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Abstract

Bycatch is one of the leading threats facing aquatic organisms, worldwide. Pesti-
cide bycatch can occur when nontarget species are incidentally killed during chem-
ical application targeting noxious species. The common mudpuppy (Necturus
maculosus) is a river-dwelling salamander that is susceptible to bycatch from 3-
trifluoromethyl-4-nitrophenol (TFM) applications. However, the long-term conse-
quences of TFM bycatch on mudpuppy populations are not well understood. We
used population viability analysis to reveal potential impacts of TFM application
on a mudpuppy population in Ohio’s Grand River under plausible bycatch scenar-
ios. We found that the population was more sensitive to increased juvenile mortal-
ity and rapid declines occurred when both adults and juveniles were impacted at
high bycatch rates (>5% of the population) or more frequent TFM intervals
(=5 years). Our results suggest that continued use of TFM could pose a risk to
mudpuppy population persistence if bycatch occurs at moderate to high levels and
affects both juveniles and adults. Future TFM use and management decisions
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Introduction

Bycatch, or the incidental take of nontarget species, is a
global biodiversity issue (Lewison er al., 2011). Imperiled
species can rapidly decline when subject to bycatch pressure
resulting in reduced long-term population viability. Fisheries’
bycatch has been linked with population declines for several
imperiled marine organisms including sea turtles, marine
mammals, and seabirds (Lewison et al., 2004). Bycatch is
particularly devastating for long-lived species that mature late
in life, have low reproductive output, and have high adult
survival. Even slight increases in mortality of sensitive age
classes can have large population-level effects (Lewison
et al., 2004). Bycatch research has primarily focused on
large, marine vertebrates, but bycatch can be an issue for
freshwater species as well. Understanding the effects of
bycatch in freshwater systems is pertinent because freshwater
environments are among the most imperiled ecosystems on
earth, with a proportionally greater number of at-risk species
(Raby et al., 2011; Collen et al., 2014). Freshwater environ-
ments are subject to bycatch from fisheries but also nontarget
mortality from pesticides targeting noxious species.

The lampricide 3-trifluoromethyl-4-nitrophenol (TFM) has
been used to control sea lamprey (Petromyzon marinus) in
the Great Lakes of North America since 1958 (Applegate,
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should be directed with these potential nontarget impacts in mind.

Howell, & Moffett, 1961). Over 170 Great Lakes tributaries
are treated with TFM on average once every 4 years (Chris-
tie & Goddard, 2003). TFM kills sea lamprey by decoupling
mitochondrial oxidative phosphorylation (Wilkie, Holmes, &
Youson, 2007; Birceanu et al., 2011), thus starving the body
of ATP and leading to death (Wilkie et al., 2007). TFM con-
centrations 3—5 times higher than required to kill larval sea
lampreys are tolerated by most fish (Applegate & King
Jr, 1962; Boogaard, Bills, & Johnson, 2003) because they
can detoxify and excrete the chemical (Clarke, George, &
Burchell, 1991). However, commonly used dosages of TFM
are still known to cause nontarget mortality in many fresh-
water species (Dermott & Spence, 1984; Boogaard
et al.,2003).

Large-scale die-offs of nontarget species following TFM
application have been known since the 1960s (Gilderhus &
Johnson, 1980), and abundances of certain macroinverte-
brates have declined within TFM treated streams (Dermott &
Spence, 1984). Particularly susceptible groups include turbel-
larians, snails (Physa), and aquatic earthworms (Tubifex)
(Rye, 1967; DuBois & Plaster, 1993). Aquatic insect larvae
vary in their sensitivity, with black flies, mayflies, stoneflies,
and caddisflies being highly susceptible (Torblaa, 1968; Gil-
derhus & Johnson, 1980). The early life stages of the lake
sturgeon (Acipenser fulvescens) are also sensitive to TFM.
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Furthermore, TFM is used as a selective amphibicide to con-
trol bullfrog larvae in aquaculture (Kane & Johnson, 1989).

