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Abstract
Biological invasions contribute now more than ever to the global homogenization of 
fauna and flora. Large-scale monitoring programs are, therefore, needed to detect 
incipient invasions and to evaluate management interventions. As conventional moni-
toring methods are constrained by large costs, environmental DNA (eDNA)-based 
methods are increasingly recognized as valuable monitoring tools. However, accu-
rately estimating species abundance from eDNA concentrations in natural systems 
remains challenging and consequently hinders their integration in management ap-
plications. Here, we used droplet digital PCR (ddPCR) in eDNA surveys to estimate 
the abundance of invasive American bullfrogs (Lithobates catesbeianus). We first in-
troduced bullfrog tadpoles in natural ponds to assess the relationship between abun-
dances and eDNA concentrations under field conditions. Next, we combined eDNA 
sampling with fyke netting in naturally colonized ponds to investigate whether bull-
frog eDNA concentrations can estimate bullfrog capture success and conventional 
abundance measures obtained via depletion sampling. Finally, we evaluated eradi-
cation measures by comparing bullfrog eDNA concentrations before and after fyke 
netting. We found a strong linear relationship between the numbers of introduced 
tadpoles and eDNA concentrations (r2 = 0.988). Bullfrog eDNA concentrations were 
not only linearly related to the catch-per-unit-effort (r2 = 0.739), but also to conven-
tional abundance estimates (r2 = 0.716), particularly when eDNA concentrations were 
standardized for pond area (r2 = 0.834) and volume (r2 = 0.888). Bullfrog tadpoles 
were only captured when eDNA concentrations exceeded 1.5 copies µl−1, indicating 
that quantitative eDNA analyses enable the localization of breeding ponds. We found 
a significant reduction in eDNA concentrations after fyke netting proportional to the 
number of captured bullfrogs. These results demonstrate that eDNA quantification is 
a reliable tool that accurately estimates bullfrog abundance in natural lentic systems. 
We show that quantitative eDNA analyses can complement the toolbox of natural 
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1  |  INTRODUC TION

Alien invasive species disrupt indigenous communities and exacer-
bate global biodiversity loss at unprecedented rates (Pyšek et al., 
2020). Freshwater ecosystems are disproportionally affected, which 
endanger the large number of species that these ecosystems ac-
commodate (De Meester et al., 2005; Reid et al., 2019). Improved 
monitoring programs and the development of early warning–rapid 
response systems are vital to safeguard these fragile ecosystems 
from the impact of biological invasions (Simberloff et al., 2013). Such 
monitoring programs not only enable the detection of incipient inva-
sions, but can also provide estimates on species abundance that in 
turn can tailor management actions (Vilà & García-Berthou, 2010). 
However, conventional field-based monitoring techniques are costly 
and laborious when they are conducted over large spatial and tem-
poral scales, and often cause damage to the environment and its as-
sociated species (Mueller et al., 2017).

Molecular survey techniques are, therefore, rapidly gaining 
ground serving as efficient biomonitoring tools, particularly for 
aquatic species that are cryptic or occur in low numbers (Carim et al., 
2020; Sepulveda et al., 2020). Because all living organisms leave 
traces of genetic material enclosed in gametes, metabolic waste, or 
shed tissue in their environment, the capture of this environmental 
DNA (eDNA) and subsequent amplification of genetic markers can 
reveal their presence, which eliminates the need for visual obser-
vation (Ficetola et al., 2008). In addition to eDNA-based species de-
tection, abundance estimates can also be inferred from quantitative 
eDNA analyses (Brys, Halfmaerten, et al., 2021; Everts et al., 2021; 
Spear et al., 2021). Even though eDNA concentrations are strongly 
related to species abundance in experimental systems, a consider-
able proportion of variance remains unaccounted for in field con-
ditions (Yates et al., 2019), which can be attributed to both abiotic 
(temperature, UV, pH, suspended organic matter, hydrodynamics, 
etc.) and biotic influences (taxonomic group, life stage, reproduction, 
habitat use, etc.). Whereas these factors are typically standardized 
in experimental studies, they are expected to blur the functional link 
between eDNA concentration and species abundance in natural sys-
tems (Harrison et al., 2019; Yates et al., 2021).

An additional issue that is frequently overlooked in the exist-
ing debate on the applicability of quantitative eDNA analyses is 
that their validation in natural systems is generally conducted with 

indirect measures of species abundance (Spear et al., 2021). Indeed, 
because the exact number of individuals related to a particular eDNA 
signal is often not known, eDNA concentrations are benchmarked 
against proxies for species abundance inferred from visual transect 
surveys (Plante et al., 2021), acoustic surveys (Plough et al., 2021), 
or catch and effort data (Dougherty et al., 2016). However, these 
indirect measures are often biased (Hubert et al., 2012; Maunder 
& Punt, 2004; Peterson et al., 2004) which introduces undesirable 
noise in the association between eDNA concentrations and species 
abundances (Shelton et al., 2019). On the other hand, studies that 
related eDNA concentrations to absolute abundance estimates de-
termined by capture–mark–recapture (Pochardt et al., 2020; Spear 
et al., 2021) and depletion sampling (Sepulveda et al., 2021) have 
generally reported correlations well above the average field study 
(Yates et al., 2019). However, these estimates are based on assump-
tions that are seldom fully met under field conditions (Cowx, 1983; 
Peterson et al., 2004). The inherent inaccuracy of these benchmarks 
unjustifiably hampers the integration of this molecular tool into 
management applications, and hence impedes proper evaluation of 
the efficacy of management interventions or the ultimate success 
of eradication programs (Hansen et al., 2018; Rojahn et al., 2021; 
Shelton et al., 2019; Yates et al., 2021).

