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Abstract

Global pesticide use has resulted in widespread environmental degradation,
persistent contamination of water sources, and unintended impacts on non-target species.
Mixtures of insecticides are commonly found, yet these chemicals are rarely studied in
combination. Insecticides frequently found in areas of intensive agricultural land use are
particularly concerning as these chemicals likely impact lotic freshwater aquatic benthic
macroinvertebrates. This thesis analyzed factors that contribute to the persistence and
presence of four commonly detected insecticides and their impact on benthic
macroinvertebrates in 10 study watersheds over a greater than 10-year period (2007 to
2021) in Prince Edward Island, Canada, by examining the variability and influence of
chemical (insecticides, water quality), biological (benthic macroinvertebrate
assemblages), and physical (habitat integrity, water discharge rate) components with
regards to agricultural intensity. Agriculturally impacted watersheds had multiple
insecticide detections, variable habitats, increased nutrient concentrations, and benthic

assemblages, indicative of highly impacted streams.
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1. INTRODUCTION
1.1. Agriculture and Insecticides

Agricultural activity can cause diffuse pollution, adding multiple stressors to the
aquatic environment through surface water runoff, spray-drift, and erosion, severely
impacting nearby aquatic ecosystems (Coote et al., 2000; Allan, 2004; Anderson et al.,
2021). Agricultural insecticides used to manage, control and exterminate terrestrial insect
pests (Damalas & Eleftherohorinos, 2011; Xing et al., 2012) also pose a heightened risk
to non-target aquatic insects that have similar nervous systems to their terrestrial
counterparts (Alexander et al., 2007; US EPA, 2015). Neonicotinoid insecticides (e.g.,
clothianidin, imidacloprid, and thiamethoxam) may pose a particular risk to the aquatic
environment as these compounds tend to co-occur, are persistent and highly water
soluble, readily leaching from surrounding soils into the aquatic environment and, where
present, are likely to cause adverse effects (Xu et al., 2016; Health Canada, 2021a;
2021b; US EPA, 2023). Anthranilic diamide insecticides (e.g., chlorantraniliprole) are
recently developed compounds suggested as a potential replacement for neonicotinoids as
diamides are considered to have low toxicity to beneficial non-target organisms
(Schmidt-Jeffris & Nault, 2016). At present, the extent of risk these new compounds pose
is largely unknown. Despite the frequent detection of multiple insecticides in freshwaters
(e.g., Health Canada, 2021a; 2021b), only rarely are these substances investigated in

combination to determine their long-term effects to the aquatic environment.

In Canada, pesticide use is primarily associated with agriculture, but both
conventional pesticides (natural and synthetic chemicals) and unconventional (e.g.,

biopesticides and devices) are widely used in other sectors such as forestry, aquaculture,



industrial settings like railway maintenance, and personal use, such as insect repellents or
home gardens and lawns (Alexander et al., in press; Health Canada, 2007; Sharma et al.,
2019; Hamoutene et al., 2022). One area of Canada with extensive agricultural activity is
Prince Edward Island (PEI) with an estimated 42.5% of total land use on the island
attributed to all types of agriculture and 18.3% of the total land mass is used solely for the
cultivation of an estimated 100 varieties of potatoes, as PEI is the second largest potato
producer in Canada (at 21.6%) (PEI Government, 2016a; Government of Canada, 2022;
Danielescu et al., 2024). Numerous efforts have been made to synthesize habitat, water
quality and, ultimately, the health of agriculturally impacted watersheds nationally (e.g.,
National Agri-Environmental Standards Initiative, (2012); Health Canada, among others).
However, these efforts have been plagued by regional differences in data collection,
proprietary data controls, and generally low-quality data products (Alexander et al., in
press). By contrast, PEI has successfully made their data more accessible and much of
this can be found online (Open Data Prince Edward Island, 2018; see

https://data.princeedwardisland.ca/). This greater data accessibility in the province is

likely due to several highly publicized fish kills on the island (e.g., CBC August 15, 2022

- PEI Fish kills in the Morell River).

Exposure of several pesticides, namely chlorothalonil, endosulfan, azinphos-
methyl, or “suspected pesticides” has been reported as the probable cause of 51 of the 61
fish kills that have occurred in 27 different PEI watersheds since 1960 (PEI Government,
2016b; Xing et al., 2012). Due to the extent of agriculture in the province, and the well-
known negative effects of pesticide exposure to fish, residents of PEI are concerned about

the health and integrity of freshwater ecosystems on the island (PEI Government, 2016b).


https://data.princeedwardisland.ca/browse?q=pesticide&sortBy=relevance
https://www.cbc.ca/news/canada/prince-edward-island/pei-fish-kill-morell-river-cause-1.6551876

In addition to effects on fish, pesticides and other agricultural stressors (e.g., habitat
degradation, nutrient enrichment associated with fertilizer use, and increased water
withdrawal rates) have all been shown to contribute to changes in non-target aquatic
macroinvertebrate community composition (Gormley et al., 2005; Davidson & Knapp,
2007; Alexander et al., 2007; Alexander et al., 2013; Goulson, 2013; Relyea, 2009;
Olaya-Arenas et al., 2020; Rossi et al., 2020). In freshwater lotic aquatic ecosystems,
benthic (bottom-dwelling) macroinvertebrates tend to predominate, and these organisms
provide important ecosystem services as well as food sources for fish (Cummins &
Merritt, 1996). Sensitive orders such as mayflies, stoneflies, and caddisflies (orders
Ephemeroptera, Plecoptera and Trichoptera, respectively) are particularly responsive to
insecticide exposure and habitat alteration, and can serve as important sentinels and early
indicators for potential cascading effects on other organisms in the food web. For
example, a decrease in food items for fish and predatory insects (e.g., stoneflies) may
occur due to the proliferation of organisms that are thought to be more ‘tolerant’ such as

oligochaetes (see Cummins & Merritt, 1996; Howland et al., 2019).

1.2. Aims and Objectives

This project investigated the potential environmental effects of the four
insecticides most commonly detected downstream of agricultural activity in Prince
Edward Island (chlorantraniliprole, clothianidin, imidacloprid, and thiamethoxam)
by assessing changes in habitat integrity, water quality, insecticide concentrations,
and water discharge rate on benthic macroinvertebrate assemblages at 10 focal
watersheds over a greater than 10-year period (2007 - 2021). More specifically, the

level of agricultural impact (i.e., land use attributed to agriculture) may be spatially



associated with certain locations on the island. It is also hypothesized that watersheds
with increased land use attributed to agriculture have overall poorer water quality,
degraded aquatic habitats, and high detections and concentrations of the focal insecticides
in surface waters which contributes to shifts in the benthic community by increased
abundances of orders associated with poor water quality (Oligochaeta, Chironomid) and
decreased percentages and richness of orders associated with pristine conditions (e.g.,
Ephemeroptera, Plecoptera, and Trichoperta). Due to previous findings of hydrological
conditions and their association with surface water insecticide concentrations (Chow et
al., 2020; Richards & Baker, 1993; Commelin et al., 2022; Voltz et al., 2023), it is
suspected that water discharge rate may be positively correlated with in-stream

insecticide concentrations.

Focal watersheds were selected for this study based on the detection of
insecticides in surface waters and where fish Kkills have previously occurred (see sections
2.1. and 2.2., below), where large numbers of insecticides were detected, and where
insecticides exceeded guideline limits. The primary research aims were to: (1) use a
multivariate technique, Principal Components Analysis (PCA), to compare patterns in
habitat characteristics, surface water quality, insecticide concentrations, and benthic
community composition within and between the 10 focal watersheds in differing levels of
agricultural impact; (2) test the extent of the relationship between a major driver of
habitat change (total average daily discharge during May to October) paired with surface
water concentrations of four commonly detected insecticides in watersheds with available
paired discharge and insecticide data (moderately and severely impacted watersheds)

followed by Analysis of Covariance (ANCOVA) and Simple Regression Analysis, and



finally, (3) explore how current and prior monitoring approaches could be improved in

Prince Edward Island based on the findings of these datasets.



2. MATERIALS & METHODS
2.1. Study Area

Prince Edward Island is a maritime province on the east coast of Canada and is
the smallest (~5,600 km?) province in Canada (Figure 1). The landscape mainly consists
of rolling hills with a maximum elevation of 142 m above sea level (PEl Government,
2015). Due to the island’s small overall area combined with moderate slope, the average
watershed size is also relatively small (~21 km?) (PEI Government, 2015). There are
approximately 1300 farms on the island and insecticide sales were estimated to be in
excess of $430 000 CAD or 34% of the Canadian market total in 2019 (PEI Government,
2020). The most commonly purchased insecticides for the protection of potato crops in
PEI were also the most commonly detected insecticides, and were selected for this study:
chlorantraniliprole (69% as a foliar application for the protection of 26,422 acres, or 106
km?), clothianidin (95% foliar vs. 5% seed treatment to 4,639 acres, or 19 km?),
imidacloprid (65% foliar vs. 15% seed treatment to 13,584 acres, or 55 km?), and
thiamethoxam (>95% foliar vs. <2% seed treatment to 1,360 acres, or 5 km?) (pers.
comm. T. Laengle, AAFC PMC). Of the ten focal watersheds examined in this study, four
were located in the eastern region of the island (Bear, Morell, Montague, and
Valleyfield), four were in the central region of the island (Wilmot, Dunk, West, and

Clyde), and two were selected from the west (Miminegash and Mill) (Figure 1).

