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Since 1958, the lampricide 3-trifluoromethyl-4-nitrophenol (TFM) has been periodically used in nursery streams of the 

Great Lakes Region to control the invasive Sea Lamprey (Petromyzon marinus). Some treatments of streams containing 

Common Mudpuppies (Necturus maculosus), a species of large-bodied fully aquatic salamander found throughout the 

Great Lakes Region, have resulted in large amounts of mudpuppy mortality. However, the long-term consequences of 

mudpuppy mortality are not well understood. Following a TFM application in 1986, the mudpuppy population experi-

enced an estimated 29% decline in the Grand River, Ohio. Since then, the Grand River has continued to be treated 

with TFM every three to five years. Mudpuppy population estimates suggest a slow to moderate decline over the last 

32 years. In 2021 and 2022, we returned to the Grand River to estimate mudpuppy population size, survival, growth 

rates, and population demographics using mark–recapture methods. Following our first year of mark–recapture sur-

veys, the US Fish and Wildlife Service treated the Grand River with TFM in April 2022. Despite observed mudpuppy 

mortality in the Grand River following TFM treatment, our population and survival estimates did not indicate decline 

following the 2022 TFM treatment. We also conducted a mark–recapture study at Alum Creek, a river that has never 

been treated with TFM. While differences in habitat and survey methods preclude direct comparison of the sites, we 

found little difference in population size or survival between sites. However, individual growth rates suggest that 

Grand River mudpuppies may reach sexual maturity at a younger age and attain a smaller adult size, patterns consis-

tent with an exploited population. Smaller adults could have reduced fecundity, be more susceptible to predation, 

and have lower competitive ability, which may have consequences for long-term population persistence. Our study 

highlights the need for future studies to compare treated and untreated tributaries in the Great Lakes to address lin-

gering concerns and long-term effects of TFM treatments. 

A
MPHIBIANS have experienced dramatic global declines 

during the last several decades with around one-third 

of species currently under threat of extinction (Stuart 

et al., 2004; Blaustein et al., 2011; Collins et al., 2019). Causes 

for these declines are varied and include habitat destruction 

(Kolozsvary and Swihart, 1999; Ray et al., 2002), road mortal-

ity (Hels and Buchwald, 2001), UV-B radiation (Blaustein 

et al., 1994), disease (Chatfield et al., 2012; Williams and 

Groves, 2014), invasive species (Kats and Ferrer, 2003), exploi-

tation (Jensen and Camp, 2003), loss of genetic diversity 

(Rowe and Beebee, 2003; Frankham et al., 2010), climate 

change (Pounds et al., 1997; Walther et al., 2002), and pesti-

cide exposure (Bonin et al., 1995; Gendron et al., 1997; 

Davidson, 2004; Davidson and Knapp, 2007; Br€uhl et al., 

2013; Shojaei et al., 2021). Amphibians encounter pesticides 

from agricultural run-off and spray drift or through direct 

application to waters they inhabit. Exposure to many com-

mercially available pesticides disrupts endocrine function, 

weakens the immune response, decreases body mass, affects 

time to metamorphosis, and increases mortality in amphibi-

ans (Bridges, 2000; Boone and Semlitsch, 2001; Hayes et al., 

2006; Davidson and Knapp, 2007; Br€uhl et al., 2013). 

One pesticide linked with amphibian mortality is 3-tri-

fluoromethyl-4-nitrophenol (TFM; Kane et al., 1985; Kane 

and Johnson, 1989; Gabbadon and Chapman, 1996; Boo-

gaard et al., 2003; Chellman et al., 2017; Matson, 2022). 

The US Fish and Wildlife Service uses TFM to control the 

invasive Sea Lamprey (Petromyzon marinus) in the Great 

Lakes and their tributaries (Applegate et al., 1961). TFM is 

applied to Sea Lamprey nursery streams on a three-to-five-

year rotation and is highly toxic to Sea Lamprey ammo-

coetes while being less toxic to other aquatic organisms at 

the same concentrations (Wilkie et al., 2019). However, 

TFM treatments can still cause impacts on nontarget spe-

cies, including being lethal to the Common Mudpuppy 

(Matson, 1990; Boogaard et al., 2003; Chellman et al., 2017; 

Matson, 2022; Wagner and Peterman, 2025). 

