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Prince Edward Island, Canada
(2002-2022)
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Global pesticide use has resulted in widespread environmental degradation,
persistent contamination of surface and ground waters, bioaccumulation
of these contaminants in food webs, and unintended impacts on non-target
species (e.g., fish kills). Mixtures of multiple pesticides are commonly found in the
environment, yet these chemicals are rarely studied in combination. Insecticides
are of particular concern as these chemicals are designed to target terrestrial
insect pests but also impact aquatic macroinvertebrates. In the following
study, we explore the regional context of surface water concentrations of four
insecticides in 10 study watersheds over a 20-year period (2002 to 2022) in Prince
Edward Island, a region of Canada with continuous agricultural activity since the
1720s. These agroecosystems have been subject to generations of restoration,
conservation, and more recently, implementation of various beneficial or best
management practices (BMPs). The changing climate significantly adds to
the complexity of monitoring these systems as the regional rate of change is
exceptionally high (e.g., a 0.70°C to 1.14°C increase in air temperature and 5-8%
decrease in precipitation in the last 3 decades). The results of this study highlight
that efforts in this area would benefit from a more collaborative, transdisciplinary
approach that integrates local, regional, national, and global perspectives while
respecting the needs of growers, consumers, and the immense natural capital
in the aquatic ecosystems draining these landscapes - such as Atlantic salmon,
that can draw both anglers and ecotourists alike. A pivot toward a One-Health
Framework is a logical next step for the province as, at present, efforts to integrate
observational and monitoring efforts are already conducted by multiple federal,
provincial, Indigenous rightsholders, as well as non-government stakeholders.
Finally, in recognition that financial resources for these efforts are finite,
we would recommend the implementation of a standardized, seasonal water
quality sampling scheme that includes flow-weighted sampling and automated
samplers to better capture and predict rapidly changing conditions in the region
in response to climate change.
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1 Introduction

Pesticide use is primarily associated with agricultural activity, but
both conventional pesticides (natural and synthetic chemicals) and
unconventional (e.g., biopesticides and devices) are widely used in
other sectors (Tilman et al., 2001; FAO, 2018; IPBES, 2018; Schifer,
2019). Over the last century, considerable intensification of croplands
and agro-forestry has occurred (Tilman et al., 2001). Global use of
pesticides (and fertilizers) has greatly increased since the Second
World War (Schifer, 2019). Correspondingly, crop yields have also
sharply increased globally in response to increased pesticide use
(IPBES, 2018). This intensification also coincides with an increase of
pesticides detected in surface waters. For instance, in a survey of
surface waters conducted over a 10-year period by the United States
Geological Survey, researchers found that 95% of surface water
samples contained one or more pesticides (Gilliom, 2007). Half of the
waterways surveyed contained five or more pesticides (Gilliom, 2007).
Evidence from Canada is patchier but similarly suggests that pesticides
are detected in surface waters in as much as 40% of the samples
measured (Environment Canada, 2011). In Canada, extensive
agricultural activity occurs in Prince Edward Island (PEI), with an
estimated 42.5% of total land use on the island attributed to agriculture
and approximately 18.3% is used solely for the cultivation of an
estimated 100 varieties of potato (PEL, 2016, 2020; Danielescu et al.,
2024). Sales of insecticides in the province has tripled increasing from,
on average 59,038 +7,137kg of active ingredient (a.i.) between 1993
and 2008, to an average of 177,075+ 13,136kg a.i. between 2014 and
2016." This is similar to agricultural insecticide sales nationally that
have, on average increased 5.21+2.94% year-over-year since 2008.”

Numerous efforts have been made to synthesize habitat, water
quality, and ultimately the health of agriculturally impacted
watersheds both nationally (e.g., Gagnon et al., 2016; Health Canada,
2021a,b, among others) and internationally (Brock et al., 2000;
Gilliom, 2007; Damalas and Eleftherohorinos, 2011; US EPA, 2015;
Xuetal, 2016; FAO, 2018; US EPA, 2023). However, even at regional
scales, efforts to collaborate across agencies and disciplines tend to
be plagued by differences in data collection, and proprietary data
control over certain types of information. For instance, pesticide sales
and usage data are rarely made public in Canada and when this type
of information is released it is at national or regional scales that
“protect personal information, confidentiality and information of
business value” (Health Canada, 2024). In contrast, Prince Edward
Island has continued to make their data more accessible and much of
this can be found online.’ This greater data accessibility in the province
is likely due to several highly publicized fish kills on the island (see
Supplementary Table S1).