2.2. Site Selection

In this study, focal watersheds were selected based on locations where: (i) fish
kills have previously occurred, (ii) insecticides were regularly detected, (iii) detections

were above guideline limits, (iv) the percentage of land use within the watershed that is



attributed solely to agriculture, and (v) where water chemistry data were available for the
watershed during the nearly 20-year period. Due to the selection process, 10 variably
impacted watersheds were selected including the minimally impacted (<35% agricultural
land use; MI) Bear, Miminegash, and Morell watersheds, the moderately impacted (35-
50% agricultural land use; Mol) Montague, Valleyfield, and Mill watersheds, and the
severely impacted (>50% agricultural land use; SI) West, Dunk, Wilmot and Clyde
watersheds (Figure 1, Table 1). Some watersheds had two or more water chemistry
sampling sites (i.e., SI: Dunk [n=2], Wilmot [3], West [2]; MI: Morell [4]; Mol:
Valleyfield [2], Montague [2]) and several were regularly sampled (weekly, monthly,
annually, and sometimes randomly) by multiple teams (hamely the Province of PEI) over
the study period (i.e., SI: Dunk, Wilmot) while others were sampled at one location and

less frequently (i.e., SI: Clyde; MI: Bear, Miminegash).

2.2.1. Fish Kills

Fish kills were reported in four of the ten focal watersheds (Mol: Mill, SI:
Wilmot, Dunk, and Clyde) during the near 20-year period that was considered in this
study (2002 to 2021) (Table 1). In total, 17 fish kills were reported at 7 of the 10
watersheds over the last 61 years of reporting in the area with only the Bear and
Miminegash (MI) watersheds having no recorded fish kills during the study period (Table
1). Of these 17 fish kills, 15 are “known or suspected to have been caused by pesticide

poisoning” (PEI Government, 2016b).

2.3. Water Quality Dataset

Over the past two decades, extensive surface water sampling was conducted on

the island by different government departments and agencies, with more than 5800



surface water chemistry samples collected at the 10 focal watersheds across PEI since
2002. For instance, surface water chemistry, water depth and volume/discharge
measurements, pesticide surface water concentrations, and benthic macroinvertebrate
assemblage data were collected by the province or local groups (Robertson, 2017;
Robertson, 2021; PEI Government, 2024; ECCC & Parks Canada, 2024), federal research

teams (ECCC, AAFC or DFO (ECCC, 2022a)) (https://wateroffice.ec.gc.ca/), or a

combination of these groups (e.g., see CABIN database (Lacroix, 2009; Carter, 2016) -

https://www.canada.ca/en/environment-climate-change/services/canadian-aquatic-

biomonitoring-network/).

Though the study initially considered nearly 20 years of data (2002 — 2021), the
years of data were reduced per dataset to examine all desired parameters and to meet
statistical assumptions, and resulted in the following water chemistry parameters to be
analyzed; alkalinity (mg/L), dissolved oxygen (mg/L), conductivity (uS/cm), nitrate
(mg/L), pH, total phosphorus (ng/L), and water temperature (°C), which were measured
using field sensors and were re-analyzed in a laboratory setting (Appendix, Table S1 &
S2). These parameters and macronutrients were selected for further investigation as they
were among the most tested in the water chemistry database, environmentally relevant,
and readily accessible to watershed groups that may not have dedicated funding to do
these types of assessments. Data were restricted by years available per each parameter
and sample months were restricted to May to October as these months reflected the open-
water period in the region and the period when the most samples were collected. Water
chemistry and pesticide samples (Npesticide samples = 10 370) were collected by similar

methods (pesticides: collected circa 2010 — 2021) during the open-water period in 1-L


https://wateroffice.ec.gc.ca/
https://www.canada.ca/en/environment-climate-change/services/canadian-aquatic-biomonitoring-network/database.html
https://www.canada.ca/en/environment-climate-change/services/canadian-aquatic-biomonitoring-network/database.html

amber glass sample bottles (EPA vials, Fisher Scientific, Fair Lawn, NJ, USA) from
water flowing midstream in each of the study watersheds. Following field collection
pesticide samples were processed and uploaded to the PEI Open Data Portal (Robertson,

2017; https://data.princeedwardisland.ca/) and water chemistry samples were posted to

the Atlantic DataStream (ECCC & Parks Canada, 2024; PEI Government, 2021,

accessible at: https://atlanticdatastream.ca/). For chemistry and insecticide concentrations

below the detection limit, these samples were included in the analyses as half the
detection limit (for instance, [clothianidin = <0.02] = 0.01). Of the pesticide dataset, 235

of 784 total results of the selected insecticides were above the detection limit.

Water discharge rate (m®/s) data were obtained by both the Water Survey of
Canada historical hydrometric data) and the PEl Government (ECCC, 2022a; Robertson,
2021). Discharge data were made publicly available for the Bear (M), Dunk (SI), Mill
(Mol), Montague (Mol), Wilmot (SI), and West (SI) watersheds. M| watersheds could
not be included due to the lack of discharge data (Morell), the lack of insecticide data
(Bear), or the lack of both datasets (Miminegash). A subset of discharge data was
selected to include the open-water period between May to October (inclusive) from 2010
onward to facilitate comparing discharge to insecticide concentration data in the Wilmot
and Dunk (SI) watersheds (almost exclusively collected during late summer low flow
periods (e.g., 0.23-1.83 m%/s, 95% CI of all watersheds between May to October)). This
resulted in only a small number of insecticide samples (for chlorantraniliprole [n = 39],
clothianidin [n = 38], imidacloprid [n = 46], and thiamethoxam [n = 42]) that could be
matched with average daily discharge measurements in the Dunk and Wilmot watersheds.

Throughout this study, only samples and measurements collected using standardized


https://data.princeedwardisland.ca/
https://atlanticdatastream.ca/

methods for environmental testing were used in the final dataset (e.g., Keith, 1996; Eaton

et al., 2005; Environment Canada, 2012).

2.4. Benthic Macroinvertebrate Assemblages

Benthic macroinvertebrate (BMI) assemblage data were collected by the
Government of PEI and DFO typically in September or October during low-flow periods
using standardized methods as part of the CABIN field protocol (Environment Canada,
2012). BMI samples were collected as per protocol by disturbing the substrate in a
defined area for samples to float into a kick-net, and organisms were transferred to a
sample jar to be processed, analyzed, identified, and uploaded to the CABIN database
(Carter, 2016; Lacroix, 2009; accessible at: https://cabin-
rcba.ec.gc.ca/cabin/login?culture=en-CA). Organisms selected for statistical analyses
included Ephemeroptera (richness and abundance (%)) (and specifically the Baetidae
family of Ephemeroptera richness), Plecoptera (richness and %), Trichoptera (richness

and %), Coleoptera (%), Oligocheta (%), and Chironomida (%).

The protocol also included the standardized collection of surrounding habitat
characteristics at the sample site which included environmental gradients such as: canopy
coverage (% categories), bankfull width (m), wetted width (m), stream velocity (m/s),
stream order (Strahler’s Stream order; Environment Canada, 2012), stream depth (cm),
slope (m/m), and substrate composition (i.e., percentage attributed to clay (%), sand (%);
dominant substrate, median sediment size, and surrounding material (all calculated and

categorized in CABIN based on 100 pebble count)) (Environment Canada, 2012).
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2.5. Statistical Analyses

Principal Components Analysis (PCA), a multivariate technique, was used to
compare habitat characteristics, surface water quality, insecticide concentrations, and
benthic community composition within and between the 10 focal watersheds. PCA
enabled the determination of the variance within the dataset, and which factors were
contributing the most to variation. The PCAs required subsampling via reduced datasets
as this method of analysis requires complete data (no missing or blank entries) and
removal of redundant variables (which were identified using non-Metric
Multidimensional Scaling) to achieve the most accurate representation of overarching
trends and factors contributing to variation (see Appendix, Table S1 for reduced
datasets). The first and second axis (Factor 1 and Factor 2, respectively) are the most
important as these axes represent the factors with the largest contribution to variation
within the dataset (Zhang & Castell, 2017). Mantel statistical tests were performed to
determine if the level of agricultural land use was significant and if agricultural impact
was spatially associated with specific locations on the Island. Flow and concentration
data were paired for Analysis of Covariance (ANCOVA, P < 0.05) followed by simple
regression methods to determine the relationship between flow and insecticide

concentrations in the Dunk and Wilmot (SI) watersheds.

All analyses were conducted using R statistical software (version 4.1.2; R Core
Team, 2021) and required the use of the {ade4}, {vegan}, {FactoMineR}, {ggpubr}, and
{factoextra} packages (Oksanen et al., 2022). All maps were constructed in QGIS by

using open content provided by the Department of Agriculture and Forestry in the PEI

11



Government via the PEI Government GIS layers (Dibblee, 1990; accessible at:

http://www.gov.pe.ca/qis/).

