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ARTICLE INFO ABSTRACT

Keywords: Global climate change is predicted to have significant impacts on ecological interactions such as host-parasite
Fungicide relationships. Increased temperatures may also interact with other anthropogenic stressors, such as chemical
Insecticide contaminants, to exacerbate or reduce parasite transmission. However, studies on the effects of pesticides on non-
E:(::’;;gzlogy target species are typically conducted at one standard temperature, despite the toxicity of many agrochemicals
Parasite being temperature-dependent. Furthermore, most studies assessing the effects of temperature on pesticide

toxicity have been conducted on host organisms, limiting our understanding of how temperature affects the
toxicity of pesticides to free-living parasite stages as they move through the environment in search of a host.
Using the free-swimming cercariae stage of the trematode Echinostoma trivolvis, we examined how the toxicities
of three different pesticides (a carbamate insecticide, strobilurin fungicide, and triazine herbicide) vary by
temperature by monitoring cercarial swimming activity over time. Our three main findings were: 1) a strong
main effect of temperature across all pesticide trials — higher temperatures caused cercariae to cease swimming
activity earlier, likely due to an increased rate of energy expenditure, 2) atrazine, azoxystrobin, and carbaryl
were directly toxic to cercariae to some degree, but not in a predictable dose-dependent manner, and 3) the
temperature at which pesticide exposure occurs could affect its toxicity to cercariae. The interaction between
pesticide and temperature was most evident in the azoxystrobin exposure; azoxystrobin caused cercariae to cease
swimming activity earlier at 30 °C but caused cercariae to maintain swimming activity longer at 18 °C relative to
their respective pesticide-free control treatments. These findings highlight the importance of conducting toxicity
assays at multiple temperatures and suggest that the combined effects of pesticides and temperature on host-
parasite interactions may be difficult to generalize.

Survival analysis

1. Introduction

Over 400 different pesticides are applied annually in the United
States totaling more than 500 million kilograms applied across the
landscape (Baker and Stone, 2015; Atwood and Paisley-Jones, 2017). As
a result, organisms in many ecosystems are regularly exposed to pesti-
cides. Pesticide exposure can cause a variety of effects at the level of the
individual organism, including mortality, reduced growth, slowed
development, and immunosuppression (Hayes et al., 2010; Egea--
Serrano et al., 2012; Kohler and Triebskorn 2013). These
individual-level effects, in turn, have the potential to alter the in-
teractions between species dramatically. For example, pesticide expo-
sure can make hosts more susceptible to parasitic infections and make
animals more vulnerable to predation (Rohr et al., 2008; Relyea and
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Edwards, 2010). Pesticide use is predicted to increase significantly over
the next 30 years as the global population’s food demands grow (Rohr
et al., 2019), punctuating the need for studies that examine their effects
on ecological systems.

A significant challenge to assessing pesticide-mediated effects on
natural systems is that exposures occur against the backdrop of tem-
perature variation. Despite temperature variation being ubiquitous in
nature, most studies that assess toxicity of pesticides are conducted at
one standardized temperature (typically 20 — 23 °C; ASTM Interna-
tional, 2014). However, pesticide exposure can happen at a range of
temperatures depending on local climatic conditions, timing of pesticide
application, and occurrence of rain events that can carry pesticides into
surface water. For example, Miles et al. (2017) found that water con-
centrations of the neonicotinoids peaked 5 to 7 weeks post-planting,
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despite typically being applied only once as a seed coating. Similarly,
Rackliffe and Hoverman (2020) found that pesticide concentrations in
streams do not necessarily peak at the time of pesticide application,
instead spiking several times later in the season following rain events
that flush them into water bodies. Because temperature can significantly
modify key factors such as rates of chemical uptake, biotransformation,
and detoxification (Laetz et al., 2014; Lau et al., 2015), trials at a single
temperature may over- or underestimate pesticide toxicity. As incre-
mental climate change progresses and pulse warming events become
more common (Coumou and Rahmstorf 2012), many organisms are
likely to be exposed to pesticides at warmer temperatures than previ-
ously experienced (Noyes and Lema 2015). Therefore, it is necessary to
conduct toxicity assays across a range of temperatures to improve our
understanding and ability to predict temperature-mediated effects on
pesticide toxicity in nature.

