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Abstract

An increasing number of studies have found tolerance variation in populations consistently exposed to contaminants, but few
studies have examined whether these laboratory-derived estimates of tolerance have survival implications in field conditions.
We examined four populations of the mayfly Stenacron interpunctatum for variation in tolerance to the common agricultural
insecticide clothianidin. Using laboratory bioassays, we found a 2.3x range in 96 h EC50 tolerance values to clothianidin
between our four populations. We then conducted a common-garden experiment with nymphs from each population placed
into the collection stream most heavily impacted by upstream agricultural activities to assess whether our laboratory
tolerance estimates predict survival under field conditions. We monitored survival and growth in situ for three weeks during
the spring planting season, when clothianidin is applied to croplands upstream of our study site. While growth was similar
across all groups, the most tolerant population, which was native to the impacted stream, had higher survival than the more
sensitive populations. This suggests that population-level variation in contaminant tolerance as measured in laboratory
bioassays could have real-world survival implications for sensitive aquatic macroinvertebrates in contaminated streams.
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Introduction

The deleterious effects of human-produced contaminants on
the abundance and diversity of aquatic biota is well-known.
Globally, 34% of accessible fresh water is diverted for use
in agriculture, industry, or municipalities resulting in the
addition of 300 million metric tons of synthetic organic
compounds to downstream waters (Schwarzenbach et al.,
2006, 2010; Stone et al., 2014). These contaminants can be
directly toxic to sensitive organisms and also have sublethal
impacts on growth, behavior, and development (Relyea
et al., 2005; Beketov and Liess, 2008; Kohler and Triebs-
korn, 2013; Rumschlag et al., 2019). For instance, fertilizers
can create eutrophic conditions and shift community
structure in aquatic ecosystems (Woodward et al., 2012).
Likewise, herbicides can impact aquatic plant growth and
can interfere with amphibian growth and reproduction
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(Larson et al., 1998; Cedergreen and Streibig, 2005; Hayes
et al., 2010). At the community level, the loss of sensitive
taxa can result in trophic cascades within stream ecosystems
(Englert et al., 2012; Finnegan et al., 2018). However, there
is also evidence that in some cases sensitive taxa may
persist despite contaminant effects by increasing their tol-
erance to contaminant exposure, often called evolved tol-
erance (Brady and Richardson, 2017; Brady et al., 2017).
Evolved tolerance occurs when the lethal or sublethal
effects of contaminant exposure create a selection pressure
on an organism that has heritable variation in its sensitivity
to the contaminant (Hua et al., 2015; Nacci et al., 2016).
Those individuals with higher tolerance to the contaminant
survive at higher rates and pass their tolerance on to future
generations, resulting in a more tolerant population (Mon-
tagna et al. 2012). While there are sometimes energetic
consequences to evolving greater tolerance (Heim et al.,
2018), if the benefits of increased tolerance outweigh the
costs, then evolved tolerance can persist (Jayasundara et al.,
2017; DiGiacopo and Hua 2020), although this can lead to
reduced genetic diversity (Sever et al. 2020; Svara et al.,
2022). Evolved tolerance is usually described in the context
of pest species that display increased tolerance to routine
use of target pesticides, which results in less effective pest
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control and thus reduced yields for agriculture (Gut et al.,
2007; Jansen et al., 2011; Hawkins et al., 2019).

Beyond pest species, evolved tolerance has also been
observed in wild non-target populations that are inad-
vertently exposed to contaminants (Brausch and Smith,
2009; Montagna et al., 2012; Dunlop et al., 2018). Most
observed cases are in model species easily caught and raised
for bioassays like the crustaceans Daphnia magna or
Gammarus pulex (Brady et al., 2017; Shahid et al., 2018).
In the crustacean Hyalella azteca, resistance to pyrethroids
has been shown to persist in a population even after
22 months in a pesticide-free culture, indicating the resis-
tance was heritable (Weston et al., 2013; Heim et al., 2018;
Sever et al., 2020). Evolved tolerance is also seen in
amphibians, with populations from ponds that are closer to
agricultural fields having higher tolerance to pesticides,
implying a link with the frequency of exposure (Cothran
et al., 2013). With abundant evidence that evolved tolerance
can occur in non-target organisms, there is a need to take the
next step to understand the real-world implications for
stream organisms and ecosystem health (Becker and Liess,
2017; Amiard-Triquet, 2019).