In this study, we used droplet digital PCR (ddPCR) in eDNA sur-
veys to estimate American bullfrog (Lithobates catesbeianus [Shaw, 
1802]; hereafter referred to as bullfrog) abundance in natural lentic 
systems in Belgium and investigated how quantitative eDNA anal-
yses can be integrated in monitoring and eradication programs of 
this invasive species. Previous research has shown that eDNA con-
centrations were closely related to bullfrog tadpole abundances 
under controlled conditions (Everts et al., 2021), but the extent to 
which this relation holds in natural water bodies remains unclear. 
In the present study, we therefore (i) introduced variable numbers 
of bullfrog tadpoles in natural ponds to investigate the relationship 
between eDNA concentrations and their abundance under field 
conditions. (ii) Next, we combined eDNA sampling with fyke netting 
in a large variety of ponds that were naturally colonized by bullfrogs 
to assess whether bullfrog eDNA concentrations were correlated 
with standardized catches and conventional abundance estimates. 
(iii) Finally, we related eDNA concentrations before and after fyke 
netting to the total number of captured bullfrogs to investigate the 
effectiveness of the eradication efforts applied.

resource managers and facilitate the coordination of eradication campaigns targeting 
alien invasive species.

K E Y W O R D S
alien invasive species, conservation genetics, depletion sampling, droplet digital PCR, 
environmental DNA quantification, fyke netting, Lithobates catesbeianus, monitoring biological 
invasions
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2  |  METHODS

2.1  |  Study species

Bullfrogs are native to the eastern United States, but have been in-
troduced to the western United States and Canada, South America, 
Asia, and Europe (Ficetola et al., 2007). This large frog species exerts 
a severe pressure on indigenous amphibian communities through 
fierce resource competition, gape-limited predation, and the trans-
mission of novel pathogens, and is therefore ranked among the most 
destructive invaders worldwide (Lowe et al., 2000). Bullfrogs first 
arrived in Belgium in the 1990s, and nowadays have occupied an 
area of more than 500 km² in Flanders (Northern Region of Belgium; 
Figure 1a). Apart from a number of satellite populations, a large 
metapopulation stretching over hundreds of water bodies is situ-
ated along the river Grote Nete. In order to prevent further spread, 
bullfrogs have been combatted with increasing effort since 2012, 

mostly using double fyke nets that effectively capture bullfrog tad-
poles (Louette et al., 2013).

2.2  |  eDNA quantification to estimate 
bullfrog abundance

The functional link between bullfrog tadpole abundances and 
eDNA concentrations under natural conditions was examined in 
three similar-sized natural ponds (Table 1) that were located within 
the distribution range of bullfrogs in Belgium (“experimental pond” 
1, 2, and 3; Figure 1b, c). An exploratory eDNA sampling indicated 
that bullfrogs were absent in each of these ponds before the onset 
of the experiment. Living bullfrog tadpoles larger than 50 mm but 
preceding the development of forelimbs were acquired from an on-
going management program and were temporally stocked in large 
sentinel nets that were installed in a nearby pond (Figure 2a–e). 

F I G U R E  1  (a) The distribution of the invasive American bullfrog in Belgium. The study area is indicated by the red rectangle, and is 
magnified in (b). All ponds included in this work are pinpointed and associated with a numbered symbol. Experimental ponds are represented 
by orange pentagons in (c). Management ponds are associated with discs and were targeted for eDNA sampling and parallel fyke netting. 
(c–h) The left and right half of this disc represent the outcome of fyke netting and the ‘pre fyke netting’ eDNA samples, and green and red 
indicate the absence and presence of bullfrogs as indicated by the respective methods. Discs with a red core signify ponds where a ‘post 
fyke netting’ eDNA sampling was carried out. Discs with a black circumference are ponds where a conventional abundance estimate was 
calculated from depletion sampling data
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Between the 30th of June and the 23rd of July 2021, a series of 
exactly known numbers of living bullfrog tadpoles with an average 
biomass of 14.06 ± 1.34 (SEM) g were set free in each experimental 
pond (Figure 2f). The series started with a low number of bullfrog 

tadpoles, upon which incrementally more individuals were added 
right after eDNA sampling was carried out (described below). In 
this way, a first eDNA sampling round was conducted in experi-
mental pond 1 after the introduction of 25 bullfrog tadpoles, a 

TA B L E  1  Characteristics of the sampled water bodies

Pond ID
Latitude 
(°N)

Longitude 
(°E)

Pond surface 
area (m²)

Pond 
volume (m³)

No. of 
catch days

No. of 
double 
fykes

Total 
catch CPUE

Abundance 
estimate (±SE)