Parasites play a key role in structuring communities and are esti-
mated to account for over 40% of biodiversity in many ecosystems
(Price 1980; Fenton and Brockhurst 2007; Dobson et al., 2008; Wood
and Johnson 2015). Yet, most studies that assess the toxicity of pesti-
cides on wildlife have focused on host organisms. Pesticides, however,
are also toxic to parasites, especially free-living stages that actively
move through the environment seeking hosts (Pietrock and Marcogliese
2003; Koprivnikar et al., 2006; Blanar et al., 2009; Hua et al., 2016;
Sures et al., 2017). Thus, toxic effects during this stage can influence
parasite survival and ability to locate hosts. However, predicting the
effects of pesticide exposure on parasite stages is complicated by aspects
of their biology. Free-swimming parasite life stages such as trematode
cercariae are lecithotrophic, depending on a limited glycogen reserve
and not feeding during their short (generally < 48 hr) lifespan (Lawson
and Wilson 1980). The rate at which this limited energy is expended
increases as a function of temperature — as temperatures increase,
swimming speeds increase, causing life span (but not necessarily net
transmission efficiency) to decrease (Evans 1985; Fried and Pechenik
1995). Thus, although many pesticides have a positive temperature
coefficient (i.e., toxicity increases with temperature; Boina et al., 2009),
the shortened lifespan of cercariae at higher temperatures resulting from
an increased rate of energy expenditure may reduce their total time
exposed to a pesticide, reducing its effect on their survival. However, it
is unclear how the toxicity of pesticides to free-swimming parasite stages
changes according to temperature.

In this study, we used the cercariae of the trematode Echinostoma
trivolvis to explore how the toxicities of three pesticides differ across
three temperatures (18, 24, and 30 °C). To assess toxicities of the pes-
ticides to cercariae, we monitored time-to-knockdown, which is a
measure of how long cercariae display continuous swimming activity
and thus how long they are able to seek out and infect a host. The three
temperature treatments are all above the minimum emergence tem-
perature threshold for E. trivolvis (< 12 °C; Schmidt and Fried 1996;
Morley and Lewis 2013) and below the upper bounds of water tem-
peratures that cercariae are likely to experience pesticide exposure in
North America. We chose pesticides of three different classes for expo-
sures — a carbamate insecticide (carbaryl), a strobilurin fungicide
(azoxystrobin), and a triazine herbicide (atrazine). In previous in-
vestigations, carbaryl and atrazine have had negative effects (carbaryl-
Hua et al., 2016; Atrazine- Koprivnikar et al., 2006; Rohr et al., 2008) or
no effects (carbaryl- Rohr et al., 2008) on the survival of cercariae
depending on exposure concentration and experimental conditions. All
three of these pesticides have documented temperature-dependent
toxicity to at least one non-target taxa (Boone and Bridges 1999;
Gaunt and Barker 2000; Boina et al., 2009; Velki and E¢imovi¢ 2015).
Our predictions are 1) that cercariae would be knocked down earlier at
higher temperatures due to an increased rate of energy expenditure
(Evans 1985; Fried and Pechenik 1995), 2) each pesticide would be toxic
to the cercariae and increase the rate of knockdown of cercariae relative
to the control treatment, and 3) the pesticides would have a weaker
effect on cercariae at higher temperatures because cercariae would
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rapidly expend their limited energy and cease swimming before toxic
effects of the chemicals can significantly impact swimming behavior.

2. Material and methods
2.1. Study system

This study focused on the North American trematode species Echi-
nostoma trivolvis. Fish and amphibian-eating avian and mammalian
definitive hosts harbor the adult stage of E. trivolvis in the intestine. Eggs
of the worm move into the environment in the feces, where miracidia
hatch from the eggs and infect planorbid snails. Miracidia then trans-
form into sporocysts, which in turn produce rediae. Germinal cells
within the rediae undergo asexual reproduction, forming cercariae that
emerge from the snail as a free-swimming larval stage. Cercariae then
seek out and encyst in a secondary host, such as amphibian larvae,
mollusks, or turtles as metacercariae (Kanev et al., 1995; Toledo et al.,
2009). Our study focused on the cercarial stage of the life cycle because
the external environment strongly influences its success in locating hosts
(Pietrock and Marcogliese 2003). E. trivolvis is a widely distributed
species (Johnson and McKenzie 2008), making it likely that it experi-
ences pesticide exposure across a range of temperatures.

2.2. Parasite collection and identification, and husbandry

In June 2019, we collected 50 adult Helisoma (Planorbella) trivolvis
snails (Burch 1982) from a pond (40.45511, —87.056093) at the Purdue
Wildlife Area in West Lafayette, IN, USA. To screen each snail for
echinostome infection, we placed them individually in 50-mL centrifuge
tubes containing 25 mL of spring water and under a 100-W light for 1 h
to induce shedding (Cohen et al., 1980). Using light microscopy, we
identified cercaria belonging to the echinostomatid trematode family
following the key in Schell (1985).

