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Project Summary

Imidacloprid is an insecticide that is currently being widely applied to hemlock (Tsuga
spp.) stands in the eastern United States to reduce mortality caused by the exotic invasive insect
hemlock woolly adelgid (Adelges tsugae). While this management strategy is effective for
hemlock conservation, few studies have examined non-target effects of applying imidacloprid in
hemlock systems. Our project investigated potential sublethal effects on stream salamanders of a
real world imidacloprid application program in the National Parks of Southern West Virginia,
USA. Specifically, we sought to understand if stress hormone levels (i.e., corticosterone level)
for Northern Dusky Salamanders (Desmognathus fuscus) and Seal Salamanders (Desmognathus
monticola) were correlated with presence and concentration of imidacloprid. Corticosterone
(CORT) is a hormone released in response to unexpected stimuli to maintain homeostasis. The
CORT-fitness hypothesis predicts that lower baseline levels of CORT indicate a healthier
animal. Thus, we would expect that if exposure to imidacloprid in real world concentrations
negatively affects salamander health, this would be detectable as higher baseline levels of
CORT.

All CORT sampling field work was completed in 2017. We collected CORT samples
from 121 Northern Dusky Salamanders and Seal Salamanders, sampling treated and untreated
sections of 7 streams. Corticosterone levels were quantified by the Endocrine Technologies Core
Team at the Oregon National Primate Research Center, Beaverton, Oregon, USA. Imidacloprid
concentration at sampling sites was quantified using ultra-performance liquid chromatography-
tandem mass spectrometry (JUP] LC-MS/MS).

Concurrent research by our team investigated additional potential sublethal effects of
imidacloprid exposure on aquatic organisms, including bioaccumulation of the pesticide in
Desmognathus spp. and benthic macroinvertebrates, and relationships between imidacloprid
exposure and salamander body condition. For this report, we integrated our stress hormone
investigation with these additional project components. This report represents Chapter 2 from
Crayton, S. M. 2019. Stream salamander and benthic macroinvertebrate community responses to
imidacloprid exposure. Thesis, West Virginia University, Morgantown, West Virginia, USA.



BIOACCUMULATION OF THE PESTICIDE IMIDACLOPRID IN STREAM
ORGANISMS AND SUBLETHAL EFFECTS ON SALAMANDERS

ABSTRACT

The insecticide imidacloprid is widely used to mitigate hemlock (Tsuga spp.) mortality resulting
from the invasive hemlock woolly adelgid (HWA; Adelges tsugae), but evidence suggests that
imidacloprid can have negative impacts on adjacent stream systems. Laboratory studies have
shown that imidacloprid bioaccumulates in anurans and spotted salamanders and causes
sublethal effects, but no studies have investigated whether salamanders or insects in streams
adjacent to HWA treatments can bioaccumulate imidacloprid. We collected Desmognathus spp.
from seven streams directly adjacent to HWA treatments and four streams not adjacent to HWA
treatments in West Virginia. We also collected benthic invertebrates from 15 streams adjacent to
HWA treatments. We assessed the effect of imidacloprid exposure and imidacloprid
bioaccumulation on levels of the stress hormone, corticosterone, and body condition indices
(BCI). Of 107 tested salamanders, we detected imidacloprid bioaccumulation in the tissues of 14
Desmognathus spp. and the metabolite imidacloprid-olefin in the tissues of 19 Desmognathus
spp. for a total of 29 individuals with one or both chemicals. Of 15 tested benthic invertebrate
samples, we detected imidacloprid bioaccumulation in 15 samples and imidacloprid-urea in 13
samples. The top model for corticosterone included additive effects of species, sex, and number
of imidacloprid applications in adjacent treated stands, and corticosterone levels increased with
an increasing number of imidacloprid applications adjacent to the stream. The top model for BCI
contained concentration of imidacloprid in stream water as a predictor, and BCI decreased with
increasing imidacloprid concentration. This study provides strong evidence that salamanders and
stream invertebrates bioaccumulate imidacloprid which leaches from HWA treatments and that

imidacloprid is associated with sublethal effects in salamanders.

1. INTRODUCTION

Eastern hemlock (Tsuga canadensis) and Carolina hemlock (T. caroliniana) are
ecologically important tree species in eastern North America that provide unique microhabitat
conditions used by diverse invertebrate and vertebrate taxa (Becker et al. 2008, Ellison 2014,