12
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3. RESULTS
3.1. Watershed Health and Integrity
3.1.1. Physical Site Characteristics

Habitat characteristics for the 10 focal watersheds had overlapping physical
properties in each of the agricultural impact levels examined (Table 1). Agricultural
impact levels were significantly different (F27 = 16.16, P < 0.01), however, impact levels
were not spatially associated with locations on the Island (Mantel test; r = 0.16, P = 0.15),
indicating that agricultural impact is widespread (Figure 1). Collectively, differences in
habitat characteristics between watersheds accounted for an estimated 47.2% of the
variation in the first two axes of the PCA, with changes in slope, average velocity,
substrate size, and stream width driving variation (Figure 2A, Table 1). Slopes were
steeper in less impacted watersheds such as the Bear (M), Morell (MI), Miminegash
(MI), and Valleyfield (Mol) watersheds whereas SI watersheds such as the West, Dunk,
and Wilmot were flatter in grade compared to the overall average (Table 1). Slope was
inversely related to stream order, width, and depth, and steeper slopes were associated
with narrower, shallower, and minimally impacted upland streams (Figure 2A). By
contrast, dominant substrate size was inversely related to average stream velocity, a
pattern driven by slower streams such as the Dunk (SI) watershed which had the largest
dominant and median substrates (Figure 2A, Table 1). In contrast, the fastest stream, the
Clyde watershed (SI), had smaller than expected median diameters and dominant

substrates (Table 1).

Variation was evident among watersheds of greater impact levels (Mol and SI)

which were associated with both the fastest (Clyde (SI), Montague (Mol)) and slowest

13



(Mill (Mol), Dunk (SI)) water velocities (Table 1). Minimally impacted streams
encompassed the full range of variability in the physical characteristics of the impacted
watersheds (Table 1). MI streams also had the greatest canopy coverage compared to
more agriculturally impacted systems such as Valleyfield (Mol), Wilmot (SI), and Clyde

(SI) watersheds that had no canopy coverage observed during the study period (Table 1).

3.1.2. Surface Water Chemistry

Surface water chemistry in the 10 focal watersheds showed differences between
Sl and M1 watersheds, and less differences between Mol watersheds and all other impact
levels (Table 2, Table 3, Figure 2B). SI watersheds had higher alkalinity, dissolved
oxygen, and greater nutrient concentrations that were above guidance (e.g., nitrate > 3
mg/L for Dunk, Wilmot, and Clyde) for the majority of the sampling period (e.g., total
phosphorus > 35 pg/L) compared to M1 watersheds, which had the lowest measures of
these parameters (Table 2, Table 3, Figure 2B). Mol watersheds were found to have
significantly different measurements of conductivity and nitrate when compared to SI
watersheds (Table 3). In particular, the Wilmot (SI) watershed had elevated alkalinity,

conductivity, and nitrate concentrations compared to M| watersheds (Table 2, Table 3).

Results from the PCA showed differences in surface water chemistry was
responsible for 55% of total variation in the dataset (Figure 2B). Moreover, majority of
the variation was attributed to elevated nitrate and alkalinity concentrations which were
strongly positively correlated to axis 1 (rnos- = 0.71, P <0.0001) and dissolved oxygen
concentrations which were strongly associated with axis 2 (r = 0.90, P < 0.0001; Figure
2B). These patterns were driven by Sl systems such as the Wilmot (Figure 2B; Table 2,

Table 3). In contrast, total phosphorus was inversely correlated to increased nitrate
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concentrations and was associated with systems such as the West watershed (S1) which
had elevated total phosphorus concentrations (TP vs. NOz-: r =-0.49, P < 0.001) (Figure
2B; Table 2). On average, all but the Mill (Mol) had total phosphorus concentrations
above 25 pg/L (the CCME’s recommended oligotrophic-mesotrophic boundary (CCME,
2004), Table 2) and nitrate concentrations in the Mill (Mol), Dunk, Wilmot, and Clyde
(SI), were found above the 3.0 mg/L nitrate concentration guideline for the protection of

aquatic life (CCME, 2012; Table 2).

3.1.3. Insecticide Concentrations in the 10 Focal Watersheds

Differences in insecticide concentrations explained 73.3% of the total variation
within the first two axes, and revealed that most SI watersheds had both frequent
detections and elevated concentrations of most insecticides (Figure 2C, Table 4). An
estimated 43.7% of variation could be attributed to the detection of insecticides in surface
waters of the SI watersheds (e.g., Wilmot) which were associated with chlorantraniliprole
and clothianidin, whereas minimally impacted systems such as the Morell were inversely
related to these insecticides, as Morell (MI) had 4x lower concentrations of
chlorantraniliprole and 21x lower concentrations of clothianidin (Figure 2C, Table 4). Of
note, chlorantraniliprole had not been detected above guidance, though it was measured
48% of the time (Table 4). The second axis explained 29.6% of variation was attributed
to imidacloprid and thiamethoxam concentrations, and was associated with systems such
as the Clyde (SI), Dunk (SI), West (SI), Montague (Mol), and Mill (Mol) watersheds
(Figure 2C, Table 4). Where thiamethoxam concentrations increased, imidacloprid
concentrations remained relatively low (e.g., Montague (Mol); Table 4). In watersheds

with the highest concentrations of imidacloprid, thiamethoxam remained below the

15



detection limit (e.g., Wilmot (SI): rimida= 0.83, rtiam=-0.66, P = <0.001) (Figure 2C,

Table 4; see Appendix, Table S2 for detection limits).

When clothianidin or imidacloprid were detected in the Dunk watershed (SI),
concentrations were detected at or above guidance in 86% of samples (Table 4). In the
Wilmot (SI), Mill, and Montague (Mol), clothianidin exceeded guideline limits (Table 4).
Chlorantraniliprole was often detected in the Wilmot, Dunk, Clyde (SI), Mill and
Montague (Mol), although not above guidance. Thiamethoxam and imidacloprid were
more rarely detected in the dataset (Table 4). For example, thiamethoxam was only
measured above the analytical detection limit in the Montague and Mill (Mol)
watersheds, and most imidacloprid samples were at or below the current detection level
(Table 4). Morell, the only minimally impacted watershed sampled, detected
chlorantraniliprole twice and clothianidin once, and both were below guideline limits

(Table 4).

3.1.4. Benthic Macroinvertebrate Community Composition

Five of the ten focal watersheds (Clyde (SI), Dunk (SI), Mill (Mol), Montague
(Mol), and Wilmot (SI)) had reduced richness of EPT, whereas MI watersheds were
associated with increased EPT richness, Plecopteran and Trichopteran abundance, and
abundance of Baetidae species [Ephemeroptera] (Figure 2D). The PCA indicated 47.9%
of the total variation was explained by the first two axes (Figure 2D). The first axis was
predominantly associated with increased richness of Ephemeropteran (r = 0.75, P <
0.0001) and Trichopteran orders (r = 0.79, P <0.0001), and percent relative abundance of
Trichopterans (r = 0.69, P < 0.0001) in the Morell (MI) watershed (Figure 2D). Morell

(M1) watershed also had positive correlations (r = 0.59, P < 0.0001) with the Baetidae
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family [Order: Ephemeroptera] and abundance increased relative to other mayfly families
in 2018 (e.g., 80% Baetidae in 2018, Figure 2D). The second axis was strongly associated
with increased richness and Plecopteran abundance (r = 0.67, P <0.0001 and r = 0.88, P
< 0.0001, respectively) in minimally impacted watersheds such as the Bear (Figure 2D).
By contrast, benthic assemblages from Sl systems such as the Dunk were negatively
correlated with Plecopteran abundance (r =-0.71, P < 0.0001) and was strongly
associated with increased Oligochaete abundance (e.g., 75% of all Dunk (SI) specimens
were Oligochaeta in 2018). Similar patterns were found in the Clyde (SI) (circa 2010)
and many years of samples in the Wilmot (SI) watershed (circa 2008 - 2011, 2015) where
Oligochaeta and Coleoptera were approximately 15-35% of the sample (Figure 2D).
Generally, majority of the assemblages in Ml sites such as the Bear were attributed to
percentage of Ephemeroptera and, specifically, Baetidae (59-97% of all specimens per
year) with typically less than 5% of the sample attributed to Oligochaetes. In the Morell
(M), approximately half of the specimens were Baetidae and typically less than 1% of
the sample was Oligochaetes. Some moderately impacted systems had years of samples
that were positively associated with percent Plecopterans as well as Plecopteran richness
and percent Ephemeroptera, and others had increases in Baetidae, such as what was

found in the Bear and Morell watersheds (both MlI).

3.2. Relationship Between Surface Water Concentrations of Insecticides and
Discharge

Given that the habitat dataset was correlated with parameters such as stream
velocity (Figure 2A, Table 1), it was suspected that water discharge may correspond with
insecticide concentrations. ANCOVA supported the hypothesis that concentration of two

insecticides and discharge significantly covary in the Dunk and Wilmot watersheds (e.g.,
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Pclothianidin =0.02711 and Pchlorantraniliprole = 000049, ANCOVAP< 005), though neithel’
imidacloprid (ANCOVA: Fs243 = 2.59, P = 0.12) nor thiamethoxam (ANCOVA: Fsg 39 =

1.48, P = 0.23) concentrations significantly covaried with average daily discharge.