We used molecular methods to identify snails as being infected with
E. trivolvis. We first isolated one cercaria from each echinostome-
infected snail in a 1.5 mL microcentrifuge tube filled with 95%
ethanol. For each isolated cercaria, we extracted DNA using DNeasy
Blood and Tissue Kits (Qiagen). We stored eluted DNA at —20 °C. We
used quantitative polymerase chain reaction (qQPCR) to determine
whether each sample was E. trivolvis using a primer set described in
Fujino et al. (1997). These primers amplify a ~330 bp fragment of the
E. trivolvis genome (GenBank Accession Number U42048). For each re-
action, we added 10 pl SYBR Green, 0.5 pl of forward primer
(5'-GTGAAATGTATGCTAATGA-3'; Fujino et al., 1997), 0.5 pl of reverse
primer (5 -GTTGCGTTGCTATGTGGT-3'; Fujino et al., 1997), 7 ul of
reverse osmosis water, and 2 ul of template. A CFX Connect (Bio-Rad
Laboratories) was used to conduct qPCR. Each plate contained one
negative control containing RO water as template and three positive
controls containing template DNA from samples determined to be
E. trivolvis in a previous study (>99% identity to E. trivolvis ITS-1 gene in
Genbank [GQ463127.1], see online Supplementary Information for
multiple sequence alignment; Billet et al., 2020). The qPCR protocol
consisted of 3 min at 95 °C, followed by 40 cycles of 10 s at 95 °C and 30
s at 55 °C. All positive controls successfully amplified. All unknown
samples that peaked before cycle 40 were considered positive. Based on
these results, we selected five E. trivolvis-infected snails as parasite
sources for our experiments. E. trivolvis DNA extracted from the three
positive controls and cercariae from the five source snails was deposited
in the Yale Peabody Museum of Natural History (catalog numbers: YPM
IZ 108300 to YPM IZ 108307).

To reduce shedding prior to the experiment, we individually isolated
infected snails in 2-L cups filled with 1.5 L UV-irradiated well water and
stored them at 7 °C until the start of experiments (< 21d). We fed the
snails a mixture of rabbit chow and spirulina powder ad libitum. Two
days prior to the experiment, the snails were slowly acclimated to 23 °C.
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2.3. Pesticide background

We chose technical-grade carbaryl, atrazine, and azoxystrobin (dis-
solved in 100% ethanol) for the experiments (ChemService, West
Chester, PA, USA). All three pesticides can be applied multiple times
throughout the growing season (e.g., Williams et al., 2010; Blandino
et al.,, 2012), increasing the potential that cercariae will be exposed
across a range of temperatures, especially in agricultural ponds where
intermediate snail hosts are common (Johnson et al., 2007). For
carbaryl, a 10 g/L stock was diluted in spring water to reach experi-
mental concentrations of 600, 800, 1000, 1200, and 1400 pg/L. For
azoxystrobin, a 0.5 g/L stock was diluted in spring water to reach
experimental concentrations of 1, 5, 10, 20, 30 pg/L. For atrazine, 1 g/L
stock was diluted in spring water to reach experimental concentrations
of 10, 20, 50, 100, and 200 ug/L. These ranges reflect concentrations at
or above those found in surface waters (Norris et al., 1983; Gilliom et al.,
2007; Rodrigues et al., 2013). We added ethanol to each experimental
concentration to match the ethanol concentration in the highest con-
centration reached in each experiment (carbaryl experiment — 0.014%
ethanol; azoxystrobin experiment — 0.006% ethanol; atrazine experi-
ment — 0.02% ethanol). Each experiment included a pesticide-free
ethanol-vehicle control treatment, which acted as the control treat-
ment, as ethanol at a low concentration has not been found to affect
cercaria survival at these concentrations (Griggs and Belden 2008; Rohr
et al., 2008; Jones et al., 2020).

2.4. Experimental design

We explored the effects of the three pesticides as a function of tem-
perature on the swimming activity of E. trivolvis cercariae using time-to-
knockdown assays. We used knockdown rather than mortality as the
endpoint because knockdown represents when cercariae are function-
ally dead (i.e., no longer swimming and not seeking a second interme-
diate host). We defined normal swimming activity as consistent
swimming and movement through the water column. A cercaria was
considered knocked down when it was observed crawling on the bottom
of the well and not swimming (Robinson et al., 2019). Knockdown can
be treated as a discrete event because E. trivolvis cercariae are contin-
uous swimmers and do not stop swimming during host-seeking. We did
not observe any cercariae that displayed active swimming behavior after
being marked as knocked down. We conducted a separate experiment
for each pesticide.