Snyder et al. 2002, Tingley et al. 2002). Hemlock trees exert a strong influence on the abiotic



environment by creating deep shade that reduces ground and stream temperatures, and by
producing litter with a slow rate of decomposition, which stabilizes soil moisture levels (Daley et
al. 2007, Hadley and Schedlbauer 2002, Mathewson 2009, Snyder et al. 2002). Hemlock
populations are currently being impacted by the non-native insect hemlock woolly adelgid
(HWA; Adelges tsugae), which has spread to ca. 50% of the geographic distribution of Eastern
hemlock (Havill et al. 2014). In response to substantial mortality observed in infested hemlock
stands (e.g., Krapfl et al. 2011), HWA control programs have been widely implemented on
public lands in the United States (Vose et al. 2013). The most common and effective method of
preventing HWA-induced tree death is application of the neonicotinic insecticide imidacloprid
(Webb et al. 2003). Although neonicotinoids are highly selective for insect nicotinic
acetylcholine receptors (nAChR), many studies have documented effects to health and survival
of vertebrates exposed to this class of insecticides (Gibbons et al. 2015, Hallman et al. 2014,
Matsuda et al. 2001, Yamamoto 1999). Imidacloprid is generally not lethal to adult vertebrates at
concentrations typically found in the environment, but studies have found a variety of sublethal
effects to mammals, birds, fish, and frogs, including effects on reproduction and growth
(reviewed by Gibbons et al. 2015).

North America is a global hotspot for salamander diversity (Yap et al. 2015), particularly
the Appalachian Mountains in the eastern United States (Petranka and Murray 2001). In
headwater streams, salamanders are often the dominant vertebrates in terms of abundance and
biomass (Burton and Likens 1975, Davic and Welsh 2004). Several studies have shown that
imidacloprid can leach from HWA treatments into adjacent streams (Benton et al. 2017,
Churchel et al. 2011, Wiggins et al. 2018), thus potentially exposing stream salamanders to the
insecticide. Research investigating the physiological and ecological consequences of
imidacloprid on salamanders is lacking, but in anurans, exposure to imidacloprid can cause DNA
damage and increased mortality rates (Ade et al. 2010, Feng et al. 2004, Pérez-Iglesias et al.
2014). Additionally, laboratory studies have documented sublethal and lethal effects of
imidacloprid exposure on benthic macroinvertebrates (Alexander et al. 2007, Columbo et al.
2013, Kreutzweiser et al. 2008), which are a major food resource for stream salamanders
(Petranka 1998).

One potential result of exposure to imidacloprid is bioaccumulation of the pesticide.

Measurable levels of imidacloprid were detected in northern cricket frog (Acris crepitans),



eastern narrowmouth toad (Gastrophryne carolinensis), barking tree frog (Hyla gratiosa), and
southern leopard frog (Lithobates sphenocephala) tissues after 8 hours of exposure to
imidacloprid in a laboratory (Glinski et al. 2018, VVan Meter et al. 2014, VVan Meter et al. 2015).
To our knowledge, no studies have investigated whether HWA control programs are resulting in
imidacloprid bioaccumulation in stream salamanders. Additionally, stream salamanders prey on
crayfish and benthic macroinvertebrates (reviewed by Petranka 1998), and thus bioaccumulation
of imidacloprid in stream invertebrates is a potential route of pesticide exposure for salamanders
and other vertebrates.

Sublethal effects of environmental stressors have been associated with hormone level
changes in amphibians, particularly the hormone corticosterone. Corticosterone is a
glucocorticoid hormone produced by the hypothalamus-pituitary-interrenal (HPI) axis that is
associated with reproduction, development, growth, and stress in amphibians (Romero et al.
2004). Corticosterone enables an animal to maintain allostasis when exposed to a stressor by
increasing available energy or causing behavioral changes (McEwen and Wingfield 2003). Long-
term elevation of corticosterone levels induced by chronic stressors can have negative effects,
including suppression of the immune system and growth (Romero et al. 2004). Multiple studies
have documented increases in corticosterone levels in salamanders due to environmental
stressors such as competition for habitat (Cooperman et al. 2004), increased temperature
(Novarro et al. 2018), low moisture (Charbonnier et al. 2018), higher acidity (Chambers et al.
2013), and vernal pool size (Millikin et al. 2019). Similar associations were found in anurans
where corticosterone was elevated in environments with limited food (Glennemeier and Denver
2002), higher anthropogenic disturbance like traffic noise (Troianowski et al 2017), and presence
of environmental contaminants (Hopkins et al. 1997).

In addition to influencing hormone levels, exposure to contaminants can negatively
impact the size, growth rate, and body condition of individuals. For example, exposure to the
herbicide atrazine was associated with smaller sizes and lower weights in Tiger Salamander
(Ambystoma tigrinum) larvae (Larson et al. 1998), reduced Cuban tree frog (Osteopilus
septentrionalis) tadpole snout-vent length (SVL) and mass (Gabor et al. 2018), and decreased
growth rate in Southern Leopard Frogs (Lithobates sphenocephala; Adelizzi 2019). Negative
effects on the health of individuals can ultimately result in population-level declines if they affect

growth, reproduction, or survival rates (Hayes et al. 2010, Willson et al. 2012).