Many ecotoxicological studies of evolved tolerance,
including those listed above, involve laboratory bioassays
on wild-caught specimens from a single population exposed
to a single contaminant of interest in a controlled setting.
While these studies are beneficial for their ability to
examine specific toxicants at specific concentrations, they
often use contaminant concentrations higher than are
observed in the environment and, appropriately, expose
organisms in a highly controlled way which may only
loosely reflect exposure in a natural system (Skelly and
Kiesecker, 2001). These experiments also exclude the full
variability of environmental conditions, often looking at
only a few factors at a time and thus missing potential
interactions between stressors (Berghahn et al., 2012; van
Dijk et al., 2013). To understand how evolved tolerance
develops in wild systems, we need to link our laboratory
studies with field experiments to see if the population-level
differences in pesticide tolerance observed in lab studies
have implications under real world contaminant exposure
patterns (Becker and Liess, 2017).

We previously used laboratory bioassays to examine ten
populations of Stenacron interpunctatum mayflies for their
sensitivity to the common neonicotinoid insecticide clo-
thianidin, finding a 6.5x range in 96 h EC50s between the
least and most sensitive population (Rackliffe and Hover-
man, 2020). While this range in tolerance suggests that
some populations may be adapting to pesticides more than
others, it remains unknown whether these population-level
differences in tolerance have survival benefits in real-world
conditions or if they represent a heritable evolutionary
response or an acclimatization response. Our goal was to
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assess whether population-level differences in pesticide
sensitivity determined from a laboratory bioassay to a single
contaminant could predict population responses when under
real-world conditions. We used the same mayfly species, S.
interpunctatum (Say 1839), as our previous study as it is a
relatively sensitive species that remains widespread in
heavily impacted streams of the midwestern United States
(Lewis 1974; Chang et al., 2014; Rackliffe and Hoverman
2020). We conducted additional bioassays using clothiani-
din on four populations that showed significant variation in
tolerance in our earlier study. We then collected specimens
from the four populations and placed them in cages at one
of the collection sites, which was a stream embedded in an
agricultural landscape. This site, Little Pine Creek, receives
high loads of agricultural contaminants during the spring
planting season (Rackliffe and Hoverman, 2020), similar to
other streams in the region (Douglas and Tooker, 2015;
Hladik et al., 2018). We hypothesized that populations
showing lower tolerance to clothianidin would experience
impaired growth or greater mortality when exposed to the
impacted stream compared to populations that showed
higher tolerance to clothianidin.

Methods
Collection sites

Our S. interpunctatum mayfly populations came from four
streams that drain agricultural landscapes in Indiana, USA.
Three streams; Little Pine Creek, Wildcat Creek, and Bur-
nett’s Creek; are in northern Indiana within a 20 km area in
Tippecanoe County, where 73-80% of the land area in their
watersheds is planted as corn or soybean crops based on
2016 Indiana land use data from the state GIS portal
(IndianaMap). Each collection site has a distinct watershed,
with none of them upstream from another site or adjacent to
the watershed of another site. The closest two watersheds
are 5 km apart with two watersheds between them. Down-
stream, the three watersheds each connect in the Wabash
River. The fourth collection site; the Muscatatuck River;
was 200 km south of the other sites and has 38% of its
watershed under corn or soybean cultivation (Table 1). We
collected mayfly nymphs from each site by manually
picking them off stream rocks with soft forceps within five
days of starting the experiments. They were held in buckets
of their water of origin with an aerator in a temperature-
controlled environmental chamber until each of the four
population samples were collected. One of the collection
streams, Little Pine Creek, served as the location of the
common garden experiment. This stream is small and
wadable with a silty bottom and slow current approximately
0.66 m deep at the deepest part during base flow. It has
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Table 1 Collection site details for the four Stenacron interpunctatum populations