Paired flow and insecticide data was further analyzed in the Dunk and Wilmot
watersheds (SI) to investigate correlations between discharge and chlorantraniliprole and
clothianidin (Figure 3). Concentrations of chlorantraniliprole were moderately positively
correlated with average daily discharge in the Wilmot (r jinear= 0.66; 1 exp = 0.68; P < 0.01)
and similar results were found regarding clothianidin concentrations (Wilmot: r jinear =
0.40, 1 10gxiog = 0.64, P < 0.01) (Figure 3). The relationship was more complex in the Dunk
watershed as chlorantraniliprole (r = 0.30) and clothianidin (r = 0.26) were positively
correlated to discharge, however, the correlation was insignificant (P =0.19, P = 0.28

respectively) (Figure 3).
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4. DISCUSSION
4.1. Summary of Patterns of Watershed Health and Integrity

The 10 focal watersheds had overlapping physical characteristics regardless of the
agricultural impact level. The analyses highlighted the intensive anthropogenic
modification and degradation among PEI watersheds. Generally, MI watersheds were
steeper, narrower (wetted width), and shallower with up to 50% canopy coverage
compared to SI watersheds which were flatter, wider, and deeper, typically with less
canopy coverage (Table 1, Figure 2A). Severely impacted watersheds had elevated
alkalinity, dissolved oxygen, nitrate, and total phosphorus concentrations compared to
minimally impacted, with the most impacted watershed (Wilmot, SI) containing elevated
measures of multiple parameters (Figure 2B, Table 2, Table 3). Most insecticide
concentrations differed between the Morell watershed (MI) and SI watersheds by means
of elevated concentrations and frequency of detections (Figure 2C, Table 4). Most Sl
watersheds had decreased EPT richness and percent abundance in comparison to Ml
watersheds (e.g., Bear and Morell; Figure 2D) which were associated with increased EPT
richness, percent Trichopteran and Plecopteran abundance, and increased percentage of
Baetidae species [Ephemeroptera]. A significant relationship between average discharge
rates and concentrations of the two most frequently detected insecticides was found in the

most impacted watershed (Wilmot) (Figure 3).

4.1.1. Physical Site Characteristics

Habitat characteristics of all impact groups had overlapping environmental
gradients. MI watersheds were steeper, narrower, and shallower with up to 50% canopy

coverage, while SI watersheds were flatter and deeper, often with less canopy coverage
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(Figure 2A, Table 1). By design, these environmental gradients were selected to overlap
each of the three impact categories. These findings were as expected, as slope influences
water velocity, which can therefore affect stream substrate composition via erosion or the
ability to transport sediments (Kaufmann et al., 1999). As such, slope was one of the
main contributors to variation, which coincided with previous findings (Jun et al., 2016;
Wani et al., 2023; Zhi et al., 2020). However, differences in slope between sites were
considered marginal (Table 1) and could likely have been attributed to the rolling hill

topography common to the island.

Water velocity also contributed to substantial variation within the dataset, with the
Clyde watershed (SI) having the greatest velocity while the Dunk (SI) and Mill (Mol)
watersheds had the lowest water velocities (Table 1). This finding concurred with other
studies that found water velocity to be one of the greatest contributors to variation among
watersheds, with an ability to alter benthic community composition, substrate
composition, and insecticide concentrations (Nelson & Lieberman, 2002; Zeiringer et al.,
2018; Ccanccapa et al., 2016). The Clyde (SI) watershed had smaller than average
substrate sizes and the greatest water velocity (Table 1). One possible explanation for this
pattern is the record levels of sediment deposition due to an extreme overland flow event
during the study period (April 2017, as reported in Guignion et al., 2019; Zhu et al.,
2018) which coincided with road construction of an overpass on a nearby highway which
included the decommissioning/removal of a water wheel in 2017, approximately less than
200 m away (see PEI Government, 2016c¢; pers. comm. Glen Robertson). The opposite
phenomenon was observed in the Dunk (SI) watershed, where the slowest water velocity

was measured in tandem with the largest substrates (Table 1). This pattern could be due
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to the large substrate size, reducing the in-stream velocity as it may deflect the energy of
the water (Shobe et al., 2021; Nativ et al., 2022). Larger than expected substrates
overlapped with extensive efforts to restore hydromorphology in the Dunk (SI) following
a burst impoundment in 2009 and the construction of a new dam with flow deflectors in
2017, requiring the installation of rock armouring for enhanced protection (CBC News,
2013). Similar efforts were made in the West watershed (SI), where flow deflectors of
approximately 40 feet were implemented to simulate a holding pond for anadromous fish

to adjust between saltwater and freshwater conditions (CBC News, 2019).

Although dominant substrates were larger than expected in the Dunk, the
surrounding substrate was of the finest sand, silt, and clay, consistent with the high
intensity of agricultural activity in this watershed (Table 1). Surrounding materials as
better predictors of conditions (Sutherland et al., 2010) was also evident in the PCA
where velocity was correlated with surrounding materials as opposed to dominant
substrates (Figure 2A). This is perhaps unsurprising as at least seven of the ten focal
watersheds (Morell (MI), Clyde (SI), Valleyfield (Mol), Mill (Mol), Wilmot (SI),
Montague (Mol), and Dunk (SI)) had been heavily modified via impoundments and
restoration activities, and were previously or are currently modified by agriculture (see

Meechams historical Atlas - https://www.islandimagined.ca/meachams_atlas; Table 1).

Unfortunately, fine particles are likely a potent barrier to the success of BMI, as well as
fish (i.e., spawning habitats) (see Newcombe, 2003). Areas with intensive agriculture
generally have increased fine sediment due to erosion, and the fine particles fill the
spaces where BMI would typically cling (Environment Canada, 2012; Bendary et al.,

2023; Czerniawska-Kusza, 2004). Unfortunately, significant levels of sediment entered
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PEI watersheds (e.g., Clyde (SI) and the Dunk (S1)) due to overland flow (see Nyiraneza
etal., 2017; Jiaet al., 2023), and Nyiraneza et al. (2017) also found that low residue
cropping and intensive tillage techniques cause significant overall declines in soil organic

material, a pattern that can result in cascading effects of degradation in aquatic systems.

4.1.2. Surface Water Chemistry

Most significant differences in surface water chemistry were noted between Ml
and SI watersheds, with fewer differences among study parameters noted between Mol
and Sl groups (Figure 2B; Table 2, Table 3). Differences in water quality between Mol
and SI watersheds regarded conductivity and nitrate measurements (Table 3). Differences
in these parameters could indicate that Mol watersheds are less impacted than originally
expected, as conductivity is an excellent indicator of agricultural intensity due to elevated
levels that indicate the increased run off potential and intensive agriculture, reflected by
watersheds such as the Wilmot (SI) (Table 2, Table 3) (Dahal et al., 2007; Atwell &
Bouldin, 2022; Thorslund et al., 2021). However, the lack of differences between other
water quality parameters may indicate that Mol and SI watersheds are more similarly
impacted by agriculture than originally expected, indicating that the moderately impacted
watersheds may be categorized correctly, with some aspects similar to minimal impact

groups while other aspects are more severely impacted.

MI watersheds had significantly (P < 0.05) lower alkalinity, dissolved oxygen,
total phosphorus, and nitrate concentrations when compared to SI watersheds (Table 2,
Table 3). Alkalinity has been trending upwards over the past several decades and is
associated with intensive agriculture and some agricultural practices (i.e., the use of lime,

fertilizer) (Raymond et al., 2008), which may explain the patterns in SI watersheds
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(Table 2, Table 3). Dissolved oxygen concentrations varied slightly between Ml and Sl
watersheds which may be due to: sampling during the summer periods, when dissolved
oxygen levels are typically low due to elevated water temperatures (Hanjaniamin et al.,
2022), as a result of eutrophication, as nitrate and total phosphorus concentrations were
also elevated during the sampling period (Nguyen et al., 2016), or due to timing of
sample collection (which was not available), as dissolved oxygen levels can greatly vary
over a 24-hour cycle which could change the overall concentrations (Guasch et al., 1998)

(Table 2 & 3).

Elevated total phosphorus is associated with agricultural practices as phosphorus
is a component of fertilizer and livestock waste, and has the potential to accumulate in
soils, as well as runoff during precipitation events (Ross et al., 2022; Mainstone & Parr,
2002; Benjannet et al., 2018), and may explain why elevated concentrations were
associated with Sl streams. However, a previous study in PEI suggests total phosphorus
may be associated entirely with local geology (van de Heuvel, 2009). Several studies
have found that elevated nitrate concentrations are also mainly associated with
agricultural intensity (Danielescu et al., 2024) as a result of: increased fertilizer use
(Bijay-Singh & Craswell, 2021), agricultural land use changes and current practices
(Wang et al., 2023), and as a byproduct of livestock waste (Lee et al., 2020), which could
explain the patterns found in SI watersheds (Table 2, Table 3). By contrast, Ml
watersheds have significantly less nitrate in surface waters due to land use practices
(Weber & Kubiniok, 2022; Grizard et al., 2020; Benson et al., 2006; Benson et al.,
2007). It is important to recognize that elevated nitrate concentrations in surface waters

may be due in part to natural processes, but is often associated with fertilizer use or other
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anthropogenic sources (Benson et al., 2007; Danielescu et al., 2024). Of note, PEI has
site-specific guidelines for nitrate and total phosphorus concentrations within surface
waters, and although these levels are not currently reported in the public domain, in other
provinces, they tend to be above 70 pg/L for total phosphorus and 3.0 mg/L for nitrate

(van den Heuvel, 2009; ECCC, 2021; CCME, 2012).

