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Abstract Setting up cost-efficient control programs for
alien invasive species requires the development of adequate
removal methods in combination with insights in population
size and dynamics. American bullfrog Lithobates catesbeia-
nus is an alien invasive species, which is suspected to cause
substantial ecological damage around the globe. However,
control of bullfrog populations is difficult, as no conclusive
management measures have yet been determined. We inves-
tigated how double fyke nets could contribute to bullfrog
management by assessing the tadpole population size in 10
permanent small shallow water bodies. Two population size
estimate methods were applied, being the catch–depletion
and mark–recapture method. Catchability of bullfrog tad-
poles proved to be very consistent over ponds and methods,
with one catch per unit of effort (one double fyke net for
24 h) retaining on average 6 % of the tadpole population.
Population density varied considerably among ponds, rang-
ing from 950 to 120,804 larger tadpole individuals/ha.
Using these insights in developing a cost-efficient eradica-
tion program for the species, we projected the number of
catch efforts needed to reduce tadpole numbers to a
threshold that more than likely affects final bullfrog
population size. Predictions indicated that for the specified
thresholds the use of eight double fyke nets at a time is most
cost-efficient in high abundance populations, while using
five double fyke nets seems most suitable in low abundance
populations. What the exact threshold number of remaining
tadpole individuals should be is uncertain, but forecasts
demonstrate that only half of the budget would be needed

when aiming at a drop to fewer than 100 remaining tadpoles
than when a decrease to fewer than 10 remaining tadpoles is
pursued. Given the fairly limited cost of bullfrog manage-
ment with double fyke nets, however, it may be worthwhile
to fully reduce the tadpole population.

Keywords Catchability . Catch–depletion . Double fyke
nets . Management . Mark–recapture . Rana catesbeiana

Introduction

Alien invasive species are generally accepted as one of the
most significant threats to biodiversity (Mooney and Hobbs
2000). Their harmful influence on native biota necessitates
the establishment of management methods to control their
expanding populations (Hauser and McCarthy 2009). To
develop such management programs, insights into popula-
tion size are key prerequisite (Smith et al. 2005). Information
on population size, population dynamics, and (the develop-
ment of) adequate removal methods enables the design of
cost-efficient management programs to combat alien invasive
or pest species.

American bullfrog Lithobates catesbeianus, originally
occurring in Northeast America, is an alien invasive species
and has been introduced for aquaculture purposes over large
parts of the globe during the last century (Kraus 2009).
However, escapes took place and wild populations arose in
these new environments, causing substantial ecological
damage (Adams and Pearl 2007). The species is believed
to predate on, and compete with indigenous amphibians
(Kupferberg 1997; Pearl et al. 2004; Johnson et al. 2011),
as well as transmit pathogens from which they themselves
experience little inconvenience (Garner et al. 2006;
Sharifian-Fard et al. 2011; Martel et al. 2012). Because of
this array of negative impacts on other biota, the species is
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considered as one of the world's top 100 alien invasive
species (Lowe et al. 2000), for which immediate and drastic
management measures are necessary (Doubledee et al.
2003; Govindarajulu et al. 2005).

However, control and, by extension, eradication of intro-
duced bullfrog populations is difficult, as no conclusive
management measures have yet been delineated (Adams
and Pearl 2007). A range of methods are used, including
habitat alteration (Maret et al. 2006), shooting adults
(Berroneau et al. 2008), netting (D’Amore et al. 2009),
trapping (Snow and Witmer 2011), and frightening tadpoles
from their optimal habitat (Wassersug 1997). The choice of
methods used at specific locations not only depends on
legislative frameworks, available budgets, timeframe for
operating, situational context, but also on public opinion
and local animal welfare issues (Bremner and Park 2007;
Ficetola et al. 2007). Population demographic models indi-
cate that only removing a part of the tadpole population
may lead to faster tadpole developmental rates and
higher tadpole and post-metamorphic survival due to de-
creased density-dependent competition (Govindarajulu et
al. 2005). Removal of adults on the other hand may
lead to a higher survival of early metamorphic stages
through reduced cannibalism. This makes bullfrog con-
trol a difficult task for managers.