Pesticide exposure, notably to known, or “suspected pesticides” in
the aquatic environment has been reported as the probable cause of
51 fish kills (n.u,=61) that have occurred in 27 different PEI

1 https://www.princeedwardisland.ca/en/information/environment-energy-
and-climate-action/annual-pesticides-sales-data
2 https://www.canada.ca/en/health-canada/services/consumer-product-
safety/reports-publications/pesticides-pest-management/corporate-plans-
reports/pest-control-products-sales-report.html
3 Open Data Edward

princeedwardisland.ca/

Prince Island, 2018; see https://data
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watersheds since 1960 (see Xing et al., 2012; PEI, 2016). Pesticides are
used to control pests and can be toxic to other organisms, including
fish, birds, and beneficial insects among other organisms (e.g., Tudi
etal, 2021). Due to the extent of agriculture in the province, and the
known potential for negative effects of pesticide exposure to
non-target aquatic organisms such as fish, residents of PEI are
concerned about the health and integrity of freshwater ecosystems,
and particularly of the drinking water supply on the island (PEL 2016,
2020). In addition to pesticides, other agricultural stressors (e.g.,
habitat degradation, nutrient enrichment associated with fertilizer use,
and increased water withdrawal rates) have also been shown to
contribute to changes in non-target aquatic communities (Gormley
etal,, 2005; Alexander et al., 2007; Davidson and Knapp, 2007; Relyea,
2009; Alexander et al., 2013; Goulson, 2013; Olaya-Arenas et al., 2020;
Rossi et al, 2020). In freshwater ecosystems, benthic (bottom-
dwelling) macroinvertebrates tend to predominate, and these
organisms provide important ecosystem services, not only as primary
consumers of algae and detritus, but also as food sources for fish
(Merritt and Cummins, 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
for the potential for cascading effects on other organisms in the
food web.

The widespread use of insecticides to control terrestrial insect
pests poses a risk to non-target aquatic insects that have similar
nervous systems to their terrestrial counterparts (Liess and von der
Ohe, 2005; Alexander et al., 2007; Damalas and Eleftherohorinos,
2011; Main et al,, 2014; Morrissey et al., 2015; Sheedy et al., 2019).
Neonicotinoid insecticides such as clothianidin, imidacloprid, and
thiamethoxam, may pose a particular risk to the aquatic environment
as these compounds tend to co-occur, are persistent and highly
soluble, readily leach from surrounding soils into the aquatic
environment and, where present, are likely to cause adverse effects (Xu
et al., 2016; Health Canada, 2021a,b; US EPA, 2023). Anthranilic
diamide insecticides (e.g., chlorantraniliprole) are a new generation of
chemical compounds which have been suggested as a potential
replacement for neonicotinoids, as diamides are considered to have
low toxicity to beneficial non-target organisms (Schmidt-Jeffris and
Nault, 2016; Sanford et al., 2021). At present, the magnitude of the risk
these new compounds pose individually, let alone in combination, is
largely unknown. Despite the widespread detection of multiple
insecticides in freshwaters (e.g., Gilliom, 2007; Goulson, 2013; Main
et al., 2014; Morrissey et al., 2015; Health Canada, 2021a,b), only
rarely are these substances investigated in combination to determine
their long-term effects on the aquatic environment.

Due to several highly publicized fish kills on the Island, there has
been a public outcry demanding the implementation of cutting-edge
beneficial management practices (PEI Government, 2016; 2022). The
overarching objective of our ongoing work in this area was to critically
examine whether current surface water monitoring in these
agroecosystems is capturing underlying patterns of effects and how
greater integration, using approaches such as the One-Health
Framework, could inform next steps, ultimately co-developing new
beneficial management practices with local partners. In this
manuscript, we explore the historical aspect of this work, where
we have examined data from 10 focal watersheds over a 20-year period
to better understand the interplay between the immense natural