Nitrate is the most common form of nitrogen in PEI freshwaters (Somers et al.,
1999; Danielescu & MacQuarrie, 2011). Extensive agriculture is associated with high
concentrations of nitrate in nearby surface waters (Grizard et al., 2020; Liang et al.,
2019), and in agricultural areas where nitrate is applied excessively, ~ 60% has the
potential to leach and contaminate surface and groundwaters (Benson et al., 2006;
Danielescu et al., 2024; Bijay-Singh & Craswell, 2021; Shukla & Saxena, 2018).
Previous studies have indicated that watersheds with greater than 35% land use attributed
to agriculture (Mol, SI) tend to have elevated concentrations of nitrate and total
phosphorus, leading to eutrophication which can also reduce dissolved oxygen levels (Liu
et al., 2022; Somers et al., 1999). In this study, concentrations of nitrate were 6x greater
in SI watersheds compared to MI (Table 2). Of note, elevated nitrate levels in PEI
groundwaters have been shown to persist for several decades (Jiang et al., 2007), and
surface water concentrations in watersheds of all impact levels (Mill (Mol), Dunk (SI),
Morell (MI), and Wilmot (SI)) have been increasing since long-term nitrate studies began
in 1960 in some watersheds, which were further studied by Agriculture and Agri-Food
Canada (AAFC) in 1988 via leaching experiments (Zebarth et al., 2014; Jiang et al.,
2011). Many streams are at least partially groundwater fed, particularly during the

summer open-water period, and persistent groundwater concentrations are known to
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influence stream water quality (e.g., Wilmot (SI) watershed is ~66% groundwater fed

according to Jiang et al., 2007).

4.1.3. Insecticide Concentrations in the 10 Focal Watersheds

Elevated concentrations and frequent detections of most insecticides were found
in S watersheds, particularly the Wilmot, whereas few detections and no exceedances
were noted in the Morell, the only MI watershed with insecticide data (Figure 2C, Table
4). Concentrations were frequently at or potentially below the analytical detection limit,
particularly in earlier sampling events, and the occurrence of detections increased over
the sampling period and could be attributed to increased use of insecticides (Sharma et
al., 2019), accumulation in soils (Goulson, 2013), or the method of application (Xing et
al., 2012). High detection rates of highly soluble insecticides such as clothianidin (327
mg/L), imidacloprid (610 mg/L), and thiamethoxam (4100 mg/L) is not surprising (at
20°C in water; CRC, 2016), especially due to their long-term release rates (Berens et al.,
2021) and ability to leach into groundwaters (Bonmatin et al., 2015). Although
chlorantraniliprole is the least soluble in water (1.023 mg/L), it is highly persistent (228-
924 days) and mobile in soil with a high potential to leach into shallow groundwater > 60
cm) (Jiang et al., 2007; USDA, 2019; Health Canada, 2014). As the water table tends to
be shallow and porous in PEI (Jiang et al., 2007), these compounds may not have far to
travel to enter groundwater systems (e.g., wells are, on average, 18 m deep to reach the

aquifer (Savard et al., 2007; PEI Government, 2016d)).

Groundwater supplies much of streamflow during the late summer sampling
period in PEI (Jiang et al., 2007; Bhatti et al., 2021) and therefore may be driving the

influx of these substances into streams for extended periods, particularly during low-
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flow, open-water periods due to the connectedness and exchange of ground and surface
waters (Banerjee & Ganguly, 2023; Li et al., 2021; Lewandowski et al., 2020; Jiang &
Somers, 2009). The concentrations measured in surface waters were an order of
magnitude less than the median lethal concentration for mayflies reported in scientific
literature (96-h LCso of 0.55 to 3.6 ng a.i. (active ingredient)/mL for Neocloeon
triangulfer; Sanford et al., 2021). At present, chlorantraniliprole does not have a
Canadian recommended guideline level for drinking water or the protection of aquatic
life (Health Canada, 2016a). As such, the US EPA Agquatic Life Benchmark of 4.5 ng/mL

was used by the PEI Government (US EPA, n.d.).

Clothianidin was detected in PEI watersheds more frequently than
chlorantraniliprole and often exceeded guidance (Table 4). This could be due in part that
clothianidin is less likely to bind to soils as a highly soluble compound (327 mg/L) and
has higher potential to enter streams via run off, particularly during extreme flow events
(Miles et al., 2017; Yadav & Watanabe, 2018). It is also the breakdown transformation
product of thiamethoxam in some soils, plants, insects and, in some instances, mammals
(such as rats) (Liu et al., 2018; Tian et al., 2022), and thus the field application of either
insecticide may contribute to the detection or accumulation of clothianidin (Health
Canada, 2021a; US EPA, 2020). Clothianidin in concentrations commonly detected in
this study are known to affect adult emergence of aquatic insects such as the Dipteran,

Chironomus dilutes (7-d E2o = 0.02 ng a.i./mL, see Cavallaro et al., 2017) (Table 4).

Imidacloprid and thiamethoxam were frequently sampled at or potentially below
the detection limit if detected during this study (Table 4). This is problematic for samples

of imidacloprid prior to 2013 when the analytical detection limit was higher than current
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guidance for the protection of aquatic life in freshwaters (0.041 ng/mL [CCME, 2007];
Health Canada, 2016b). Nearly all samples were at or below the detection limit during the
sampling period (Table 4) and a decrease in detection frequency after 2007 may be due to
imidacloprid resistance, a problem that was noted in a previous study (Craddock et al.,
2019). Concentrations in the range of current guidance has been associated with 10%
mortality of the mayfly larvae Cloeon dipterum (28-d, LC10 = 0.041 ng/mL; Roessink et
al., 2013). Concentrations less than the detection limit have been associated with 10%
mortality of Cloeon spp. in a laboratory setting (96-h LC10 < 0.0001 ng/mL, Sumon et
al., 2018). In contrast, thiamethoxam was never detected exceeding guideline levels and
was rarely detected during the 11-year (2010 — 2021) sampling period (Table 4), likely
due to transformation to clothianidin in soils prior to running off (Liu et al., 2018; Tian et
al., 2022). Exposure to thiamethoxam in the current guideline range (0.3 ng/mL) and
detection range (0.01 — 0.02 ng/mL) had insignificant effects on mayfly populations in
outdoor mesocosm studies, and the concentrations detected in this study likely do not

affect benthic assemblages (e.g., Pickford et al., 2018).

4.1.4. Benthic Macroinvertebrate Community Composition

Severely impacted watersheds had reduced richness and abundance of sensitive
EPT species, whereas minimally impacted systems were strongly associated with
increased EPT richness, abundance of Plecopteran and Trichopteran orders, and
percentage of Batidae species (Figure 2D). Of note, all factors studied (insecticides
(Katagi & Tanaka, 2016), altered water quality (Manning & Sullivan, 2021), and habitat
alteration (Burdon et al., 2013)) can contribute to BMI composition, and distinguishing

the primary effect of any one of these factors on benthic community may be difficult.
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However, the effects of habitat restoration and remediation efforts in some SI systems
(e.g., Clyde (2017, 2018) and Dunk (2017, 2018)), were evident in the multivariate
analysis (Figure 2D). Significant habitat alteration due to construction (e.g., Clyde (SI)
2017, 2018), storm events (Dunk (Sl), 2009), and hydromorphological restoration efforts
(Dunk and West (S1)) cause these watersheds to appear extremely disturbed during
alteration and possibly the years following the habitat change (Zhu et al., 2018; Sabater et
al., 2023). Some sensitive EPT are especially vulnerable to habitat disturbance due to
their relatively poor dispersal ability and reliance on high water and substrate quality
such as well-sorted cobble (see Gage et al., 2004). Stream restoration is a relatively new
area of research and the effectiveness to support macroinvertebrates has mixed results
with prolonged disruption to benthic communities commonly reported (Jahnig et al.
2010; Palmer et al., 2010; Bernhardt & Palmer, 2011). Efforts to benefit a single species
(e.g., Atlantic Salmon (Salmo salar)), are among the least sustainable as these approaches
may not sufficiently consider the aquatic ecosystem as a whole (Muotka et al., 2002;

Louhi et al., 2011).

Differences between Mol and either M1 or SI watersheds were more difficult to
distinguish, potentially due to all factors having some degree of an effect, or perhaps due
to the abundance of cosmopolitan species with long-distance dispersal abilities which
may not be suitable for investigating agricultural impact. Some species of Baetidae
mayflies (e.g., Baetis alpinus, Baetis rhodani) have been reported to travel distances of
1.0 to > 3.7 km, while some Trichopteran families like the Northern Caddisfly
(Trichoptera: Limnephilidae) can travel up to 65 km (Peredo-Arce et al., 2021). The

Peredo-Arce study (2021) found similar dispersal abilities for all EPT examined. PEI is
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relatively small (< 65 km wide and 224 km long) and flying adult EPTs could potentially
disperse to and from areas of differing impact levels. Further, flying BMI with long
dispersal rates could potentially travel from the mainland (i.e, New Brunswick) as the
confederation bridge is less than 13-km in length, and BMI may lay their eggs in specific
watersheds due to site-selection processes, complicating the interpretation of the effects
of water quality, insecticides, and habitat degradation on benthic assemblages (Aitcin et
al., 2016; Uno & Power, 2015; Williams & Williams, 1993; Lancaster & Downes, 2018;

Hoffmann & Resh, 2003; Bass, 2003).