We conducted the experiments at the Purdue University Aquaculture
Research Lab in a temperature-controlled room, where temperature in
the room was set to 18 °C for the experiments. Twelve temperature-
controlled boxes made from 48 qt Styrofoam™ coolers containing
seed germination heating mats (Seedfactor MET Certified Heating Mat)
were constructed. These seed germination mats are equipped with a
digital probe that allows them to self-regulate by monitoring the tem-
perature of the heated substrate. Four boxes each were assigned to either
the 18, 24, or 30 °C temperature regime, then assigned to one of three
vertical shelves in a randomized block design.

We used covered 24-well tissue culture plates (127.8 mm x 81 mm;
Corning Inc., Corning, NY, USA) as the experimental units within the
temperature boxes. We placed six 24-well plates directly on top of the
heating mat in each box and assigned each 24-well plate to one of the
pre-determined pesticide concentrations. Within each box, each 24-well
plate contained five wells of a single row assigned to one pesticide
concentration, with the other 19 wells remaining empty. This setup was
replicated across all 12 temperature boxes, resulting in 24 tissue culture
wells for each pesticide concentration x temperature combination (N =
360 total cercariae/experiment). A new row of wells was used for each
new experiment to prevent cross-contamination of pesticides.

We pipetted 500 pL of the assigned pesticide solution to each
experimental well two hours before adding cercariae. In addition, a
small dish with 5 mL of spring water was placed in the center of each box
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directly on the heating mat. The heating mat’s temperature probe was
placed inside the dish to monitor and maintain the temperature inside
the box, with temperature recorded every two hours before the boxes
were opened for the cercariae knockdown check. For each experiment,
the temperature within the boxes was consistent, with a mean temper-
ature within 1 °C of the nominal temperature ([Mean °C + SD]: Atrazine
trial — 18 °C treatment:17.3 & 0.2, 24 °C treatment: 23.1 + 0.9, 30 °C
treatment: 29.3 + 0.3; Carbaryl trial - 18 °C treatment:17.6 + 0.5, 24 °C
treatment: 23.3 £ 0.3, 30 °C treatment: 29.2 + 0.4; Azoxystrobin trial —
18 °C treatment:17.4 + 0.2; 24 °C treatment:23.2 4+ 0.2, 30 °C treat-
ment: 29.0 £ 0.1).

2.5. Cercariae addition

To isolate cercariae, five snails confirmed to be infected with
E. trivolvis were individually placed in 50-mL tubes containing approx-
imately 25 mL of spring water and illuminated with a 100 W light for 1 h
to induce cercarial shedding. Water from each tube was poured into a
single 150 mL cup to aggregate and mix the shed cercariae (Cohen et al.,
1980). We then added 25 mL of spring water back to the tubes and
placed the snails back under the light to continue shedding. Next, a glass
pipette was used to collect and add a single cercaria to each experi-
mental well. To prevent cross-contamination across pesticide concen-
trations, we used a different glass pipette for each pesticide
concentration. We added cercariae to all of the wells in a single box
before moving to the next box. Once all of the boxes on a shelf contained
cercariae, we recorded the time.

To document swimming status of cercariae, each well plate was
inspected under a dissecting microscope every two hours. Each plate
was taken out of its temperature-controlled box for a maximum of two
minutes for each check and immediately returned. Cercariae activity
checks continued until all cercariae were knocked down. No cercariae
displayed normal swimming behavior when observed following obser-
vation of knockdown. All three experiments ended at 28 h. Four repli-
cates of one treatment (5 ug/L azoxystrobin, 24 °C) were spilled during
an experiment and excluded from analysis.

2.6. Pesticide testing

A 10 mL sample of each pesticide concentration was collected the
day of each experiment and stored at —20 °C prior to analysis. Briefly,
each pesticide sample was spiked with a known concentration of inter-
nal standard, extracted by pouring through a 3 cc Oasis SPE cartridges
(Waters INC, Milford, MA, USA), and then eluting with 3 mL of aceto-
nitrile, which was evaporated in a speedvac concentrator (as in Rack-
liffe and Hoverman 2020). Concentrations were determined via LC/MS
at the Purdue Bindley Bioscience Center (West Lafayette, IN, USA). The
detected concentrations are as follows (from lowest to highest nominal
concentration): carbaryl — 497, 513, 667, 688, and 778 ug/L (65.4% of
nominal on average); azoxystrobin — 1, 5, 26, 33, and 44 pg/L (141% of
nominal on average); atrazine — 21, 30, 71, 178, and 258 pg/L (161% of
nominal on average). Because the detected concentrations deviate from
the nominal concentrations, we refer to the detected concentrations
hereafter and use the detected concentrations for analysis (Table 1).