The European Union recognizes the issue of alien inva-
sive species and is currently taking positions through policy
letters (EC 2008; EC 2011) and the funding of programs for
actions in the field, such as Life+ and Interreg (Scalera
2010). For invasive bullfrogs, a specific eradication program
was recently initiated in the framework of the Interreg
project “Fighting alien invasive species along the Dutch–
Belgian border (northwest Europe)” (INVEXO–Invasieve
exoten in Vlaanderen en Zuid-Nederland, Interreg IVa-
VLANED-2.31). In this region, bullfrogs are present in
several small and isolated populations, where they established
after deliberate releases in garden ornamental ponds or
escapes from fish aquaculture ponds where they occurred as
stowaways (Jooris 2005).

The general objective of this study was to investigate if
bullfrog populations can be decimated or eradicated. As
preliminary research indicated that double fyke nets are
acceptable with regard to both public opinion, animal wel-
fare, and cost efficiency, they were considered a promising
method (Detaint and Coïc 2006; Berroneau et al. 2008;
Louette 2012). More specifically, the current study had the
specific objectives of: (1) defining the catchability of bull-
frogs, using double fyke nets in small shallow ponds; (2)
estimating population size and investigating the accuracy of
two different methods (catch–depletion and mark–recap-
ture); and (3) verifying if a single catch per unit of effort
(CPUE) can be used as a good proxy for the actual popula-
tion size. Finally, (4) we attempted to predict how isolated

bullfrog populations in small shallow ponds can be impact-
ed with sustained and intensive depletion of individuals
using double fyke nets.

Methods

Bullfrog populations were investigated in 10 permanent
water bodies (Tables 1 and 2). Three water bodies were
located in Hoogstraten (N 51°28′ E 04°45′, northcentral
Belgium), three in Arendonk (N 51°19′ E 05°06′, northeast
Belgium), and four water bodies were situated in Balen
(N 51 °09′ E 05 °08′, northeast Belgium). All water bodies
were small shallow fish ponds, with an average surface area
of 1,500 m² and a maximum depth of 150 cm. The ponds
contained no or little submerged macrophytes, but often a
small belt of reed Phragmites australis and soft rush Juncus
effusus along the shoreline were present. The fish community
frequently contained large numbers of non-native species
(e.g., brown bullhead Ameiurus nebulosus, pumpkinseed
Lepomis gibbosus, and topmouth gudgeon Pseudorasbora
parva), supplemented with native planktivorous (e.g., roach
Rutilus rutilus and rudd Scardinius erythrophthalmus) and
benthivorous species (e.g., Prussian carp Carassius gibelio,
common carp Cyprinus carpio), while piscivorous species
(e.g., pikeEsox lucius and perch Perca fluviatilis) were mostly
absent. Bullfrogs have been present in the study ponds for a
decade (Jooris 2005), potentially outcompeting the ponds'
currently rare indigenous edible frog species complex
(Pelophylax spp.), common frog Rana temporaria, and
common toad Bufo bufo but probably also causing path-
ogen transmission to other native anuran and caudatan
species.

Bullfrog tadpoles, metamorphs (juvenile bullfrogs that
just underwent metamorphosis), and adults were caught
using double fyke nets (height and width of the first hoop
80 and 90 cm, respectively, three narrowing funnels in each
fyke, leader net 7 m, and mesh size 8 mm). This sampling
gear is considered highly appropriate for use in the type of
ponds under study, as it is less expensive, durable, user-
friendly, and generates relatively large catches for actively
swimming species (Louette and Declerck 2006). Furthermore,
fyke nets are ethical as bycatch can be released into the water
body in good condition. Drowning of adults was prevented by
placing a closed empty plastic bottle in the last fyke
compartment, ensuring that frogs were able to surface
and take air.

Population density was estimated using the catch–
depletion and mark–recapture methods. Both methods re-
quire the assumptions of closed populations (no immigra-
tion and emigration, no recruitment or mortality) during the
sampling period and an equal catchability of individuals in
the population (Maceina et al. 1995; Lampo and Bayliss
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1996; Odenkirk and Smith 2005). Since these assumptions
were unlikely to be met for metamorphs and adults, popu-
lation estimates were restricted to tadpoles in each pond.