The purpose of this study was to determine if salamanders inhabiting streams adjacent to
HWA treatments are bioaccumulating imidacloprid, and if there are detectable sublethal effects
on individuals. In addition, we assessed bioaccumulation of imidacloprid and its metabolites in
benthic macroinvertebrates at a subset of the study sites. We used corticosterone levels and body
condition indices (BCI) to assess sublethal effects and tested whether they are correlated with
imidacloprid concentration in salamander tissues and stream water at the time of sampling. We
hypothesized that salamanders in streams with imidacloprid would have the chemical in their
body, and that salamander imidacloprid concentration would be positively correlated with
environmental concentration. We also hypothesized that salamanders with higher levels of
imidacloprid in their tissues and salamanders collected from streams with higher imidacloprid
concentrations would have higher levels of corticosterone and lower BCI scores, indicative of

sublethal effects from imidacloprid exposure.

2. METHODS
2.1. Study Sites

This study was conducted in the Monongahela National Forest (MNF) and two units of
the National Park Service (NPS): Gauley River National Recreational Area (GARI) and New
River Gorge National River (NERI) in West Virginia, USA (Fig. 1). Hemlock stands in the MNF
were treated with a single application of imidacloprid in 2014 or 2015. Hemlock stand treatments
in NPS units began in 2006 and have continued annually, including repeated applications at 10 of
the sampling locations. We did not select NPS treatment sites if the last treatment occurred prior
to 2011. We used ArcGIS 10.4 to identify candidate streams based on proximity to HWA
treatments. Candidate streams were visited to determine whether the stream depth, stream
substrate, and water flow speeds were suitable for sampling salamanders and stream
invertebrates. Final study sites were selected based on the suitability of the streams for sampling,
the proximity of treated trees, or the absence of known treatments for non-impacted sites. Sites
adjacent to HWA treatments had on average 306 + 158.7 occurrences of imidacloprid
applications (range = 5-3993 applications), with applications representing individual tree
treatments.

We sampled headwater streams for stream salamanders in 24 sites in MNF, 14 sites in
NERI, and ten sites in GARI. Of these 48 sites, 27 were directly adjacent to HWA treatments and



21 were not adjacent to HWA treatments. Sites that were not adjacent to HWA treatments were
either a minimum of 100 m upstream of imidacloprid application or were in a watershed without
known HWA treatments. We selected 100 m as a minimum distance because Benton et al.
(2015) did not detect imidacloprid in stream sites that were 10-100 m upstream of treated trees,
and because Desmognathus spp. typically have home ranges smaller than 100 m (reviewed by
Petranka 1998).

We collected and euthanized adult individuals of the salamander genus Desmognathus to
quantify imidacloprid bioaccumulation and corticosterone levels from 11 of the 48 sampled sites,
including seven sites in GARI and four sites in NERI. For salamander collection, we selected
sites that had high densities of large adult seal salamanders (D. monticola) and northern dusky
salamanders (D. fuscus). Seven sites that were sampled for stream salamanders were directly
adjacent to HWA treatments and four were not. For this subset of sites, sites adjacent to HWA
treatments had an average of 244.3 + 93.8 occurrences of imidacloprid application (range = 17—
675 applications).

We also sampled benthic macroinvertebrates from 15 of the 48 sites used for salamander
sampling. This subset of sites was comprised of five sites in NERI, two sites in GARI, and eight
sites in MNF. For benthic macroinvertebrate collection, we selected sites with abundant riffles.

All sites that were sampled for benthic macroinvertebrates were adjacent to HWA treatments.

2.2 Water and Sediment Sampling

We collected two liters of water from each stream in 1 L plastic bottles (Thermo
Scientific Nalgene™ labware, Rochester, NY) without disturbing the stream sediment. Stream
sediment was collected from the bottom of the stream using a trowel and enough sediment was
collected to fill one quart-sized plastic bag. If the stream bottom did not have any sediment, we
collected sediment from the sides of the stream bank. The trowel was wiped with 70% ethanol
between each use to prevent contamination. The bottles of water and bags of sediment were
placed in black bags and a backpack to prevent light exposure from metabolizing imidacloprid
until the samples could be placed in a cooler with ice. The samples were stored at 4°C from the

day of collection until extraction procedures began.

2.3 Water and Sediment Imidacloprid Extraction and Quantification



We adapted water and sediment extraction procedures from Baskaran et al. (1997). We
filtered 1 L of water from each site through 0.22-um filters. We then filtered the water samples
through pre-conditioned C18 solid-phase extraction (SPE) cartridges on a vacuum manifold. We
eluted the imidacloprid from the cartridges with 5 mL acetone into 15-mL glass test tubes and
dried the eluent under nitrogen at 100°C and reconstituted the residue in 0.5 mL of acetonitrile.
We then filtered the reconstituted samples through 0.20-um filters into liquid chromatography
(LC) vials.

