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Abstract Glyphosate is a commonly used pesticide
applied to agricultural fields, but runoff during rain-
fall introduces the chemical into surrounding waters.
In stream systems, glyphosate has non-target effects
and can negatively affect amphibian physiology,
development, and behavior. These effects are previ-
ously documented from chronic exposure relative to
the acute exposures more often experienced by organ-
isms inhabiting streams. Previous studies indicate that
glyphosate induces a dose-dependent effect on startle
responses in stream salamanders, but it is unclear how
long individuals need to recover from acute expo-
sure. We described the behavioral recovery of stream
salamander larvae, Eurycea wilderae, to short-term
exposure of glyphosate. We observed that individuals
recovered from glyphosate exposure between 2 and
4 h post-exposure. Length of exposure did not affect
larval responses linearly, indicating a lack of accumu-
lated effects and a non-monotonic response. Our data
suggested that there was a maximum effect of glypho-
sate on stream salamander larvae that may be similar
to exhaustion. We recommend researchers consider
the frequency of testing when they explore this effect
threshold. Because startle response is associated with
swimming ability, impairment due to glyphosate
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could temporarily increase predation risk and contrib-
ute to downstream displacement of larvae inhabiting
streams in agricultural and urban areas.
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Introduction

Glyphosate is a chemical compound found in many
agricultural pesticides commonly used in the United
States (Kolpin et al., 2006; Levis & Johnson, 2015)
and with increasing use worldwide (Wagner et al.,
2013). During rain events, many manufactured chem-
icals, such as glyphosate, run off into aquatic systems.
This influx of contaminants can have detrimental and
long-lasting effects on the wildlife present in these
systems (Relyea, 2009, 2011). Glyphosate negatively
impacts the rate of carbohydrate and lipid catabolism
forcing vertebrates to reduce energy production as the
chemical clears from their system (Wang et al., 2019).
The compound also causes hepatocyte damage inhib-
iting the ability of the liver to remove glyphosate from
the body. Because of these impacts, even low doses of
glyphosate can have negative effects on wildlife and
put them at risk for predation during and after expo-
sure (Bridges, 1997). The cumulative effects of these
individual-level responses include slowed growth and
development (Howe et al., 2004; Cauble & Wagner,
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2005), physical deformities (Howe et al., 2004; Wag-
ner et al., 2013), delayed predator response (Bridges,
1997), increased susceptibility to disease (Rohr et al.,
2008), and direct mortality (Relyea, 2009). All these
reactions can accumulate to affect the health of the
population and overall ecosystem.

Previous work on aquatic contaminants has
focused on the impacts observed in lentic systems that
have slower water turnover and flushing rates than
lotic systems (Relyea & Hoverman, 2006). Although
chronic exposure experiments are crucial for lentic
systems, these results are not applicable to lotic sys-
tems, which make up over 3.5 million miles of habi-
tat in the US alone (Lowe & Likens, 2005). Because
of the velocity, flood magnitude, flashiness, gradient,
and hydraulic regimes of a stream, pesticide expo-
sure in streams is highly variable and likely occurs
for short time periods (Annett et al., 2014). Past stud-
ies found that glyphosate concentrations are high-
est in urban streams relative to agricultural streams,
and that peak concentrations are brief but consistent
with spring flush following rainfall (Kolpin et al.,
2006; Mahler et al., 2017). These results indicate
that glyphosate runoff from residential areas can also
be sizable, making glyphosate exposure in streams
a widespread phenomenon. Despite acute exposure
being most common in lotic systems, most studies
have focused on chronic, life-long exposures and their
effects on demographic rates like survival (Dinehart
et al., 2009), and less work has focused on the effects
of acute exposure more common in streams where
short-term exposure may have minimal impacts on
population demographic rates (Wagner et al., 2013).

Individual physiological state is closely connected
to observed behaviors. Thus, impairment of key
physiological processes like energy production can
have observable impacts on energy-intensive behav-
iors like movement (Gandhi & Cecala, 2016; Pavan
et al., 2021). Furthermore, outward behaviors are a
key connection between physiological responses and
demographic processes (e.g. survival) making it an
easily observable metric with potential consequences
on individual outcomes. For example, glyphosate-
impaired glycogen catabolism could inhibit the abil-
ity of individuals to move in response to external
stimuli (Wang et al., 2019). A startle response is a
quick movement in response to a perceived threat like
a predator attack or rapid displacement by fast flow-
ing water (Barrett et al., 2010; Faria et al., 2019).
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This movement is a burst of maximum activity that
will quickly exhaust glycogen stored within the mus-
cles. With impaired glucose conversion, little energy
should be available to individuals for sustained or
repeated movements.