In six water bodies (Hoogstraten and Arendonk), we
estimated bullfrog tadpole population density (only tadpole
individuals larger than 6 cm were retained by the double
fyke nets) by the catch–depletion method (period of May–
September for two ponds in 2010 and for six ponds in 2011,
including the two ponds sampled in 2010). In these ponds, a
number of double fyke nets were set (parallel and two
meters out from the shore) for 24 h, covering all sides of
the water body. A minimum of three catch efforts of equal
magnitude (see Table 1 for the number of double fyke nets
per catch effort) were performed. After every catch effort, all
captured individuals were removed from the population. An
estimate can be made of the population size through the
decrease of the CPUE (average number of individuals in one
double fyke net for 24 h) over time (subsequent catch
efforts). Bullfrog tadpoles captured were euthanized by
overdosing with benzocaïne (0.4 g/l water). Bycatch of
bullfrog metamorphs and adults were counted and under-
went the same treatment. Bycatch of fish were released back
in the pond in good condition. A population estimate of
tadpoles was obtained using the Leslie method (Krebs
1989):

eN ¼ K þ Y

q

and

q ¼ �Ps
i¼1 Yi Ki � Kð Þ

Ps
i¼1 Ki � Kð Þ2

with Ñ0estimated size of the population at the start of
sampling, Ki0accumulation of catch from start to day i,
K0average value ofKi, Yi0catch per unit of effort, Y0average
value of Yi, and q0catchability.

The population size can also be estimated by linear
regression between the cumulative catch (Ki) and the catch
per unit of effort (Yi). Population size before any sampling is
then the intercept of the regression line on the X-axis (i.e.,
when no individuals are removed from the population).
Next to the population size estimate made with data of all
catch efforts, we verified from which catch effort onwards
the correlation between Ki and Yi became significant and
how this estimate differed. Furthermore, an estimate of the
catchability of individuals is given by the absolute value of
the slope (b1) of the regression line, representing the chance
that an individual will be captured with one unit of effort (in
this case, one double fyke net during 24 h).

To determine the accuracy of population size estimates
following the catch–depletion method, we performed a
calibration in two ponds (12435 and 12446) (Rider et al.T
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1994; Penczak et al. 2003). In September, after the sampling
campaign, both ponds underwent multiple (three to five)
thorough passings with a seine net (25 m long, 2 m high,
mesh size 8 mm). The number of tadpoles (individuals
larger than 6 cm) still present was determined, after which
they were euthanized as described before. In one of the two
ponds (12345), prior to seine netting, the water was pumped
out to a level of 30 cm with a self-priming wastewater
pump. To prevent tadpoles from being pumped together
with the water, the suction head of the pump was
covered with a filter net (mesh size 8 mm). The sum
of additionally caught individuals by seine netting and
the total number of caught individuals during the catch
efforts with double fyke nets was then compared with
the population size estimate.

The mark–recapture method was used to estimate popu-
lation size in four ponds in Balen (May 2010). During a first
sampling effort, a number of individuals were marked (day
i: three double fyke nets of which one was placed in the
center of the pond, and two parallel and 2 m out from the
two opposite shores, 24 h). Marking of individuals was
conducted by a subcutaneous high-pressure injection of
biological pigment on the tail tip of tadpoles (Jet Injector,
Schuco). Individuals captured and marked were released in
good condition in all parts of the pond. At the second
sampling effort (day i+1), the proportion of marked and
unmarked individuals relative to the total number of marked
individuals on day i was determined. An estimate of the
population was obtained, using the Petersen formula (Krebs
1989):

eN ¼ CM

R

with Ñ0estimated size of the population, M0number of
individuals that are marked at the first catch, R0number of
individuals at the second catch that have a mark, and C0

total number of individuals at the second catch.