We dried sediment samples at 100°C for 3 days in an oven before crushing and sieving
the samples. We then weighed the sediment samples to 30 g, added 100 mL of deionized (DI)
water, and stirred for 1 min. We sonicated the samples for 15 min at room temperature and
filtered the samples through cheese cloth and a 0.22-um filter. We completed the process of
adding DI water and filtering twice before adjusting the final sample volume to 250 mL with DI
water. We transferred the extract to a separatory funnel and added 25 mL of chloroform. We
mixed the solution vigorously and extracted the chloroform layer through anhydrous sodium
sulfate. We repeated this process twice before drying the solution under nitrogen at 100°C and
reconstituting the residue in 0.5 mL of acetonitrile. We filtered the reconstituted samples through
pre-conditioned florisil cartridges, eluted the imidacloprid using 5 mL of acetonitrile, and dried
the eluent under nitrogen at 100°C. We reconstituted the residue in 0.5 mL of acetonitrile and
filtered the reconstituted samples through 0.20 um filters into LC vials

We quantified the concentration of imidacloprid in the stream sediment and water using
ultra-performance liquid chromatography-tandem mass spectrometry (JUP] LC-MS/MS). We
adapted the chromatographic and mass spectrometry conditions from Galeano et al. (2013). We
used the Exion LC AD UHPLC system coupled with AB Sciex Qtrap 5500 triple quadrupole
AcQuRate CEM detector. We separated the compounds imidacloprid, imidacloprid-urea, and
imidacloprid-olefin and external standards on a Kromasil C.1g (MO5CLDO05) column (2.1 x 50
mm) maintained at an oven temperature of 40°C using a mobile phase gradient of (A) 0.1%
formic acid in water and (B) 0.1% formic acid in acetonitrile. We programmed the elution
gradient as follows: 0—1.0 min, isocratic A to B (80:20, v/v); 1.0-1.3 min, from A to B (80:20,
v/v) to A-B (0:100, v/v); 1.3-2.3 min, isocratic A to B (0:100, v/v); at 2.3 min, from A-B (0:100,
v/v) to A to B (80:20, v/v); 2.3-6.0 min, isocratic A to B (80:20, v/v). We maintained the

autosampler temperature at 10°C and the injection volume was 2 puL. The MS/MS detection of



the compounds was performed by electrospray ionization (ESI) source operated in positive ion
mode.

We used multiple reaction monitoring (MRM) for the detection and quantification of
imidacloprid and metabolites. MRM parameters were as follows: imidacloprid, Q1 mass 256.000
Da, Q3 mass 209.000 Da, 50.0 msec; imidacloprid urea, Q1 mass 213.200 Da, Q3 mass 129.000,
50.0 msec; imidacloprid olefin, Q1 mass 254.100 Da, Q3 mass 171.000 Da, 50 msec. We
maintained the lonSpray voltage and source temperature at 4.50 kV and 450°C, respectively. We
used the LC-MS/MS software Analyst (Sciex, Version 1.6.3) for data acquisition and processing.
Due to project constraints, we were unable to quantify recovery success of imidacloprid from
sediment, and thus we treated sediment data as presence-absence only for this study. We note
that estimated imidacloprid concentrations in sediment were minor compared to estimated
concentrations in stream water (i.e., typically <15% of the concentration in stream water). We

were not able to test for presence/absence of metabolites in water for sites at NERI and GARI.

2.4 Salamander Sampling

Within each of the 48 sites, we established three 3.3 x 2 meter subplots for a total plot
area of 10 x 2 meter. One meter of the subplot width was on the bank and one meter was within
the wetted stream channel. We primarily placed subplots in riffles, but occasionally placed
subplots in runs or pools if the site did not have riffle habitat. We chose subplots which were
similar in terms of stream depth, substrate, canopy cover, vegetative community, and flow
regime. We completed salamander sampling in the NPS sites between April and July of 2017 and
in the MNF sites between April and July of 2018, sampling each site 67 times during the year.
We conducted surveys during baseflow conditions. While moving upstream to prevent stream
sediment from flowing downstream and obscuring our view, we flipped every cover object
greater than 50 mm in diameter and searched through leaf packs.

We removed all captured salamanders and placed them in plastic bags. We identified all
salamanders to species, or genus when identification to species was not possible. We weighed all
captured salamanders to the nearest 0.1 g with a spring scale (Pesola Precision Scales,
Schindellegi, Switzerland) and measured snout-vent length (SVL) and total length to the nearest
0.1 mm with dial calipers (Wiha Tools, Monticello, Minnesota, USA). We measured

salamanders using a salamander stick to maximize accuracy (Margenau et al. 2018). We took



note of any missing limbs or tails and if salamanders were gravid. After processing, we returned

salamanders to their point of capture.

2.5 Salamander Sampling for Corticosterone Concentration and Imidacloprid Bioaccumulation

We hand captured 175 D. monticola and D. fuscus salamanders by flipping rocks and
other cover objects in the stream between 8 July and 24 November 2017. We selectively
collected large salamanders because of a minimum tissue sample requirement for imidacloprid
extraction and quantification. We measured and weighed the salamanders, placed them in
individual plastic bags and transferred them to the laboratory, and humanely euthanized them
through exposure to carbon dioxide followed by decapitation. Salamanders were then frozen
until processing for imidacloprid extraction.