The Common Mudpuppy is a large-bodied, fully aquatic 

salamander that inhabits both lentic and lotic environ-

ments across the eastern and central United States and 

southern Canada (Fig. 1). Mudpuppies are a long-lived spe-

cies, with individuals known to live for over 30 years (Gen-

dron, 1999). Mortality events consisting of up to hundreds 

of mudpuppies following some TFM applications have been 

documented (Gendron, 1999; Chellman et al., 2017). Exam-

ples include 528 mortalities reported in the Lamoille River, 

Vermont, 400 mortalities in the Serpent River, Ontario, and 

200 mortalities in the Musquash River, Ontario following 

TFM applications (Gendron, 1999; Chellman et al., 2017). 

Mudpuppy mortality events have been recorded in 32% of 

Lake Superior tributaries and 36% of Lake Michigan tribu-

taries following TFM treatment since the 1960s (Gilderhus 

and Johnson, 1980). Matson (1990) estimated a 29% decline 

of the mudpuppy population in the Grand River, Ohio fol-

lowing a TFM application in 1986, and Matson (2022) sug-

gested the population may be experiencing a slow to 

moderate decline over the last 32 years. 

Mudpuppy population declines have been documented 

recently in TFM-treated and untreated streams; however, 

the causes and extent of these declines are not well 
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understood (Matson, 2005; Hoffman et al., 2014). Mudpup-

pies are listed as a species of high conservation concern by 

the Northeast Partners in Amphibian and Reptile Conserva-

tion (NEPARC [Northeast Partners in Amphibian and Reptile 

Conservation], 2010). The species is endangered or locally 

extinct in Maryland, a species of special conservation need 

in Vermont, and threatened in Iowa and Illinois. They are 

listed as a species of concern in many states, including 

North Carolina, Indiana, Minnesota, Michigan, Indiana, 

Kansas, Tennessee, Alabama, Virginia, West Virginia, Penn-

sylvania, New York, and Connecticut, due in part to their 

susceptibility to lampricides and in combination with often 

limited population demographic information. The mud-

puppy is ranked 14th among 39 amphibians of conservation 

concern by the Ohio Department of Natural Resources (Col-

lins et al., 2019). However, no special status has been given 

to the mudpuppy in Ohio (Matson, 2013). 

Fig.  1. A mudpuppy salamander in profile (Necturus maculosus). Photographed at Alum Creek by Ryan Wagner. 

Currently, we lack the data to determine the status of 

mudpuppies in Ohio or the potential long-term impacts of 

TFM treatments on mudpuppy populations. If TFM treat-

ments cause mortality of up to one-third of the population 

every three to five years, population decline or extirpation 

may ensue ( ; Matson, 2022). Boogaard 

(unpubl. report) suggested that a typical TFM treatment 

could pose a mortality risk to about 10% of adult mudpup

Gendron, 1999

-

pies and up to 100% of juvenile mudpuppies. Mudpuppy 

populations regularly exposed to TFM may show signals of 

exploitation, including population declines, increased 

growth rates, earlier reproduction, and skewed sex ratios 

(Healey, 1978; Davidson, 2004; Natusch and Lyons, 2012; 

Chellman et al., 2017; Monk et al., 2021). 

We studied mudpuppy populations at two rivers in Ohio 

to better understand population size, survival, growth 

rates, and population demographics, as well as the poten-

tial effects of TFM applications ( ). We conducted a 

mark–recapture study at the same site investigated by Mat-

son (1990) in the Grand River, which is treated with TFM 

every three to five years. Federal biologists treated the 

Grand River with TFM in April 2022 after one pre-treat

Fig. 2A

-

ment year of mark–recapture surveys. We also conducted a 

mark–recapture study at a second stream, Alum Creek, imme-

diately downstream of the tailwater of Alum Creek Reservoir, 

Ohio, which has never been treated with TFM and is not in 

the Lake Erie watershed. We estimated demographics of the 

two sites and before and after treatment of the Grand River 

to explore potential TFM impacts on mudpuppy populations 

in tributaries treated for invasive Sea Lamprey. 

MATERIALS AND METHODS 

Field sampling.—We conducted mark–recapture surveys dur-

ing November–April from 2020–2023 in Alum Creek, imme-

diately downstream of Alum Creek Reservoir (1,371 ha), 

Delaware County, Ohio, USA ( ). Alum Creek ReserFig. 2C -

voir is a large US Army Corps of Engineers flood control 

impoundment with a popular sport fishery in the tailwater 

and further downstream due to the emigration of sport fish 

from the reservoir, particularly Muskellunge (Esox masqui-

nongy) and Saugeye (Sander vitreus x canadensis). Alum Creek 

is a tributary of the Ohio River drainage system that has 

never been treated with TFM. River substrate is primarily 

artificial rip-rap and silt. We used a combination of trapping 

and spotlight surveys to capture mudpuppies along a 400-

meter stretch of river. We trapped four consecutive nights 

each week during 2020–2022. We placed 40 collapsible Pro-

mar minnow traps, baited with canned dog food, along the 

river bottom approximately 5–10 m from shore and 10 m 

apart. Concomitantly with trapping, we conducted spot-

light surveys five nights per week along the east bank of the 

study area during 2020–2023, where we captured mudpup-

pies by hand or with a dipnet as they moved around the 

river bottom. Weekly trapping and spotlighting are com-

bined into single surveys in Table 1. 