Mass mortality of the common mudpuppy, a species of
large-bodied, fully aquatic salamander, has been documented
following TFM application (Gendron, 1999). Over 500 dead
mudpuppies were recovered in the Lamoille River, Vermont,
400 dead mudpuppies were recovered in the Serpent River,
Ontario, and 200 dead mudpuppies were recovered in the
Musquash River, Ontario following TFM applications (Gen-
dron, 1999). Matson (1990) reported a mudpuppy population
decline of 29% between 1987 and 1988 in the Grand River,
Ohio, following TFM application and suggested that four
applications within 12 to 20 years could result in population
declines of 75%. Mudpuppy mortality following TFM appli-
cation has been recorded in 32% of Lake Superior tributaries
and 36% of Lake Michigan tributaries since the 1960s (Gil-
derhus & Johnson, 1980).

Mudpuppies may be susceptible to bycatch because they
are long-lived species, have low reproductive output, and
have high adult survival (Matson, 1990; Wagner, 2023). Due
to the documented impacts of TFM on mudpuppies immedi-
ately following TFM applications, lampricide concentrations
have been reduced in Ohio due to concerns over mudpuppy
sensitivity and declines (McLaughlin, Ellen Marsden, &
Hayes, 2003). McLaughlin et al. (2003) suggested mudpup-
pies have regularly recovered from impacts of TFM and that
the Lake Erie population growth trajectory has not declined.
Other publications have asserted that the sea lamprey control
program does not pose long-term consequences for nontarget
species such as mudpuppies (McLaughlin et al., 2003;
Gaden et al., 2021), but empirical evidence for such claims
is limited.

In the absence of rigorous impact assessments or
long-term monitoring, other methods for understanding the
plausible impacts of bycatch are needed. Population viability
analysis (PVA) can be used to explore plausible impacts of
bycatch on mudpuppy populations. PVAs use demographic
data to simulate the probability that a population will decline
or become extinct because of anthropogenic threats
(Akgakaya & Sjogren-Gulve, 2000; Beissinger & McCul-
lough, 2002). PVAs can be used to examine the efficacy of
alternative management strategies and identify conservation
actions needed to ensure long-term population persistence
(Reed et al., 2002; Radchuk et al, 2016; Chaudhary &
Oli, 2020). In particular, stage-based PVAs have been used
to study the impact of drought, habitat loss, and conservation
strategies for several amphibian populations (Trenham &
Shaffer, 2005; Pellet, Maze, & Perrin, 2006; Unger, Sutton,
& Williams, 2013; Auffarth et al., 2017; Davis, Lohr, &
Dale Roberts, 2019; Crawford et al., 2022; Andersen, Jang,
& Borzée, 2023). However, the demographics of many
amphibian species, including the common mudpuppy, are not
well understood. One mudpuppy population for which recent
demographic data exists is the Grand River, a tributary of
Lake Erie. Wagner (2023) estimated population size, survival
rate, and demographics for the Grand River mudpuppy popu-
lation in 2021 and 2022. This population is regularly
exposed to TFM on a 3- to S5-year cycle, presenting an
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opportunity to assess TFM impact on mudpuppies
using PVAs.

We developed PVAs to better understand mudpuppy popu-
lation dynamics in the Grand River and to assess how vary-
ing and differential bycatch mortality rates affect population
trajectories. Our objectives were to (i) construct a
stage-based population model for the mudpuppy to examine
population sensitivity to stochastic events, (ii) compare popu-
lation sensitivity to increased levels of adult and juvenile
mortality, and (iii) forecast future population viability over a
100-year period with scenarios varying in the proportion
of the population removed from TFM bycatch. Results of
this study can inform conservation and management
decision-making for TFM use where mudpuppy populations
are present.

Materials and methods

Baseline models

A baseline population model of the mudpuppy population in
the Grand River, Ohio, was constructed using Vortex, an
individual-based population simulation program (version
10.0.7.9; Lacy & Pollak, 2013). VORTEX simulates a popu-
lation by stepping through a series of events that describe an
annual cycle of a typical sexually reproducing, diploid
organism: mate selection, reproduction, mortality, increment
of age by 1 year, migration among populations, removals,
supplementation, and truncation to the carrying capacity. Vor-
tex uses demographic population data to simulate determinis-
tic and stochastic effects on wildlife populations.
Demographic parameters such as birth and death rates
include some random annual and environmental variation
(Lacy & Pollak, 2013). To model environmental variation,
each demographic parameter was assigned a distribution with
a mean and standard deviation. Annual fluctuations in proba-
bilities of reproduction and mortality are modeled as bino-
mial distributions (Lacy & Pollak, 2013).