Population Collection site Watershed percent
agriculture (size in

hectares)

96 h, EC50 (95% CI)

Site description

Little Pine Creek
(common
garden site)

Burnett’s Creek

40.445829-87.069674 80.4% (6800)

40.522027-86.885723 76.1% (4200)
Muscatatuck River 38.975185-85.609712 38.6% (51,900)

Wildcat Creek 40.439418-86.830574 73.0% (207,100)

24.47 pg/L (14.17-32.9)
13.89 pug/L (8.88-19.06)

13.57 pg/L (7.97-19.47)

31.17 pg/L (18.65-44.23) Small, slow creek with heavy upstream

agriculture, very silty, channelized

Small, shaded creek, mixed agriculture and
residential, channelized, silty

Lager creek, Southern site. Less agriculture,
very sinuous with rocky and silty patches.

Larger creek, heavy agriculture, higher
sinuosity, rocky

Population indicates the name of the water body where specimens were collected. Percent agriculture indicates the proportion of land in the
watershed above the collection site that was under cultivation for either corn or soybeans in 2016, with the upstream watershed area in
parenthesis. We calculated 96 h EC50s for clothianidin for each population using specimens collected two weeks prior to the experiment. The
95% confidence intervals were calculated using 10,000 bootstrap simulations

forested banks and was immediately upstream from a
highway bridge resulting in partial shade. Of our study sites,
it has the largest percentage of the watershed land area
under agricultural use and the most tolerant mayfly popu-
lation based on our bioassays (Table 1).

Bioassays

Two weeks prior to beginning the common garden experi-
ment, we collected samples of each population and per-
formed median effective toxicity bioassays (EC50) over
96 h with the neonicotinoid clothianidin. These bioassays
were used to assess the relative sensitivity of our popula-
tions. We used clothianidin because it is highly toxic to
insects, commonly used on the major crops in the area, and
we have detected it at higher concentrations in our study
creek than any other insecticide (Hladik et al., 2014;
Rackliffe and Hoverman, 2020). We used aquatic larvae for
each bioassay, with 10 individuals separately exposed in
100 mL of water per treatment of five concentrations of
technical grade clothianidin (Chem Service Inc West Che-
ster, PA): 6, 13, 36, 67, and 124 pg/L and a control. Thus,
each exposure was replicated 10 times and 60 total animals
were used. The effect of the pesticide was determined by
either death or paralysis within 96 h. This procedure fol-
lowed our previous study with this species (Rackliffe and
Hoverman, 2020).

To calculate 96 h EC50s for each population, we fit our
data to a probit model using package /me4 in R (Bates et al.,
2015) in RStudio v1.3.1093 for Windows (RStudio Team,
2020). For each population’s EC50, we used a GLM with
affected individuals as the response variable and con-
centration as the explanatory variable with a binomial
family and a probit link function to calculate EC50 values.
We then used 10,000 bootstrapping iterations to calculate

the 95% confidence intervals for each EC50 value. We also
compared between sites by combining the response data for
all sites in a single GLM model and including site as a
covariate. We then conducted a Chi-squared test on that
model to test for among-populations differences.