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1356579
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.princeedwardisland.ca/en/information/environment-energy-and-climate-action/annual-pesticides-sales-data
https://www.princeedwardisland.ca/en/information/environment-energy-and-climate-action/annual-pesticides-sales-data
https://www.canada.ca/en/health-canada/services/consumer-product-safety/reports-publications/pesticides-pest-management/corporate-plans-reports/pest-control-products-sales-report.html
https://www.canada.ca/en/health-canada/services/consumer-product-safety/reports-publications/pesticides-pest-management/corporate-plans-reports/pest-control-products-sales-report.html
https://www.canada.ca/en/health-canada/services/consumer-product-safety/reports-publications/pesticides-pest-management/corporate-plans-reports/pest-control-products-sales-report.html
https://data.princeedwardisland.ca/
https://data.princeedwardisland.ca/

Crawford and Alexander

capital in the region (e.g., Atlantic salmon), environmental health, and
the public’s growing concerns for the safety of their freshwater
resources. Specifically, this study investigates the potential
environmental effects of the four most common insecticides detected
downstream of agricultural activity in Prince Edward Island
(imidacloprid, thiamethoxam, clothianidin, and chlorantraniliprole)
by assessing changes in habitat integrity, historical water quality,
surface water insecticide concentrations, and changes in benthic
macroinvertebrate assemblages at 10 focal watersheds over a 20-year
period (2002-2022). We also highlight the challenges of sustainable
food systems by integrating existing monitoring efforts conducted
using a One-Health approach to assess the role of fish kills in these
agroecosystems while recommending improved monitoring and water
management practices in these important agricultural landscapes.
We used: 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 over time; secondly, we tested the
extent of relationships between a major driver of habitat change,
specifically, average daily discharge (m’/s) and surface water
concentrations of the four commonly used insecticides in moderately
vs. severely agriculturally impacted watersheds using Analysis of
Covariance (ANCOVA) and regression techniques, and finally,
explored how current monitoring approaches could be improved
upon based on these findings.

2 Materials and methods

2.1 Study area

Prince Edward Island (PEI) is a maritime province on the east
coast of Canada and is the smallest (~5,600km?) and most densely
populated province in Canada (28 people/km’ vs. 17 people/km? in
neighboring Nova Scotia; Figure 1). The landscape on the island
mainly consists of rolling, pastoral hills with a max elevation of 142m
above sea level. Of the total landmass, more than 1,100 km is coastline
with many bays, coves, and inlets on the island. Due to the island’s
small overall area combined with moderate slope, the average
watershed size is also relatively small (~21km?). There are an estimated
1,300 farms on the island and insecticide sales were estimated to
be more than $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 in PEI waterways and these four 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 19km?), imidacloprid (65%
foliar vs. 15% seed treatment to 13,584 acres, or 55km?), and
thiamethoxam (>95% foliar vs. < 2% seed treatment to 1,360 acres, or
5km?) (Crawford, unpublished data). Of the 10 focal watersheds
examined in this study, four were in the eastern region of the island
(Bear, Morell, Montague, and Valleyfield). Four watersheds 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). All
study watersheds were classified as either minimally impacted (< 35%
of agricultural land use, or ‘min’), moderately impacted (35-50%
agricultural land use, or ‘mod’), or severely impacted by agriculture
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(>50% of land use attributed to agriculture, or ‘sev’) based on their
percent of land area attributed to agriculture (Supplementary Table S1).

2.2 Historical water quality database
(2002-2022)

Over the past two decades, extensive surface water quality
sampling has been routinely conducted on the island by different
government departments and agencies, with more than 5,800 surface
water chemistry samples collected at 93 locations from 33 watersheds
across PEI since 2002. For instance, surface water chemistry, benthic
macroinvertebrate assemblages, water level and volume, and pesticide
surface water concentrations were collected by the province or federal
research teams." In this study, the focal ‘impacted’ watersheds were
then selected based on locations where: (i) fish kills have previously
occurred, (ii) insecticides were routinely detected, (iii) detections were
above guideline limits, (iv) the percentage of land use within the
watershed that is attributed solely to agriculture could be estimated,
and (v) whether there was water quality data available for the
watershed during the 20-year study period. Due to the selection
process, 10 variably impacted watersheds were selected including the
minimally impacted Bear, Miminegash, and Morell watersheds, the
moderately impacted Montague, Valleyfield, and Mill watersheds, and
the severely impacted West, Dunk, Wilmot, and Clyde watersheds
(Figure 1; Supplementary Table S1). For 8 of the focal watersheds,
Atlantic salmon surveys were also available, and this enabled
additional comparisons with respect to historical water quality data
(Supplementary Table S1).

