arthropods, aquatic arthropods, mammals, larval salamanders,

tadpoles, metamorphosed frogs, snakes, and fish. Graphical comparisons are presented.

Frequencies of occurrence and percent abundance data for each pond and sampling date are

provided in Appendix A.

Juvenile vs. adult diet analysis. Prey items were reduced to four categories: terrestrial

arthropods, aquatic arthropods, molluscs, and vertebrates. A series of 2x2 tables were constructed

and Fisher exact tests were used to compare the number of each prey category with the total

number of all other prey items ingested by adult and juvenile bullfrogs within each pond within each

year. The S-PLUS 2000 statistical program was used to conduct the tests. Tests were considered

significant if their p-values were less than 0.05. For this analysis the season was divided into two

categories: early season (May-July 19) and late season (July 1 9-September). Stomach samples

were pooled accordingly. Adult bullfrogs were considered to be those frogs whose SVL equaled at

least 100mm. Bullfrogs included as juveniles measured 75mm SVL or less.

Feeding strategy analysis. The modified Costello method, a graphical method presented by

Amundsen et al. (1996), allowed the analysis of individual and population feeding strategies by

using only stomach content data, thereby eliminating any variability and conjecture arising from

availability sampling techniques. Along the x-axis, frequency of occurrence is defined as the

percentage of individuals containing one or more of a particular prey taxon (Figure 2). If the prey
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Figure 2. The modified Costello method compares the frequency of occurrence and the relative
abundance of each species in stomach samples. This is done by comparing the number of
samples containing a prey taxon (frequency of occurrence) with the relative number of that prey
item in the samples that contain it (prey-specific abundance) (Amundsen et al. 1996). This allows
for graphical categorization of stomach contents into four different feeding strategies: individual
specialization, individual generalization, population specialization, and population generalization.
Prey importance increases along a diagonal line from the (0,0) coordinate to the (1.0,1.0)
coordinate. (Modified from Amundsen et al. 1996)
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taxon falls on the left side of the graph, less than one half of the individuals examined consumed it,

while if it falls on the right side of the graph, it was present in the diet of the majority of the

population. Prey-specific abundance is the proportion of space the prey taxon occupies in each

stomach in which it is found. A prey taxon that is plotted on the lower half of the graph was

consumed in relatively low quantities, composing less than one half of the total number of items in

individuals who included that prey taxon in their diet. A prey taxon found on the upper half of the

graph comprised a greater proportion of the items in stomachs containing it; it comprised more

than one half of the relative number of taxa in those stomachs.

The graph can thus be divided into four quadrants based on the possible feeding

strategies that emerge from this method. Prey taxa found in the lower left quadrant were

consumed in small numbers by fewer than half the individuals, indicating a generalized feeding

strategy at the level of the individual. Taxa found in the upper left quadrant were consumed in

large numbers, making up more than one half of the total stomach content, but by a minority

proportion of individuals, indicating specialization at the level of the individual. Taxa plotted on the

lower right quadrant were taken by the majority of the population, but in relatively low numbers,

indicating a generalist feeding strategy at the population level. And finally, taxa plotted on the

upper right quadrant were included in relatively large numbers by the majority of the sampled

population, indicating the entire population is specializing on those taxa. The importance of a prey

taxon as a dietary item increases along a line drawn from the lower left corner to the upper right

corner.

The modified Costello method was utilized to analyze the feeding strategies of bullfro9s

from the permanent, ephemeral-connected, and ephemeral-isolated ponds. Prey items with similar
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ecological functions were grouped together. For example, groupings included aquatic

coleopterans, aquatic hemipterans, adult odonates, larval odonates, and hymenopterans. In order

for sample sizes to be large enough for the analysis to be valid, the samples were pooled into two

"seasons": early (before July 19), and late (after July 19) for 2001 and 2002. Prey items were

analyzed numerically and by mass.

4. Usage/availability analysis. Average density per m3 was calculated for each prey taxon

collected with the aquatic sampling cube to obtain numerical and mass availability data. This was

compared to the numbers and masses of concurrent prey taxa found in the bullfrogs' stomachs

from each sampling date. Only aquatic taxa obtained in a consistent manner with the sampling

cube were included in the analysis. Those that were not considered to be sampled adequately,

such as spiders, which would crawl out of the sampling cube, were removed from the analysis.

Also included in the analysis were the adult odonate visual point survey data. Although these data

are not quantifiable density estimates, they do provide pertinent relative abundance information

that can be correlated with stomach content data. Data are reported with respect to their use

versus their abundance.

Prey taxa included in the analysis are listed in Table 2. Prey taxa were grouped for

analysis by ecological function, as in the feeding strategy analysis. Corresponding aquatic taxa

found in bullfrog stomachs were pooled for each sampling data and compared to the availability

data. For a particular taxon, the availability data were often an order of magnitude greater than

their corresponding use by the sampled bullfrog population. To account for this discrepancy, the

Spearman rank correlation procedure was used. Ranking data transforms it to a scale that

eliminates the importance of population distributions, but maintains the initial patterns seen in the
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Table 2. Taxa collected with the 1 m3 sampling cube from the permanent, ephemeral-connected,
and ephemeral-isolated ponds at William L. Finley National Wildlife Refuge, 2001 and 2002.
Presence of collected items is delineated with an "x."

Aquatic sampling
Permanent Ephemeral-connected

2001 2002

Ephemeral-Isolated

20012001 2002
Invertebrates

Aquatic Coleoptera
Dytiscidae (and larvae)
Haliplidae

Hydrophdidae (and larvae)

x
x

x

x

x
x

x

x
x

x
x
x

x

x

x

Dipteralarvae x x x x x
Gastropoda x x x x x

Aquatic 1-lemiptera

Belostomatidae
Corixidae
Nepidae
Notonectidae

x
x
x
x

x
x
x
x

x

x
x
x

x
x
x
x

x

x

x
x

Lepidoptera larvae x x x x X

Odonata larvae
Anisoptera
Zygoptera

x
x

x
x

x
x

x
x

x

x

Trichoptera larvae x x x x

Vertebrates
Anura

Rana catesbeiena larvae x x

Caudata
Ambystoma gracila larvae x x x x X

Fish

Gambusia affinis
Gasterosteus aculeatus
lctalunis sp.
Leponus gu!osis

x

x

x

x

x
x

x x
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data (Ramsey and Schafer 1997). Comparison of usage and availability data required the use of

Spearman rank correlation analysis as described in Zar (1999). Correlation coefficient values (Re)

range from 1 to +1. An R value of +1 indicates perfect positive correlation, while an R3 value of -

1 is indicative of negative correlation. Sample size (n) influences significance, and because the

sample sizes in this analysis were defined by the number of sampling dates, 2001 and 2002 data

were pooled to obtain larger sample sizes, and thus, conduct a more robust test. Both numerical

and mass data are presented.
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RESULTS

1. Bullfroq Diet Analysis

Major trends. In 2001, 204 bullfrogs were captured from the three ponds; 13 of these had empty

stomachs. In 2002, 191 bullfrogs were captured; 17 of which had empty stomachs. Differences in

stomach content data were too different to permit pooling by pond or year. Major dietary items

consumed by bullfrogs are listed in Tables 3a and 3b. Numerically, the majority of the items

consumed by bullfrogs at all three ponds are invertebrates; in the permanent and the ephemeral-

isolated ponds, these items regularly comprised at least 80% of the dietary items, and in the

ephemeral-connected pond, invertebrates always contributed at least 50% of the total.