We quantified plasma levels of corticosterone for a subset of the salamanders (n = 126).
For these samples, we decapitated salamanders in the field and collected a blood sample within
three minutes of initial disturbance of the salamander to minimize the influence of capture stress
on corticosterone level (Romero and Reed 2005). We then transported salamanders to the
laboratory, measured and weighed them, and froze them until processing for imidacloprid
extraction. We centrifuged blood samples for 5 min and plasma was collected and stored at -
20°C until analysis. Plasma samples were packed in a cooler on dry ice and sent to the Endocrine
Technology Laboratory at the Oregon National Primate Research Center (ONPRC) and assayed
for corticosterone using radioimmunoassay (RIA; Thomas and Woodley 2017). Recovery was

98.8% and intra-assay coefficient of variation (CV) was 8.1%.

2.6 Benthic Macroinvertebrate and Crayfish Sampling

We collected benthic macroinvertebrates and crayfish between 17 September and 20
November 2018. We collected individuals by placing a D-net flush with the stream bottom and
disturbing the substrate upstream or by sweeping the D-net under stream overhangs. Only
crayfish smaller than 2.5 cm were collected to ensure that they were of a size that could be
consumed by a salamander. Benthic macroinvertebrates and crayfish from each site were stored
together in a tube containing 75% ethanol and covered with foil to prevent light exposure until

imidacloprid extraction.
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2.7 Salamander and Invertebrate Imidacloprid Extraction and Quantification

We quantified imidacloprid concentrations in 164 Desmognathus salamanders (62 D.
fuscus and 102 D. monticola). We adapted pesticide extraction and chromatographic and mass
spectrometry conditions from procedures developed by Lehotay (2006) and Galeano et al.
(2013). We placed individual salamanders and the composite invertebrate samples from each site
into 50-mL tubes. We flash froze samples in liquid nitrogen and placed them in a freeze dryer for
3 days. We placed 3 5-mm steel beads into each 50-mL tube and ground the salamanders and
invertebrates in a Retsch MixerMill (MM 400, Haan, Germany) for 3 mins at 30 rep/min. We
then removed the steel beads and added 10 mL of deionized water and 10 mL of acetonitrile.
Samples were briefly vortexed then sonicated for 20 min at room temperature in a sonication
bath. We then added Quick Easy Cheap Effective Rugged Safe (QUEChERS) Mylar salt pouches
(UCT, ECQUEUT7-MP) to each sample, and the samples were vortexed for 10 sec and shaken by
hand for 1 min. We centrifuged the samples at 2,200 relative centrifugal force for 5 min. We
assembled a high-throughput vacuum apparatus with clean-up cartridges (UCT, ECPSAC1856)
and conditioned with 5 mL of acetonitrile. Eight mL of the organic layer (acetonitrile) of each
sample was collected and cleaned through the cartridges, and deposited in 15-mL glass test
tubes. We then dried the test tubes under nitrogen at 50°C, reconstituted them in 0.5 mL of
acetonitrile, and filtered the samples through PTFE Whatman Mini-UniPrep Syringeless Filter
vials. We followed the same procedure to quantify imidacloprid concentration as described
above for water and sediment.

We calculated limit of detection (LOD) values from an external standard solution
containing imidacloprid, imidacloprid-urea, and imidacloprid-olefin ranging from 5-300 ng/mL
in LC-MS grade acetonitrile. We performed a linear regression on the data points in the
concentration range (n = 7) and used the formula 3*[(SE)/(R?)] (SE = standard error, R?=
coefficient of determination) to calculate the LOD. In all sample types, the LOD values were
5.98 ng/mL, 33.7 ng/mL, and 4.15 ng/mL for imidacloprid, imidacloprid-urea, and imidacloprid-
olefin, respectively.

2.8 Statistical Analyses
We assessed relationships between exposure to imidacloprid and the following response

variables: bioaccumulation in salamanders, bioaccumulation in invertebrates (benthic
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macroinvertebrates and crayfish combined), salamander corticosterone concentration, and
salamander BCI score. For bioaccumulation, we assessed the influence of imidacloprid
concentration in stream water on imidacloprid concentration in the salamanders and
invertebrates. For salamanders, we only included individuals with detectable levels of
imidacloprid or one of its metabolites. For both salamanders and invertebrates, we used the total
estimated concentration of imidacloprid and its metabolites as the response variable. For
sublethal effects, we assessed the influence of imidacloprid concentration in stream water and
three additional predictors of imidacloprid exposure, including whether the site was adjacent to
treated trees, number of applications in adjacent treated stands (a measure of treatment intensity),
and whether imidacloprid was detected in the environment. We considered a site to be present
for imidacloprid if imidacloprid, imidacloprid-urea, or imidacloprid-olefin was detected in either
stream water or sediment, or the sampling site was located adjacent to imidacloprid-treated trees.