We conducted mark–recapture surveys during June–Octo-

ber from 2021–2022 in the Grand River, Lake County, Ohio 

( ). Our study site was the same stretch of the Grand 

River where  conducted field work 33 years 

prior. The Grand River is a tributary of the Lake Erie drain

Matson (1990)

Fig. 2B

-

age system and is treated every three to five years with TFM. 
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Grand River substrate includes sand, gravel, cobble, large 

glacial erratics, and slabs of siltstone. We used seining and 

rock-flipping to capture mudpuppies along a 400-meter 

stretch of river. We conducted surveys once every three to 

four weeks to reduce impact on the habitat and animals. We 

used different survey techniques at Alum Creek and the 

Grand River due to habitat differences and to better com-

pare our Grand River results to Matson (1990). These differ-

ences preclude direct comparison of demographic estimates 

between our two study sites. 
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Fig.  2. Map of study area (A) Ohio, (B) the Grand River, and (C) Alum Creek. 

We recorded total length (TL in mm) and snout–vent 

length (SVL in mm; using snake tubes to immobilize mud-

puppies), mass (in g), and sex of each captured mudpuppy. 

To uniquely mark individuals, we injected an 8 mm passive 

integrated transponder (PIT) tag subcutaneously into the 

tail of each newly captured mudpuppy .100 mm total SVL. 

We used a chi-square test to examine differences in the 

distribution of sexes captured between years. For Alum 

Creek, we used a Kruskal-Wallis test to compare SVL of each 

sex across three years. For the Grand River, we used a Wil-

coxon rank-sum test to compare the SVL of each sex 

between year 1 and year 2. 

Table  1. Sampling effort and total mudpuppy (Necturus maculosus) capture events using each survey method in Alum Creek for November 2020 

to May 2021 (year 1), November 2021 to May 2022 (year 2), and November 2022 to May 2023 (year 3) and the Grand River for June 2021 to 

October 2021 (year 1) and June 2022 to October 2022 (year 2). Surveys for Alum Creek combine spotlighting and trapping, while surveys for the 

Grand River are seining. Parentheses contain individual mudpuppy count. 

Site Survey summary Year 1 Year 2 Year 3   

Alum Creek  Surveys 17 20 20 
Trapping 48 (33) 35 (21)     
Spotlighting 143 (102) 257 (143)   159 (108)  
Incidental 9 (8) 0 0 
Recapture events   57 (42) 88 (72)   51 (47) 

Grand River  Surveys 5 5 
Seine 169 (103) 157 (94)     
TFM mortality    45 
Recapture events   66 (42) 63 (46)     

The US Fish and Wildlife Service treated 49.6 km of the 

Grand River between the Harpersfield Dam and Lake Erie on 

29 April 2022. Liquid TFM is applied to the river at a precise 

concentration (dependent on water chemistry and flow) for 

a 12 h period. Our 400 m study area was within the treated 

stretch. We joined personnel from federal and state resource 

agencies including the US Fish and Wildlife Service, Ohio 

Department of Natural Resources, Ohio Environmental Pro-

tection Agency, Ohio State University, Cleveland State Uni-

versity, Cleveland Museum of Natural History, Lake County 

Metroparks, and citizen volunteers, to survey 20 km of the 

lower Grand River (representing less than half of the treated 
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area) for nontarget fish and amphibian mortality. We col-

lected dead mudpuppies and recorded TL, SVL, mass, and 

sex. All dead mudpuppies were checked for PIT tags and pre-

served as voucher specimens in the Cleveland Museum of 

Natural History. 

Population size and survival.—To estimate detection probabil-

ity (p) and abundance (N), we analyzed mudpuppy capture 

histories using an open population Jolly-Seber model in a 

Bayesian framework. Open populations allow for births, 

deaths, immigration, and emigration. Bayesian models were 

fit using jags v. 4.3.1 (Plummer, 2003) and run in R v. 4.3.1 

(R Core Team, 2023) using the jagsUI package (Kellner, 

2021). Parameters were estimated from normally distributed 

priors with a mean of 0 and precision of 1. Models did not 

include covariates on the demographic parameters. We ran 

population models on five Markov chain Monte Carlo 

(MCMC) chains for 180,000 iterations, 50,000 iterations in 

the adaptive phase, and a burn-in of 10,000, and a thinning 

rate of 25. 