While invertebrates stand out in the numerical analysis, when the stomach contents are

examined by mass, vertebrates become much more obvious. For example, on July 25, 2001 in the

permanent pond (Figure 3), a single vole was ingested by one of the 12 bullfrogs captured that

day. This does not show up in a numerical analysis, but by mass that single vole comprises almost

90% of the total sample. This pattern is apparent in all three ponds, regardless of year.

Trends are evident in the total percentage of vertebrates and invertebrates present in the

collective stomach samples from each sampling date. Patterns are most easily identifiable in the

mass analysis, although a strong decrease in the percentage of invertebrates through time can be

seen in both the numerical and mass analyses from the ephemeral-connected pond 2001. The

permanent pond 2001 also displayed a decrease in the percentage of invertebrates through the

season, although this pattern is more discemable in the mass analysis than the numerical analysis.

Interestingly, the ephemeral-connected pond showed a weak trend in the opposite direction, and

again, the pattern is most noticeable in the mass analysis. Stomach content data from the two
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Table 3a. Invertebrate prey items found in bullfrog stomachs from the permanent (P), ephemeral-
connected (EC), and ephemeral-isolated (El) ponds at William L. Finley National Wildlife Refuge,
Oregon, in 2001 and 2002. Presence of a prey item is designated with an "x."

Stomach items
P EC El

2001 2002 2001 2002 2001
Invertebrates
Phylum Mollusca

Cl. Bivalvia
Cl.Gastropoda

x
x

x

x

x

x x x

Phylum Arthrojxxia
Cl. Arachnida

O.Araneae x x x x x

CI. Malacostraca

0. Isopoda x

Cl. Chilopoda x

CI. Insecta
0. Coleoptera

Carabidae
Cerambycidae
Chrysomelidae
Coccinellidae
Cucujidae
Curcuilonidae
Dytiscidae
Elatendae
Haliplidae
Hydrophilidae
Silphidae
Staphylinidae

x

x
x
x
x

x

x
x
x
x
x

x

x
x
x

x

x

x
x

x

x

x

x
x
x

x

x
x

x
x

x

x

x
x

x

x
x
x

x

x
0. Dermaptera x
O.Diptera x x x x x

0. Hemiptera
Belostornatidae
Conxidae
Gemdae
Mesoveliidae
Miridae

Nepidae
Notonectidae
Scutellendae

x
x
x
x

x
x
x

x

x
x
x

x
x

x
x
x

x
x
x

x

x
x
x

x

x

x

x
x
x
x

x

0. Homoptera
Aphididae
Cicadelfldae

x

x
x

x

x

x x x

0. Hymenoptera
Apidae
Formicidae
Vespidae

x
x

x
x x

x
x

x

x
x

O.Lepidoptera x x x x x

0. Odonata
Anisoptera

Zygoptera
x
x

x
x

x
x

x
x

x

x

0. Orthoptera
Gryllidae x

0. Tnchoptera
limnephilidae x x x x
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Table 3b. Vertebrate prey items found in bullfrog stomachs from the permanent (P), ephemeral-
connected (EC), and ephemeral-isolated (El) ponds at William L. Finley National Wildlife Refuge,
Oregon, in 2001 and 2002. Presence of a prey item is designated with an "x".

Stomach Contents
P EC El

2001 2002 2001 2002 2001
Vertebrates

CI. Amphibia
0. Anura

Rana catesbeiana x x x x x
0.Caudata

Ambystoma grad/a x x x
CI. Reptilia

0. Squamata
Thamnophis sii'talis X X

CI. Actinopterygii

0. Cyprinodontiformes
Gambusia affinis x x

0. Gasterosteiformes
Gasterosteus aculeatus x x

0. Perciformes
Lepomis gulosusd x

0. Siluriformes
Ictalurus sp. x x

CI. Mammalia

0. Insectivora
Sorex trowbridgii
Sorex vagrans x

x

0. Rodentia
Microtussp.
Zapus trinotatus

x
x

x x
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ponds sampled in 2002 did not present any obvious trends in the percentages of invertebrates or

vertebrates.

Permanent pond. The number of terrestrial arthropods ingested by bullfrogs from the permanent

pond was quite large early in the season (60% of the total diet in both 2001 and 2002), and then

significantly decreased to 13% in 2001 by the end of the season, and to 30% in late September

2001 (Figure 3a). Fish (mosquitofish , bullhead catfish , or warmouth) comprised 9% of the diet in

June 2001, 6% in July 2001, and only 4% in August 2001.

Numerically, in 2002, there was a decreasing trend in the percentage of terrestrial insects

taken as the season progressed, although it was not as pronounced as in 2001 (Figure 4a). The

majority of the items ingested were invertebrates, and they comprised 100% of the total prey base

of the frogs collected on June 19 and September 25, and made up at least 90% of the total

stomach contents on the remainder of the sampling dates. No frogs were ingested in the first half

of the season. One bullfrog on each sampling date beginning July 30 and ending September 12

had a single frog in its stomach, so that there were four frogs taken as prey items in the permanent

pond in 2002.

Categorized by mass, it is apparent that vertebrate prey items dominate the samples. In

July 2001, one vole (Microtus sp.) was eaten, and it made up 86% of the total mass for that date

(Figure 3b). On August 8, one frog and one western jumping mouse (Zapus trinotatus) were

ingested, and these two items comprised 34% and 52% of the total sample, respectively. A

vagrant shrew (Sorex vagrans) was found in the 24 August sample, a juvenile bullfrog was found in

a stomach in the 12 September sample, and these made up 56% and 72% of the total mass of

their respective samples.
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a. Permanent Pond 2001 - numerical data
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In 2002, invertebrates comprised the largest percentage of the samples by mass unless

there were large vertebrates present (Figure 4b). On July 30, a single frog was ingested, and it

made up 40% of mass for that sampling date. September 12, one juvenile bullfrog and one vole

were taken, and they composed 25% and 35% of the total mass of the sample, respectively.

Ephemeral-connected pond. A decrease in the percentage of invertebrates present in the diets

is evident in 2001, but this pattern is not obvious in 2002. While invertebrates made up the largest

percentage numerically of the prey items taken by the bullfrogs in the ephemeral-connected pond

in both years (Figures 5a, 6a), vertebrates dominate the samples when analyzed by mass.

Amphibians comprised 55% by mass of the total stomach contents in early July 2001; 40% of the

total mass for that sampling period consisted of larval anurans (Figure 5b). The total mass of

amphibians in bullfrog diets decreased to 39% by July 30 (21% northwestern salamanders), and

then increased to over 60% in early August (58% northwestern salamander larvae).