Determining whether individuals recover after
exposure and how quickly they can respond is a
key knowledge gap for understanding the magni-
tude of negative effects introduced by glyphosate
runoff. As our knowledge of aquatic contaminants
grow, researchers have concluded that the effects of
contaminant exposure are unpredictable (Vanden-
berg et al., 2013). Glyphosate is one contaminant
for which non-monotonic dose responses have been
reported whereby the effects of a small dose cannot
be extrapolated from larger doses (McMahon et al.,
2011; Vandenberg et al., 2012; Hill et al., 2018;
Cheron & Brischoux, 2020). Thus, the effects of
chronic exposure may not predict the effects of acute
exposure. Likewise, demographic responses to expo-
sure requires long-term evaluation, and the effects of
single acute exposures may be overwhelmed by other
exposures, environmental changes, or individual vari-
ation limiting our ability to detect those impacts.

Although many living organisms could be
impacted by chemical runoff in lotic systems (Lit-
tle & Finger, 1990; Little et al., 1990; Doving, 1991;
Dodson et al., 1995), amphibians, specifically, show
severe responses to the introduction of pesticides into
their habitats (Hall & Henry, 1992). This is partially
due to the permeable nature of their skin (Quaranta
et al., 2009), as well as the susceptibility of aquatic
egg and larval stages (Petranka, 1984; Berrill et al.,
1994; Duellmann & Trueb, 1994). Past studies have
found that amphibian antipredator behaviors are con-
sistently altered in the presence of human-introduced
pollutants including heavy metals (Lefcort et al.,
1998), UV-B radiation (Kats et al., 2000; Levis &
Johnson, 2015), carbaryl (Relyea & Mills, 2001),
and atrazine (Rohr & McCoy, 2010), all of which are
common pollutants of lotic systems.

In this study, we sought to explore how acute expo-
sure to glyphosate-based pesticides (e.g. Roundup)
affects larval amphibian behavior and their recovery
from exposure. Because most studies on contami-
nants examine outcomes like growth or survival, lit-
tle information is available about the ways in which
animals recover from exposure, particularly acute
exposure. We assessed (1) the behavioral effects of
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Roundup exposure on stream salamander behav-
ior through time, (2) how the length of exposure
impacted the rate of recovery from exposure, and (3)
whether the frequency of observation impacted the
recovery trajectory of tested individuals. We defined
recovery as when exposed individuals exhibited simi-
lar behaviors at a timepoint as unexposed individu-
als. Previous research indicated that the antipredator
behavior of a startle response was negatively associ-
ated with Roundup concentrations (Gandhi & Cecala,
2016), so we used this as our response variable. We
hypothesized that longer exposure would result in
more significant behavioral impairment and longer
recovery periods.

Methods

We used Eurycea wilderae Dunn, 1920 (Blue Ridge
Two-Lined Salamander) because of their widespread
geographical distribution in streams of the eastern
U.S., year-long larval phase, and their tolerance for
multiple types of watershed disturbance (Petranka,
1998). Larval life stages were used because they are
exposed to aquatic contamination until metamor-
phosis when they can escape poor aquatic conditions
by moving into the terrestrial landscape. Specimens
were collected from Tremlett Spring on the south-
ern Cumberland Plateau using active surveys with a
dipnet. Recent tests revealed below detection levels
of glyphosate in Tremlett Spring (M. Knoll, Pers.
Comm.). Collection occurred between August 2020
and May 2021. Larvae were kept individually in
native stream water and placed in a dark and cool
(10 °C) environment while in captivity. Behavioral
observations took place within one week of capture.
We measured the snout-vent length and total length.
Each individual was randomly assigned to a treat-
ment. Because groups of individuals were captured
weekly and randomly assigned as they were collected,
that resulted in uneven sample sizes among treat-
ments described below. We randomly assigned indi-
viduals to treatments until we achieved a minimum of
20 individuals per treatment.

Experimental procedures

All research questions were addressed by using stand-
ard concentrations of Roundup herbicide, the same

response variable—startle response, and the same
test enclosures described below. Unexposed or con-
trol individuals were exposed to fresh native stream
water while exposed individuals were placed in an
environmentally relevant dose of Roundup (Wag-
ner et al., 2013). To create the Roundup solution,
we added 2 mL of Roundup Weed and Grass Killer,
whose active pesticide ingredient is glyphosate, to 1 L
of native spring water (as in Gandhi & Cecala, 2016).
Salamanders were exposed to either native stream
water or the Roundup solution for various lengths
of time (e.g. individuals only experienced one treat-
ment). Treatments were randomly assigned to test
enclosures in each experiment.