To estimate how apparent survival probability (phi) 

changed with SVL at each site, we estimated phi as a func-

tion of SVL within the Cormack-Jolly-Seber. The survival of 

individual i at time t was modeled as: 

logitðphii;t Þ ¼ b 0 þ b 1 3 SVLi 

The prior distribution for β0 was normally distributed 

with a mean of 0 and precision of 1, while β1 parameter was 

normally distributed with a mean of 1 and precision of 0.25, 

in accordance with our general understanding that survival 

rates increase with size. Parameters were deemed meaning-

ful if greater than 97.5% of the posterior density was on one 

side of zero. We ran survival models on five MCMC chains 

for 100,000 iterations, 5,000 iterations in the adaptive 

phase, and a burn-in of 10,000, and a thinning rate of 10. 

Individual growth model.—We estimated individual growth 

using Fabens capture–recapture growth model (  

). The growth function for individual i at time t was 

defined as: 

1965

Fabens,

 

SVL0i;t ¼ SVL0i;t 1 þ L½SITE]� SVL0i;t 11 

     
I 

3 1 exp Ki;t 3 
365 

where asymptotic size L was allowed to differ by site and 

was estimated from a normally distributed prior with a 

mean of 290 mm and precision of 1 for Alum Creek and 

a normally distributed prior with a mean of 235 mm and a 

precision of 0.25 for the Grand River. These priors were 

based on our maximum recorded SVL for each site. We used 

a less precise prior for the Grand River to account for the 

possibility that our survey methods were biased against 

larger captures. SVL0i,t is the size at first capture and follows 

a uniform distribution with a minimum of 30 mm and max-

imum of 300 mm. We removed any observations where SVL 

at the final time step was less than SVL at the first time step, 

which would be because of measurement errors. K repre-

sents the individual growth rate, and I is the annual scaling 

interval between captures. We estimated K as a function of 

categorical site (Alum Creek or Grand River) based on 

observed change in SVL of recaptured individuals across 

sampling periods. 

½k]
Ki;t ¼ b 0 þ b 3 sitei1 

The β0 parameter was estimated from a beta-distributed 

prior with shape parameters 2 and 10. The β1 parameters 

were estimated from normally distributed priors with a 

mean of 0 and precision of 0.01. We evaluated the differ-

ence in K between Alum Creek and the Grand River by 

subtracting the two model coefficients, such that more 

positive values indicated larger growth coefficients. We 

treated the difference as significant if .97.5% of the pos-

terior density was on one side of zero. Resulting curves 

were plotted against the minimum size at sexual maturity 

(130 mm SVL; ) to estimate the age of sexual 

maturity for each population. We ran the growth model 

on five MCMC chains for 200,000 iterations with a burn-in of 

25,000 and a thinning rate of 5. We considered models to have 

fully converged if all parameters had Gelman-Ruben (Rhat) 

statistics below 1.05 and visual inspection of MCMC chains 

indicated clear and consistent mixing. 

 Shoop, 1965

RESULTS 

At Alum Creek, we captured 416 individual mudpuppies 

(269 F, 119 M, 28 J) with a 32% recapture rate during 52 

weeks of spotlight surveys and 3,412 trap nights from 2020 

to 2023 ( , ). The number of male, female, and 

juvenile captures did not differ significantly between year 1 

and year 2. The number of juvenile (χ

Fig. 3Table 1

2 = 10.326, P = 0.001) 

and female (χ2 = 7.1212, P = 0.007) captures were signifi-

cantly lower in year 3 than in year 2. The number of male 

captures did not differ between year 2 and year 3. We cap-

tured 534 mudpuppies by hand or with net aided by spot-

lights. Only 83 mudpuppies were caught trapping. Trapping 

success was 0.021 mudpuppies per trap per night. Spotlight-

ing capture success was 0.59 per search night. SVL of mud-

puppies varied from 84–290 mm, and body mass varied 

from 15–361.5 g at Alum Creek (Fig. 4A). The Kruskal-Wallis 

test showed that captured male (Kruskal-Wallis χ2 = 11.4, 

df = 2, P , 0.05), female (Kruskal-Wallis χ2 = 24.3, df = 2, 

P , 0.05), and juvenile (Kruskal-Wallis χ2 = 12.989, df = 1, P 

, 0.05) mudpuppies had significantly different SVLs 

between years. Dunn’s test for pairwise comparisons indi-

cated that females from 2020–21 had significantly smaller 

SVLs than females from 2021–22 (Z = –4.46, P , 0.05), but 

no significant differences were found between 2021–22 and 

2022–23 (Z = 0.08, P . 0.05). Males from 2020–21 had sig-

nificantly smaller SVLS than males in 2021–22 (Z = –2.3, 

P , 0.05), but no significant differences were found between 

2021–22 and 2022–23. 