On May 24, 2002, each of three adult bullfrogs had a Pacific water shrew (Sorex

trowbridgii) in its stomach. Although the Pacific water shrews were relatively insignificant in the

numerical analysis, by mass they comprised 84% of the total (Figure 6). Amphibians were

significant in 2002 as well, comprising 80% of the total dietary mass in mid-June, 65% in mid-July,

and then between 25-30% for the remainder of the season. The majority of total amphibian mass

on June 19 consisted of tadpoles, (71%). On July 12, small frogs made up the bulk of the sample

(49% of the total mass), and larval anurans comprised between 15 and 25% of the total mass of

the bullfrogs' stomachs for the rest of the season. The August samples each contained 27% fish,

mostly three-spined stickleback, and on August 12, sticklebacks made up 30% of the total mass;
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n8 n = 12 n = 22 n = 17 ri6

Invertebrates Vertebrates

60%

60%



100%

80%

40% -

-noFLUJO

no,
0

b.

100%

80%

E r-oiauto -

! 40%

20%

0%

n=10 n=12 n=14 n=15 n=31 n10

Ephemeral-connected Pond 2002 - mass data

n10 n=12 n=14 n=15 n=31 n10

:3 :3
_D
(N D

Sampling date

Figure 6. Frequency (a) and mass (b) of dietary items of bullfrogs from the ephemeral-connected
pond at William L. Finley National Wildlife Refuge, Oregon, 2002.

27

a. Ephemeral-connected Pond 2002 - numerical data

:3 :3
-3 -3

D

Sampling date

(!3 :3
-D

4 O)
(N

Invertebrates Vertebrates

Terrestrial arthr000ds Larval anurans Fish

1111111 Aquatic arthropods r1 Larval salamanders Mammals

Molluscs Anurans Snks
Amphibians (unidentifiable) Vertebrates (unidentifiable)



28

however on August 27, despite their numerical importance (27% of the total), they only comprised

4% of the total mass.

Ephemeral-isolated pond. While invertebrates comprised the numerical majority of the stomach

contents from the ephemeral-isolated pond in 2001, by mass, vertebrates were again more

significant when present. In June a vole was taken (46% of the total mass for that date); on July

10, three frogs and one larval northwestern salamander were ingested (60% and 39% of the total

mass, respectively); on July 25, nine northwestern salamander larvae were eaten (39% of the total

mass); and on August 8, two more northwestern salamander larvae were taken (34% of the total

mass) (Figure 7a,b).

2. Juvenile and adult stomach content analysis.

Major Trends. The most significant pattern I observed as a result of this analysis was that the diet

of juvenile bullfrogs consisted primarily of arthropods, while adults bullfrogs exhibited greater

breadth in their diet, ingesting vertebrates and as well as terrestrial and aquatic arthropods.

Although the differences between juvenile and adult stomach contents were not always significant

at the a = 0.05 level as determined with the Fisher exact test, this pattern was consistent in both

seasons during both 2001 and 2002, in all three ponds. Figure 8 depicts the proportion of

terrestrial arthropods, aquatic arthropods, vertebrates, and molluscs present in the pooled diets of

juvenile and adult bullfrogs collected from the three ponds in 2001 and 2002.

Terrestrial arthropods. Juvenile bullfrogs ingested a significantly higher number of terrestrial

arthropods early in the season (prior to July 19) than did adult bullfrogs in 2001 in the ephemeral-
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Figure 8. Relative proportions of prey items found in the stomachs of juvenile and adult bullfrogs
from the permanent, ephemeral-connected, and ephemeral-isolated ponds at William L. Finley
National Wildlife Refuge, Oregon, in 2001 and 2002.
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isolated pond (Fisher exact test p-value = 0.001), and in 2002 in the ephemeral-connected (Fisher

exact test p-value = 0.001) and permanent ponds (Fisher exact p-value = 0.0102). There was no

significant difference in the number of terrestrial arthropods taken by juvenile and adult bullfrogsin

2001 in either the ephemeral-connected or the permanent pond in early season, and noneof the

comparisons were significant in the latter half of the season in any of the ponds (all Fisher exact

test p-values > 0.05).

Aquatic arthropods. When juvenile bullfrogs were present, they typically ingested a higher

proportion of aquatic arthropods. This was the case in the permanent pond during the late season

of 2001 (Fisher exact test p-value = 0.006), in the ephemeral-connected pond in both 2001 and

2002 early seasons (Fisher exact test p-values = 0.0034 (2001) and 0.0423 (2002)), and in the

ephemeral-isolated pond during both seasons of 2001 (Fisher exact test p-values = 0.0037 (early)

and 0.0031 (late)). However, early season adult bullfrog stomachs in the permanent pond in 2002

contained a significantly higher number of aquatic arthropods than did the corresponding juveniles

(Fisher exact test p-value = 0.0211). Adults in the ephemeral-connected pond during the late

season of 2002 also ingested a higher number of aquatic arthropods, butthis difference was not

significant (Fisher exact test p-value = 0.3011).

Molluscs. Molluscs were not taken in great numbers, and there were no significant differences in

the numbers of molluscs ingested by juvenile and adult bullfrogs in the ephemeral-isolated or the

permanent ponds, regardless of year. However, adult bullfrogs in the ephemeral-connected pond

ingested significantly higher numbers of molluscs in the early seasons of both 2001 and 2002

(Fisher exact test p-values =0.0182(2001) and 0.0441 (2002)).
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Vertebrates. Adult bullfrogs were more likely to have ingested vertebrates than juveniles. These

differences were significant in the late season ephemeral-isolated and permanent ponds in 2001

(Fisher exact test p-values = 0.000 (ephemeral-isolated) and 0.0009 (permanent)) and in the

ephemeral-connected pond in 2002 (Fisher exact test p-value = 0.000). In 2001, the majority of the

vertebrate prey items taken by adults were larval anurans, followed by metamorphosed anurans.

Due to the state of digestion, it was impossible to determine the species of the metamorphosed

anurans.

3. Feeding Strategy Analysis.

Major Trends. In both 2001 and 2002 and in all ponds, the predominant feeding strategy

employed by bullfrogs was individual generalization, regardless of whether the stomach contents

were analyzed using numerical data or mass data. The feeding strategy analysis predicts feeding

strategies at the individual and population level by analyzing only stomach contents. Availability

data are not part of the analysis. Prey taxa identified from bullfrog stomachs were representative

of eight classes, 18 orders, and 43 families.

Numerical Feeding Strategy Analysis. Numerically, bullfrogs in this study usually exhibited an

individual generalist feeding strategy, although the particular types of prey consumed varied by

year, pond, and season (Figures 9-11). There were, however, certain prey items that fell under the

individual specialization feeding strategy. These included hymenopterans, aquatic coleopterans,

adult odonates, and terrestrial coleopterans. Occasionally, prey items fell into the population
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generalization category; included were aquatic hemipterans, larval odonates, hymenopterans, and

aquatic coleopterans. During the early season of 2002 in the permanent pond, terrestrial

coleopterans fell under the population specialization feeding strategy. Thiswas the only instance

in which this particular feeding strategy was observed in the numerical analysis.