Over the course of this study, alkalinity (mg/L), dissolved oxygen
(mg/L), conductivity (pS/cm), nitrate (mg/L), pH, total phosphorous
(mg/L), and water temperature (°C) were routinely measured.
Throughout, only samples collected using standardized methods for
environmental testing were used in the final historical water quality
database (e.g., Keith, 1996; Eaton et al., 2005; Environment Canada,
2011). Pesticide samples (total analyses n=10,370) of over 194
different compounds were collected during the open water period in
1-L amber glass sample bottles (EPA vials, Fisher Scientific, Fair Lawn,
N7, United States) from water flowing midstream in each of the study
watersheds and analyzed at ISO 9001 certified analytical laboratories.”
Following field collection pesticide samples were processed and
uploaded to the PEI open data portal® and water quality samples to the
Atlantic Datastream.” Pesticide samples in the database contained, 784
insecticide measurements of the four insecticides selected for this
study. For clothianidin the analytical limit of quantification was
<0.01ng/mL, for imidacloprid <0.1ng/mL, chlorantraniliprole
<0.1 ng/mL, and thiamethoxam <0.01 ng/mL. Limits of quantification

4 see online repositories of this information: https://open.canada.ca/en/

open-data; https://atlanticdatastream.ca; https://www.canada.ca/en/
environment-climate-change/services/canadian-aquatic-biomonitoring-
network/ the Government of Canada, 2022 - https://wateroffice.ec.gc.ca/
5 eg, RPC

html#:~:text=RPC%20is%20an%201S0%209001,%2C%20value%2C%20and%20

Fredericton: https://www.rpc.ca/english/quality.

efficient%20service

6 https://data.princeedwardisland.ca/

7 https://atlanticdatastream.ca/

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1356579
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://open.canada.ca/en/open-data
https://open.canada.ca/en/open-data
https://atlanticdatastream.ca/
https://www.canada.ca/en/environment-climate-change/services/canadian-aquatic-biomonitoring-network/
https://www.canada.ca/en/environment-climate-change/services/canadian-aquatic-biomonitoring-network/
https://www.canada.ca/en/environment-climate-change/services/canadian-aquatic-biomonitoring-network/
https://wateroffice.ec.gc.ca/
https://www.rpc.ca/english/quality.html#:~:text=RPC%20is%20an%20ISO%209001,%2C%20value%2C%20and%20efficient%20service
https://www.rpc.ca/english/quality.html#:~:text=RPC%20is%20an%20ISO%209001,%2C%20value%2C%20and%20efficient%20service
https://www.rpc.ca/english/quality.html#:~:text=RPC%20is%20an%20ISO%209001,%2C%20value%2C%20and%20efficient%20service
https://data.princeedwardisland.ca/
https://atlanticdatastream.ca/

Crawford and Alexander

10.3389/fsufs.2024.1356579

Miminegash Wilmot

Legend
— Road

FIGURE 1

in the watershed by land area).

Percentage of land use attributed to forested areas (green), agricultural development (black), or other activities (white) in ten (10) variably impacted

focal watersheds in Prince Edward Island, Canada. In this study, watersheds minimally impacted watersheds (< 35% developed land area or ‘'minimally’
disturbed) included the Bear, Miminegash, and Morell rivers, whereas the Montague, Valleyfield, and Mill rivers had more agricultural activity (35-50%
or ‘moderately’ impacted), and the most ‘severely’ impacted watersheds included the West, Dunk, Wilmot, and Clyde rivers (> 50% agricultural activity
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decreased for three of the insecticides over the course of this study,
post 2012 for both imidacloprid and chlorantraniliprole (both
<0.02ng/mL) and in 2018 for thiamethoxam to <0.005ng/mL. When
pesticide concentrations were measured at the limit of quantification
in the initial historical water quality database, a value of one half of the
limit value was used. Subsequent detailed comparisons for example,
of concentration versus discharge, excluded insecticide concentrations
that were measured at the limit of quantification. Average daily
discharge (m’/s) data was obtained from the Water Survey of Canada,
historical hydrometric data portal® and the PEI Open Data Portal (see
text footnote 6). Hydrological data was processed using Indicators of
Hydrologic Alteration metrics on river flow regimes (