At the Grand River, we captured 197 individual mudpup-

pies (60 F, 28 M, 109 J) with a 40% recapture rate during ten 

seining surveys from 2021 to 2022 (Table 1, Fig. 5). The 

number of juvenile captures was significantly higher in year 

2 (χ2 = 5.02, P , 0.05), and the number of female captures 

was close to significantly lower in year 2 (χ2 = 3.82, P = 
0.051). Number of male captures did not differ between 

years (χ2 = 0.05, P . 0.05). SVL of mudpuppies varied from 

30–235 mm and 6.5–255 g body mass at the Grand River 

(Fig. 4B). SVLs did not differ between years for any sex 



(female: W = 2296, P . 0.05, male: W = 413.5, P . 0.05,

juvenile: W = 2063.5, P . 0.05). 
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Population size and survival.—The estimated population size 

(Nsuper; total number of individuals that ever entered the 

study area during the sampling period) for the 400 m stretch 

of Alum Creek (hereafter Alum Creek) for year 1, 2, and 3 

(Supplemental Tables S1–S3; see Data Accessibility), and the 

estimated population size for the 400 m stretch of the 

Grand River (hereafter the Grand River) in year 1 and 2 

(Supplemental Tables S4–S5; see Data Accessibility) are 

reported in Figure 6 and Table 2. The average Nsuper differ-

ence between Alum Creek in year 1 and Alum Creek in year 

2 was 198 (credible intervals: 19–337) individuals, and the 



a 
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probability that the Alum Creek population was greater in 

year 2 was 99%. The average difference between Alum Creek 

in year 2 and Alum Creek in year 3 was 64 individuals (–59– 

206), and the probability that the Alum Creek population 

was greater in year 2 was 85%. The average difference in 

population size for the Grand River in year 1 and the Grand 

River in year 2 was 14 individuals (–306–312), and the prob-

ability that the Grand River population was smaller in year 

2 was 53%. 
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Fig.  5. Number of mudpuppies (Necturus maculosus) captured from seining surveys at the Grand River, Ohio, USA, during (A) June 2021 to 

October 2021 (year 1) and (B) June 2022 to October 2022 (year 2). Mudpuppy captures (n) include same year recaptures. 

Apparent yearly survival probability at Alum Creek was 

0.28 (0.21–0.35; Fig. 7A; Table 3; Supplemental Table S6; see 

Data Accessibility), and apparent yearly survival probability 

at the Grand River was 0.24 (0.15–0.43; Fig. 7B; Table 3). 

Survival increased with SVL at both sites. Probability of cap-

ture at Alum Creek was 0.08 (0.06–0.10) in year 1, 0.09 

(0.08–0.1) in year 2, and 0.14 (0.11–0.17) in year 3 (Table 3; 

Supplemental Table S6; see Data Accessibility). The probabil-

ity of capture at the Grand River was 0.13 (0.05–0.42) in 

year 1 and 0.17 (0.08–0.26) in year 2 (Table 2; Supplemental 

Table S7; see Data Accessibility). 
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Fig.  6. Population size estimates with 95% credible intervals: (A) 

Alum Creek for November 2020 to May 2021 (year 1), November 

2021 to May 2022 (year 2), and November 2022 to May 2023 (year 3) 

and (B) Grand River for June 2021 to October 2021 (year 1) and June 

2022 to October 2022 (year 2). 

Individual growth estimates and time to maturity.—Starting 

from a hatchling SVL of 14.5 mm, 50% of juvenile mudpup-

pies at Alum Creek are expected to reach the minimum size 

of sexual maturity (130 mm SVL; Shoop, 1965) at around 

7 years and a maximum size of approximately 290 mm SVL 

at around 30 years. At the Grand River, 50% of juvenile 

mudpuppies are expected to reach the minimum size of sex-

ual maturity after 5 years and a maximum size of approxi-

mately 235 mm SVL at around 15 years (Fig. 8). 

TFM treatment.—During the post-TFM treatment surveys, we 

recovered 45 dead mudpuppies, ranging in total length 

from 46–330 mm (x� = 127 ± 66 mm) and a mass of 0.5–270 g

(x� = 20.5 ± 40.7 g; Table 1). Based on our sample, juveniles

accounted for more than 94% of the mortality. None of the 

dead mudpuppies recovered contained PIT tags. 