Mass Feeding Strategy Analysis. Individual generalization was the predominant feeding strategy

when the stomach contents were analyzed by mass, regardless of pond or year. Similar to the

numerical feeding strategy analysis, consumption of particular prey taxa differed by pond, year,

and season (Figures 12-13). Despite the prevalence of individual generalization, there were prey

taxa that fell under individual specialization, and it is worthwhile to note that the frequency of such

occurrences in the mass analysis was greater than that of the numerical analysis. Prey items that

fell under individual specialization were often larger items, such as vertebrates or more massive

invertebrates, and included larval anurans and larval northwestern salamanders, fish, molluscs,

and adult odonates. Population generalization occurred, but it was rare, and prey items that fell

under this feeding strategy included hymenopterans, aquatic coleopterans, larval odonates,

terrestrial coleopterans, and aquatic hemipterans. During the late season of 2001, bullfrogs in the

ephemeral-connected pond consumed larval odonates in quantities sufficient to be plotted as the

only incidence of a population specialization feeding strategy observed in this analysis.

4. Usaqe!Availability analysis.

Major Trends. Both positive and negative correlations are present in both the numerical and mass

analyses. However, out of 24 numerical comparisons made between the three ponds in 2001 and
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2002, there were only two instances in which a correlaon coefficient was determined to be

significant at the a = 0.05 level (Figure 14). A significant positive correlation was associated with

use and availability of molluscs (n = 12, R = 0.66, 0.02 < p-value < 0.05) and larval salamanders

(n = 12, R = 0.70, 0.01 <p-value <0.02) in the permanent pond.

In the mass analysis, only four out of the 21 analyzed comparisons resulted in significant

correlations between prey use and availability (Figure 15). Significant positive relationships existed

for larval salamanders in the permanent (n = 12, R 0.98, p-value < 0.001) and the ephemeral-

connected ponds (n = 9, R = 0.72, 0.02 < p-value < 0.05). Significant negative correlations

existed for "other larval insects" (n = 12, R = -0.99, p-value <0.001) and Odonata larvae (n 12,

= -0.76, p-value 0.005) in the permanent pond.

There were no significant correlations between prey use by bullfrogs and measured prey

availability in the remaining 40 total numerical and mass comparisons, indicating that most often,

prey use does not track prey availability as it was measured in this study. Pie charts comparing

usage with availability are presented in Appendix B.
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DISCUSSION

1. Bullfroq Diet Analysis.

The results of this study support earlier studies (Taylor and Michael 1971, Bruggers 1973,

Corse and Metter 1980, Balfour and Morey 1999, Krupa 2002) that reported that invertebrates

comprise the numerical majority of the bullfrog diet. The mass analysis neatly portrayed how large

prey items that may be numerically insignificant will dominate samples when masses are

considered.

In their examination of bullfrog diets from March to October, Korschgen and Moyle (1955)

noted that the percentage of insects (by volume) in the diet increased over the course of the

season, while the percentage of amphibians decreased almost proportionally. The same pattern

was evident in the masses of prey items from the ephemeral-isolated pond in 2001 and the

ephemeral-connected pond in 2002; larger items were taken earlier in the season. In the

ephemeral-connected pond in 2001 the percent mass of amphibians in the diet increased with

time, while the percent mass of invertebrates decreased with time. In the permanent pond in 2001,

the percentage of larger vertebrate items increased with time although terrestrial mammals were of

greater importance than the two juvenile bullfrogs that were ingested over the course of the

summer.

In both years, the proportion of terrestrial arthropods was highest earlier in the season in

the permanent pond. This is most likely a reflection of available habitat structure. Bullfrogs are

known for their aquatic habits (Bury and Whelan 1984, Werner et. al. 1995), but these are

tendencies that have evolved in the presence of natural predators and other relatively large

sympatric ranids, such as green frogs (Rana clamitans) (McAlpine and Dilworth 1989, Werner et.

al. 1995). In the Willamette Valley, where predators of bullfrogs are few and potential amphibian
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competitors are virtually nonexistent, bullfrogs may expand their habitat base to spend more time in

the terrestrial (i.e., shoreline) environment, where, during part of the year, the habitat is more

suitable. The permanent pond provides a prime example. Early in the season (May and June)

water levels are high and emergent vegetation in minimal. The sedges, cattails, and grasses along

the shoreline provide the most suitable habitat for both a "sit and wair predator and its prey. In

addition, given the demands of their ectothermic physiology, bullfrogs must physically position

themselves to maintain a high enough body temperature to remain active, especially in late spring

when the warm weather is not as predictable as later in the season. The permanent pond, as a

large, deeper, permanent body of water, requires a greater amount of solar radiation to sustain

temperatures adequate for a bullfrog to maintain optimal metabolic function. Thus, bullfrogs are

evident either basking on the shoreline or in the shallowest water at the edge of the pond where

temperatures are highest, positioning themselves so that they are more likely to encounter

terrestrial organisms. As the summer progresses and the pond becomes warmer and more

conducive to plant growth, bullfrogs are evident four to five meters out from the shoreline, usually

clustered around emergent grasses or suspended among floating surface vegetation.

The ephemeral-connected and ephemeral-isolated ponds are shallower throughout the

year. Emergent vegetation is present at all limes, encouraging habitation by both predator and

prey, and water levels are low enough to facilitate thermal mixing and enable prolonged habitation

by bullfrogs.

It is important to note that every time vertebrates were present in the stomachs, they

dominated the samples. This serves not only to illustrate the different results that can arise from

numerical and mass analyses, but perhaps also the potentially very high energetic and nutritional

contribution of a small number of larger dietary items in the diets of these bullfrogs.
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2. Juvenile and adult stomach content analysis.

The most obvious difference in the diets of juvenile and adult bullfrogs is that juveniles eat

higher proportions of arthropods (terrestrial and aquatic), and adults eat higher proportions of

molluscs and vertebrates, with the exception of the permanent pond 2002, where adult bullfrogs

ingested a higher proportion of aquatic arthropods than did juveniles.

Several authors (Korschgen and Moyle 1955, Dickerson 1969, Bruggers 1973, and others)

have described bullfrogs as being voracious predators who, according to Bury and Whelan (1984)

"readily attack any live animal smaller than themselves." It would be difficult for gape-limited

juveniles to ingest large vertebrates, and so it makes sense that the proportional bulk of their diet

would be higher in aquatic and terrestrial arthropods. Similarly, adult bullfrogs are capable of

attacking prey items from a much wider spectrum of size classes. Thus, the diets of adults should

contain a higher proportion of larger prey items, such as vertebrates and molluscs.

Does this imply habitat differentiation between juvenile and adult bullfrogs? Native red-

legged frogs have been shown to have reduced growth and delayed time at metamorphosis in the

presence of bullfrogs (Kiesecker and Blaustein 1998) because they are forced into suboptimal

habitat. In this study, as well as others, bullfrogs have been documented as ingesting both larval

and juvenile conspecifics (Perez 1951, Korschgen and Moyle 1955, Taylor and Michael 1971,

Stewart and Sandison 1972, McAlpine and Dilworth 1989, Stewart and Painter 1993). One would

suppose that if conspecifics were a significant portion of adult diets, there would be selective

pressure favoring spatial separation. However, in the ephemeral-connected pond, larval bullfrogs

were present in very high numbers (e.g., >100 per square meter in August2002), yet were not

present in corresponding abundances in the diet. While juvenile bullfrogs were not observed
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inhabiting the terrestrial environment surrounding any pond, field observations indicate that there

may be a small degree of spatial separation between juvenile and adult bullfrogs in the ephemeral-

connected and permanent ponds. In the ephemeral-connected pond, higher densities of juveniles

could be found in a shallow area at the south end of the pond, and in the permanent pond, there

were a few observed small areas inhabited by higher densities of juveniles. However, larger

bullfrogs were also evident in these areas, just as juveniles were present in conjunction with adult

bullfrogs throughout the ponds. Competition, or fear of ingestion, does not appear to be the driving

force behind the limited juvenile separation that was observed. More likely, the shallower regions

of the ponds are favored for the higher temperatures that facilitate more rapid growth.