Experimental ponds

1 51.1381 4.6080 927.301 1587.508

2 51.1380 4.6070 891.090 1536.886

3 51.1378 4.6074 947.590 1258.489

Management ponds

4 51.1384 4.6084 576.970 905.500 8 5 1 0.0250 **

5 51.1380 4.6086 698.780 1089.00 8 5 2 0.050 **

6 51.0775 4.9697 269.897 246.125 4 5 33 1.650 **

7 51.0763 4.9670 10116.820 11721.670 11 10 13765 125.136 **

8 51.0767 4.9693 5300.670 7989.00 4 5 17 0.850 **

9 51.0752 4.9680 658.610 503.840 4 5 0 0 **

10 51.0740 4.9693 3796.466 1530.00 4 5 2 0.100 **

11 51.0753 4.9783 341.371 602.100 4 5 16 0.800 16 ± 0.523

12 51.0746 4.9780 245.434 230.127 4 5 2 0.100 **

13 51.0776 4.9882 1364.778 1074.232 4 5 9 0.450 9 ± 0.622

14 51.0767 4.9886 610.000 263.300 4 5 13 0.650 13 ± 0.937

15 51.1450 5.1483 882.505 813.405 3 4 1 0.083 **

16 51.1451 5.1490 978.790 1147.000 3 4 0 0 **

17 51.1451 5.1497 966.4304 738.288 3 4 19 1.583 21 ± 3.109

18 51.1433 5.1468 100.516 19.546 4 1 6 1.500 **

19 51.1462 5.1510 471.088 * 4 5 6 0.300 **

20 51.1455 5.1488 1624.765 2404.000 3 5 514 34.267 902 ± 115.963

21 51.1462 5.1553 817.814 796.305 4 3 0 0 **

22 51.1447 5.1535 845.066 * 4 5 0 0 **

23 51.1443 5.1554 385.3283 343.167 4 5 0 0 **

24a 51.1441 5.1562 1274.512 2948.000 4 5 2042 102.100 2234 ± 24.119

24b 51.1441 5.1562 1274.512 2948.000 4 5 391 19.550 660 ± 87.06

25 51.3272 5.1054 1407.524 1708.078 3 5 1 0.0670 **

26a 51.3264 5.1073 2820.421 6001.834 8 10 3242 40.250 3270 ± 5.975

26b 51.3264 5.1073 2820.421 6001.834 4 10 632 15.800 836 ± 43.833

27 51.3255 5.1102 1353.087 * 4 5 0 0 **

28 51.0996 4.9817 1598.833 2029.000 4 5 4987 249.350 7384 ± 195.260

29 51.0954 4.9748 283.670 133.718 3 1 519 173.000 745 ± 57.543

30 51.1867 5.1584 1089.037 674.223 8 10 3693 46.163 **

31 51.1234 5.1185 850.834 1137.411 4 5 2309 115.450 2376 ± 10.816

32 51.0330 4.8591 725.2633 634.944 4 5 103 5.150 **

33 51.0329 4.8584 643.174 595.450 4 5 35 1.750 ***

34 51.0319 4.8620 3409.877 6388.407 8 10 1074 13.425 ***

Note: Total pond volumes were not quantified for ponds marked with one asterisk (*) because they were either too shallow for sonar measurements 
or no bullfrog eDNA was detected. No abundance estimates were calculated for ponds marked with two asterisks (**) because the underlying 
assumptions were violated or because no bullfrogs were caught.
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second after 25 more tadpoles were added to arrive at 50 individu-
als, and a final sampling round after 200 additional tadpoles were 
introduced to reach a total number of 250 individuals. Similarly 
and simultaneously, a total number of 25, 50, 100, and 250 tad-
poles were successively stocked in experimental pond 2, and 1, 5, 
and 1000 tadpoles in experimental pond 3. The further spread of 
bullfrogs in the region was prevented by a 150-cm tall amphibian 
screen enclosing each pond (see Figure 2c, d), while several traps 
were installed within the fenced area to passively capture meta-
morphosed escapees.

eDNA sampling was conducted after a 5-day acclimatization 
period following each increase in abundance. As DNA particles can 
be patchily distributed in the water column, especially in lentic sys-
tems (Brys, Haegeman, et al., 2021), pond coverage was maximized 
by means of an integrated sampling strategy. Every 5 m along the 
perimeter of each pond, a subsample was taken by gradually filling 
a 0.5-L sterile sampling bag with pond water. Because the sampling 
bag was attached to a telescopic sampling pole, pond water within a 
5-m radius of each subsampling stage was included in every subsam-
ple. The upper 10 cm of the water column was targeted to maximize 

the capture of eDNA particles (Moyer et al., 2014). In this way, 
twenty to thirty 0.5-L subsamples were collected and ultimately 
pooled to obtain one homogenous water sample per sampling round. 
This sampling strategy provided a good spatial coverage given the 
relatively small sizes of the studied ponds (Table 1). This process was 
repeated twice per experimental pond and per introduced abun-
dance. The pooled, homogenized water samples were then filtered 
on enclosed disk filters with an integrated 5-µm glass fiber prefilter 
and a 0.8 µm PES membrane (NatureMetrics, Surrey, England) using 
a Vampire sampler pump (Buerkle, Bad Bellingen, Germany) with 
disposable silicone tubing. Water was pumped through the filters 
until clogging (1.896 ± 0.221 L), and the filters were stored at −21°C 
in anticipation of the molecular analyses. Sterile nitrile gloves were 
worn during the entire sampling process, and reusable field material 
was decontaminated with 2% Virkon S (Antec DuPont, Suffolk, UK).