DISCUSSION 

We estimated population size, survival rate, and growth 

curves for two mudpuppy populations in Ohio. Compared 

with other mudpuppy studies, we had high capture and 

recapture rates for both sites across years. Despite our inten-

sive and successful effort to capture large numbers of mud-

puppies, our population size estimates had wide and broadly 

overlapping credible intervals between years. Because of this 

https://0.08�0.26
https://0.05�0.42
https://0.11�0.17
https://0.06�0.10
https://0.21�0.35
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uncertainty in population size, we had limited ability to iden-

tify changes between years. 

Table  2. Mean parameter estimates 6 standard deviation for the Jolly-Seber population model parameterizations for mudpuppies at Alum Creek 

in year 1, 2, and 3 and the Grand River in year 1 and 2. The parameters are variance (sigma2), mean capture probability (mean.p), inclusion proba-

bility (psi), mean survival (mean.phi), and super population size (Nsuper).   

Alum Creek Year 1 Alum Creek Year 2 Alum Creek Year 3 Grand River Year 1 Grand River Year 2   

sigma2 0.16 6 0.19 0.04 6 0.06 0.09 6 0.13 1.79 6 1.07 1.06 6 0.88 
mean.p 0.08 6 0.02 0.09 6 0.01 0.14 6 0.03 0.13 6 0.08 0.17 6 0.09 
psi 0.68 6 0.11 0.92 6 0.06 0.9 6 0.08 0.59 6 0.19 0.56 6 0.18 
mean.phi 0.85 6 0.03 0.81 6 0.03 0.53 6 0.07 0.80 6 0.07 0.74 6 0.09 
Nsuper 432.95 6 70.19 644.64 6 40.21 577.08 6 52.61 361.04 6 112.92 346.44 6 109.81 

In 1987, Matson (1990) estimated a population size of 

803 (556–1,118) mudpuppies per km in the Grand River 

prior to TFM treatment, and in 1988, 333 (280–397) mud-

puppies per km following TFM treatment at the site. We 

extrapolated our population estimates for our 400 m study 

area to 1 km to compare with Matson (1990). Our projected 

Grand River population size in 2021 is 850 (460–1,470) 

mudpuppies per km, and in 2022, 708 (482–1,365) mudpup-

pies per km following TFM treatment. Matson’s (1990) pre-

treatment estimates squarely lie within our 95% credible 

interval for Grand River population size, and our mean esti-

mated population is comparable to Matson (1990), suggest-

ing mudpuppy populations may have some resiliency to 

TFM. To detect a clear population trend, more sampling 

over a longer time period would be required, such as that 

conducted by Matson (2022). Our Grand River density esti-

mates were comparable to the Alum Creek density estimates 

(798–1,740 mudpuppies per km). 

Apparent survival did not differ between pre- and post-

TFM treatment at the Grand River or between the Grand 

River and Alum Creek despite differences in sampling. Sur-

vival increased with SVL at both sites, but because apparent 

survival probability combines true mortality and permanent 

emigration, these results are difficult to interpret. Our 

extremely low survival rate estimates for small mudpuppies 

likely underestimates true survival. Juvenile mudpuppies 

may be more prone to disperse outside of the study area 

(Cushman, 2006). Developing a better understanding of 

juvenile mudpuppy behavior and movement would help 

tease apart mortality and dispersal. High apparent survival 

probability among sexually mature individuals is expected, 

given higher site fidelity compared to juveniles (Matson, 

2005) and because mudpuppies can exceed 29 years in age 

(Bonin et al., 1995; Gendron, 1999). Adult mudpuppies also 

appear to be more resistant to TFM-induced mortality (Boo-

gaard et al., 2003; Chellman et al., 2017). 
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Fig.  7. Estimated survival with 95% credible intervals across a range of mudpuppy snout–vent lengths (mm) at (A) Alum Creek and (B) Grand 

River. 

Our monthly survival estimates (extrapolated from yearly 

estimates) were 0.88 (0.81–0.93) for the Grand River and 

0.98 (0.95–0.99) for Alum Creek. To our knowledge, the 

only other study that estimated mudpuppy apparent sur-

vival was Chellman and Parrish (2010), which reported 

monthly survival was 0.87–0.88 for males and 0.87 for 

https://0.87�0.88
https://0.95�0.99
https://0.81�0.93
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females in the Lamoille River, Vermont, another system 

that has been treated with TFM at intervals since 2009. Our 

monthly mudpuppy survival estimates for the Grand River 

exactly corresponded with those of Chellman and Parrish 

(2010). 