2.7. Statistical analysis

We performed all statistical analyses using R version 4.0.3 (R
Developmental Core Team 2020). We used three separate mixed-effects
Cox proportional hazards models (coxme function, Survival package;
Therneau 2021), one for each pesticide experiment, to examine the ef-
fects of pesticide concentration and temperature on the viability of
cercariae. For each model, our response variable was
time-to-knockdown (hrs). Each model contained pesticide concentra-
tion, temperature, and the interaction between pesticide concentration
and temperature as predictors. We treated both pesticide concentration
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Table 1
Summary of pesticide concentrations (detected concentrations and percent of
nominal concentrations) for the carbaryl, atrazine, and azoxystrobin exposures.

Aquatic Toxicology 245 (2022) 106102

(6 levels) and temperature (3 levels) as categorical variables, with the
pesticide-free control (0.0 mg/L) and the lowest temperature (18 °C) set
as the reference categories. To control for potential non-independence of

Pesticide Nominal Concentration Detected Concentration % individuals housed in the same spatial block, box, and 24-well plate, we
(ng/L) (ug/L) Nominal included a nested random effect structure (1|block/box/plate). We ran
Carbaryl 0 0 _ posthoc comparisons to explore interactions between temperature and
600 497 82.8 pesticide concentration (emmeans function, emmeans package; Lenth
800 513 64.1 2020). Figures were generated using ggplot2 (Wickham 2016).
1000 667 66.7
1200 688 57.3 3 !
1400 778 55.6 - Results
Atrazine 0 0 -
10 21 210.0 In total, 1076 E. trivolvis cercariae were used to assess the interactive
20 30 150.0 effects of temperature and pesticides on cercarial swimming activity.
50 71 142.0 - . . L. ..
100 178 178.0 Across all three experiments, the median survival time in the pesticide-
200 258 129.0 free control treatment at 18 °C, 24 °C, and 30 °C was 24 h, 16 h, and 11
Azoxystrobin 0 0 - h, respectively. 100% of cercariae were knocked down by 28 h. Survival
1 1 100.0 curves generated from the time-to-knockdown assays are presented in
5 5 100.0 Fig. 1
10 26 260.0 o
20 33 165.0
30 44 146.7
A
18 °C 24 °C 30°C
100%-
75%-
50%-
25%-
0%- -I
0 4 8 1216 20 24 28 0 4 & 12 16 20 24 28 0 4 & 12 16 20 24 28
B
100%- I 11
)
S .
© 75%A -
2 Atrazi
- ine —
S conc. (ug/L) m
C 500 -
o -0
3 21
[ 30
O % 7
8 — 178 =
— 258
0%-
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28 0 4 & 12 16 20 24 28
Cc
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Azoxystrobin
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50% )
1
5
2% __ o
— 33
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Time to knockdown (hrs)

Fig. 1. Survival curves representing time to knockdown for Echinostoma trivolvis cercariae exposed to a range of concentrations of A) carbaryl, B) atrazine, and C)
azoxystrobin at three different temperatures (18, 24, and 30 °C). Each curve represents the percentage of cercariae surviving every 2 h throughout the exposure

period (maximum 28 h).
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3.1. Carbaryl experiment

There was a significant main effect of temperature (temperature: y2
= 283.7, df = 2, P < 0.001) and carbaryl concentration (carbaryl con-
centration: XZ = 32.7,df = 5, P < 0.001), and an interaction between
temperature and carbaryl concentration (temperature x carbaryl con-
centration: XZ = 18.3, df = 10, P = 0.049; Fig. 2A) on rate of cercarial
knockdown. Relative to the 18 °C treatment, the rate of knockdown was
increased by the 24 °C (p = 2.52 4+ 0.43, 2 = 5.86, P < 0.001) and 30 °C
(B =5.19 £+ 0.46, z = 11.2, P < 0.001) treatments. Overall, the rate of
cercarial knockdown was significantly increased by the highest carbaryl
concentration, 778 pg/L (p = 1.22 £ 0.39, z = 3.1, P = 0.002; Fig 3A).
We also found that the effect of the 513 ug/L carbaryl treatment
significantly differed across temperatures regimes. At 30 °C, the
cercariae in the 513 pg/L carbaryl treatment had a reduced rate of
knockdown relative to the pesticide-free control, whereas at 24 °C, the
cercariae exposed to the 513 ug/L carbaryl treatment had an increased
rate of knockdown relative to the pesticide-free control (Fig. 2B).