Following eDNA sampling, the water turbidity of each pond 
was measured with a 2100Q Portable Turbidity meter (Hach®). 
Simultaneously, water pH and conductivity measurements were 
carried out with a WTW MultiLine® Multi 3620 IDS SET KS1. Since 
a given number of individuals is expected to result in lower eDNA 

F I G U R E  2  (a) Captured bullfrog tadpoles were transported to the experimental ponds in large reservoirs (b) that were equipped with a 
continuous oxygen supply (white arrow). The tadpoles were subsequently introduced in large sentinel nets installed in a retention pond (c, d) 
which was enclosed with an amphibian screen (white arrow). The desired number of tadpoles was removed from the nets (e), weighed (f), and 
introduced to the experimental ponds
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concentrations in a large water volume than in smaller water vol-
umes, eDNA concentrations can only be appropriately related to the 
number of individuals when a spatial metric, such as the total surface 
area or water volume of a pond is taken into account. Therefore, 
a 999 CXI HDSI multibeam (Humminbird®) sonar device was used 
to generate bathymetric maps of the studied ponds from which the 
total water volume (m³) was calculated (Figure 3a, b; Appendix S2). 
Pond surface areas were calculated from the coordinates of the 
perimeter of the studied ponds, which were recorded with a hand-
held GPS. Average daily ambient temperature measurements from 
a nearby weather station were used to verify that there were no 

systematic changes in water temperature that could have affected 
the experiment (Appendix S1).

2.3  |  eDNA quantification to evaluate 
bullfrog management

To assess the relationship between natural bullfrog abundances and 
eDNA concentrations, eDNA sampling was coupled with an intensive 
fyke netting campaign in 31 ‘management ponds’ spread over the 
entire distribution range of bullfrogs in Belgium (Figure 1; Table 1). A 

F I G U R E  3  (a) The small rowing boat loaded with equipment for sonar measurements to quantify the volume of ponds. (b) The boat was 
navigated in a zig-zag pattern over the pond (black dotted line) while the sonar device continuously measured the depth of the pond. These 
data were then used to generate three-dimensional bathymetric maps of the sampled ponds (pond 26 in this case), from which the total pond 
volume was derived (detailed description in Appendix S2). (c) A double fyke net installed parallel to the pond bank
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second independent fyke netting and coupled eDNA sampling round 
was carried out in ponds 24 and 26 one month later (pond 24b and 
26b hereafter). All fyke netting actions were part of the LIFE frame-
work of the European union (LIFE18  NAT/BE001016). Fyke netting 
and eDNA sampling were conducted between the 10th of May and 
the 20th of August 2021, which comprises the period that bullfrogs 
are active and thus maximizes detection and capture success (Everts 
et al., 2021; Hubert et al., 2012). One hour before installing the fyke 
nets, one eDNA sample was collected per pond following the same 
protocol as described above (‘pre fyke netting’ eDNA samples). To 
investigate the consistency of quantitative eDNA analyses in natural 
systems, two ‘pre fyke netting’ samples serving as biological replicates 
were collected in ponds 15, 16, 17, and 20. Bullfrogs were captured 
using double fyke nets with a mesh size of 8 mm, consisting of two 
fykes interconnected with a 7-meter-long leader net, each with an ini-
tial hoop of 80 × 90 cm followed by three narrowing funnels in each 
fyke (Figure 3c). Double fyke nets were installed parallel to and 2 me-
ters from the bank for an average period of 5 days. Every day, by-catch 
was released and the total number of captured bullfrogs was recorded.

To investigate whether bullfrog eDNA concentrations decreased 
proportional to the total number of removed individuals, a second 
eDNA sampling round was carried out 7  days after removing the 
fyke nets (‘post fyke netting’ eDNA samples) in 12  management 
ponds (Figure 1). Because bullfrog eDNA in lentic systems is com-
pletely degraded within 1 week (Brys, Haegeman, et al., 2021), the 
proposed 7 days was assumed to be sufficient for the connection 
between eDNA concentrations and lowered bullfrog abundances to 
be restored. Active breeding of bullfrogs within this period was ex-
pected to disturb this relationship, but could only be excluded from 
ponds 17 and 20. Here, heavy machinery cleared the surrounding 
vegetation for the construction of large fences prior to eDNA sam-
pling and fyke netting, which strongly suggests that juvenile and 
adult bullfrogs had been driven away, leaving only bullfrog tadpoles. 
In these ponds, a second ‘post fyke netting’ eDNA sample was col-
lected 3 days after removing the fyke nets to assess whether eDNA 
concentrations already reached an equilibrium with the reduced tad-
pole abundance. Lastly, water turbidity, pH, and conductivity were 
measured, and total pond areas and volumes were quantified as 
described above (Appendix S2). Altogether, 33 fyke netting rounds 
were conducted and 51 eDNA samples were collected (37 ‘pre fyke 
netting’ and 14 ‘post fyke netting’ samples in 33 and 12 water bod-
ies, respectively). Overall, an average volume of 1.714  ±  0.162 L 
pond water was filtered per sample.