Table  3. Mean parameter estimates 6 standard deviation for the 

Cormack-Jolly-Seber survival model parameterizations for mudpuppies 

at Alum Creek and the Grand River. The parameters are intercept 

(beta0), effect of SVL (beta1), mean capture probability (mean.p), 

mean survival (mean.phi), and standard deviation (sigma_time_p, 

sigma_ind_p).   

Alum Creek Grand River   

beta0 –0.96 6 0.37 –1.24 6 0.51
beta1 0.64 6 0.37 1.59 6 0.58
mean.p 0.04 6 0.01 0.17 6 0.05
mean.phi 0.28 6 0.07 0.24 6 0.09
sigma_time_p 0.69 6 0.17 0.85 6 0.4
sigma_ind_p 0.37 6 0.21 0.88 6 0.31

The Grand River mudpuppy population exhibited more 

rapid growth trajectories than Alum Creek mudpuppies, 

potentially resulting in earlier maturation and a smaller esti-

mated maximum adult size. Matson (2022) provides evi-

dence that the Grand River mudpuppy population has 

experienced a 50 mm decline in average total length from 

1987–2018 for individuals greater than 99 mm. Smaller 

body size can lead to lower fecundity, higher predation, and 

diminished competitive ability in other aquatic species 

(Salthe, 1969; Kaplan and Salthe, 1979; Berven, 1981; For-

manowicz and Brodie, 1993). Smaller individuals can occur 

when energy is shifted away from growth and toward 

increased metabolic costs to enhance survival (Rowe et al., 

1998). Rowe et al. (1998) found that tadpoles reared in pol-

luted environments experience stunted growth and devel-

opment because of an increased maintenance cost. Body 

size influences physiological performance, predator–prey 

interactions, life-history characters, ecological patterns, and 

evolutionary trajectories (Arendt, 2011). Exploited popula-

tions may exhibit increased growth rates, earlier reproduc-

tion, and skewed sex ratios (Healey, 1978; Natusch and 

Lyons, 2012; Monk et al., 2021). These ontological and 

reproductive changes may help offset increased mortality; 

however, compensatory life history changes may be unable 

to overcome long-term population impacts, due to the 

apparent minimum time it takes for mudpuppies to mature, 

which is typically estimated to be anywhere between five 

and ten years (Bishop, 1926; Gendron, 1999), with males 

likely attaining maturity at a younger age and smaller size 

than females (Bishop, 1941). 

Numerous site-level differences and survey methods 

could contribute to the differences observed between sites. 

Trapping, rock flipping, and dip netting are all known to 

bias in favor of adult mudpuppies (Matson, 1990; Gendron, 

1999; Chellman et al., 2017). Seining is an effective way to 

sample the smaller size classes as well as adults (Matson, 

1990). Rock flipping and seining are not feasible in Alum 

Creek because of the rip-rap substrate. However, because of 

the size of PIT tags, we did not tag any animals smaller than 

100 mm TL in either population. We found night spotlight 

surveys to be a highly effective survey technique where 

water is shallow and clear. Time of year may also influence 

capture rates because mudpuppy activity increases in the 

winter months (Shoop and Gunning, 1967). Despite this, 

we did not survey the Grand River in the winter because of 

dangerous conditions (high flow) and because Matson 

(1990) found success using seines at this site. 
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Fig.  8. Asymptotic growth curves with 95% credible intervals, indicating 

the time it would take mudpuppies to reach 130 mm snout–vent length 

(literature-based minimum size at sexual maturity) in Alum Creek and 

in the Grand River. 

Our low trap rate was consistent with previous studies. 

Chellman et al. (2017) reported capture and recapture prob-

abilities ,0.04. Many studies suggest that mudpuppies are 

not available for capture during the warmer months of the 

year (Gendron et al., 1997; Chellman et al., 2017). We 

observed no mudpuppies in Alum Creek before 8 November. 

However, we captured mudpuppies in the Grand River using 

seining and rock flipping during the summer (June–Septem-

ber). This suggests under certain environmental conditions, 

mudpuppies remain accessible to surveyors during the sum-

mer. Matson (2022) also reported consistent success captur-

ing mudpuppies during summer months. 

We found lower mudpuppy mortality following TFM 

treatment than has been reported in other studies. TFM 

applications are typically applied at 1.2–1.5X minimum 

lethal concentration (MLC; 3–3.75 mg/L) for Sea Lamprey 

(Brege et al., 2003; McDonald and Kolar, 2007). Laboratory 

studies suggest that 1.44X MLC (3.6 mg/L) causes 50% mor-

tality (LC50) for adult mudpuppies. LC50 occurs at lower 

concentrations for lamprey and mudpuppies with TFM/1% 

niclosamide, a commonly used mixture for its increased 

effectiveness for killing ammocoetes with less TFM. In two 

lab trials, Boogaard et al. (2003) found LC50 for mudpup-

pies to be 2.11 mg/L with TFM and 2.15 mg/L with TFM/1% 

niclosamide mixtures. 