The response variable, startle response, has a lin-
ear relationship with glyphosate concentrations in a
prior study in a smaller enclosure and was used in this
study (Gandhi & Cecala, 2016). To simulate a preda-
tor attack, we lightly pinched the tail of the larva with
forceps and measured the distance the individual
moved in response (Ducey & Brodie, 1991; Bakkeg-
ard, 2005; Bliss & Cecala, 2017). The total distance
moved was calculated visually in real time by includ-
ing changes in direction or backtracking until the
individual ceased movement similar to the protocol in
Gandhi & Cecala (2016). If individuals climbed out
of the water, we tapped them back into the enclosure
and excluded that test measurement from the analy-
sis. All individuals were allowed to acclimate to room
temperature prior to beginning trials and placed in the
center of the test enclosures to initiate trials.

Test enclosures were constructed from aluminum
gutters that were 10 cm in width and 150 cm in
length. No substrate was added to the enclosure to
avoid interactions between Roundup and the substrate
and to facilitate cleaning. Depending on the design
for each experiment, either native stream water or
the Roundup mixture was added to the experimen-
tal gutters to a depth of 2 cm. Water was replaced in
the enclosures after every trial. Observations were
performed by remaining a distance of 1 m from the
enclosure. The enclosures had 1 cm markings on the
side to facilitate taking observations without interfer-
ing with the response of the tested individuals. The
observer of each trial also implemented the treat-
ments due to a limitation in resources, this created
a nonblind study due to logistical constraints on the
availability of other personnel, but all visual cues of
treatment (e.g. experimental unit labels or animal ID
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tags) were removed from the observer’s field of view
during behavioral observations, and random assign-
ment to experimental enclosures minimized the risk
of biased observations.

Experimental design
Objective 1: exposure length

To assess whether length of exposure to Roundup
affected salamander behavior, we observed star-
tle responses at 30 min increments in native stream
water or the Roundup mixture for 6 h. Unexposed
individuals were housed in native stream water both
before the testing period and in the testing enclosure.
Exposed individuals were housed in stream water
prior to the treatment period before being placed into
the Roundup mixture in the experimental enclosure
for the duration of the testing period. Thus, the first
observation of this study occurred at first exposure to
Roundup for exposed treatments. We used 71 individ-
uals for this experiment (Exposed N=26; Unexposed
N=45).

Objective 2: recovery length

To evaluate if the length of Roundup exposure
affected the time until exposed individuals exhib-
ited similar behavior to unexposed individuals, we
randomly assigned individuals to Roundup exposure
lengths of 0, 30, 60, or 90 min prior to the testing
period. Salamanders acclimated to room temperature
in native stream water before being placed into a new
enclosure with native stream water or the Roundup
mixture. Individuals were left in those enclosures for
the designated length of time before being placed in
experimental enclosures with native stream water.
Their startle response was measured every 2 h for a
length of 6 h. We used 106 individuals for this experi-
ment (N=20-34 per treatment).

Objective 3: observation frequency

Because glyphosate may affect individuals through
exhaustion, we sought to evaluate if sampling fre-
quency could affect our ability to detect recovery
from glyphosate exposure. Therefore, we allowed
individuals to acclimate to room temperature in
stream water and randomly assigned them to a control
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or glyphosate treatment. They were exposed to fresh
stream water or the glyphosate mixture for 90 min
prior to introduction to the test enclosure filled with
fresh stream water. Individuals in each treatment were
randomly assigned to have an observation interval of
either every 30 m or every 2 h. Observations were
performed for 6 h resulting in startle response being
tested either 13 or 4 times respectively. To minimize
the effect of increased observation frequency in our
statistical analysis, we only compared measurements
taken at 0, 2, 4, and 6 h for all individuals. We used
129 individuals for this experiment (N=20-35 indi-
viduals per treatment).

Data analysis

Each experiment was evaluated using a linear mixed
model (with a normal error distribution) evaluating
the effects of Roundup exposure on startle response.
For objective 1, we also included a fixed factor of
time in the experimental enclosure. Objective 2 anal-
ysis also included effects of Roundup exposure length
(0, 30, 60, or 90 min exposure) and time in the exper-
imental enclosure, and Objective 3 also included time
in the experimental enclosures and measurement
frequency. All time variables were included as cat-
egorical variables. Repeated observations per individ-
ual were accounted for with a variable intercept for
each individual (random effect), and all models were
evaluated in R with an analysis of deviance (R Core
Team, 2021). We also performed pairwise, post hoc
analyses of treatment at each time point using pack-
age emmeans with a Tukey correction for multiple
comparisons for assessment of recovery for objectives
1 and 2.