Common-garden experiment

We used 10 mayflies for each experimental unit with 10
replicates for a total of 100 mayflies from each population
and placed them in the study stream on 7 May 2020 fol-
lowing a common-garden style experiment. Prior to place-
ment, the aerated buckets holding the mayflies were given a
minimum of 1 h to acclimate to the stream temperature by
placing them in the stream. We counted and verified iden-
tification of 10 mayflies and placed them in a white tray
with a ruler to be photographed before adding them to each
experimental unit. Experimental units were plastic cylinders
with 1 mm mesh covering the top and bottom of the con-
tainer so that stream water could easily flow through them.
The cages were randomly assigned inside concrete cinder-
blocks, restrained with mesh, and completely submerged in
the stream parallel to the bank in about 30 cm of water.
Every seven days we removed the mayflies from the cages,
placed them in the white tray to be photographed, counted
the survivors, then returned them to the cages and the
stream. We did not feed the mayflies as they had access to
the stream water. On 4 June 2020, we noticed some of the
mayflies emerging as adults. Being unable to distinguish
between mortality due to emergence vs mortality due to
stream conditions, we used only the data up to May 28 for
our analysis, prior to the mayflies reaching their final instars
and subsequent increase in emergence rate.

We used our photographs of the nymphs in the scaled
white trays to measure the length of each mayfly nymph
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using the software ImageJ (Schneider et al., 2012; Rasband,
2015). Length was defined from the tip of the head to the
base of the abdomen. Mayfly length was compared using
the mean length per cage in a one-way ANOVA on popu-
lation. Sizes were compared between populations for each
week independently. When normality was violated for a
week (weeks 0-2), we transformed the data for that week
using a Tukey Ladder of Power from package rcompanion
(Mangiafico, 2021). We analyzed the survival of the may-
flies between populations and over time using a two-way,
between-within (mixed) ANOVA using the R package
rstatix (Kassambara, 2021). We found several violations
(normality, homogeneity of variance, homogeneity of cov-
ariance, and sphericity) of ANOVA assumptions that we
attempted to correct using a transformation of x**? from
the Tukey Ladder of Powers. This corrected some, but not
all, of our violations. So, we additionally ran a Wilcox
robust mixed ANOVA without trimming means on the
transformed data using the command “bwtrim” in the
package WRS2 (Mair and Wilcox, 2020). We used one-way
ANOVAs and pairwise T-tests on the mixed ANOVA and a
robust bootstrap group comparison test on medians with
2000 iterations for post hoc comparisons. We ran an addi-
tional robust bootstrap comparison test that included our
starting sample size on May 7 to better analyze population
changes over the full experiment.

Temperature, planting, and pesticide monitoring

We placed a HOBO temperature logger (Onset, Bourne,
MA) on a cinder block in the center of our cages to record
water temperature during the experiment. Planting progress
for the upstream watershed came from the USDA National
Agricultural Statistic Service, which reports weekly state-
wide progress in the planting of major crops. As our study
site is in the northern part of the state, the planting progress
lags slightly behind the statewide average reported by the
USDA. We assessed the impact of rain events on stream
flow, and thus pulses of pesticide exposure, by monitoring
the USGS stream gage (#033356848) on Big Pine Creek,
which is 16 km due west of our study site. While the flow in
Big Pine Creek exceeds Little Pine Creek due to the larger
watershed, we consider the temporal patterns of high-flow
events to be reflective of the local conditions.

We monitored clothianidin loads at the study site during
the experiment by taking grab water samples from the
surface of the moving creek where the water was well-
mixed. While we have detected other pesticides at this site
previously (e.g., carbaryl, thiamethoxam, metolachlor,
atrazine), we focused on clothianidin because it was the
most abundant insecticide we detected and reasoned it
would have the strongest effect on mayflies based on our
previous work (Rackliffe and Hoverman, 2020).
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Furthermore, as in-stream concentrations of clothianidin are
driven by rain events, concentrations of other contaminants
are likely to spike at the same time. We sampled weekly and
focused additional sampling during rain events. In all, we
collected 9 water samples during our three-week study
period in 50 mL falcon tubes, which were frozen and stored
in the dark until they could be analyzed by the Purdue
University Bindley Bioscience Center. For chemical testing,
15 mL of water was spiked with an internal standard and
then extracted through 3 cc Oasis SPE cartridges (Waters
INC, Milford, MA, USA). We then used QQQ LC/MS to
measure the concentrations. This same method was used to
verify the clothianidin concentrations used in our EC50
bioassays.