2.4  |  Molecular analyses

The laboratory protocol and the primer/probe assays used were com-
prehensively described and validated in Everts et al. (2021). Briefly, 
1 ml of a lysis buffer was added via the inlet of each filter (n = 71). This 
buffer included a known concentration of an exogenous DNA frag-
ment serving as an internal positive control (IPC) to assess PCR in-
hibition and indicate potential problems in the laboratory workflow. 

The IPC used here was a plasmid containing a 149 bp Dengue virus 
type 2 insert sequence (GenBank M29095.1). Following overnight 
incubation at 56°C, the lysis solution was collected from the filters, 
and DNA was extracted with Qiagen's DNeasy Blood & Tissue Kit. 
All eDNA samples were eluted in 200  µl Tris–EDTA. A volume of 
150 µl of this DNA extract was then purified with Qiagen's DNeasy 
PowerClean Cleanup Kit and was finally eluted in 100 µl Tris–EDTA. 
The concentration of both bullfrog eDNA and IPC was simultane-
ously quantified by ddPCR in duplicate technical measurements 
(once undiluted and once 1:2 diluted) following Everts et al. (2021). 
Biological replicates of experimental ponds 1 and 2 at the abun-
dance of 25 tadpoles, and experimental pond 3 at the abundance of 
1 and 5 tadpoles got lost during the workflow, resulting in a total of 
68 eDNA samples that were finally analyzed.

2.5  |  Statistical analyses

The total number of bullfrog eDNA copies per microliter per liter 
filtered water (CX) was calculated as follows:

where CPCR is the measured bullfrog eDNA concentration in each 
ddPCR reaction (number of copies µl−1), VPCR is the total ddPCR re-
action volume (20 µl), VR is the volume of the eluted extract that was 
included in the PCR reaction volume (4 µl), VE is the total elution vol-
ume (in µl) after eDNA extraction, VL is the lysis volume (in µl) collected 
from each filter, DF is the dilution factor of a DNA extract (for a 1:2 
dilution, DF = 2), CFPC is a correction factor of 1.5 for purified samples 
(since an initial volume of 150 µl is finally eluted to 100 µl), and Vw is 
the total volume of filtered water (in L). When eDNA concentrations 
were related to absolute abundance estimates, eDNA concentrations 
were standardized via multiplication with the total pond area or vol-
ume (CFSpatial). CFSpatial was set to one when eDNA concentrations 
were related to catch-per-unit-effort calculations, since this is a rela-
tive abundance measure. The obtained bullfrog eDNA concentrations 
were averaged among both technical replicates.

A type I linear regression was used to quantify the linear rela-
tionship between eDNA concentrations corrected for pond volume 
and the number of bullfrog tadpoles introduced in the experimental 
ponds, using the lm function. To assess whether experimental and 
management ponds differed in water quality and size, water turbid-
ity, pH, conductivity, total pond area, and total pond volume were 
compared between ponds with two-sided Mann–Whitney U tests 
using the function wilcox.test.

For each management pond, a standardized measure for bullfrog 
capture was obtained by dividing the total number of captured bull-
frogs (regardless of life stage) by the product of the number of catch 
days and the number of double fyke nets used. This measure cor-
responds to the catch-per-unit-effort (CPUE; Table 1), and was re-
lated to bullfrog eDNA concentration using a type I linear regression. 

CX =

CPCR x
VPCR

VR

x
VE

VL

xDF

CFPC xVW

xCFSpatial,
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Because CPUE is an indirect abundance measure, the associated 
eDNA concentrations were not corrected for pond volume.

Conventional abundance estimates were obtained via depletion 
sampling. This technique utilizes the relation between the size of a 
population and the number of bullfrogs that were removed on multiple 
occasions without replacement. Conventional abundance estimates 
were calculated only for management ponds in which the daily CPUE 
decreased successively with the cumulative catch (n  =  12), because 
this suggests accordance to the assumptions that (i) the catch effort 
applied considerably affects the population size and (ii) the population 
is not so large that the catch of one individual interferes with that of 
another (Table 1). Furthermore, since an equal catch probability for all 
individuals was assumed, and because tadpoles comprised the larg-
est proportion of the catches in these 12 ponds, only tadpole catches 
were used (Cowx, 1983). Maximum weighted likelihood abundance 
estimates were calculated using removal function of the FSA package 
(Derek et al., 2021). A type I linear regression was used to relate the 
obtained abundance estimates to bullfrog eDNA concentrations that 
were corrected for total pond areas and volumes.