Results

Overall, we observed 306 E. wilderae larvae. Our
study animals were 23.72+0.227 mm in snout-vent
length and 45.89+0.532 mm in total length. All
models exhibited balanced residuals.

Objective 1: exposure length
We observed a non-significant interaction between

exposure and length of exposure on the star-
tle response (X2=19.41, df =12, P=0.079) and
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significant independent effects of each (Table 1). The
startle response of exposed individuals was always
less than that of control individuals, but the difference
between them was minimized through time. Post hoc
results revealed that treatment yielded statistically
significant differences in startle response for observa-
tions between 60 and 120 min post Roundup exposure
(t>4.23, P<0.008; Fig. 1). Control animals began to
exhibit declining startle responses after 2 h and again
after 4 h (Fig. 1).

Objective 2: recovery length

We observed a significant interaction between
the length of exposure and time since exposure
(X2=27.10, df=9, P=0.001; Table 1). Glyphosate
exposed individuals all had lower startle responses
at the beginning of recovery. Visually, all treatments
had similar responses after 6 h except for those
exposed to glyphosate for 30 min that had higher star-
tle responses at 6 h (Fig. 2). Post hoc comparisons
revealed no significant pairwise differences in startle
responses.

Table 1 Significance of linear mixed models assessing the
effects of glyphosate exposure (treatment), time since imple-
mentation of the treatment (time), and the frequency of obser-
vation (measurement frequency) on the startle response of lar-
val Eurycea wilderae

Variable X2 df P-value
Exposure length
Treatment 2546 1 <0.001
Time 48.60 12 <0.001
Treatment X Time 1941 12 0.079
Recovery length
Exposure length 508 3 0.166
Time 941 3 0.024
Exposure length X Time 27.10 9 0.001
Observation frequency
Measurement frequency 0.84 1 0.360
Treatment 9.11 1 0.003
Time 553 3 0.137
Measurement frequency X Treatment 047 1 0.495
Measurement frequency X Time 587 3 0.118
Treatment X Time 435 3 0.226
Measurement frequency X Treatment 086 3 0.835
X Time

-=-Control -+ Exposed

o
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Startle response
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= N

N A

0 60 120 180 240 300 360
Time (min)

O ¢
o

Fig.1 Exposure to Roundup (active ingredient: glyphosate)
decreases larval Eurycea wilderae mean startle responses (+ 1
SE; N=71) to a minimum level after approximately 1 h rela-
tive to unexposed individuals. Startle responses to a repeated
tail pinch decline through time in unexposed individuals

Objective 3: observation frequency

We did not observe any significant interactions
among exposure, time since exposure, and sampling
frequency. Limited sample sizes and high variabil-
ity may have contributed to non-significant interac-
tion between time and sample frequency (X*>=5.87,
df=3, P=0.118; Table 1). Individuals not exposed
to Roundup had startle distances 1.97 times higher
than exposed individuals with no difference between
sampling frequency (Fig. 3). By the end of the
experiment, individuals tested every 2 h had startle

1.0, #0min 30 min 60 min -4«90 min
0.9
08
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0.3
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0.0

Startle response (m)

0 120 240 360
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Fig. 2 Recovery of mean startle responses (+1 SE; N=106)
of larval Eurycea wilderae varied in a non-linear way relative
to the length of Roundup (active ingredient: glyphosate) expo-
sure prior to initiating trials
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Fig. 3 High frequency observation frequencies and Roundup
(active ingredient: glyphosate) exposure negatively affect the
mean startle response (+1 SE; N=129) of larval Eurycea wil-
derae relative to less frequently observed and unexposed indi-
viduals

responses that were 1.47 times and 1.42 times higher
on average than those tested every 30 min in unex-
posed and exposed treatments.