Island size and the degree of impactedness may be significant limiting factors to
restoration efforts as smaller islands (Godfrey, 2002) tend to have lower diversity
(MacArthur & Wilson, 1967). Distance to mainland source populations has been
negatively correlated to species richness as immigrated mainland species tend to be
associated with extinction events and net reductions in biodiversity (see Costanzi &
Steifetten, 2019). The discontinuity aspect of islands is a major contributing factor to
evolutionary differences in functionality and biodiversity of island flora and fauna,
creating specific and unique niches (Russell & Kueffer, 2019). However, just as islands
contain much of the global-scale biodiversity (Fernandez-Palacios et al., 2021; Matthews
& Triantis, 2021; Russell & Kueffer, 2019), they are at the greatest risk of mass species
extinction due to anthropogenic impacts as flora and fauna may be adapted to specific
habitat requirements, and disturbance may disrupt ecosystem functioning (Russell &

Kueffer, 2019; Tershy et al., 2015).
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4.2. Relationship Between Surface Water Concentrations of Insecticides and
Discharge

Concentrations of chlorantraniliprole and clothianidin insecticides paired with
discharge covaried in the Dunk (S1) and Wilmot (SI) watersheds. In the most impacted
watershed (Wilmot), chlorantraniliprole and clothianidin concentrations increased
alongside increasing discharge (Figure 3). In the Dunk watershed, relationships between
discharge and insecticides were more complex. Complex relationships among study
watersheds could partly be due to the pesticide sampling routine appearing skewed
towards low-flow sampling conditions which may fail to provide an accurate
representation of the relationship between flow and insecticide concentrations, as
seasonal differences in pesticide concentrations have been recently reported (Kruc-
Fijatkowska et al., 2022; Chow et al., 2020). In the case of the Dunk watershed, it could
also be due in part of the majority of baseflow being groundwater dominant (Roloson et
al., 2021). It is recommended that pesticide sampling be conducted during elevated
discharge events and during other seasons for a more accurate representation of the flow

and insecticide relationship in various environmental conditions and watersheds.

Current insecticide concentrations could reflect accumulation of insecticides from
previous applications (Riedo et al., 2023) or may be attributed to groundwater upwellings
due to infiltration of insecticide contaminated groundwater into PEI systems (as was
demonstrated with nitrate concentrations in PEI estuaries by Danielescu & MacQuarrie,
2011) rather than overland flow events. This theory is supported by limited groundwater
concentration reports of the insecticides in this study detected at similar concentrations in
wells in the province (see PEI Government, 2016d). Reports suggest 60-70% of surface

waters on the island, in any given season, are provided from groundwater sources (Jiang
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et al., 2007), and recent studies on groundwater upwellings/seepages and pesticides
further support to this theory (Bech et al., 2023; O’Driscoll et al., 2019). A previous
study in this area also found that groundwater discharge was a significant factor of
surface water nitrate concentrations in estuaries (Danielescu et al., 2009). Given that
positive correlations were found in the Wilmot watershed (SI), an increase in pesticide
sampling in ground and surface waters, especially during elevated discharge events, is

warranted in order to successfully capture pesticide loadings.

Previous studies also suggest that rainfall can contribute to pulses of insecticide
concentrations in surface waters (Hladik et al., 2014; Liess et al.,1999; Wiberg-Larsen et
al., 2021), as these events could be contributing to overland flow from surrounding areas
where insecticides were applied (Pathak et al., 2022). Regional weather patterns due to
climate change, such as the drought conditions experienced in 2020 (~500mm, 26 yr.
average = 1200mm of precipitation annually; ECCC, 2022b) may also contribute to
greater insecticide run-off (Let et al., 2021). Given the persistence of some of the
insecticides examined (e.g., chlorantraniliprole, 228 to 924 days; USDA, 2019) it seems
highly likely that intermittent drought may make predicting the runoff concentrations in

these systems even more difficult.
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4.4. Recommendations for Future Monitoring in PEI Watersheds

At present, watersheds are sampled for pesticides on a 3-year rotation with some
systems, specifically the minimally impacted sites, sampled even less frequently if at all
(e.g., Miminegash, Bear, Morell). Results from this study suggest that much of the low-
level insecticide concentrations may be cycling through groundwaters sources as part of
the hydrological cycle — particularly in low flow periods (Jiang et al., 2007; 2015).
Therefore, increasing pesticide sampling efforts in minimally and moderately impacted
systems is warranted. Inclusion of additional, minimally impacted systems in surface
water quality surveys would support more sophisticated statistical approaches to aid
interpretation of the macroinvertebrate data, as well as a more intuitive understanding of
cumulative impacts of multiple substances and the consideration of other factors that
contribute to declining watershed health. Water samples should also include time of
collection. Future work should also consider mixtures of these chemicals in mesocosm or
laboratory studies. This study has shown that the current sampling approach does not
account for insecticide concentrations in higher flow events. Insecticide sampling in the
Wilmot (SI) and Dunk (SI) watersheds for instance, among the most intensively
monitored systems in Prince Edward Island, captured only summer low flow periods in
all the pesticide samples collected over the period of this study. If, as this study suggests,
concentrations of insecticides such as chlorantraniliprole and clothianidin among others,
may increase with increasing discharge, actual concentrations, during rainfall events and
even baseline flow may be orders of magnitudes greater than what is currently captured

in the monitoring regime in Prince Edward Island.
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5. CONCLUSIONS

Global use of all pesticides (including insecticides) has increased significantly
(approximately 4.1 million tonnes each year) since 1990 (FAO, 2023; Boedeker et al.,
2020; Tao et al., 2020; Sharma et al., 2019) and neonicotinoid insecticides have
especially gained popularity recently (Main et al., 2014; Hladik et al., 2018). This pattern
was evident in PEI during the period when substantial changes in land use practices
occurred (see Bugden et al., 2014), and current results in the provincial pesticide dataset
coincide with this fact. The 10 focal watersheds in this study varied in the extent of
agricultural activity and many systems had a history of fish kills. The study revealed
agriculture within PEI is widespread and watersheds with less land use attributed to
agriculture appeared to have BMI composition associated with pristine environments.
The findings also highlighted the difficulty of distinguishing the cause of decreased
watershed health attributed to a singular factor (like insecticides) as several factors can
contribute to overall watershed integrity and benthic assemblage composition. Extensive
hydromorphological restoration efforts have contributed to degradation of many focal
watersheds which was clearly evident in the multivariate analysis, as are the catastrophic
effects of climate change and anthropogenic disturbance. Unfortunately, insecticide
loading in these systems was difficult to estimate despite 784 samples of the desired
insecticide having been collected in the province, as these results are plagued with high
detection and analytical limits, infrequent sampling, and samples predominately taken
during low and baseflow periods when these watercourses are dominated by groundwater
flows as opposed to overland mechanisms (Jiang et al., 2007; 2015). Collectively, these
impacts and sampling implications obscure results as habitat modifications interact with
cumulative effects and cause benthic macroinvertebrate communities to be further
degraded. The implication of severe cumulative impacts on island organisms also has an

increased likelihood of local extinction events (Fernandez-Palacios, 2021; Russell et al.,
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2017; Macinnis-Ng et al., 2021; Clarke et al., 2014). Habitat loss, reduced abundance of
fish foodstuffs such as benthic macroinvertebrates, combined with the nutrient
enrichment and insecticide exposure, are all common to the watersheds examined in this
study, and suggests that restoration efforts may be significantly hampered if land use
practices can not pivot towards reducing these inputs and a more holistic approach to
monitoring and restoration rather than catering to a specific group. As 100% of the
drinking water in PEI is sourced from groundwater (PEl Government, 2022; Jiang et al.,

2007), the human health impacts of these activities may also be significant.
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7. TABLES & FIGURES

Table 1. Characteristics of the 10 focal watersheds in Prince Edward Island by agricultural activity (<35%, 35-50%, and >50%
developed land area). Where limited data were publicly available; for example, for the Miminegash River, these values have been
estimated from contemporary measurements as well as using the Atlantic DataStream, and QGIS data layers from provincial and
federal authorities (see below). Data displayed are given as ranges per category recorded (e.g., canopy cover (0-25%, 26-50%, etc.),
dominant substrate, surrounding materials), AVG £ 1 SE or as otherwise indicated.