3. Feeding Strategy Analysis.

The results of this study support earlier reports citing bullfrogs as opportunistic predators

(e.g., Dickerson 1969, Perez 1951, Korschgen and Baskett 1963, Bruggers 1973, Clarkson and

DeVos 1986, Knipa 2002). This was true at the individual level in this study, and rarely was a prey

item utilized, even at low levels, by the entire population. While there were only a few instances of

significant correlation between use and availability of prey taxa, there are numerous positive

correlations between stomach content data and measured availability through time. This, also, is

indicative of a generalist diet and supports the results of the modified Costello method in that the

majority of bullfrogs sampled over the course of this study were individual generalists whose diets

usually reflected concurrent prey availability.

The few instances of individual specialization in the numerical analysis were most likely the

result of patchiness in prey distribution, creating an effect that was more apparent than real, and
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that was not the general pattern. For example, in the ephemeral-isolated pond, one bullfrog

stomach contained 24 Hydrophilidae larvae (Coleoptera). Other individuals captured on this

sampling date ingested hydrophilid larvae as well. This emphasizes the fact that each sample

represents a "snapshot" in time for that population, a caveat that exists in all sampling in which the

entire population is not used. It is possible that hydrophilid larvae, as well as other organisms,

could have varied in availability in a temporal pattern that escaped detection by my sampling

method. However, my sampling protocol dictated that bullfrog capture and aquatic sampling be

conducted in as small a timeframe as possible so that my measure of availability would most

closely represent the availability of prey items to the bullfrogs I captured and thus represents my

most accurate estimate of prey usage.

When the masses of the stomach contents were examined, individual generalization

predominated, although there were significantly more instances of individual specialization in which

the prey taxa selected by individuals were often larger items, such as vertebrates and more

massive invertebrates. The increased number of individual specialists in this analysis is a direct

result of the manner in which the data points are calculated. The y-coordinate of the data points on

the Costello graph is a function of the proportion of space each prey item occupies in each

stomach. Large prey items dominate each stomach, and the subsequent outcome is that these

taxa are found in the upper specialization quadrants. This does not negate the value of a diet

analysis by mass, nor should the results presented here be ignored. They should, however, be

viewed in context with the numecaI analysis. I do not believe that bullfrogs are actively seeking

out these larger prey items, however beneficial they might be to the growth and welfare of

individuals.
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Both numerical and mass data may provide insight into the potential effects exotic bullfrogs

have on native communities (numerical data), as well as the strategies that may be involved in prey

selection and forage optimization that would most benefit the bullfrog (massdata). Experimental

evidence in optimal foraging has shown predators selecting larger prey when available, thereby

increasing the benefit per unit handling time (see Pyke et al. 1976). If this were the case, and

bullfrogs were capable of selecting for prey items that would minimize their cost per unit effort, one

could expect large prey taxa such as larval northwestern salamanders, fish, larval anurans,

recently metamorphosed bullfrogs and red-legged frogs to dominate the stomach contents of

bullfrogs, especially the larger individuals, both numerically and by mass. This is not the case. A

few individuals seem to encounter them, and make use of them when they do, but it is not a trend

that is population-wide, by any means.

Johnson (1980) suggests that selection is a hierarchical phenomenon, and that prey

selection is of the fourth order, with the physical or geographical range of the species composing

the first order, the home range within that range the second order, and microhabitat selection within

the home range the third order selection. Bullfrogs are amphibious and require aquatic

environments to carry out their life cycle. They are also ectothermic, constrained by their

physiology to position themselves in order to regulate body temperatures at levels at which they

can operate successfully. Predation pressure is pervasive, and even more threatening when body

temperatures are not high enough for rapid reflexive movement. Asa result, while bullfrogs are

effective predators, they are subject to predation pressures themselves, and their physiology

constrains them to microhabitats in which they can best survive (i.e., those with adequate cover

and temperatures). The ability to select for the most beneficial prey items is always optimal, but in

this case one would expect a "mixed diet" to be exhibited, where lower quality prey items are
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accepted simply because they are present and the benefits of ingesting them outweigh the

consequences, of ingesting nothing at all (Begon et al. 1986), or actively searching for particular

prey which would either expose individuals to predators, or which would result in a high rate of

failure. Prey items are pursued when encountered, regardless of nutritional gain per unit effort, but

this is secondary to the microhabitat selection that favors physiological optimization, and thus a

generalist diet emerges.

4. Usaqe!availability Analysis.

Prey use was significantly correlated with prey availability in only a few instances, all of

which were in the permanent pond, excluding the one positive association of larval salamanders in

the ephemeral-connected pond in the mass analysis. This deficiency of driving evidence

supporting relationships between use and availability emphasizes the randomness of the feeding

strategies employed by bullfrogs. My observations both in the field and upon examination of

bullfrog stomach contents have led to the conclusion that bullfrogs feed strictly at or above the

surface of the water. The pursuit response is triggered by movement across their field of vision,

either by the prey themselves, or ripples on the water's surface signifying prey presence just

beneath the surface, but otherwise invisible. Prey items that are typically found in the water

column, such as larval anurans, larval salamanders, beetles, etc., are ingested when they move to

the surface for air. As the season progresses in the ephemeral ponds and the depth of the water

column decreases, these typically "underwater" prey items are encountered more often by

bullfrogs. This is demonstrated in the ephemeral-connected pond, where a large percentage of the

late season samples (both numerically and by mass) were composed of "underwater" vertebrates.

However, the same pattern was not seen in the ephemeral-isolated pond for reasons that are not
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understood, although it might be attributed to surface vegetation that is much more thick and dense

than either of the other ponds, which would restrict movement and visibility.

Because movement triggers the feeding response of bullfrogs, their encounter rate is in a

sense constrained by their physiological requirements. It would be reasonable to expect that as

prey populations fluctuate, the rates of encounter with bullfrogs would fluctuate in a similar fashion,

but this analysis does not add much in the way of support for that.

Another very likely possibility for the lack of significant correlation between prey use and

prey availability lies in the method of sampling. The perpetual caveat encountered by

usage/availability studies is that the manner in which the researcher samples the environment is

often very different from the manner in which the species of interest samples the environment

(Begon et. al 1986). This is a problem I encountered in this study, although every attempt was

made for the availability sampling to be as similar to the availability to bullfrogs as possible.

However, in retrospect, I understand that my sampling efforts yielded data from the entire water

column, whereas bullfrogs' awareness is focused at the surface of the water. This may have

influenced the results of the correlation analysis.

Conclusions

This study indicates that there is a large degree of overlap in the diets of bullfrogs in

permanent and ephemeral ponds. The success of bullfrogs in a particular environment is not

necessarily inhibited by pond permanence. To illustrate this, bullfrog tadpoles have been observed

metamorphosing in a single season in an ephemeral pond in the Willamette Valley (Heppell 2001,

pers. comm.) Year-to-year differences that were present in this study may be attributed to distinct
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differences in rainfall, with 2001 being one of the driest years on record. This may have had

negative impacts not only on bullfrogs, but on other populations in the communities as well.