Discussion

Overall, Roundup exposure consistently impacts a
key anti-predator behavior in larval salamanders. This
study demonstrated that acute exposure (<2 h) was
sufficient to induce a behavioral effect but that the
length of exposure had a non-linear effect. Longer
exposures to Roundup did not induce significantly
greater impacts on behavior. Recovery from acute
exposure occurred quickly suggesting that salaman-
ders were able to metabolize and remove glyphosate
quickly. Impaired movement following exposure to
Roundup could make them more susceptible to preda-
tion and downstream displacement during rain events,
but fast behavioral recovery may mean that the effects
of Roundup are not long-lasting. Lastly, we were con-
cerned that frequent testing could either exhaust lar-
val salamanders or allow them to learn to reduce their
responses to a repeated predator-like stimuli. Our data
consistently revealed patterns of behavioral habitua-
tion or exhaustion, but we were unable to statistically
confirm a pattern of interaction between testing fre-
quency and time since exposure. We recommend that
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researchers carefully consider the need for frequent
observations using this response variable.

Previous studies indicate that glyphosate inhib-
its carbohydrate and lipid catabolism which in turn
reduces protein synthesis and energy production
(Wagner et al., 2013; Mesnage et al., 2015a,b; Wang
et al., 2019; Riafo et al., 2020; da Silva et al., 2021).
Impaired glycolysis intensifies a trade-off for the
exposed individual between metabolic needs and anti-
predator behaviors. Differences in the startle response
could be explained by exposed larvae not being able
to produce as much energy. However, the exposed
individuals did recover and exhibit similar startle
response to unexposed individuals. We hypothesize
that this recovery in startle response could be indica-
tive of the reinitiation of lipid production following
glyphosate exposure. When all the glyphosate has
been removed from the amphibian’s system, they are
able to synthesize proteins and produce energy, thus
exhibiting the mean unexposed startle response.

Larvae exhibited a continual decrease in startle
responses until 1 h of exposure at which point their
responses stabilized (Fig. 1). These results indicate
a potential maximum effect of glyphosate on larval
salamander startle responses. This minimum level
of response was also observed with high frequency
testing in both exposed and unexposed individuals
(Fig. 3). Therefore, it is likely that declining startle
responses could be due to fatigue. Glyphosate expo-
sure is known to affect glycolysis, reduce glucose and
muscle glycogen availability, and decrease activity of
the neurotransmitter acetylcholinesterase in the brain
(Glusczak et al., 2007; Haskovi¢ et al., 2016). Low
rates of glycolysis would minimize the ability of lar-
val salamanders to recover following startle responses
and maintain limited startle distances observed in
this study in a similar manner to physical exhaustion
through repeated testing.

Because glyphosate impairs liver function, it may
potentially impact the ability of individuals to process
and eliminate contaminants like glyphosate and could
contribute to non-monotonic responses observed in
this study (Haskovié et al., 2016). The rate at which
the larvae appeared to remove the glyphosate from
their systems was not linearly associated with the
length of exposure. We had hypothesized that the
removal rate for glyphosate would be the same among
experimental groups because all tests were conducted
at the same water temperature and the larvae were
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similarly sized. However, we expected that longer
exposures would increase the negative effects of
glyphosate exposure and require longer periods for
recovery. However, this is not what we observed,
and we hypothesize that glyphosate exposure results
in a non-monotonic response in larval salamanders
regardless of whether the exposure is varied by con-
centration or length of exposure (Vandenberg et al.,
2013; Gandhi & Cecala, 2016; Hill et al., 2018). This
non-linear response causes different rates at which
the glyphosate is removed from the amphibians’ body
(Vandenberg et al., 2012; Lagarde et al., 2015). We
are unsure exactly why glyphosate causes a non-
monotonic response in amphibians, so more detailed
research is needed. In general, it appears to take indi-
viduals 2 to 4 h to recover from acute glyphosate
exposure, but more exploration at finer time scales
and at different concentrations would improve this
estimate.

Overall, we found that acute exposure to Roundup
has negative impacts on stream salamander larvae.
Due to the nature of stream systems, these concentra-
tions and exposure times are environmentally relevant
and may occur multiple times before an individual’s
metamorphosis (Annett et al., 2014). These acute
exposures can also occur at multiple times during the
egg and larval development and during key develop-
mental windows for stream salamanders, increasing
the probability of lasting effects (Baier et al., 2016).
Even though exposures in lotic systems are small
and move out of the system quickly, as opposed to
lentic systems where the herbicide can accumu-
late, they still negatively impact the anti-predator
behavior of stream salamanders (Gandhi & Cecala,
2016). This altered behavior can lead to more fre-
quent predation and downstream displacement due
to glyphosate-induced fatigue. Our results indicate
non-linear responses to exposure, which underscores
the complex way in which glyphosate is metabolized.
We suggest that more studies be conducted on the
way in which glyphosate in Roundup is metabolized
and if it has long-term effects. This key information
could describe the extent to which stream salaman-
ders are impacted both short- and long-term by acute
exposures.
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