Median

Agricultural Stream Avg Canopy Water Bankfull Wetted Particle Dominant Surrounding No. Reported
Watersheds land use Order Depth  Cover Slope Velocity Width Width Sizet! 'D50" Substrate® Material @ Temperature Fish Kills'&
% cm % m/m (%) m/s m m cm cm cm °C (during study
period)
Minimally Impacted (MI) <35% agriculturally developed
Bear 11 2 143 51-75 0.00617 (0.6) 0.33=0.05 83+1.0 35+03 46+03 32-64 01-02 12.1+04
Miminegash 20 4 53 51-75 0.0059 (0.6) 033+ N/A 202+N/A 46+N/A 5+ N/A 32-64 01-02 6.7=0.4 -
Morell 31 3 253 26-50 0.00382 (0.4) 0.41+0.09 21609 8.1+1.6 3.5+05 32-64 1.6-3.2 12315 1()
Average 21 3 129 - 0.0054(0.5) 036 14.7 52 4 - - - -
Moderately Impacted (Mol) 35-50% agriculturally developed
Montague 37 3 2586 1-25 0.00034(<0.1) 054+ N/A 126=N/A TA4EN/A 25=N/A 16-32 32-64 11304 -
Vallevfield 37 4 244 0 0.00490 (0.5) 046+ N/A 140+ N/A 11.7+=N/A 35=N/A 32-64 01-02 11909 2(9)
Mill 45 4 10.6 51-75 0.00337 (0.3) 0.21+0.04 13.3+13 89+04 3.5+£0.75 32-64 < 0.1 12103 3(2)
Average 40 4 16.3 - 0.0031(0.3) 0.33 13.3 9.2 3 - - - -
SeverelyImpacted (SI) =50% agriculturally developed
West 51 4 18.1 51-75 0.00229 (0.2) 0.47=0.08 17.9+15 6705 50506 32-64 01-02 10.8=03 1)
Dunk 68 4 30.5 2650 0.00075(=0.1) 0.21+001 194+34 13.5+03 62+1.1 12.8-256 <01 12704 5(2)
Wilmot 78 3 16.7 0 0.00242 (0.2) 045007 11303 58x04 285x015 32-64 <01 126x03 2(2)
Clyde 56* 3 115 0 000480 (0.5)  pg3+N/A  115+NA 43+NA  3.0=N/A 32-64 3.2-64 11.2+04 3(2)
Average 63 4 20.8 - 0.0021 (0.2) 0.42 15.8 8.2 45

@) Benthic substrates are coded within the CABIN method (Environment Canada, 2012) and include substrate size classes such as 1 for < 0.1 cm; 2 for coarse
sand (0.1-0.2 cm); 3 for gravel (0.2-1.6 cm); 4 for small pebbles (1.6-3.2); 5 for large pebbles (3.2-6.4 cm); 6 for small cobble (6.4-12.8 cm); 7 for cobble (12.8-
25.6 cm).

) Fish kills since 1961 and fish kills in study reaches during study period (2002-2022) https.//www.princeedwardisland.ca/en/information/environment-water-
and-climate-change/fish-Kill-information-and-statistics

*Indicates the metrics was calculated based off surround watersheds agriculture land use data as no data was available at the time of the study.


https://www.princeedwardisland.ca/en/information/environment-water-and-climate-change/fish-kill-information-and-statistics
https://www.princeedwardisland.ca/en/information/environment-water-and-climate-change/fish-kill-information-and-statistics
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Table 2. Physico-chemical characteristics (continued) of the 10 focal watersheds in Prince Edward Island by agricultural activity

(<35%, 35-50%, and >50% developed land area).

Watersheds Alkalinity Conductivity Dissolved Total N Nitrate % observations Total % observations
Oxygen Phosphorus
mg/L pS/cm mg/L mg/L mg/L >3 mg/L pg/L >35ng/L

AVG +SE guidance (D) guidance (D)
Minimally Impacted <35% agriculturally developed
Bear 749135 230.0+ 2838 10.0£0.2 0.5210.02 0.38+0.07 0(43) 41.6110.4 25(63)
Miminegash 583+5.7 1844+ 115 11.0+0.6 1.52+0.15 1.22+0.17 6(31) 524+21.0 26 (35)
Morell 64.1+3.0 1805+ 7.8 103+0.8 1.21+0.03 0.99+0.07 009 473+5.1 83(18)
Moderately Impacted watersheds 35-50% agriculturally developed
Montague 745+23 183.7+43 10.8+0.3 241+0.07 2.13+0.06 0(27) 62.5+9.0 93 (46)
Valleyfield 71423 193.5+5.0 11.0+0.4 140+ 0.04 1.31+0.04 0(16) 74.6+3.7 100(27)
Mill 87.2+4.5 213.1+9.1 103+03 3.29+0.11 3.08+0.12 65 (48) 219+23 12 (66)
Severely Impactedwatersheds >50% agriculturally developed
West 70.4+10.5 135.1+42 11.1+03 1.39+0.04 1.32+0.03 0(28) 61.5+4.1 91 (44)
Dunk 81.8+28 2208+ 8.2 10.6+0.2 4.68+0.27 4.67+030 100(26) 463125 73(37)
Wilmot 91.5+27 2728+ 9.6 10.5+0.2 6.59+0.14 6.21+0.18 99 (71) 390.0+£15 62(91)
Clyde 95.4+143 188.8+ 9.9 11.3+0.5 3.67+0.08 3.53+0.10 94 (17) 59.5+52 89 (27)




Table 3. T-test results comparing MI, Mol and SI watershed surface water quality
measurements. Asterisks indicate the decimal place of significance is below 0.05.

Parameter Groups  n Mean  SD Groups df  tStat tcritical P <0.05
M 54 7184 2084 MIvs. Mol 122 213 198  0.0348 *
Alkalinity Mol 74 8028 2372 T-Test  Molvs. SI 183 -1.67 197 0.1
SI 116 87.01 31.62 MIvs. ST 149 -3.72 198 0.00029 **
Wilmot 67  91.19 2330 Wilmotvs. MI 118 4.82 198 439E-06 ***
M 58 1014 154 MI vs. Mol 143 -1.56 198 0.12
Dissolved Oxygen Mol 114 1057 198 TI-Test  Molvs. SI 203 -051 197 0.61
SI 230 1068 1.76 Ml vs. ST 98 231 198 0.023 *
Wilmot 171 1063 177 Wilmotvse. MI 122 -128 198 0.21
M 51 2177 15438 MIvs. Mol 55 090 200 0.37
Coneuctivity Mol 103 1978 469 TI-Test  Molvs. SI 307 -351 197 00005  *E
SI 206 2254 916 MIvs. ST 59 -034 200 0.73
Wilmot 101 2728  96.6 Wilmotve. MI 70 2.33 1.99 0.023 *
M 83 076  0.77 MI vs. Mol 189 -18.66 197 993E-45 ***
Nitrate Mol 91 249 094 T-Test  Molvs. SI 203 -10.06 197 14E-19 ***
SI 142 465 227 MIvs. ST 170 -1336 197 264E-28 ***
Wilmot 71 6.21 1.53 Wilmotvs. M 100 2733 198 3.48E-48 #**
M 116 4551 9138 MI vs. Mol 160 -0.07 197 0.95
Total Phosphorus Mol 139 4489 4442 T-Test  Molvs. SI 185 -080 197 0.43
SI 199 4813 2184 Ml vs. ST 127 433 198 297E-05 ***
Wilmot 91 39.04 13.90 Wilmotvse. MI 122 -0.75 198 0.43
M 57 11.8 33 MIvs. Mol 93 0.06 1.99 0.95
Temperature Mol 114 11.7 27  ITest Mol vs. SI 242 -131 197 0.19
SI 238 122 3.0 Mlvs. SI 78 -0.79 199 0.43
Wilmot 135 126 32 Wilmotve. MI 101 -1.55 198 0.12

53



Table 4. Physico-chemical characteristics (continued) of the 10 focal watersheds in Prince Edward Island by agricultural activity
(<35%, 35-50%, and >50% developed land area). For samples that were below or at the detection limit, half the detection was used for
calculating the average concentration.

4%

Watershed Chlorantraniliprole CI Detections Guideline Clothianidin Cl  Detections Guideline Imidacloprid ~ Cl  Detections Guideline Thiamethoxam Cl  Detections Guideline
Exceedances Exceedances Exceedances Exceedances
ng/mL 95% % Count ng/mL 95% % Count ng/mL 95% % Count ng/mL 95% % Count
(#/ntotal) (#/ntotal) (#/ntotal) (#/ntotal)

SUIGEINES 4 5 ng/mL_ 0.02 ng/mL 0.041 ng/mL 0.3 ng/mL

AVG # SE AVG * SE AVG * SE AVG + SE
Minimally disturbed <35% agriculturally developed
Bear - - - - - - - - - - - -
Miminegash - - - - - - - - - - - -
Morell 0.017 +0.003 0.006 7.4 (2/27) 0 0.005 +<0.001 0.0004 4 (1/27) 0 0.014 +0.003 0.0006 0 (0/27) 0 0.0049 + 0.0001 2E-04 0 (0/27) 0
Impacted watersheds 35-50% agriculturally developed
Montague 0.035+0.003  0.006 68 (19/28) 0 0.032+£0.004 0.007 86 (24/28) 18 0.016 £0.003 0.006 4 (1/28) 0 0.0074 +0.0001 0.002 36 (10/28) 0
Valleyfield - - - - - - - - - - -
Mill 0.075+0.006  0.011 82(23/28) 0 0.071+£0.01 0.0195 86 (24/28) 20 0.016 + 0.003 0.006 0 (0/28) 0 0.0058 + 0.0004 0.008 14 (4/28) 0
Impacted watersheds >50% agriculturally developed
West 0.016 £ 0.003  0.006 3.6 (1/28) 0 0.005 +<0.001 0.0001 0 (0/28) 0 0.017 £0.003 0.006 7 (2/28) 0 0.0049 + 0.0001 2E-04 0 (0/28) 0
Dunk 0.059 + 0.006 0.013 75 (21/28) 0 0.020 £ 0.003 0.006 68 (19/28) 8 0.019+0.003 0.007 11 (3/28) 2 0.0049 + 0.0001 2E-04 0 (0/28) 0
Wilmot 0.121£0.014  0.029 83 (24/29) 0 0.134£0.045 0.092 97 (28/29) 22 0.024 £0.005 0.009 14 (4/29) 4 0.0049 + 0.0001 2E-04 0 (0/29) 0
Clyde 0.021£0.004  0.009 82 (23/28) 0 0.014 £0.002 0.004 64 (18/28) 4 0.023 +£0.007 0.013 7 (2/28) 2 0.0049 + 0.0001 2E-04 0 (0/28) 0