The demographic parameters and values used to construct
the baseline model are detailed in Table 1. Population demo-
graphic estimates were obtained from Wagner (2023) or the
literature. Each scenario was simulated 1000 times, over
100 years, with a one-year time step, to explore long-term
population trends and allow for multi-generational effects to
be observed. Population extinction was defined as occurring
when only one sex remained. Long-term viability was
defined in the models as the probability of extinction (PE) of
<0.01.

Juvenile survival rates of mudpuppies are not well under-
stood, although juvenile survival is typically low for amphib-
ians (Unger et al., 2013; Wagner, 2023). We constructed a
baseline population scenario in which juvenile survival
increased with age from 25 to 70% (SD 10%). This scenario
is based on demographic estimates from Wagner (2023) and
is consistent with low juvenile survival estimates found for
other aquatic salamanders (Unger et al., 2013). To examine
the effect that increasing juvenile survival would have on
bycatch impacts, we constructed an optimistic population
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Table 1 Population parameters used in VORTEX simulation models for population projection and PVA of Grand River common mudpuppies

Parameter Value Reference
Reproductive system Polygynous

Age of first offspring — females (years) 6 Bishop (1926)
Age of first offspring — males (years) 6 Bishop (1926)
Max. # of progeny/brood 125 Matson (2013)
Max. # of broods/year 1 Matson (2013)

Sex ratio at birth

Sex ratio at adulthood

Density-dependent reproduction

Inbreeding depression

Maximum lifespan and maximum age of reproduction (years)

Proportion of adult females breeding (SD due to environmental variation)

Age 0-1 mortality for both sexes (SD due to environmental variation)
Age 1-2 mortality for both sexes (SD due to environmental variation)
Age 2-3 mortality for both sexes (SD due to environmental variation)
Age 3-4 mortality for both sexes (SD due to environmental variation)
Age 4-5 mortality for both sexes (SD due to environmental variation)
Age 5-6 mortality for both sexes (SD due to environmental variation)
Age 6+ mortality for both sexes (SD due to environmental variation)
Initial population size (N)

Catastrophe effects

Carrying capacity (K)
SD in K due to environmental variation

50% females
66% females

Matson (2013)
Wagner (2023)

Not included

Not included

30 Bonin et al. (1995)
0.50 (.10) Matson (2013)

Baseline: 0.75 (0.10)
Optimistic: 0.55 (0.10)
B: 0.70 (0.10)

0: 0.55 (0.10)

B: 0.60 (0.10)

0: 0.50 (0.10)

B: 0.50 (0.10)

0: 0.50 (0.10)

B: 0.40 (0.10)

0:0.40 (0.10)

B: 0.30 (0.10)

0: 0.30 (0.10)

B: 0.01 (.03)

0: 0.01 (.03)

340 Wagner (2023)
Not included

500

Not included

Wagner (2023)
Wagner (2023)
Wagner (2023)
Wagner (2023)
Wagner (2023)
Wagner (2023)

Wagner (2023)

B, baseline scenario; O, optimistic scenario.

scenario in which juvenile survival increased with age from
45%—70% (SD 10%).

Bycatch rates

To assess the vulnerability of the population to bycatch, we
modeled 1, 2.5, 5, 10, 17, and 29% bycatch of the initial popu-
lation size occurring every 5 years over a 100-year simulation
for all age classes. Bycatch mortality was incorporated as a
pre-determined number of mudpuppies removed from the popu-
lation every 5 years. These bycatch rates were chosen to simu-
late relatively low (1-2.5%), moderate (5-10%), and high
bycatch rates (17-29%), which are realistic impacts on mud-
puppy populations from TFM (Matson, 1990; Wagner, 2023).