Although this study focused on metamorphosed bullfrogs and determined that they exhibit

a generalist feeding strategy, which helps to minimize their impact on the community, it does not

address the larval life stage of bullfrogs. Studies have documented the negative competitive

effects larval bullfrogs have on the larval stages of native amphibians (Kiesecker and Blaustein

1997, 1998; Kupferberg 1997). All life stages should be considered when analyzing the influence

an invasive species has on its community.

Native communities today experience different selective pressures than they did 50, or

even 100 years ago. In addition to bullfrogs, disease, exotic fish, habitat loss, and habitat

degradation serve to compound and confuse the constraints previously encountered in native

systems. It is good news, in some respects, that bullfrogs as an invasive species employ a

generalist feeding strategy, especially when declines in native species are evident. Although they

periodically ingest native amphibians, they are not targeting them, and thus their impact may not be

as severe. This does not, however, negate the importance of maintaining efforts to reduce the

spread of bullfrogs. Even an opportunistic species can alter the structure of a community if its

biomass is large enough, and bullfrogs are prolific. Densities of bullfrogs can become extremely

high in wetland environments, and even a population whose individuals ingest the occasional

amphibian can present a threat that is very real when there are thousands of bullfrogs inhabiting

the area. So, it has not been definitely determined that bullfrogs cause declines in native species

through selective predation pressure, but competitive effects have been investigated (Kiesecker

and Blausteiri 1998) and have most likely been significant factors in the extirpation of the western

spotted frog from the Willamette Valley, and the declines in red-legged frogs we see today. Future



51

management efforts should incorporate invasive species resistance strategies in both mitigation

and maintenance plans in order to reduce potential risks to native communities.
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APPENDIX A

Frequency of Occurrence and Percent Abundance of Prey Taxa Found in Bullfrog Stomachs in
2001 and 2002
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Table Al. Frequency of occurrence and percent abundance of prey taxa from the permanent pond 2001 and 2002. Upper numbers (black) are
from 2001; lower numbers (red) are from 2002. The first number is frequency of occurrence, while the second number in parentheses is the
percentage of the total stomach content masses for that sampling period. The total number of each prey taxon found in bullfrog stomachs is

listed in the last column.

20 Jun 2001 6 Jul 2001 25 Jul 2001 8 Aug 2001 24 Aug 2001 12 Sep 2001

Prey Category 1 Jun 2002 19 Jun 2002 19 Jul 2002 30 Jul 2002 13 Aug 2002 29 Aug 2002 12 Sep 2002 25 Sep 2002 Total #

Adult Odonata 20.0 (47.8) 22.2 (74.7) -- -- -- -- -- - 8

(Anisoptera) -- 20.0 (618) 20.0 (54.6) 20.0 (27.3) 15.0 (24.5) 17.0 (24.8) - -- 11

Adult Odonata 70.0 (7.0) 11.1 (0.4) 25.0 (1.6) 41.7 (1.7) -- 6.7(0.9) 23

(Zygoptera) 20.0 (3.7) 10.0 (1,4) 10.0 (0.3) 90.0 (23.2) 46.0 (6.3) 50.0 (2.6) -- -- 56

Hymenoptera 11.1 (1.9) 8.3(0.7) 25.0(1.0) 4.0(2.8) 13.3 (5.0) -- -- 11

(Vespidae, Apidae) 10(4.9) 20,0 (5.6) 30.0 (9.6) 10.0 (1.2) 15.0 (3.0) 28.0 (4.3 10.0 (2.4) 14.0 (4.1) 20

Lepidoptera, -. 11.1 (0.5) 8.3(0.1) 16.7 (0.5) 12.0 (0.7) -- -- -- 7

Diptera, -- -- 10.0(1.4) 20.0(0.4) 39.0(1.3) 56.0(13.6) 40.0(3.2) 43.0(6.5) 60

Limnephilidae

Hymenoptera -- - - -- 6.7 (0.1) -- --

(Formicidae) -- -- -- -- -- -- -- 14.0 (3.4) 1

Terrestrial 70.0 (10.2) 33.3 (0.2) 33.3 (1.3) 16.7 (3.2) 24.0 (2.2) 26.7 (1.0) -- -- 52

Coleoptera 70.0 (10.7) 80.0(14.9) 50.0 (7.7) 20.0 (0.8) 39.0 (4.9) 39.0 (20.0) 40.0 (0.9) 43.0 (10.0) 99

Gryllidae -- - -- -- -- -- -- -- 0

-- -- -- -- 7.7(0.8) -- -. 1

Terrestrial 10.0 (0.8) -- 8.3 (0.0) -- -- -- -- -- 2

Hemiptera -- -- -- -- 7.7(0.1) -- 10.0 (0.2) -- 2

Cicadellidae 10.0 (0,0) 11.1 (0.0) 16.7 (0.1) 8.3 (0.0) 4.0 (0.0) -- -- -- 7

-- 20.0 (0.5) 20.0 (0.0) -- 7.7 (0.1) -- -- 14.0 (0.0) 6

Mammals -. -- 8.3 (86.3) 8.3 (52.2) 4.0 (55.8) -- -- -- 3

-- -- -- -- -- -- 10.0 (34.9) -- 1

Spiders 10.0 (0.0) 22.2 (0.2) 25.0(0.1) 8.3 (0.1) 8.0 (0.4) -- -- 12

(Araneae) 40.0 (4.6) 30.0 (7.9) 20.0 (0.7) 10.0 (0.2) 15.0 (0.5) 28.0 (1.2) 50.0 (2.4) 14.0 (3.2) 35

Aphididae -- 11.1 (0.0) 8.3(0.0) -- 4.0(0.0) 20.0 (0.3) -- - 33

-- -- -- 20.0 (0.5) -- -- 10.0 (0.3) 14.0 (0.7) 10

Frogs -- -- -- 16.7 (34.4) -- 6.7 (72.0) -- - 3

-- -- -- 10.0 (39.8) 7.7 (0.8) 5.6 (3.3) 10.0 (25.3) -- 4



Table Al. continued

Larval Odonata 10.0 (1.3) 11.1 (2.2) -- -- 4.0 (8.1) -- -- -- 3

(Anisoptera) 10.0(11.1) -- -- -- -- -- 10.0 (0.3) 14.0(2.2) 3

Larval Odonata -- 11.1 (0.1) 8.3 (0.1) 25.0 (0.2) -- -- -- -- 5

(Zygoptera) -- 10.0(1.8) 30.0(2.1) -- 7.7(0.2) -- -- -- 5

Bullhead 10.0 (16.0) 11.1 (4.7) -- -- -- -- -. -- 5

catfish -- -- 10.0 (3.5) -- -- -- -- -- 1

Mosquito- -- 11.1 (5.7) 8.3 (1.2) 16.7 (2.4) 4.0 (0.3) -- -- -- 5

fish 10,0(7.9) -- -- -- 23.0(2.9) 5.6(1.1) 20.0(9.5) -- 12

Pond snails 20.0 (11.1) 11.1 (1.9) 25.0 (1.6) 16.7 (0.9) 8.0 (12.0) 20.0(4.0) -- -- 21