Results
96h EC50s

Our clothianidin 96 h EC50 estimates for our four popula-
tions showed a gradient from the most sensitive at Wildcat
Creek (96 h EC50 =13.57 ug/L, 95% CI=7.97-19.47) to
least sensitive at Little Pine Creek (96 h EC50 =31.17 png/L,
95% CI=18.65-44.23; Table 1). Overall, we found sig-
nificant differences among the four populations (X> = 8.08,
df =3, p=0.044) with the GLM indicating that Wildcat
Creek (p=0.026) and Muscatatuck River (p =0.03)
populations were more sensitive than Little Pine Creek.

Environmental Conditions

We found that clothianidin concentrations in Little Pine
Creek averaged 0.20 ug/L (SE =0.04, n=09). There was
one major rain event during the three-week period on May
19, which is readily visible in the stream gage data. The
highest clothianidin concentration detected was 0.41 pg/L
following that rain event. Smaller rain events occurred May
10, May 14, and May 25 and are visible as a slight decline
in temperature (likely due to cloud cover) but did not
increase stream flow. Stream temperature gradually
increased during the experiment (Fig. 1). Planting of corn
and soybeans also increased during the experiment from the
statewide estimate of 28% of fields planted on May 4 to
82% on May 31 (Fig. 1).

Field experiment

After transforming the non-normal data, we found no dif-
ferences in mayfly length between populations (Week O:
F336=2.56, p=0.07, week 1: F5 57 =0.12, p = 0.95, week
2: F334=0.24, p=0.87, week 3: F33,=2.61, p=0.07).
However, all populations increased in size over the course



Population-level variation in pesticide tolerance predicts survival under field conditions in mayflies 1481

o
o

A r 1200

o
> @
2 B @
c 04 | A C!othlanldln A r 10003
] —e—Discharge 2
s L 800 &
£ 03 | s
o Q
c r 600 g
Q [o)
O 02 t =
% r 400 @
c
0.1 [
2 F 200
5
o 0 T T T 0
100% - 25
—e— Planting Progress
__80% Temperature _f2 £
: / )
2 =
® 60% ~ Fr15 2
g’ ° — ot
o / cg'
g’ 40% / r 10 ]
E 3
T g
20% 5 &
s}
0% T T T 0
7-May 14-May 21-May 28-May

Fig. 1 A Clothianidin concentrations in Little Pine Creek measured
during the experiment and stream discharged measured at midnight
daily in the nearby Big Pine Creek at USGS stream gage #033356848.
As Big Pine Creek is larger, the magnitude of the flow differs from
Little Pine Creek but the temporal patterns are driven by the same
weather events. B Temperature was measured hourly by a HOBO
sonde in the creek and the daily average is presented here. Planting
progress is the statewide average for Indiana as reported by the USDA
Agricultural Statistics service and is the combined corn and soybean
crop, which are the most abundant crops in the area

of the experiment suggesting that they were able to obtain
food from access to stream water (Fig. 2). Furthermore,
noticeable emergence after 4 June 2020 in all populations
indicated experimental conditions allowed for growth and
development.

Using a traditional mixed ANOVA on our transformed
survival data with a Huynh-Feldt correction (HF € = 0.83),
we found there was no population effect (F 335=1.6,
p=0.21, n2 =0.11), but there was an effect of time
(F17596 =054, p<0.001, n2 =0.15) and the interaction
(Fs0506 = 2.4, p=0.049, 2 = 0.02). To explore the inter-
action, we divided our dataset by week and examined the
effects of populations on survival. On May 14, we found
survival was higher in Little Pine Creek compared to
Wildcat Creek (p = 0.037). On May 21, survival was higher
in Little Pine Creek compared to Burnett Creek (p = 0.035).
On May 28, there were no differences between the popu-
lations (Fig. 3).