In free-flowing streams, 0.84–2.64X MLC (2.1–6.6 mg/L) 

can result in extensive mudpuppy mortality (Matson, 1990; 

Boogaard et al., 2003). The TFM concentration at the Grand 

River study site in 2022 averaged 0.96X MLC (2.4 mg/L) for 

nine hours. The highest concentration recorded in the river 

was 1.6X MLC (4 mg/L). In 2017, 218 dead mudpuppies were 

found in the Grand River following TFM treatment. The high-

est TFM concentration recorded in the river that year was 

over 2.4X MLC (6 mg/L; USFWS, unpubl. data). Chellman 

et al. (2017) reported collecting over 500 dead mudpuppies 

https://1.2�1.5X
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from the visible portions of the Lamoille River in 2009, with 

an average reported TFM concentration of 1.2 MLC. 

TFM concentration alone may not be informative of risk 

to nontarget species because TFM toxicity also depends on 

pH, alkalinity, and temperature (Bills et al., 2003; Hepditch 

et al., 2019; Hlina et al., 2021; Schueller et al., 2023). For 

example, juvenile Lake Sturgeon (Acipenser fulvescens) are 

more susceptible to TFM than adults, and their vulnerability 

decreases with increased pH and alkalinity (Hepditch et al., 

2019). Future studies should aim to understand how mud-

puppies of different ages vary in their susceptibility to TFM 

under variable concentrations, pH, and alkalinity. 

Stress from courtship and breeding may increase mud-

puppy susceptibility to TFM (Gendron, 1999; Boogaard 

et al., 2003). TFM applications typically occur in the fall 

(October) and early spring (late April) when mudpuppies are 

breeding and producing eggs, respectively. Much of the 

mudpuppy’s life history, including seasonal movements, 

habitat use, population structure, dispersal ability, and fine- 

scale distribution, remain unknown (McDaniel et al., 2009; 

Murphy, 2016). Filling these gaps in our knowledge of mud-

puppy ecology is essential to assess where and when mud-

puppies are at greatest risk from TFM. 

Boogaard (unpubl. report) suggested a typical TFM treat-

ment can cause about 10% mortality among adult mudpup-

pies and up to 100% mortality among juvenile mudpuppies. 

Chellman et al. (2017) found that 70% of observed mud-

puppy mortalities were juveniles following TFM treatment, 

which is consistent with our estimate that juveniles com-

prised 94% of the observed mudpuppy mortality. Boogaard 

(unpubl. data) found the LC50 was 2.4X greater for adult 

mudpuppies than Sea Lamprey, and 1.6x greater for juvenile 

mudpuppies than Sea Lamprey. Other studies have found 

similar vulnerability of juveniles and adults to TFM (Mat-

son, 1990; Gendron, 1999). If adult mudpuppies are less sus-

ceptible to TFM, then studies based on adult population size 

and survival may find a lag in the effects of TFM. High levels 

of reproduction and recruitment in aquatic salamanders are 

necessary to maintain population stability (Freake and 

DePerno, 2017). High mortality among juvenile mudpup-

pies during TFM treatments may risk long-term population 

declines in areas, such as the Grand River, that receive lamp-

ricide treatments on 3–5 year cycles, which is a shorter inter-

val than the typical duration required for mudpuppies to 

reach maturity. 

Continued long-term monitoring of mudpuppy popula-

tions in areas impacted and unimpacted by TFM is essential 

to understanding long-term impacts of TFM in aquatic eco-

systems. While we found no indication that mudpuppy 

populations have declined over the last 30 years, the ability 

to predict long-term population trends from only a few 

years of data is limited. A long-term study of the Grand 

River population by Matson (2022) found a slow to moder-

ate decline over the last 32 years. This emphasizes the 

importance of consistent long-term population monitoring. 

Population declines for long-lived species like mudpuppies 

may be delayed following environmental perturbations 

because adults can persist even when there is little or no 

recruitment. Targeted hatchling surveys could be used to 

quantify recruitment, supplement adult mark–recapture 

surveys, and reveal potential effects of TFM on this life 

stage. Long-term population trajectories based on current 

demographic conditions, such as those produced by 

population viability analyses, can better capture risk faced 

by a population and be used to identify proximate causes of 

population decline (Wagner and Peterman, 2025). 
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