10.0 (9.5) -- 40.0 (15.2) -- 62.0 (10.1) 22.0 (17.6) 50.0 (13.2) -- 31

Clams -- -- 25.0 (0.5) -- 8.0 (0.2) -- -- -- 5

-- -- -- 10.0(0.2) 23.0(1.8) 11.1(0.5) 20.0(0.5) -- 11

Other larval insects -- -- -- 16.7 (2.1) 12.0 (10.0) 6.7 (0.5) -- -- 8

20.0(7.1) 10.0(0.1) 10.0(1.6) 10.0(0.5) 28.0(6.4) 20.0(2.7) 14.0(5.3) 18

Aquatic Hemiptera 20.0(1.4) -- 33.3 (3.8) 8.3 (0.3) 4.0 (3.4) 6.7 (6.3) -- -- 10

10.0 (8.7) 10.0 (2.5) -- -- -- 5.6(0.3) 10.0 (2.4) 71.0 (46.1) 11

Gerridae and 10.0 (0.0) 11.1 (0.1) -- 16.7 (0.0) 40.0 (3.0) 33.3 (0.8) -- -- 47

Mesoveliidae -- 30.0 (0.7) -- 10.0 (0.0) 15.0 (0.3) 5.6 (0.0) 30.0 (0.1) 14.0 (0.3) 14

Aquatic Coleoptera 40.0 (4.6) 33.3 (7.1) 58.3 (2.4) 25.0 (0.8) 16.0 (0.9) 46.7 (9.3) -- -- 42

50.0(16.3) 30.0(2.6) 40.0(3.2) 20.0(5.9) 54.0(38.2) 39.0(3.7) 20.0(1.6) 29.0(18.5) 30

Vertebrates -- 11.1 (0.3) 16.7 (0.5) -- 4.0 (0.2) -- -- -- 4

-- -- -- -- -- 5.6(0.6) -. -- 1

Empty stomachs 10.0 (-) -- -- 8.3 (--) 24.0 (--) 6.7 (--) - -- 9

-- -- 10.0(--) -- -- -- -- -- 1



Table A2. Frequency of occurrence and percent abundance of prey taxa from the ephemeral-connected pond 2001 and 2002. Upper numbers
(black) are from 2001; lower numbers (red) are from 2002. The first number in each pair represents frequency of occurrence, while the second
number (in parentheses) is the percentage of the total stomach content masses for that sampling date. The total number of each prey taxa

found in bullfrog stomachs is listed in the last column.

31 May 2001 14 Jun 2001 11 Jul 2001 30 Jul 2001 9 Aug 2001

Prey Category 24 May 2002 19 Jun 2002 12 Jul 2002 30 Jul 2002 12 Aug 2002 27 Aug 2002 Total #

Adult Odonata 12,5 (14.2) 8.3 (25.2) 13,6 (9.8) -- -- 5

(Anisoptera) -- 8.3 (0.8) -. - 6.5 (0.7) -- 3

Adult Odonata 25.0 (0.6) 16.7 (0.8) 9.1 (0.4) 11.1 (0.3) 28.6(0.2) -- 10

(Zygoptera) 10.0(0.1) -- 21.4(0.4) - 12.9 (0.1) -- 3

Hymenoptera -- 16.7 (2.9) 13.6 (1.9) 11.8 (1.6) 28.6 (1.6) 9

(Vespidae,Apidae) -- -- -- 6.7(0.3) 16.1 (1.3) 10.0 (0.0) 8

Lepidoptera, Diptera, -- 8.3 (6.4) 4.6 (0.3) 5.9 (0.3) -- -- 3

Limnephilidae 10.0 (0.2) -- 21.4 (0.6) 13.1 (1.8) 35.5 (2.0) 10.0 (9.1) 27

Hymenoptera -- -- -- -- -- -- 0

(Formicidae) - 8.3 (0.0) -- -- -- -- 1

Terrestrial 12.5 (0.6) 16.7 (0.7) 18.2 (1.5) 11.8 (0.1) 12,5 (0.0) -- 12

Coleoptera 20.0(0.0) 16.7(0.3) 14.3(0.7) 6.70.9) 12.9(1.1) 10.0(0.9) 15

Dermaptera 8.3 (0.2) -- -- -- --
-- -- -- -- - -- 0

Terrestrial -- -- -- -- 14.3 (0.0) -- 1

Hemiptera -- -- -- -- -- -- 0

Cicadellidae -- -- 22.7 (0.2) 5.9 (0.1) -- -- 8

-- 50.0 (3.2) 14.3 (0.1) -- 3.2 (0.0) -- 17

Mammals -- 8.3 (0.4) -- 5.9 (6.7) -- -- 2

30.0 (84.5) -- 7.1 (23.1) -- 3.2 (22.8) -- 5

Spiders 62.5 (1.8) 25.0 (0.6) 27.3 (0.5) 11.8 (0.1) -- -- 22

(Araneae) 30.0(0.1) 41.7(2.0) 35.7(0.2) -- 3.2(0.0) 10.0(0.7) 24

Aphididae -- -- 4.6 (0.0) -- -- -- I
-- -- -- -- -- -- 0

Snakes -- -- -- -- -- -- 0
-- -- -- -- 3.2(3.4) -- 1

Frogs - 8.3 (19.5) 13.6 (8.6) 11.8(9.4) 14.3 (3.9) -- 8

10.0(0.6) 8.3(6.7) 92.9(49.0) 20.0(1.1) -- -- 18



Table A2. continued

*due to digestion, these items were not idenfiable beyond their listed categorization