We created a BCI by regressing (log) SVL on (log) weight (Schulte-Hostedde et al.
2005). Positive residuals indicate a higher-than-average weight for a given SVL, and vice versa.
We did not include salamanders missing portions of their tails or legs in BCI analyses. We
created separate BCls for each salamander species, and for gravid females within-species,
including D. fuscus (n = 207), D. monticola (n = 274), D. ochrophaeus (Allegheny Mountain
dusky salamander; n = 141), Eurycea spp. (northern and southern two-lined salamanders; n =
59), and Gyrinophilus porphyriticus (spring salamander; n = 121). We did not include larval
salamanders that weighed <0.1 g, larval Eurycea spp. because SVL was not a strong predictor of
weight, or additional salamander species captured because sample sizes were small (< 20
captures). For each BCI, we z-score transformed the data so that standard deviations were equal
across species (Legendre and Legendre 2012).

We used linear regressions and a model selection approach using Akaike’s Information
Criterion corrected for small sample size (AIC.) to assess the influence of imidacloprid
predictors on our response variables (Burnham et al. 2011, Zuur et al. 2009). For all analyses, we
assessed assumptions of normality using quantile-quantile plots and homoscedasticity using
residual plots (Zuur et al. 2009, 2010). For the invertebrate bioaccumulation data set, we
removed the two highest water concentration samples to satisfy the assumption of
homoscedasticity. For the corticosterone data set, we removed the four highest corticosterone

concentration samples to satisfy the assumption of normality. For the corticosterone model
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selection, we accounted for inherent differences in corticosterone concentration among species
and sex (i.e., males, females, gravid females; Dickens and Romero 2013, Gormally et al. 2019,
Scott and Ellis 2007) by including these factors in all imidacloprid models. For the BCI model
selection, we did not include sex as a predictor because we did not identify sex for many of the
captures, but we did include life stage (i.e., larva or adult/sub-adult). We created linear
regressions using the GLS function with a constant variance structure in the package nlme
(Pinheiro et al. 2016; version 3.1-137) in program R (R Core Team 2019; version 3.4.1). We
gauged model support based on AAIC. and Akaike weight (w;), and considered candidate models
to have support when AAIC. < 7 (Burnham et al. 2011).

3. RESULTS
3.1 Water and Sediment Imidacloprid Concentration

Of the 48 sampled sites, 27 were directly adjacent to HWA treatments. Imidacloprid was
detected in the stream water at 24 sites, with a mean concentration of 49.83 + 20.22 ng/mL
(range = 6.52-489.56 ng/mL). Imidacloprid-urea was not detected in the stream water at any site.
We detected imidacloprid-olefin in the water at two sites, both of which had detectable levels of
imidacloprid. Imidacloprid was detected in sediment at eight sites, five of which were adjacent to
HWA treatments. We did not detect imidacloprid-olefin or imidacloprid-urea in the sediment at

any site.

3.2 Salamander Imidacloprid Bioaccumulation

Of the 107 salamanders tested for bioaccumulation, 29 had detectable levels of
imidacloprid or imidacloprid-olefin. We detected imidacloprid in the tissues of 10 D. monticola
and 4 D. fuscus, with a mean concentration of 24.63 + 3.55 ng/mL (range = 6.36-51.27 ng/mL).
We detected imidacloprid-olefin in the tissues of 13 D. monticola and 6 D. fuscus, with a mean
concentration of 8.33 + 0.80 ng/mL (range = 4.16-19.78 ng/mL). Three D. monticola and one D.
fuscus had detectable levels of both imidacloprid and imidacloprid-olefin. We did not detect
imidacloprid-urea in the tissues of any salamanders. We detected imidacloprid or imidacloprid-
olefin in the tissue of three salamanders collected from sites that were not adjacent to treated
trees. The model containing concentration of imidacloprid in stream water received higher

support than the null model (w; = 0.60). Imidacloprid concentration in salamanders increased
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with concentration in stream water, but the 95% confidence interval (CI) overlapped 0 (B= 0.093,

95% CI: -0.013-0.199).

3.3 Benthic Macroinvertebrate and Crayfish Imidacloprid Bioaccumulation

We detected imidacloprid in all 15 benthic macroinvertebrate/crayfish samples, with a
mean concentration of 26.36 + 3.76 ng/mL (range = 12.05-68.38 ng/mL). We also detected
imidacloprid-urea in 13 of these samples. We did not detect imidacloprid-olefin in any samples.
For three sites adjacent to HWA treatments, imidacloprid was not detected in the water or
sediment, but was detected in the invertebrate samples (mean concentration of these samples =
26.08 = 4.94 ng/mL). The null model received higher support than the model containing

concentration of imidacloprid in stream water (w; = 0.71).