Age-structured bias in bycatch mortality

Some studies have suggested that juvenile mudpuppies are
more susceptible to TFM than adults (Matson, 1990; Boo-
gaard et al., 2003; Chellman, Parrish, & Donovan, 2017). To
explore the effect of a skewed distribution of bycatch across
age classes, we modeled (i) equal bycatch of adults and
juveniles, (ii) 100% juvenile bycatch, and (iii) 30% adult
and 70% juvenile bycatch.
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Sensitivity analysis

We conducted sensitivity analyses in Vortex to assess the
relative effect 1% incremental increases in mortality (up
to a 10% increase) for adults and juveniles would have
on the population size and growth. We used the baseline
scenario with a 5% bycatch rate to test how increasing
proportion of adults impacts population viability. We also
used the baseline scenario with 30% adult and 70% juve-
nile mortality and a 5% bycatch rate to test how fre-
quency of application (1-10 years) impacts population
viability.

Results

The baseline scenario and optimistic scenario resulted in sta-
ble populations and no risk of extinction within 100 years
(Fig. 1, Table 2). Sensitivity analysis using the baseline sce-
nario resulted in a lower population growth rate and greater
decline in population size for increased juvenile mortality
compared to increased adult mortality (Fig. 2, Table 2).
Increased proportion of adult mortality and increased fre-
quency of bycatch events increased the risk of extinction
(Figs. 3 and 4, Table 2).
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Figure 1 (a, ¢ and e) Baseline population viability model (stable population). (a and b) Bycatch is equally distributed among adults and juve-
niles. (c and d) Bycatch is only juveniles. (e and f) Bycatch is distributed 30% adult and 70% juvenile. TFM application occurs once every

b years.

Simulations of bycatch rates exhibited negative effects on
population size, growth rates, and time to extinction. Under
the baseline population scenario, 5% mortality and above
resulted in a high probability of extinction when adult mor-
tality was included. When only juvenile mortality was
included, 17% mortality and above resulted in a high proba-
bility of extinction (Fig. 1). When a 5% bycatch rate
affected at least 20% adults or occurred at four-year

intervals, the probability of extinction greatly increased
(Figs. 3 and 4, S2 and S3). Under the optimistic population
scenario, 10% mortality and above resulted in a high proba-
bility of extinction when adult mortality was included
(Fig. 1, Table 2). When only juvenile mortality was
included, the probability of extinction was zero, although the
population abundance greatly fluctuated when mortality was
17% or more (Fig. 1, Table 2).
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Table 2 Simulated bycatch scenarios across TFM treatment regimens and possible impacts