Differences in bullfrog abundances and eDNA concentrations 
before and after fyke netting were tested with a paired t-test using 
the t.test function. To comply with its assumptions, eDNA concen-
trations corrected for total pond volumes were log-transformed. 
Additionally, the total number of captured bullfrogs was related to 
the difference in bullfrog eDNA concentration from samples taken 
before and after fyke netting using a type I linear regression. All sta-
tistical tests were carried out with the stats package in RStudio ver-
sion 4.1.1 (RStudio Team, 2022).

3  |  RESULTS

3.1  |  Data quality

Negative and positive technical ddPCR controls showed no signs of 
contamination or amplification failure, respectively. More than 7000 
accepted droplets were generated (17,241 ± 291 droplets) and the 
IPC was successfully quantified in all ddPCR reactions, indicating 
that the generated data were of high quality. Based on the highly 
similar bullfrog eDNA concentrations between both technical rep-
licates (average standard error of 15.7% of the mean) and among 
the duplicate biological replicates from the experimental ponds and 
management ponds 15, 16, 17, and 20 (average standard error of 
15.8% of the mean), bullfrog eDNA concentrations quantified using 
this field and lab protocol were deemed robust.

3.2  |  eDNA quantification to estimate 
bullfrog abundance

Bullfrog eDNA was detected in all replicates and for all introduced 
abundances. The measured eDNA concentrations corrected for 
pond volume were significantly and positively correlated with the 
numbers of introduced bullfrogs (F8 = 678.500, r2 = 0.988, p < 0.001; 

Figure 4). Ambient temperature remained constant over the experi-
mental period (18.00 ± 0.36°C; Appendix S1).

3.3  |  eDNA quantification to evaluate 
bullfrog management

In two of the 33 management ponds, no bullfrog eDNA was de-
tected nor were any bullfrogs captured. In five of the remaining 
31 ponds, bullfrog eDNA was detected, but no bullfrogs were cap-
tured (Figure 1). Consequently, the relationship between CPUE 
and bullfrog eDNA concentrations was assessed in 26 ponds and 
was found to be significant (F24 = 67.980, r2 = 0.739, p < 0.001; 
Figure 5). Management and experimental ponds only differed 
slightly in water conductivity (W = 84, p = 0.0151; 665.000 ± 216 
and 317.195  ±  36.380 µS/cm for experimental and management 
ponds, respectively), but not in turbidity (W  =  42, p  =  0.689; 
33.175 ± 12.720 and 43.308 ± 17.541 FNU), pH (W = 39, p = 0.590; 
7.980  ±  0.336 and 8.172  ±  0.157), total pond area (W  =  22, 
p  =  0.885; 922.000  ±  16.500 and 1533.000  ±  340.000  m²), or 
total pond volume (W = 31, p = 0.532; 1460.960 ± 102.285 and 
2120.58 ± 488.515 m³).

Conventional abundance estimates ranged from a minimum of 
9 ± 0.622 to a maximum of 7384 ± 195.260 individuals (Table 1) 
and were significantly related to ‘pre fyke netting’ bullfrog eDNA 

F I G U R E  4  The linear relationship between introduced numbers 
of bullfrog tadpoles and eDNA concentrations in three natural 
ponds (legend in the bottom right corner). eDNA concentrations 
were expressed as numbers of copies µl−1, and were corrected for 
pond volume. Each point corresponds to the average bullfrog eDNA 
concentration per pond and the associated error bars represent 
the standard error on duplicate biological replicates. The type I 
linear regression line is plotted in black, and the shaded area around 
the regression line indicates the 95% confidence interval. The 
corresponding test statistics are given in the top left corner. Note 
that both axes are logarithmic
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concentrations both uncorrected (F10 = 25.4, r2 = 0.716, p < 0.001) 
and corrected for total pond area (F10  =  56.25, r2  =  0.834, 
p < 0.001) and total pond volume (F10 = 79.110, r2 = 0.888, p < 
0.001, Figure 6). Bullfrog abundances after fyke netting (i.e., the 
difference between the conventional abundance estimate and 
the total catch) were significantly lower than before fyke netting 
(t19 = 2.892, p = 0.009). The associated reductions in eDNA concen-
trations were already noticeable 3 days after the removal of bull-
frogs by fyke netting (Figure 7). Pairwise comparisons of ‘pre’ and 
‘post fyke netting’ samples showed significant reductions in bull-
frog eDNA concentrations (t23 = 10.003, p < 0.001, Figure 7) that 
were significantly related to the total catch (F10 = 11.1, r2 = 0.526, 
p = 0.008). In some ponds, however, eDNA concentrations after 
fyke netting were only slightly lower and in one pond even higher 
than before fyke netting.