18°C 24°C

Coefficient of treatment
V]

(Il 457 5%3 6{‘57 658 7;8 (I] 4!‘?7 5“]3 6é7 62‘38 7';8 [I) 4&‘37 5‘;3 8(‘57 6;38 7;8
Carbaryl concentration (ug/L)

497 g/l 513 pug/L 667 pg/lL 688 pg/L 778 ug/L

(=3

Control-relative coefficient of
carbaryl concentration

T T T T T T T T T T T T
18 24 30 18 24 30 18 24 30 18 24 30

Temperature (°C)

T T T
18 24 30

Fig. 2. Plot of coefficients + 95% CI from mixed effects Cox proportional
hazards regression model comparing time active (time-to-knockdown) of Echi-
nostoma trivolvis cercariae across six carbaryl concentrations at three tempera-
tures. Panel A represents the effects of each carbaryl treatment relative to the
effect of temperature alone (i.e., 0 pg/L treatment). Coefficients are mean-
centered and faceted by temperature treatment. Carbaryl treatments within
each temperature facet sharing lower case letters are not significantly different
from each other (P < 0.05). Panel B represents the interaction between tem-
perature and carbaryl treatment and shows the coefficient of each carbaryl
concentration relative to the 0 pg/L treatment at each temperature (i.e., hori-
zontal dashed lines in Panel A). Coefficients within each carbaryl treatment
facet sharing lower case letters are not significantly different from each other (P
< 0.05).
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Fig. 3. Plot of coefficients + 95% CI from mixed effects Cox proportional
hazards regression model comparing time active (time-to-knockdown) of Echi-
nostoma trivolvis cercariae across six atrazine concentrations at three tempera-
tures. Panel A represents the effects of each atrazine treatment relative to the
effect of temperature alone (i.e., 0 ug/L treatment). Coefficients are mean-
centered and faceted by temperature treatment. Atrazine treatments within
each temperature facet sharing lower case letters are not significantly different
from each other (P < 0.05). Panel B represents the interaction between tem-
perature and atrazine treatment and shows the coefficient of each atrazine
concentration relative to the 0 pg/L treatment at each temperature (i.e., hori-
zontal dashed lines in Panel A). Coefficients within each atrazine treatment
facet sharing lower case letters are not significantly different from each other (P
< 0.05).

3.2. Atrazine experiment

There was a significant main effect of temperature (y* = 287.2, df =
2, P < 0.001), atrazine concentration (XZ =14.8,df =5,P=0.011), and
an interaction between temperature and atrazine concentration (x> =
20.2, df = 10, P = 0.027) on rate of cercarial knockdown. Relative to the
18 °C treatment, the rate of knockdown was increased by the 24 °C (p =
4.55 +£0.65,2=7.01,P < 0.001) and 30°C (§ =7.64 £ 0.69,2=11.1, P
< 0.001) treatments. Rate of cercarial knockdown was significantly
increased by the 21 ug/L (B = 1.43 £ 0.50, z = 3.3, P = 0.005) and 178
pg/L (p=1.88+0.50, 2z = 3.7, P < 0.001) atrazine treatments relative to
the pesticide-free control, but only at 30 °C (Fig 3A). We also found that
the effect of the 178 pg/L atrazine treatment significantly differed across
temperatures regimes. The cercariae exposed to 178 pg/L atrazine at
30 °C had a significantly higher rate of knockdown than cercariae
exposed to the same atrazine concentrations at 18 °C relative to their
respective pesticide-free controls (Fig 3B).
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3.3. Azoxystrobin experiment

There was a significant main effect of temperature (32 = 253.9, df =
2, P < 0.001) and an interaction between temperature and azoxystrobin
concentration (Xz = 43.3, df = 10, P < 0.001), but not a main effect of
azoxystrobin concentration (X2 = 6.4, df = 5, P = 0.269) on rate of
cercarial knockdown. Relative to the 18 °C treatment, the rate of
knockdown was increased by the 24 °C (§ = 3.46 + 0.47,2=7.34,P <
0.001) and 30 °C (p =5.79 +£ 0.51, 2=11.3, P < 0.001) treatments. The
effect of four azoxystrobin concentrations, 44 ug/L, 33 pg/L, and 26 pg/
L, and 5 pg/L, significantly differed across temperatures regimes
(Fig. 4B). Specifically, at these four concentrations, the pesticide-free
control-relative rate of knockdown was significantly higher at 30 °C
compared to cercariae in the same pesticide concentration at 18 °C. This
finding was driven by two contrasting effects — whereas azoxystrobin
treatments at 30 °C tended to increase the rate of knockdown, the same
azoxystrobin treatments at 18 °C tended to decrease the rate of knock-
down (Fig 4A). To explore the interaction between azoxystrobin con-
centration and temperature further, we assessed the interaction while
treating concentration as a continuous variable rather than a categorical
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azoxystrobin concentration
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18 24 30 18 24 30 18 24 30 18 24 30