* Health Canada, 2016(a&b); Heath Canada, 2021(a,b,c); USEPA, (n.d.)
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Figure 1. Map of Prince Edward Island (Canada) with the 10 variably impacted focal
watersheds and percentage of land use attributed to forested areas (green), agricultural
development (black) or other activities (white). Watersheds that were minimally
impacted (< 35% agricultural activity) in this study included the Bear, Miminegash, and
Morell rivers, whereas the Montague, Valleyfield, and Mill rivers had more agricultural
activity (35-50% agricultural), and the most severely impacted included the West, Dunk,
Wilmot and Clyde rivers (> 50% agricultural activity in the watershed).
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Figure 2 (A, B, C, D). Principal Component Analysis (PCA) of (A) habitat
characteristics, (B) surface water chemistry, (C) insecticide concentrations, and (D)
benthic macroinvertebrate community metrics in the 10 focal watersheds during the study
period. Additional Notes: (A) displaying dominant substrate of the first category (the
most dominant river substrate per river), D50 is the median diameter of substrates, and
Dg denotes the geometric mean diameter of benthic substrates (see Environment Canada,
2012 for protocols). Those with % indicate percentage of the given parameter. (B) Alk
indicates alkalinity, cond indicates conductivity, DO indicates dissolved oxygen, NO3
indicates nitrate, TP indicates phosphorus, and temp indicates water temperature. (C)
Insecticide names are given in full. (D) Metrics with ‘%’ indicate percentage whereas
overall Abundance is denoted as N, Ephemeropteran (E), Plecopteran (P), and
Trichopteran (T) and the sum of these orders as EPT are expressed as either percentage
(%) or EPT richness (e.g., Es, Ps, Ts), abundance of Baetidae family (expressed as
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%Baetidae), percent Oligochaeta (%0ligochaeta), percent Chironomidae
(%Chironomidae), and percent Coleoptera (%Coleoptera).
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Figure 3. Concentrations of (a) chlorantraniliprole and (b) clothianidin in the Wilmot (SI)
and Dunk (SI) watersheds paired with average daily discharge (m?/s). Linear regressions
with respective R2 values displayed, note log scale of y-axis for both (a) and (b).
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Appendix 1

Table S1. Each dataset and the subsets of years per each watershed with database sources
where the datasets can be accessed.

Database Watershed Years Source
Benthic Bear 2007 - 2012
Clyde 2008 - 2010, 2017, 2018
Dunk 2008, 2009, 2013, 2016 - 2018
Morell 2007, 2008, 2012 - 2018
Mill 2007 - 2010, 2017, 2018 htps://cabin-rcba.ec. g.ca/CABIN/
West 2008 - 2010, 2017, 2018
Wilmot 2008 - 2011. 2013 -2018
Montague 2010, 2017, 2018
Valleyfield 2010
Miminegash 2018
Habitat Bear 2016 - 2018
Clyde 2018
Dunk 2016 - 2018
Morell 2016, 2018
Mil 2016 - 2018 https//cabin-rcba.ec.ge.ca/CABIN/
Montague 2018
West 2016 - 2018
Vallyfield 2018
Wilmot 2016 - 2018
Miminegash 2018
Insecticides Clyde 2012, 2015, 2017 - 2019
Dunk 2010, 2013, 2016 - 2019
Mill 2011, 2014, 2017 - 2019
Meontague 2011, 2014, 2017 - 2020 https://data.princeedwardisland.ca/
Morell 2010, 2013, 2016 - 2019
West 2010, 2013, 2016 - 2019
Wilmot 2012, 2015, 2017 - 2019
Surface water quality Bear 2007 - 2012
Clyde 2008 - 2010, 2017, 2018
Dunk 2008, 2009, 2013, 2016 - 2018
Mill 2007 - 2010, 2012, 2017, 2018
Mf;:fil;e 2008 _; l'_? 01; ’ 22 l'_? 01; - 2018 https:/atlanticdatastream_ca/en/
Valleyfield 2008 - 2010
West 2008 - 2010, 2016 - 2018
Wilmot 2007 - 2019
Miminegash 2008, 2009
Werer discharge rate Bear 2010 - 2019
Dunk 2010 - 2019
Mill 2010 - 2020 httpsz/wateroffice ec.gc.ca/
West 2010 - 2019
Wilmot 2010 - 2020
Montague 2019 - 2021 https//data.princeedwardisland.ca/
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Table S2. Insecticide and surface water chemistry dataset parameters with detection
limits, guideline levels, guideline sources, and links to sources. Detection levels are
laboratory and parameter dependent, and were provided by the datasets obtained from the
Atlantic Data Stream (https://atlanticdatastream.ca/en/).

Dataset/Parameter Detection Limit  Guideline Level Unit Guideline Source Link
Insecticides
Chlorantraniliprole 0.02 45 ng/ml USEPA Aquatic Life Benchmark https://www.epa.gov/
Clothianidin 0.01 0.02 ng/ml Health Canada Guidance Value  https://www.canada.ca/en/health-canada/
Imidacloprid 0.02 0.041 ng/ml Health Canada Guidance Value  https://www.canada.ca/en/health-canada/
Thiamethoxam 0.01 0.3 ng/ml Health Canada Guidance Value  https:/www.canada.ca/en/health-canada/
Surface Water Quality
Alkalinity 8 >20 mg/L USEPA https://www.epa.gov/
Conductivity 20 000 (upper) 50 - 1500 uS/em USEPA https://archive.epa.gov/
Dissolved Oxygen >55-95 mg/L CCME https://ccme.ca/en/
Nitrate 0.02 3 mg/L CCME https://ccme.ca
pH 0 6.5-9.0 N/A CCME https://ccme.ca
Phosphorus 6 25 ug/L CCME https://ccme.ca/

Table S3. Counts of surface water chemistry, insecticide, and benthic data samples
between May to October used per each dataset for all years indicated in Table S1.

Parameter/Dataset Bear Clyde Dunk Mill Miminegash Montague Morell Valleyfield West  Wilmot
Alkalinity 41 13 16 43 4 21 9 12 19 70
Conductivity 38 22 41 45 4 45 9 13 42 101
Dissolved Oxygen 38 21 38 56 4 45 8 13 41 133
Phosphorus 63 27 37 66 35 46 18 27 44 91
Nitrate 43 17 26 48 31 27 9 16 28 71
pH 49 15 16 50 4 21 9 13 20 103
Temperature 45 22 39 56 4 45 8 13 42 135
Chlorantraniliprole - 28 28 28 28 27 - 28 29
Clothianidin 28 28 28 28 27 28 29
Imidacloprid 28 28 28 28 27 28 29
Thiamethoxam - 28 28 28 - 28 27 - 28 29
Benthic Assemblage Data (Years) 6 5 6 6 1 3 9 1 5 10
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Table S4. Table of watersheds considered for the study, including site type, and what
data types were available based off of preliminary findings (i.e., not all data was available
at the point of site selection). For example, Winter watershed was excluded due to time
constraints and the consideration of including more reference sites where possible. *
Indicated some of this data was available, but limited and not useful for the study (i.e.,
did not meet study criteria, time frame, or was only available for certain parameters or
water types such as estuaries or saltwater).

Watershed Site Type Water Quality Data Reasoning Pesticide Data Fish Kills_ Benthic Data Habitat Data
Bear Potential Reference Yes - No No Yes Yes
Morell Potential Reference Yes - Yes No Yes Yes
Miminegash  Potential Reference Yes - No No Yes Yes
Mill Impacted Yes - Yes Yes Yes Yes
Montague Impacted Yes - Yes No Yes Yes
Valleyfield Impacted Yes - No No Yes Yes
Clyde Impacted Yes - Yes Yes Yes Yes
Dunk Impacted Yes - Yes Yes Yes Yes
West Impacted Yes - Yes No Yes Yes
Wilmot Impacted Yes - Yes Yes Yes Yes
Bradshaw Potential Reference Yes* Brackish water only No No No No
North Lake Creek Potential Reference Yes* Brackish water only No Yes Yes Yes
Cross River Potential Reference Yes* Prior to study period No No Yes Yes
Huntley Impacted No - Yes Yes No No
Winter Impacted Yes* Study time constraints; reference site inclusion preferred Yes No No No
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