4  |  DISCUSSION

Although eDNA-based detection methods have been recognized 
as valuable complementary tools to manage biological invasions 
(Carim et al., 2020; Rojahn et al., 2021; Sepulveda et al., 2020), 

F I G U R E  5  The linear relation between the catch-per-unit-effort 
and bullfrog eDNA concentration (number of copies µl−1) before 
fyke netting. Green circles and red squares represent ponds where 
only juveniles and mainly tadpoles were captured, respectively. 
Test statistics of the type I linear regression are given in the top 
left corner, and because both axes are logarithmic, ponds with zero 
values were omitted (n = 7). The shaded area around the regression 
line indicates the 95% confidence interval. Only juvenile bullfrogs 
were captured in ponds with bullfrog eDNA concentrations lower 
than 1.5 copies µl−1 (green zone of graph), whereas mainly tadpoles 
were captured in ponds with bullfrog eDNA concentrations above 
this threshold (black dotted lines), hence representing breeding 
ponds (red zone of the graph)

F I G U R E  6  The relation between conventional abundance 
estimates based on depletion sampling and bullfrog eDNA 
concentrations (number of copies µl−1), both uncorrected (a) and 
corrected for (b) pond area (1319.208 ± 293.321 m²) and (c) pond 
volume (2196.143 ± 858.911 m³). Test statistics of type I linear 
regressions are given in the top left corner. Note that both axes are 
logarithmic
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the applicability of quantitative eDNA analyses to estimate target 
species abundance remains disputed (Hansen et al., 2018; Yates 
et al., 2021). Here, we show that bullfrog eDNA concentrations 
in natural ponds were strongly linearly related to the number of 
introduced bullfrog tadpoles (Figure 4), indicating that quantita-
tive eDNA analyses can be a powerful method to infer target spe-
cies abundance. An increasing number of studies have revealed 
promising linear relationships between eDNA concentrations and 
conventional abundance estimates of aquatic target species in 
natural systems (Pochardt et al., 2020; Salter et al., 2019; Spear 
et al., 2021), but none of these outperformed the strong correla-
tion reported here. Several explanations can be put forward as to 
why this is the case.

First, lentic systems, such as the ponds studied here, are partic-
ularly suited for eDNA quantification compared to lotic and marine 
systems, as their exposure to currents that complicate the relation-
ship between eDNA concentration and species abundance is mini-
mal (Fremier et al., 2019). Moreover, lentic systems represent closed, 
clearly delineated, and relatively small ecosystems, which favor re-
peatable, quantitative, and representative sampling (De Meester 
et al., 2005). Second, amphibians are an excellent taxonomic group 
for eDNA-based monitoring, as they abundantly release DNA into 
the water column via the excretion of mucus containing ample 
amounts of DNA (Adams et al., 2019). Third, while eDNA concen-
trations are generally quantified with quantitative PCR (qPCR), there 

are several indications that it underperforms in terms of resilience to 
PCR inhibitors (Doi et al., 2015), its accuracy (King et al., 2022), and 
its sensitivity (Brys, Halfmaerten, et al., 2021) in comparison with 
a ddPCR approach as was used here. Finally, the applied quantita-
tive eDNA analyses were validated appropriately because bullfrog 
tadpole abundances were known exactly and eDNA concentrations 
were standardized among ponds on a total pond volume basis. Only 
one other study quantified eDNA concentrations of exactly known 
abundances of adult painted turtles (Chrysemys picta) in natural sys-
tems while correcting for varying pond sizes (Adams et al., 2019). In 
contrast, most earlier studies related eDNA concentrations to indi-
rect abundance measures (Plante et al., 2021; Plough et al., 2021; 
Sepulveda et al., 2021). However, the positioning and timing of the 
sampling efforts, life stage of the focal species, weather conditions, 
water temperature, water turbidity, macrophyte cover, and geomor-
phological features of the water body interactively affect the extent 
to which these conventional proxies are related to actual abun-
dances (Louette et al., 2013; Peterson et al., 2004), thereby intro-
ducing excess variance into the relation with eDNA concentrations 
(Peterson et al., 2004; Shelton et al., 2019).

Our results further showed that bullfrog eDNA concentrations 
were linearly related to the number of bullfrogs that were subse-
quently captured per unit of effort that was applied (Figure 5). 
Moreover, an eDNA concentration of 1.5 copies µl−1 was found to be 
a clear threshold that separated ponds where only bullfrog juveniles 
were captured from those where bullfrog tadpoles were captured 
(hence breeding ponds). This threshold reflects a spatial discrepancy 
in habitat use between bullfrog life stages. Intraspecific competition 
and cannibalism by adults force juvenile bullfrogs to leave their natal 
ponds and disperse toward suboptimal water bodies serving as ref-
uge ponds and driving the spread of the invasion. Oppositely, since 
bullfrog tadpoles, unlike many other amphibians, generally meta-
morphose after 2  years (Bury & Whelan, 1984), successful repro-
duction is restricted to permanent stagnant waters (ponds and small 
lakes). The observed lower bullfrog eDNA concentrations in refuge 
relative to breeding ponds can be attributed to the combination of a 
lower density and a more terrestrial habitat use of bullfrog juveniles 
relative to tadpoles (Figure 5). According to demographic models, 
such refuge ponds have to be targeted with the highest priority for 
effective control of bullfrog populations (Govindarajulu et al., 2005). 
In practice, however, the capture of juvenile bullfrogs requires con-
siderably more effort than that of tadpoles (Louette et al., 2013). 
Combined with the rapid recolonization of ponds by juvenile bull-
frogs, which quickly offsets successful removal, targeting and de-
pleting strategically located breeding ponds serving as dispersal 
hubs might be more effective. In any case, we show that quantitative 
eDNA analyses can be used not only to estimate the number of bull-
frogs expected to be captured with a given effort, but also to locate 
bullfrog breeding ponds, which altogether is extremely valuable in-
formation to support bullfrog eradication programs.