Wilcox’s robust mixed ANOVA on the transformed data
confirmed the traditional analysis by finding no effect of
population (Q 3196 = 2.0, p = 0.15) but still an effect of time
(Q 2280=42.6, p<0.001) and the interaction (Q ¢ 203 = 4.5,
p=0.004). The robust bootstrap post-hoc comparisons
indicated significant comparisons overall (p = 0.026) but do
not identify specific comparisons, rather it indicates relative
effect size for each comparison. This test indicated declining

Mean Mayfly Length (mm)
~

5 T T T
14-May 21-May 28-May
Burnett Creek — — Wildcat Creek ——Muscatatuck River

7-May
~~~~~~ Little Pine Creek

Fig. 2 The mean length of Stenacron interpunctatum nymphs per
experimental unit from the four populations used in the experiment as
assessed using weekly photographs. Error bars indicate the standard
error. Note that the y-axis starts at 5 mm to better show the data range
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~~~~~~ Little Pine Creek Burnett Creek — — Wildcat Creek ——Muscatatuck River

Fig. 3 Survival of Stenacron interpunctatum nymphs from four source
populations over three weeks of exposure to Little Pine Creek. Error
bars indicate the standard error across the ten replicate cages. Note the
y axis begins at 40% survival to better show the data

survival in the Muscatatuck River population from May
14-28. The test from May 7-28 was also significant
(p =0.013) and indicated higher survival in Little Pine Creek
compared to other creeks.

Discussion

Adapting to anthropogenic contaminants is an opportunity
for sensitive populations to persist and perhaps recover in
environments that have been heavily impacted (Brady et al.,
2017). Understanding how this adaptation develops in real-
world settings, whether through acclimatization to previous
exposures or heritable traits passed on from previous gen-
erations, will help us allocate conservation resources and
adapt biomonitoring programs to account for current
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sensitivities (Becker and Liess, 2017). Our experiment
assessed the consequences of population-level differences
in pesticide tolerance on survival within a heavily impacted
system. We found that the population that was native to our
common garden stream and possessed the highest level of
clothianidin tolerance under laboratory conditions had the
highest rates of survival in our common-garden experiment.
This provides support for our hypothesis that populations
more tolerant to clothianidin would survive better in a
heavily contaminated stream. Our stream experienced a
strong pesticide pulse (max 0.41 ug/L clothianidin) during
our experiment, which was consistent in magnitude to
pulses we have measured in previous years (Rackliffe and
Hoverman, 2020), suggesting that similar pulse/con-
taminant dynamics are likely to occur in future years and in
similar streams embedded in agricultural landscapes.

We found an interaction between time and population
suggesting that populations varied in their survival over
the course of the experiment, although the difference
between populations was low. This is not surprising as the
difference in sensitivity between the least tolerant and
most tolerant populations as indicated by the EC50s was
only 2.3x. Additionally, there is uncertainty inherent to
field studies due to interactions with the environment,
which can dampen effects observed in laboratory studies
(Mertz and McCauley, 1980; Skelly and Kiesecker, 2001).
A study incorporating populations with a wider range of
tolerance values may find stronger effects. Interestingly,
the interaction effect seems largely driven by higher sur-
vival rates in the native Little Pine Creek population,
while the other three populations survived at similar rates
to each other. This could be explained by the greater
tolerance that Little Pine Creek mayflies had to clothia-
nidin as we hypothesized, but there are other factors to
consider. For instance, we have also detected traces of
other neonicotinoids, carbaryl, metolachlor, atrazine, deet,
and other pesticides in Little Pine Creek (Rackliffe and
Hoverman, 2020). We did not assess sensitivity to these
other contaminants or their possible mixtures. It may be
that each population varies independently in sensitivity to
each contaminant and so our observed effect is the com-
bination of the impacts of each contaminant. The con-
taminant mixtures likely interact with the physical and
chemical conditions of the creek, which can also induce
an adaptive response by native populations (Eliason et al.,