Temperature (°C)
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Fig. 4. Plot of coefficients + 95% CI from mixed effects Cox proportional
hazards regression model comparing time active (time-to-knockdown) of Echi-
nostoma trivolvis cercariae across six azoxystrobin concentrations at three tem-
peratures. Panel A represents the effects of each azoxystrobin treatment relative
to the effect of temperature alone (i.e., 0 pg/L treatment). Coefficients are
mean-centered and faceted by temperature treatment. Azoxystrobin treatments
within each temperature facet sharing lower case letters are not significantly
different from each other (P < 0.05). Panel B represents the interaction between
temperature and azoxystrobin treatment and shows the coefficient of each
azoxystrobin concentration relative to the 0 ug/L treatment at each temperature
(i.e., horizontal dashed lines in Panel A). Coefficients within each azoxystrobin
treatment facet sharing lower case letters are not significantly different from
each other (P < 0.05).
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factor. This analysis yielded a qualitatively similar result — a negative
relationship between azoxystrobin concentration and rate of knockdown
at 18 °C (B = —0.233, 95% CI = —0.355 to —0.112) and a positive
relationship between azoxystrobin concentration and rate of knockdown
at 30 °C (f = 0.194, 95% CI = 0.076 to 0.312).

4. Discussion

The effects of pesticide exposure on wildlife depend upon environ-
mental context (Relyea and Hoverman 2006). However, ecotoxicologi-
cal assays typically occur under standardized laboratory conditions,
making predicting the effects of pesticides across a range of ecologically
relevant conditions difficult. Here, we assessed how temperature affects
the toxicity of three pesticides to the free-swimming cercarial stage of
Echinostoma trivolvis. As expected, higher temperatures caused cercariae
to cease swimming activity earlier, likely due to an increased rate of
energy expenditure. Atrazine, azoxystrobin, and carbaryl were directly
toxic to cercariae and increased the rate of knockdown in at least one
concentration, but not necessarily in a predictable dose-dependent
manner. Finally, the temperature at which pesticide exposure occurred
affected its toxicity to cercariae. This interaction between temperature
and pesticide exposure was most apparent in the azoxystrobin expo-
sures, where azoxystrobin tended to increase the rate of knockdown at
30 °C but decrease the rate of knockdown at 18 °C relative to their
respective control treatments.

Cercariae exposed to azoxystrobin at 18 °C tended to remain active
longer relative to the pesticide-free control. In contrast, cercariae
exposed to azoxystrobin at 30 °C tended to remain active for a shorter
time relative to the pesticide-free control. This finding demonstrates that
the effect of some pesticides can be difficult to predict from toxicity trials
at a standardized temperature, as the magnitude and direction of the
effect of a pesticide can shift across a range of biologically relevant
temperatures. Strobilurin fungicides, which act on the respiration
pathway in the mitochondrial membrane of fungi and prevent ATP
formation, are highly toxic to many organisms, including aquatic in-
vertebrates like Daphnia spp. and copepods (Warming et al., 2009;
Wijngaarden et al., 2014). Warming et al. (2009) found azoxystrobin
exposure affects respiration in Daphnia magna, affecting energy meta-
bolism. Cercariae also rely on aerobic respiration to convert stored
glucose to ATP (Bruce et al., 1971); therefore, a disruption to respiration
is likely to affect cercarial swimming activity significantly. One potential
explanation for the contrasting effects of azoxystrobin on cercariae at
different temperatures is that at low temperatures (when energy demand
is relatively low per unit time), the degree to which azoxystrobin re-
duces the efficiency of respiration is not strongly limiting and results in a
slightly reduced rate of energy expenditure that reduces swimming
speeds, extending the time spent swimming. At high temperatures,
however (when energy demand per unit time is high), the disruptive
effect of azoxystrobin on respiration may significantly increase the rate
of anaerobic respiration, causing a build-up of lactic acid that reduces
the lifespan of the cercariae (Rodrigues et al., 2013). The reduced sol-
ubility of oxygen at higher water temperatures may exacerbate this ef-
fect. Our findings suggest that increasing temperatures that will occur
with anticipated climate changes will increase the negative effects of
strobilurin fungicides on free-swimming parasite stages and highlight
the importance of testing the toxicity of pesticides at temperatures that
reflect a realistic range of conditions.