In order to predict the time needed and the monetary cost
involved in depleting a bullfrog tadpole population in a
given water body (assuming no further reproduction), we
forecasted tadpole population size at the end of the summer
using various catch intensities. Three different intensity
levels of removal were investigated for two contrasting
starting abundances: a low population abundance of 1,000
tadpoles and a high population abundance of 5,000 tadpoles
(corresponding with the actual density range in the small
shallow ponds, see “Results”). The first intensity level in-
volved the use of two double fyke nets with a total cost of
138 € per catch effort, covering staff time of two collabo-
rators (transport to a given pond and actual field work) and
depreciation of equipment. The second (intermediate effort)
and third (maximal achievable effort per day) intensities
were, respectively, five (308 €) and eight double fyke nets
(478 €). We postulated the depletion action, leading to a
certain percentage of the population removed according to
the three intensities, to be performed at the beginning of the
summer, where after each catch effort the number of remain-
ing tadpoles at the end of the summer is projected, taking
into account a seasonal survival of 56 % (Provenzano and
Boone 2009). We thereby focused on the number of catch
efforts (and thus cumulative cost over catch efforts) required
to reach an arbitrary threshold value of fewer than 100 or 10
remaining tadpoles at the end of the summer under different
catch intensities.

Results

Catchability of bullfrog tadpoles by double fyke nets in
small shallow ponds proved to be very consistent
(Tables 1 and 2). Over the 10 water bodies, one CPUE
(double fyke net/24 h) caught on average 6 % (SE 1) of
the bullfrog tadpole population, with a range of 2–11 %.
Moreover, the catchability seemed to be reproducible for

Table 2 For each pond where the mark–recapture method was used, the surface area (in square meters), the year of sampling and the number of
double fyke nets used per catch effort (N fyke nets) is presented

Pond Location Area Year N fyke nets Tadpole Metamorph Adult

M R RC (%) Ñ CI CPUE q (%) CPUE Total CPUE Total

13356 Balen 1,600 2010 3 300 9 3.1 19,329 ± 14,803 717 3.7 0 0 0.3 1

13357 Balen 1,700 2010 3 218 10 4.7 1,955 ± 996 83 4.2 0 0 1.0 6

13358 Balen 1,100 2010 3 388 7 1.9 2,998 ± 1,592 112 3.7 0 0 0.0 0

13359 Balen 1,100 2010 3 230 22 9.4 665 ± 148 70 10.5 0 0 0.2 1

Furthermore, details on the number of bullfrog tadpoles that were marked on day i (M) and number of recaptured marked individuals on day i+1 (R)
are given, as well as the derived recapture efficiency (RC or catchability) of this segment of the population. Using the ratio between the estimated
population size (Ñ) and the average catch per unit of effort (CPUE), a second catchability value was determined (q). In the case of bullfrog
metamorphs and adults, the average catch per unit of effort (CPUE) is presented, as well as the total number of unique caught individuals (total)
over the 2-day sampling period
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density estimates obtained with both the catch–depletion
and mark–recapture method, with average catchability
values of 6 and 5 %, respectively. In ponds where the
mark–recapture was applied, the catchability assessed by the
proportion of the average CPUE on the estimated population
size and the catchability based on recapture efficiency (the
proportion of the caught marked individuals at day i+1 in an
average CPUE on the total amount of individuals marked on
day i) were comparable in each pond, with on average 6 % for
catchability and 5 % for recapture efficiency (Table 2).

Population size estimates of bullfrog tadpoles by the
catch–depletion method were significant from four catch
efforts onwards (median value), using on average five dou-
ble fyke nets per catch effort (Table 1). The estimated
population size at the moment that the relationship between
the cumulative (removed) catch until a given catch effort
and CPUE of each catch effort became significant (Fig. 1)
deviated on average 5 % from the final population size
estimate (calculated after 11 catch efforts, median value).
For the two ponds where a calibration was made to deter-
mine population size estimate efficiency, 1–7 % divergence
was observed between the final population size estimate and
the sum of caught individuals in the sampling period with
double fyke nets and seine nets, implying robustness of
population estimates by the catch–depletion method.

The population density of bullfrog tadpoles varied con-
siderably among ponds (Fig. 2). The average was 24,296
individuals/ha (SE 10,286), with a range of 950–120,804.
As no estimates of population size could be made for meta-
morphs or adults, we present the total number of caught
individuals over the entire sampling campaign for both age
classes (Tables 1 and 2), ranging from 0 to 33 individuals for
metamorphs (median value of three individuals for the
ponds where the catch–depletion method was applied) and
0–20 individuals for adults (median value of five individuals
for the ponds where the catch–depletion method was
applied).

The relationship between the CPUE and the estimated
population size of bullfrog tadpoles in small shallow ponds,
as well as between the CPUE and the estimated population
density, was highly significant: r²00.98, p<0.001; r²00.95,
p<0.001, respectively (Fig. 3). The number of caught indi-
viduals in one CPUE seems therefore a good estimate of the
actual population size and density in small shallow water
bodies.