In order to optimize the efficacy and resource allocation of man-
agement programs targeting invasive species, insights into absolute 
abundances are critical (Lampo & Bayliss, 1996; Pochardt et al., 2020; 

F I G U R E  7  Bullfrog eDNA concentrations (number of copies 
µl−1) were quantified before (black), 3 days after (white), and 
7 days after (grey) fyke netting. Ponds in which eradication efforts 
appeared to have impacted bullfrog abundances are plotted in the 
left panel, whereas further efforts should be undertaken for the 
ponds in the right panel. The total number of bullfrogs captured 
per pond are given at the top of the graph. Note that the y-axis is 
logarithmic 
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Spear et al., 2021). Capture–mark–recapture or depletion sampling 
are conventionally used for these purposes, but are laborious, in-
vasive, and subject to multiple stringent assumptions that restrict 
their applicability (Cowx, 1983; Lampo & Bayliss, 1996). We show 
that bullfrog eDNA concentrations were strongly correlated with 
conventional abundance estimates obtained by depletion sampling, 
but only when eDNA concentrations were standardized according to 
total pond volumes (Figure 6). Standardizing eDNA concentrations 
according to other spatial metrics such as the total surface area also 
increased the proportion of explained variance in absolute abun-
dance estimates, albeit to a lesser extent. However, whereas eDNA 
concentrations reflect the total population abundance, conventional 
abundance estimates are confined to one particular life stage (tad-
poles in this case) because an equal capture probability is assumed 
(Cowx, 1983; Lampo & Bayliss, 1996). The remaining variance that 
was not explained by total pond area- or volume-corrected eDNA 
concentrations (17% or 11%, respectively) can therefore, at least 
partly, be attributed to this discrepancy (Spear et al., 2021). The ob-
served difference between the two whole-pond corrections in their 
relation to conventional abundance estimates was limited (Figure 6b, 
c) because the studied ponds were relatively similar in terms of pond 
depth (1.437 ± 0.205 m; Table 1). Even though a total surface area-
based correction of eDNA concentrations is easier to obtain and 
is increasingly finding its way into eDNA quantification studies, a 
total volume-based correction might be preferred when water bod-
ies differ strongly in size and depth. However, these whole-water 
body spatial metric corrections (be it on the basis of surface area or 
volume) are only appropriate when the target species is randomly 
distributed throughout the water body and/or the spatial coverage 
of the sampling strategy is high, as was the case in the ponds in-
cluded in this work. Oppositely, if the target species mainly occurs in 
nearshore areas, for instance, eDNA concentrations should be cor-
rected based on the surface area or water volume of that specific 
area. Nonetheless, these findings indicate that quantitative eDNA 
analyses offer a highly accurate alternative to conventional abun-
dance estimations that is applicable in a broader set of conditions, 
and highlights the importance of correcting eDNA concentrations 
for pond volumes.

Following fyke netting, bullfrog eDNA concentrations decreased 
significantly and proportionally to the number of captured bull-
frogs (Figure 7). Although this decrease was already considerable 
3 days after fyke netting, bullfrog eDNA concentrations were not 
yet in equilibrium with the reduced larval abundance, as was mea-
sured 7  days after removal. Notably, even the removal of two in-
dividuals was reflected in a reduced bullfrog eDNA concentration 
(Figure 7), which underlines the sensitivity of quantitative eDNA 
analyses. These results thus not only confirm the prompt degrada-
tion of eDNA in natural lentic systems (Brys, Haegeman, et al., 2021), 
but also show that the effectiveness of eradication efforts can be 
appropriately evaluated with quantitative eDNA analyses. In some 
ponds, however, eDNA concentrations only decreased slightly or 
even increased after removing considerable numbers of bullfrogs. 
This is most likely because only a proportion of the population was 

captured, and/or ongoing bullfrog reproduction outweighed the 
number of bullfrogs that were captured and removed. In pond 24, for 
instance, eDNA concentrations decreased only slightly after the first 
capture round (pond 24a), and increased after the second capture 
round 1 month later (pond 24b; Figure 7). Here, clear signs of active 
reproduction were observed, such as egg deposits and calling males, 
suggesting that local eDNA concentrations were spiked in between 
the ‘pre’ and ‘post fyke netting’ eDNA samples. Even though active 
reproduction of bullfrogs could not be excluded from the majority of 
other ponds, our results suggest that the management efforts un-
dertaken reduced bullfrog population sizes in most cases, yet insuf-
ficiently for complete local bullfrog eradication.

Altogether, our findings highlight that quantitative eDNA anal-
yses accurately and reliably estimate bullfrog abundance in natural 
lentic systems. We demonstrate that eDNA concentrations can be 
used to not only locate bullfrog breeding ponds, but also to estimate 
the catch that can be expected for a given unit of effort and to eval-
uate the efficacy of management efforts. Quantitative eDNA analy-
ses can thus be considered valuable additions to the nature resource 
manager's toolbox for coordinating the management of bullfrogs.
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