Previous studies at room temperature (20 — 24 °C) have demon-
strated toxicity of atrazine to cercariae at 200 ug/L (Koprivnikar et al.,
2006; Rohr et al., 2008) but not 20 ug/L (Koprivnikar et al., 2006). In the
present study, the toxicity of atrazine to cercariae was
temperature-dependent. Although all of the atrazine concentrations
tended to increase the rate of knockdown in the treatment closest to
room temperature (24 °C), none of them significantly differed from the
control treatment. At 30 °C, however, the effects of the atrazine treat-
ments on cercariae rate of knockdown were more variable, with both the
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21 and 178 pg/L atrazine treatments increasing the rate of knockdown.
Additionally, in the 178 ug/L atrazine treatment, the cercariae exposed
at 30 °C tended to cease swimming activity faster than those exposed at
18 °C, relative to the control treatment at each temperature. This result
was driven mainly by the increased negative effect of the atrazine
treatment on cercariae at 30 °C. These findings suggests that atrazine
may be more toxic to cercariae at higher temperatures and that toxicity
tests at room temperature may underestimate its effects on cercariae,
especially in agricultural regions at lower latitudes (i.e., warmer cli-
mates). Interestingly, the cercariae did not exhibit clear dose-dependent
responses to atrazine at any temperature. Hua et al. (2016) also found
that echinostome cercariae did not exhibit a dose-dependent response to
pesticides, and the response tended to plateau as concentrations
increased. Non-monotonic dose-response relationships are frequently
reported for endocrine-disrupting compounds such as atrazine with
hypothesized mechanisms including cytotoxicity, negative feedback,
receptor down-regulation, selectivity, or competition (Vandenberg
etal., 2012; Lagarde et al., 2015). Since most of this work has focused on
free-living species, future work examining the mechanism underlying
this effect in parasites would be valuable. Additionally, given that some
pesticides, such as atrazine (Koprivnikar et al., 2006), show interspecific
differences in their effects on cercariae, it will be important to test how
its toxicity interacts with temperature for other trematode species.

Responses of cercariae to carbaryl most closely resembled a dose-
dependent response, with cercariae tending to display sensitivity at
the highest tested concentrations across all three temperature treat-
ments. Given that it is rare for carbaryl concentrations in surface water
to reach the concentrations used in the present study, it is unlikely that
carbaryl causes significant mortality to echinostome cercariae in natural
settings. This result agrees with previous studies that have demonstrated
that acetylcholinesterase inhibiting insecticides typically have minimal
effects on the cercariae of echinostomes and other species except for at
very high concentrations (Rohr et al., 2008; Hua et al., 2016; Jones et al.,
2020). We also found that the effect of the 513 pg/L carbaryl treatment
differed across temperature treatments, slightly increasing the rate of
knockdown at 24 °C and slightly decreasing the rate of knockdown at
30 °C. It is worth noting that there is a qualitatively similar pattern of
elevated toxicity of carbaryl at 24 °C in the 497, 667, and 668 pg/L
carbaryl treatments. This suggests that there may be a unimodal
response of cercariae to carbaryl exposure across a realistic range of
temperatures, but a larger sample size is needed to tease apart these
effects.

5. Conclusions

Studies on how pesticides impact hosts and parasites across a range
of ecologically relevant conditions are necessary to understand how
pesticide contamination affects patterns of infectious disease. We
demonstrated that temperature can significantly influence the effects of
pesticides on free-swimming parasite stages. The effect of azoxystrobin
on cercariae shifted directionally across temperatures, increasing the
time to knockdown at 18 °C and decreasing the time to knockdown at
30 °C. Although pesticide exposure has been found to increase the life
span of cercariae in other studies, these findings were the result of
pesticide-induced paralysis, making cercariae “functionally dead” since
they could no longer seek out a host (Jones et al., 2020). Future studies
should integrate measures of swimming speed (e.g., Selbach and Poulin
2018) to better understand better how exposure to azoxystrobin and
other pesticides influences host-searching behavior and swimming
speeds. Additionally, future studies that assess the net effects of pesticide
exposure on patterns of host infection across a range of temperatures
will help inform how host-parasite interactions will change with the
warming global climate.
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