Following the catchability of around 6 % for bullfrog
tadpoles with one double fyke net per 24 h, it is important to
assess what scenario is most efficient in depleting tadpole
populations in small shallow ponds (Fig. 4). For instance, to
achieve fewer than 10 remaining individuals at the end of
the summer in high (5,000 individuals) abundance tadpole
populations, the use of eight double fyke nets at a time
seems most cost-efficient. Eight double fyke nets will

remove approximately 39 % (1−(1−q)^number of double
fyke nets, being thus 1−(1−0.06)^8) of the population with
each catch effort, which implies a total cost of 5,736 € (12
catch efforts of 478 €) required to reach this threshold.
However, for low (1,000 individuals) abundance tadpole
populations, the use of five double fyke nets (removal of
approximately 27 % of the population with each catch
effort) seems most cost efficient, as only 4,004 € (13 catch
efforts of 308 €) is needed compared to 4,302 € when using
eight double fyke nets (nine catch efforts of 478 €). In
contrast, using only two double fyke nets at each catch effort
(approximately 12 % removal of the ambient population), a
cost of 4,416 € (32 catch efforts of 138 €) would be needed
for low abundance populations and 6,210 € (45 catch efforts
of 138 €) for high abundance populations. When setting the
target higher (fewer than 100 remaining tadpoles in the
population), using eight double fyke nets equates to a cost
of 1,912 € in low abundance (only slightly higher than
1,848 € when using five double fyke nets) and 3,346 €
in high abundance populations. This cost is 44 and 58 %,
respectively, of the cost for achieving the threshold of 10
remaining individuals.

Discussion

Insights in the population size of alien invasive species are
crucial with regard to their management (Smith et al. 2005).
Such information, coupled with an effective capture gear,
can help to direct a cost-efficient approach in alien invasive
species management. For instance, intensity per catch effort,
number of catch efforts, timespan, and time of year may all
be adjusted to achieve a population size below a certain
threshold level. When repeated over multiple years, while
simultaneously preventing new introductions, reproduction,
and immigration, populations can be depleted until they go
extinct. For bullfrogs, double fyke nets appeared to be very
effective in catching tadpoles in small shallow ponds. A
single CPUE attains around 6 % of the ambient tadpole
population, a number found to be very consistent over ponds
and over different population size estimate methods (catch–
depletion and mark–recapture). Obviously, some deviations
from this average catchability occur and can arise from
weather conditions and specific pond features (e.g.,
morphology, water temperature, spatial structure, macro-
phytes, and presence of specific predators). The observed
catchability percentage is promising with respect to an
almost full eradication of tadpoles, and hence subsequent
negative effects on the number of forthcoming meta-
morphs and adults. Moreover, performing an exploratory
CPUE in unexamined ponds may provide a good and
swift proxy of the actual population size. This provides
indicative data on the magnitude of impact bullfrogs can
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have on other biota and is also vital in supporting deci-
sions for possible further management actions.

Overall, population size estimates using the catch–
depletion method were quite robust from the fourth catch
effort onwards, showing only for some ponds an underesti-
mate of the final number of caught individuals. In these cases,
this may be explained by a relatively long timespan between
start and end of the removal campaign. Consequently, no fully
closed population can then be assumed, as small tadpoles
might have reached the size needed to be retained by the nets.
The actual tadpole population density varied considerably
among ponds and may be due to differences in habitat char-
acteristics, such as food availability, structural elements,
and predation intensity by invertebrates and vertebrates
(Adams et al. 2003; Louette 2012). However, estimated
numbers are in line with the range reported in earlier
studies (Cecil and Just 1979; Govindarajulu et al. 2006).
Also, previous management efforts can drastically influ-
ence (i.e., decrease) population size, as tadpole numbers
in the two ponds (12435 and 12447) that underwent a
trapping treatment during two consecutive years varied

around 2 and 27 %, respectively, of the initial popula-
tion size.