3.4 Sublethal Effects of Imidacloprid on Salamanders

For the corticosterone model selection, the model with the strongest support contained
additive effects of species, sex, and number of imidacloprid applications in adjacent treated
stands (w; = 0.39; Table 1). Corticosterone concentration increased with increasing number of
applications (f =0.0010, 95% CI: 0.0003-0.0017). The second most supported model contained
an interaction effect between sex and number of applications (w; = 0.28), and indicated that
effects were stronger for non-gravid females than for males and gravid females (Fig. 2a).
Concentration of imidacloprid in stream water (AAIC. =2.77) and presence of treated trees
(AAIC. =6.68) also had some support as predictors of corticosterone concentration (Table 1),
and both estimated positive relationships.

For the BCI model selection, the model with the strongest support contained
concentration of imidacloprid in stream water as a predictor (w; = 0.44; Table 2). BCI decreased
as concentration of imidacloprid in stream water increased ( = -0.0009, 95% CI: -0.0017 — -
0.0001; Fig. 2b). The null model also had some support (AAIC; =2.62, wi = 0.12). There was no
support for an interaction between species and concentration of imidacloprid in stream water
(AAIC, =12.35). For all 5 species, mean BCI score was lower at sites with presence of

imidacloprid in the environment, and median BCI score was lower for 4 of the species (Fig. 3).

4. DISCUSSION
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This study provides strong evidence that salamanders and stream invertebrates uptake
imidacloprid that leaches into their environment from treated hemlock stands. In this study, we
found that benthic macroinvertebrates and crayfish, which are both important prey sources of
stream salamanders, can also bioaccumulate imidacloprid. Thus, prey consumption may
represent an additional route of imidacloprid exposure for salamanders. However, additional
research is needed to confirm if salamanders bioaccumulate imidacloprid after consuming
contaminated prey.

Corticosterone in D. monticola and D. fuscus was positively associated with number of
imidacloprid applications, and this effect was the strongest for non-gravid females. Conclusions
from previous studies investigating pesticide-associated changes in corticosterone levels are
conflicted. For example, larval western tiger salamanders (Ambystoma mavortium) had higher
corticosterone levels in agricultural wetlands with elevated levels of neonicotinoid insecticides,
compared to reference wetlands (Davis et al. In Press). In contrast, wood frog (Lithobates
sylvaticus) tadpoles experimentally exposed to environmentally relevant concentrations of the
neonicotinoid thiamethoxam had lower corticosterone concentrations, and there was no
difference in corticosterone concentrations in juveniles (Gavel et al. 2019). Male African clawed
frogs (Xenopus laevis) had elevated corticosterone concentrations when exposed to the pesticide
concoction (Hayes et al. 2006). Additional studies are needed to determine if corticosterone
responses to imidacloprid exposure are predictable based on species, sex, and life stage.

We found that salamander BCI was negatively associated with imidacloprid
concentration in stream water, and BCI was lower in streams with environmental imidacloprid
for all five species. Body condition is an important indicator of amphibian health and correlates
with survival, productivity, and movement dynamics (e.g., Lowe et al. 2006, Reading 2007,
Roznik et al. 2015). For example, body condition is correlated to territory size and number of
prey within territories (Gabor 1995) and larger body size is advantageous in mate competition
(Howard et al. 1996). Our results suggest that HWA treatments can negatively affect the health
of individual salamanders.

Interestingly, we found imidacloprid in the tissues of invertebrates from three sites where
we did not detect imidacloprid in the stream water or sediment. Presence of imidacloprid in
stream water varies temporally and increases after rain events (Churchel et al. 2011, Cowles et

al. 2009, McGrath et al. 2010). Grab sampling of stream water for pesticide runoff research does
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not account for spatial and temporal variation and can lead to underestimates of pesticide
residues (Xing et al. 2013). Our results suggest that sampling stream invertebrates may be more
reliable than sampling stream water to confirm presence of imidacloprid in streams. However,
we recognize that our sample size was small, and we were unable to assess temporal dynamics in
our data sets. Additional research on this topic is warranted.

Three sites that were not directly adjacent to HWA treatments contained salamanders
with detectable levels of imidacloprid or imidacloprid-olefin. One of these sites was located
downstream of farmland and we did detect imidacloprid in the stream sediment. Imidacloprid is
commonly used in agriculture (Elbert et al. 2008), and thus leaching from upstream farmland
may explain presence of imidacloprid at this site. Similarly, another site was near private homes,
and imidacloprid is used in residential areas for treating ornamental trees and for termite control
(McCullough et al. 2005, Parman and Vargo 2010). However, we did not detect imidacloprid in
the stream water or sediment at this site. The third site was located 100 m upstream of a known
treatment site, and we speculate that the salamander traveled upstream following exposure to
imidacloprid.