Annual
TFM population Population Probability of Mean time
Bycatch frequency Age growth size at extinction to extinction
Scenario (%) (years) classes rate () 100 years (%) (years)
Baseline 0 NA NA 0.07 £ 0.6 348 + 125 0 NA
Baseline 1 5 All 0.08 £ 0.7 353 + 121 0 NA
Baseline 2.5 5 All 0.06 +£ 0.7 337 +£ 123 5 NA
Baseline 5 5 All 0.02 £ 0.7 282 + 136 67 70
Baseline 10 5 All —0.06 + 0.8 0 100 24
Baseline 17 5 All -0.13 + 0.9 0 100 16
Baseline 29 5 All —-0.17 + 1 0 100 15
Baseline 1 5 Juveniles 0.08 + 0.7 344 + 123 0 NA
only
Baseline 2.5 5 Juveniles 0.08 + 0.7 346 + 122 0 NA
only
Baseline 5 5 Juveniles 0.07 £ 0.7 344 + 116 0 NA
only
Baseline 10 5 Juveniles 0.05 +£ 0.7 326 + 121 0 NA
only
Baseline 17 5 Juveniles 0.04 + 0.7 287 + 130 6 NA
only
Baseline 29 5 Juveniles 0.02 + 0.7 102 + 120 26 NA
only
Baseline 1 5 30% Adults 0.08 £ 0.7 353 + 124 0 NA
70%
Juveniles
Baseline 2.5 5 30% Adults 0.07 £ 0.7 343 + 125 0 NA
70%
Juveniles
Baseline 5 5 30% Adults 0.04 + 0.7 317 £ 130 53 NA
70%
Juveniles
Baseline 10 5 30% Adults —-0.01 + 0.7 185 + 142 929 40
70%
Juveniles
Baseline 17 5 30% Adults —0.07 + 0.7 0 100 21
70%
Juveniles
Baseline 29 5 30% Adults -0.14 + 0.7 0 100 16
70%
Juveniles
Optimistic 0 NA NA 0.16 + 0.6 424 + 92 0 NA
Optimistic 1 5 All 0.15 £ 0.6 421 + 94 0 NA
Optimistic 2.5 5 All 0.14 + 0.6 421 +£ 94 0 NA
Optimistic 5 5 All 0.12 £ 0.6 404 + 111 0 NA
Optimistic 10 5 All 0.04 + 0.6 108 + 182 68 71
Optimistic 17 5 All —0.02 + 0.8 0 100 26
Optimistic 29 5 All —0.06 + 0.9 0 100 21
Optimistic 1 5 Juveniles 0.16 + 0.6 425 + 96 0 NA
only
Optimistic 2.5 5 Juveniles 0.15 +£ 0.6 424 + 92 0 NA
only
Optimistic 5 5 Juveniles 0.15 £ 0.6 427 + 91 0 NA
only
Optimistic 10 5 Juveniles 0.14 £ 0.6 409 + 98 0 NA
only
Optimistic 17 5 Juveniles 0.13 £ 0.6 407 + 97 0 NA
only
Optimistic 29 5 Juveniles 0.11 +£ 0.6 400 + 98 0 NA
only
Optimistic 1 5 30% Adults 0.16 £ 0.6 422 + 94 0 NA
70%
Juveniles
Animal Conservation ee (2024) ee—ee © 2024 Zoological Society of London. 5
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Table 2 Continued.
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Annual
TFM population Population Probability of Mean time
Bycatch frequency Age growth size at extinction to extinction
Scenario (%) (years) classes rate (r) 100 years (%) (years)
Optimistic 2.5 5 30% Adults 0.16 £ 0.6 418 + 96 0 NA
70%
Juveniles
Optimistic 5 5 30% Adults 0.13 £ 0.6 424 + 93 0 NA
70%
Juveniles
Optimistic 10 5 30% Adults 0.1+ 0.6 403 + 167 13 >100
70%
Juveniles
Optimistic 17 5 30% Adults 0.02 + 0.6 256 + 0.6164 95 a1
70%
Juveniles
Optimistic 29 5 30% Adults —0.04 + 0.8 0 100 21
70%
Juveniles

The mean annual population growth rate, population size at the end of 100-year simulation, probability of extinction, and mean time to
extinction are reported for each scenario. Bold indicates values from scenarios that have a negative impact on population viability.

Discussion

Detecting bycatch-related population declines can be difficult
because of uncertainty in population size and bycatch rates.
Population viability analysis allows us to model plausible
bycatch scenarios and their effects on population growth
rates. The baseline PVA scenario suggested that the Grand
River mudpuppy population was stable given current demo-
graphic estimates. However, the baseline scenario and the
optimistic scenario suggest the population could decline or
be extirpated within the next 100 years if TFM application
occurs at least every 4 years, causes >5% mortality, and
includes at least 20% adults. To ensure no extinction risk
under the baseline scenario when bycatch mortality affects
30% adults and 70% juveniles, bycatch must occur at greater
than four-year intervals and cause no more than 5% mortal-
ity. Alternatively, juvenile survival rate must be increased by
20% in year one, 15% in year two, and 10% in year three
(optimistic scenario) (Fig. 5).

Sensitivity analysis found that the population growth rate is
more affected by juvenile mortality than adult mortality. While
population growth rates for long-lived species are usually most
dependent on adult survival (Sather & Bakke, 2000; Stahl &
Oli, 2006), some studies have suggested similar effects of juve-
nile mortality (Sergio et al., 2011). Long-lived species require
sufficient juvenile survival for population stability (Heppell,
Caswell, & Crowder, 2000; Sergio et al., 2011). Eastern hell-
bender populations, for example, have declined due in part to
low juvenile survival (Unger et al., 2013). However, real poten-
tial for extinction in our mortality simulations occurred when
both adults and juveniles were impacted.