Tadpoles -. -- 31.8 (39.9) -- -- -- 8

30.0(7.2) 16.7(71.1) 42,9(15.7) 20.0(19.7) 29.0(15.7) 10.0(24.8) 30

Salamanders -- -- 4.6(4.5) 11.8(21.1) 42.9(58.6) -- 8

-- 16.7 (3.5) 7.1 (0.3) -- 12.9 (5.0) 10.0 (5.3) 9

Amphibians* 12.5 (9.4) -- 4.6(1.6) 17.7(8.6) -- -- 5

-- -- -- -- -- 0

Larval Odonata (Anisoptera) -- 8.3 (1,0) 9.1 (8.1) 52.9 (19.2) 42.9 (13.8) -- 17

10,0 (0.3) 8.3 (0.9) 28.6 (0.9) -- -- 10.0 (5.2) 12

Larval Odonata 8.3 (4.0) 9.1 (0.2) 5.9 (0.0) 28.6 (0.4) 6

(Zygoptera) -- 8.3 (0.7) 7.1 (0.1) -- 25.0 (0.2) 10.0 (8.5) 10

Stickleback -- -- -- --
-- -- -- -- 51.6 (29.2) 20.0 (3.7) 73

Fish* -- -- -- 5.9 (10.5) - -- 1

-- -- -- -- 3.2(0.7) - 1

Pond snails 62.5 (67.3) 8.3 (4.0) 31.8 (11.8) 23.5 (3.2) 57.1 (15.1) -- 27

40.0(2.6) -- 21.4(1.3) 7.7(7.9) 6.5(1.5) 10.0(0.1) 13

Clams 12.5 (0.3) -- -- -- 28.6 (0.8) -- 3
-- -- - -- -- 0

Other larval insects 25.0 (0.7) 25.0 (2.2) 9.1 (0.3) -- -- -- 6

-- -- -- - 3.2(0.0) 10.0(13.6) 2

Aquatic 62.5 (3.5) 36.4 (3.0) 59.1 (10.1) 29.4 (2.3) 25.0 (1.7) -- 38

KemiEtera 30.0 (1.0) 50.0 (8.3) 57.1 (4.7) 73.3 (49.1) 61.3 (3.0) 30.0 (23.6) 82

Gerridae and Mesoveliidae 12.5 (0.2) 13.6 (0.1) 5.9 (0.0) 12.5 (0.1) -- 6

-- 41.7 (0.6) -- 6.7(0.0) 3.2(0.0) 10.0 (3.1) 11

AquacColeoptera 25.0 (2.2) -- 9.1 (0.5) 41.2 (16.2) 12.5 (0.6) -- 18

40.0 (3.4) 16.7 (1.7) 35.7 (2.2) 33.3 (9.4) 29.0 (12.2) -- 36

Vertebrates -- 25.0 (29.3) -- 5.9 (0.3) 28.6 (3.3) -- 6
-- - 7.1(0.0) -- -- 30.0(1.5) 4

Empty -- 25.0(--) -- -- -- -- 3
-- -- 13.3 (--) 9.7 (--) 10.0 (--) 6



Table A3. Frequency of occurrence and percent abundance of prey taxa from the ephemeral-isolated pond 2001. The first number in each pair
represents frequency of occurrence, while the second number (in parentheses) is the percentage of the total stomach content masses for that
sampling period. The total number of each prey taxon found in bullfrog stomachs is listed in the last column.

0)

Prey Category 20 Jun 2001 10 Jul 2001 25 Jul 2001 8 Aug 2001 24 Aug 2001 Total #

Adult Odonata
(Anisoptera)

15,4(52) -- -- 2

Adult Odonata
(Zygoptera)

38.5(2.8) 50.0(0.7) 14.3(0.4) 20.0(0.3) 7.1(3.3) 17

Hymenoptera

(Vespidae, Apidae)

-- 50.0(4.9) 50.0(2.2) 100.0(24.8) 71.4(29.9) 44

Lepidoptera, Diptera,
Umnephilidae

23.1(0.3) 25.0(0.1) 7.1(0.0) 10.0(4.2) -- 6

Hynenoptera
(Formicidae)

-- 25.0(0.3) 7.1(0.0) -- - 2

Terrestrial
Coleoptera

30.8(0.4) -- 21 .4(0.4) 20.0(0.4) 64.3(2.8) 26

Chilopoda,

Isopoda

7.7(0.3) 25.0(5.1) -- -- -- 2

Terrestrial
Hemiptera

- -- 7.1(0.0) -- --

Cicadellidae 23.1(0.1) -- -- -. -- 3

Mammals 7.7(45.8) -- -- - 1

Spiders
(Araneae)

23.1(0.5) 25.0(0.3) 42.9(0.6) 10.0(0.1) 7.1(0.2) 19

Aphididae -- -- 21.4(0.0) 10.0(0.0) 21.4(0.1) 20

Snakes 7.7(5.1) -- -- -- -- 1

Frogs 7.7(1.0) 25.0(60.0) -- -- -- 4

Tadpoles - -- -- -- -- 0



Table A3. continued

*due to digestion, these items were not identifiable beyond their listed categorization

Salamanders -- 25.0(25,3) 21.4(39.2) 20.0(34.5) -- 12

Amphibians* 1.1(1.5) -- -- 1

Larval Odonata
(Anisoptera)

46.2(18,4) -- 7.1(1.5) -- 7.1(4.2) 21

Larval Odonata
(Zygoptera)

365(5.3) 25.0(0.3) 57.1(0.4) 20.0(0.3) 7.1(0.1) 31

Pond snails 30.8(5.7) 14.3(1.6) 10.0(0.7) 21.4(4.2) 14

Other larval insects 15.4(0.0) 25.0(0.0) 71.4(47.1) 60.0(4.9) 78.6(27.6) 101

Aquatic Hemiptera 30.7(3.0) 50.0(1.8) 35.7(0.9) -- 21 .4(7.6) 21

Gerridae and Mesoveliidae 15.3(0.2) 25.0(0.0) - -- 14.3(0.0) 6

Aquatic Coleotpera 46.2(4.5) 25.0(1.1) 28.6(4.1) 30.0(29.8) 28.6(10.1) 21

Vertebrates -- -- 1.5(1.6) -- -- 2
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Figure Bi. Stomach content proportions of bullfrogs and proportions of aquatic prey availability in the permanent pond, during sampling
conducted at William L. Finley National Wildlife Refuge, Oregon, in 2001 and 2002. Early sampling was conducted between May and July 15;
late sampling was conducted after July 15. Numerical data is presented.
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Figure B2. Stomach content proportions of bullfrogs and proportions of aquatic prey availability in the ephemeral-connected pond (EC), during
sampling conducted at William L. Finley National Wildlife Refuge, Oregon, in 2001 and 2002. Early sampling was conducted between May and

July 15; late sampling was conducted after July 15. Numerical data is presented.
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Figure B3. Stomach content proportions of bullfrogs and proportions of aquatic prey availability in the ephemeral-isolated pond (El), during
sampling conducted at William L. Finley National Wildlife Refuge, Oregon, in 2001. Early sampling was conducted between May and July 15;

late sampling was conducted after July 15. Numerical data is presented.

B = Aquatic Coleoptera H Aquatic Hemiptera Ot Other aquatic insect larvae (Diptera, Lepidoptera, Coleoptera)

Od = Larval Odonata M = Molluscs S = Northwestern salamander larvae

Aquatic
samples

Stomach

contents

ot

Aquatic

samples

ot

Stomach

contents



S
B

H

F
_4rOt

/-Od

M

Stomach

contents

S

Od Ot

Aquatic
samIes

Permanent Pond 2002 - early season
S

F B
Dd

FM

Od

Stomach

contents

Permanent Pond 2002 - late season

F S 5B H%d

s 0d

F

Aquatic
samples

Figure B4. Stomach content proportions of bullfrogs and proportions of aquatic prey availability in the permanent pond, during sampling
conducted at William L. Finley National Wildlife Refuge, Oregon, in 2001 and 2002. Early sampling was conducted between May and July 15;
late sampling was conducted after July 15. Mass data is presented.
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Figure B5. Stomach content proportions of bullfrogs and proportions of aquatic prey availability in the ephemeral-connected pond (EC), during
sampling conducted at William L. Finley National Wildlife Refuge, Oregon, in 2001 and 2002. Early sampling was conducted between May and

July 15; late sampling was conducted after July 15. Mass data is presented.
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Figure B6. Stomach content proportions of bullfrogs and proportions of aquatic prey availability in the ephemeral-isolated pond, during sampling

conducted at William L. Finley National Wildlife Refuge, Oregon, in 2001 Early sampling was conducted between May and July 15; late

sampling was conducted after July 15. Mass data is presented.
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