In summary, this research indicates that treating hemlock stands adjacent to streams with
imidacloprid can result in the pesticide entering aquatic food webs, and can result in sublethal
effects on salamanders. Imidacloprid is one of the world’s most widely used pesticides, with
heavy application in agricultural, urban, and forest systems. Given the widespread use of
imidacloprid and documented bioaccumulation in invertebrate and vertebrate organisms,

additional studies investigating potential biomagnification in food webs are warranted.
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Table 1. Model selection results for the influence of species (Desmognathus fuscus [northern
dusky salamander] and D. monticola [seal salamander]), sex (males, females, and gravid
females), and imidacloprid exposure on salamander corticosterone concentration. We sampled
119 salamanders (115 included in the analysis) at Gauley River National Recreational Area
(GARI) and New River Gorge National River (NERI) in West Virginia, USA. We tested four
predictors of imidacloprid exposure, including whether the site was adjacent to treated trees
(Trees), number of applications in adjacent treated stands (Number), whether imidacloprid was
detected in the environment (Presence), and concentration in the stream water (ng/mL;
Concentration). We used Akaike’s Information Criterion corrected for small sample size (AICc)
to rank candidate models. The null model is shown as (.) and includes only the intercept. Akaike

weights are represented as wi.

Model Parameters | AIC. AAIC: | Adj-R? | wi

Species + Sex + Number 6 311.55 0.00 0.15 0.39
Species + Sex x Number 8 312.20 0.65 0.16 0.28
Sex + Species x Number 7 313.82 2.27 0.14 0.13
Species + Sex + Concentration | 6 314.32 2.77 0.13 0.10
Species x Sex 7 315.19 3.64 0.13 0.06
Species + Sex 5 317.93 6.38 0.09 0.02
Species + Sex + Trees 6 318.23 6.68 0.10 0.01
Species + Sex + Presence 6 319.94 8.39 0.09 0.01
Species 3 321.46 9.91 0.05 0.00
Sex 4 321.93 10.38 0.05 0.00
@) 2 325.90 14.35 NA 0.00
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Table 2. Model selection results for the influence of species, age (larva or adult/sub-adult), and
imidacloprid exposure on salamander body condition index (BCI) score. We standardized BCI
scores for each species and thus did not include species as an independent factor in the model
selection. Species included Desmognathus fuscus (northern dusky salamander), D. monticola
(seal salamander), D. ochrophaeus (Allegheny Mountain dusky salamander), Eurycea spp.
(northern and southern two-lined salamanders), and G. porphyriticus (spring salamander). We
tested four predictors of imidacloprid exposure, including whether the site was adjacent to
treated trees (Trees), number of applications in adjacent treated stands (Number), whether
imidacloprid was detected in the environment (Presence), and concentration (ng/mL) in the
stream water (Concentration). We used Akaike’s Information Criterion corrected for small
sample size (AIC.) to rank candidate models. The null model is shown as (.) and includes only
the intercept. Akaike weights are represented as wi.

Model Parameters | AIC AAIC: | Adj-R? | w;

Concentration 3 2269.34 0.00 0.005 0.44
() 2 2271.95 2.62 NA 0.12
Presence 3 2272.00 2.67 0.001 0.12
Number 3 2272.18 2.84 0.001 0.11
Trees 3 2272.44 3.10 0.001 0.09
Life Stage x Concentration 5 2273.15 3.81 0.002 0.07
Life Stage 3 2273.77 4.43 -0.001 | 0.05
Species x Concentration 11 2281.69 12.35 -0.001 | 0.00
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Figure 1. Map of study sites to investigate bioaccumulation of imidacloprid and its metabolites in

stream salamanders and invertebrates, and sublethal impacts of imidacloprid on salamanders.

West Virginia, USA (insert).
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Figure 2. Potential sublethal effects of imidacloprid exposure on stream salamanders in West
Virginia, USA. (a) Model-estimated relationship between concentration of the hormone
corticosterone and total number of imidacloprid applications at the sampling site for male, non-
gravid female, and gravid female Desmognathus spp. (n = 115). The intercepts represent D.
fuscus (northern dusky salamander). (b) Model-estimated relationship between salamander body
condition index (BCI) score and concentration of imidacloprid in stream water. BCI analyses

included 802 individuals representing 5 species. Bars represent model standard errors.
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Figure 3. Boxplot summaries of body condition index (BCI) values used in this study assessing
potential sublethal effects of imidacloprid exposure on D. fuscus (DEFU, absent, n = 54, present,
n = 153), D. monticola (DEMO, absent, n = 79, present, n = 195), D. ochrophaeus (DEOC,
absent, n = 43, present, n = 98), Eurycea spp. adults (EUSP, absent, n = 17, present, n = 42), and
G. porphyriticus (GYPO, absent, n = 26, present, n = 95). Mean BCI is indicated with a red
circle and generally was lower in streams with imidacloprid present in the environment for each

species tested.
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