Wagner (2023) estimated low apparent survival rates for
juvenile mudpuppies consistent with other studies of juvenile
amphibian survival (Anderson, Hassinger, & Dalrym-
ple, 1971; Blaustein et al., 1997). However, apparent sur-
vival combines survival and emigration, and actual estimates

of juvenile mudpuppy survival may be higher than those
reported. Low juvenile recapture rate and difficulty monitor-
ing nests make obtaining precise estimates of juvenile sur-
vival difficult. We chose to model PVAs using survival
between 25 and 70% for juvenile age classes to estimate a
stable baseline population. PVAs with lower juvenile survival
could not sustain the observed population of 340 individuals
reported by Wagner (2023).

Because of the naturally high variability of juvenile sur-
vival, focusing management actions on increasing this demo-
graphic parameter may be the most feasible method for
improving mudpuppy population viability (Mortensen &
Reed, 2016; Manlik, 2019; Zamora-Nasca & Lamber-
tucci, 2022). The current interval between TFM applications
(35 years) is shorter than the typical mudpuppy generation
time of 6 years (Gendron, 1999). Increasing the application
interval could allow juvenile mudpuppies to reach adult size,
thereby reducing their vulnerability to TFM applications.
However, reaching the high rates of survival used in our
optimistic scenario may be difficult or impossible given our
poor understanding of juvenile mudpuppy life history.

Matson (1990) estimated a population size of 803
(556-1188) mudpuppies per km in the Grand River prior to
TFM treatment, and in 1988, 333 (280-397) mudpuppies per
km following TFM treatment, a decline of 29%. Other stud-
ies also suggest high levels of mudpuppy bycatch can occur
following TFM treatment. Chellman et al. (2017) reported
500 dead mudpuppies from 5% of the treated area in the
Lamoille River, Vermont. It is unclear what percentage of
the population this represents. Systematic bycatch surveys
following TFM applications are essential to quantifying the
extent of impact. Mudpuppy population persistence, and
indeed persistence of any nontarget species, should not be
assumed without population monitoring.

Bycatch rates that did not result in population declines in
our PVAs could still be a risk to mudpuppy population
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Figure 2 (a) Sensitivity analysis with incremental decrease of adult
survival up to 10% (no increase in juvenile mortality). (b) Sensitivity
analysis with incremental decrease of juvenile survival up to 10%
(no increase in adult mortality).
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Figure 3 Baseline population viability model (stable population).
TFM application occurs once every 5 years. Bycatch is 5% of the
population distributed in increasing proportion of adults up to 30%
adult and 70% juvenile.
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Figure 4 Baseline population viability model. Bycatch is 5% of the
population distributed 30% adult and 70% juvenile. TFM application
occurs once every 1-10 year.
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Figure 5 Common mudpuppy in profile (Necturus maculosus).

viability if combined with other threats. Habitat loss and
degradation because of siltation from agricultural runoff has
been suggested to contribute to mudpuppy population
declines (Braswell & Ashton, 1985). Mass die-offs of thou-
sands or tens of thousands of mudpuppies from botulism and
water mold have also been recorded in Lake Erie (Mat-
son, 2013)). Quantifying the effects of these environmental
perturbations on mudpuppy population size and carrying
capacity is an important next step for future population via-
bility analyses. Metapopulation modeling using combined
species distribution models and connectivity mapping could
be used to find carrying capacity of population patches and
possible migration between patches.

Mudpuppy populations appear to have limited resiliency to
harvest, and increased mortality caused by TFM threatens pop-
ulation persistence. The results of our PVAs clearly demonstrate
that moderate (>5%) rates of mortality due to TFM bycatch
could drive mudpuppy population declines or lead to extirpa-
tion. However, we estimated that low levels of bycatch
(1-2.5% mortality) do not lead to long-term population
declines. The current Grand River population appears to have
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recovered from the 1988 TFM application and bycatch (Wag-
ner, 2023). However, the Grand River mudpuppy population
shows evidence of exploitation, including reduced body size
and possible compensatory growth compared to another
TFM-free mudpuppy population (Wagner, 2023), which sug-
gests TFM 1is not environmentally benign (McLaughlin
et al., 2003; Gaden et al, 2021). Despite these potential
impacts, a few systematic surveys to quantify nontarget mortal-
ity have occurred immediately following treatments, and even
less is known regarding the long-term consequences of nontar-
get mortality. Our study suggests that long-term monitoring and
detailed studies of nontarget populations may be warranted to
fully understand the impacts of TFM.
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