Cost efficiency is crucial in eradication programs and a
good estimate of this is an essential step in conservation
triage, e.g., the choice between habitat restoration or pest
eradication (Bottrill et al. 2008). We projected the number of
catch efforts needed to reduce two contrasting tadpole
population sizes to a threshold that more than likely affects
final bullfrog population size. In the worked examples, we
defined a maximum threshold of less than 100 remaining
tadpole individuals after the completing of an eradication
action. Although such an effort requires only around half of
the budget of actions aiming at a maximum of less than 10
remaining individuals, the number of surviving metamorphs
will consequently be around a tenfold the following years.
Assuming a yearly survival rate of 13 % from metamorph to
adult and 32 % from adult to adult (Govindarajulu et al.
2005), with 2 years before reaching adulthood after meta-
morphosis (Govindarajulu et al. 2006), about four adults
will arise from a threshold of 100 surviving tadpoles.
Actions aiming at a threshold value of 10 tadpoles would
therefore generate an even greater probability of preventing
a single individual from reaching adulthood. What the exact
threshold value should be is uncertain, as the survival rate
of tadpoles is contextual. For instance, inter- and intraspe-
cific competition for resources (Werner 1994), predation by
macroinvertebrates and to a lesser extent carnivorous fish
(Cecil and Just 1979; Adams et al. 2003; Szuroczki and
Richardson 2011), and cannibalism by bullfrog adults
(Govindarajulu et al. 2005) may all influence survival rate
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�Fig. 1 Negative linear relationship between the cumulative (removed)
catch of bullfrog tadpoles and the catch per unit of effort (CPUE) in six
water bodies where we applied the catch–depletion method. The X-
intercept of the regression line gives the initial estimated population
size; the absolute value of the slope (b1) represents the catchability of
individuals at the given unit of effort. For two ponds, the technique was
applied in both 2010 and 2011
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of tadpoles. However, given the rather low projected costs
(around 2,500 to 5,000 € per pond and per season), actions
should be aimed at reaching a minimal number of
individuals reaching the metamorph and adult stages.
Indeed, these life stages can disperse to other suitable
sites, potentially transfer pathogens, and subsequently
reproduce, starting the cycle all over again. In order to
drastically reduce the population, a sustained effort of
catching the remaining tadpoles should be accomplished,
combined with preventing reproduction (retention of adults
in the breeding water bodies or egg clump removal) the
following years.

Earlier studies pointed to the culling of metamorphs in
fall as the most cost-efficient method for eradication of
bullfrog populations (Govindarajulu et al. 2005). Although
amphibian population growth rate is more sensitive to the

survival rate of metamorphs than tadpoles (Biek et al. 2002),
our study demonstrates that with the applied capture gear,
considerable amounts of tadpoles can be removed with
rather limited budgets. Double fyke nets of the model
dimensions we used, thus seem an appropriate choice for
controlling or eradicating bullfrog populations in the type of
water body (permanent, small and shallow) considered.
Moreover, it is easy to implement compared to other
methods, such as draining which is not always possible or
seining that in case of abundant growth of macrophytes or
irregular pond bottoms is not efficient. Furthermore, the
costs of eliminating a considerable proportion of tadpoles,
metamorphs, and adults by other, often more controversial
eradication methods (terrestrial trapping, shooting, fencing,
draining, netting), seem to be much higher (Reinhardt et al.
2003; Moissonnier et al. 2007; Foster and Banks unpublished
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data). Moreover, although not quantified to proportions of
actual densities, double fyke nets retained a median value of
three metamorphs and five adults per pond over the whole
sampling campaign. Once removed, these individuals, in ad-
dition to the removed tadpole population, cannot take further
part in the reproduction.

It is obvious that bullfrog control with double fyke nets
will be most suitable in regions where only a limited number
of water bodies are colonized, and thus an integral approach
is possible. Specific breeding ponds can be targeted for
eradication, so that the overall juvenile recruitment in the
population will be negatively impacted. Oppositely, in
regions where the species is present in many water bodies,
application of other management methods will be more
appropriate. In such regions, often only a smaller part of
reproduction sites can be tackled, hardly generating an effect

on the overall population. In these cases control, rather than
eradication, of bullfrog populations is the highest feasible
method. Habitat restoration of water bodies (biomanipula-
tion, e.g., the introduction of native piscivorous fish such as
pike) can here be put forward as a sustainable alternative
(Louette 2012).
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