2011; Camp and Buchwalter, 2016; Macaulay et al.,
2021). Thus, the increased survival of the native popula-
tion may be due to adaptation to the combined suite of
local conditions rather than just clothianidin or just pes-
ticides. A review of 500 evolutionary studies found that
populations often adapt to local conditions and that this
local adaptation often softens broader ecological patterns
(Urban et al., 2020). Either way, local evolution is a
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potential explanation for the differences we found
between mayfly populations.

However, we must also acknowledge alternative expla-
nations for our results. While the population with the
highest EC50 did survive at the highest rates, it was also the
native population to the experimental conditions. It is pos-
sible that the local population had adapted to other envir-
onmental factors within the stream that deleteriously
effected the other populations. As one would expect with a
real-world experiment, there were many uncontrolled fac-
tors, natural and artificial, such as water temperature, con-
ductivity, pH, other contaminants, photoperiod, or available
food types that could benefit the local population over the
non-local populations. Because of the design of our
experiment, we must use caution in attributing the differ-
ences in survival to evolved tolerance or heritable resistance
to clothianidin. As it was beyond our resources to conduct
genetic analysis or investigate multiple generations of
organisms, our patterns could be produced by acclimatation
to the contaminants through previous exposures during
earlier life stages of the mayflies.

While we found no differences in growth rate between
our populations, there may be other sublethal effects of
pesticide exposure that we did not measure. Our experiment
ended when emergence began to affect our specimens.
Future studies could incorporate a malaise trap into the cage
design to allow the capture and quantification of emerging
insects. Delayed emergence (18-25 d) due to exposure to
similar concentrations of neonicotinoids (0.5 pg/L) has also
been documented in other aquatic insects like Chir-
onomidae and Zygoptera (Cavallaro et al., 2018). Previous
studies have also shown that chronic exposure to insecti-
cides like clothianidin can alter emergent body size in
mayflies, even at concentrations as low as 0.1 pg/L, which is
the lowest concentration of clothianidin we detected in the
stream during our study and may represent the baseline
concentration for this creek (Alexander et al., 2008). Such
chronic sublethal effects could contribute to the evolution of
tolerance in contaminated streams.

Evolved tolerance has been observed in fish (Nacci et al.,
2010), amphibians (Hua et al., 2015; Brady et al., 2017),
crustaceans (Anguiano et al. 2017), dipterans (Montagna
et al.,, 2012), and many other insects (Becker and Liess,
2017). However, few studies have explored whether the
observations from laboratory studies translate to patterns
that would occur under field conditions. While we cannot
definitively attribute our population-level variation to
evolved tolerance, our study does suggest that even small
differences in tolerance measured in a laboratory can have
real-world survival implications for organisms especially
when their sensitivities are close to environmental con-
centrations of contaminants. Evolved tolerance will not
likely occur for every species or every contaminant
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scenario, yet adaption can help sensitive species persist
despite contamination. However, it can be misinterpreted by
those making habitat or contaminant assessments. For
instance, in biomonitoring programs, the relative sensitivity
of taxa to contaminants is assumed to be constant across
populations. However, populations of a sensitive species
that evolve tolerance to common contaminants would be
expected to persist even as water quality declines below the
species’ presumed tolerance range. This can result in a
biomonitoring conclusion that overlooks the decline in
water quality (Brady et al., 2017). Regulators may allow
higher environmental contaminant loads in streams due to a
few populations of key species with evolved tolerance while
more sensitive species that have not evolved tolerance face
increased risk (Becker and Liess, 2017). We need to watch
for adaptive responses and account for them as we monitor
the environmental impacts of contaminants.
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