)

2.3 Benthic macroinvertebrate
assemblages

Benthic macroinvertebrate assemblages were collected at 81

locations in 34 watersheds since 2002 with benthos typically sampled
during the fall, low flow period using the CABIN standardized

Frontiers in

method (see ). As part of the CABIN field
protocol, the area to be sampled must be defined before entering the
stream by identifying an area of six times the bankfull width and
containing shallow, rocky stream riffles ( ).
The protocol also includes the standardized collection of surrounding
habitat characteristics at the sample site, including canopy coverage,
streamside vegetation composition, water depth, and substrate
characteristics (e.g., pebble count and substrate embeddedness). The
habitat data supported the determination of buffer zone width and
complexity, as well as soil porosity of the surrounding catchment and
substrate composition of the focal watersheds. To collect benthic
macroinvertebrate samples, substrate was disturbed by walking
upstream in a systematic, zig-zag pattern over a defined area for 3min
while feet are repeatedly kicked vigorously into the substrate to
dislodge rock-clinging insects to float into the downstream ‘kick-net’
made of 400 pm mesh ( ). Upon collection,
all materials inside the kick-net were rinsed down to the collection
cup at the bottom of the net and emptied into a sieve to ensure that all
materials are collected and transferred into a sample jar (

). The bucket was swirled to separate sediments from
samples prior to being preserved with 10% buffered formalin or 95%
ethanol (
then taken to the laboratory and subsampled using a Marchant box

). Once preserved, samples were

subsampler and a minimum of 300 individuals were identified from

at least 7 random subsamples ( ). Where more than 50 of
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the 100 subsamples in the Marchant box were required to achieve a
count of 300 organisms, the entire sample was processed (see
protocols: ECCC, 2020). Once samples were processed, organisms
were identified to family or to the lowest practical level (often genus),
and then the total density, taxa richness, and as well as percent of each
of the EPT Orders and richness was determined (e.g., diversity of
specimens collected within the Orders: Ephemeroptera, Plecoptera,
and Trichoptera) (ECCC, 2020). Additional metrics included the
percent contribution of some Ephemeroptera families such as the
percent of Baetidae. Some taxa are not included in the identification
process; specifically, Ostracoda, Cladocera, Copepoda, Rotifera,
Porifera, Nematoda, as well as non-aquatic taxa. Upon completion of
sample sorting, identification and assessment, data was entered in the
CABIN database.’

2.4 Statistical analysis

Principal Components Analysis (PCA), a multivariate technique,
was used to compare patterns in habitat characteristics, surface water
quality, insecticide concentration, and benthic community
composition within and between the 10 focal watersheds. PCA
enabled the determination of the variance within the dataset, and
which variables (principal components) were contributing the most
to variation by reducing many variables to a small number of factors
to enable the testing of the strength of relationships among different
parameters. Non-metric Multidimensional Scaling (nMDS) and
Redundancy Analyses were also conducted to confirm patterns in the
PCA and to assist with the removal of redundant and correlated
variables in subsequent analyses. Mantel tests were used to evaluate
whether spatial correlation contributed to overlapping patterns in
variables such as between historical salmon surveys and different
watershed locations as well as comparisons of the relative severity of
agricultural activity using matrices. The extent of the relationships
between average daily discharge (m*/s) and surface water insecticide
concentrations (ng/ml or ppb) of insecticides was evaluated using
Pearson’s product correlation coeflicients, ANCOVA, and Tukey’s
Post-Hoc tests were conducted, where appropriate. All analyses were
conducted using R statistical software (e.g., version 4.1.2; 2021) and
required the use of the {vegan}, {FactoMineR}, {factoextra}, {ggpubr},
and {ade4} packages (Oksanen, 2022). All maps were made using open
content provided by the PEI government (Dibblee, 1990)'° and were
assembled using QGIS."

3 Results
3.1 Habitat characteristics

Habitat characteristics for the 10 focal watersheds selected were
similar and had overlapping physical properties in each of the
agricultural impact levels examined in this study (minimal or ‘min’
<35% developed; moderate or ‘mod’ 35-50% developed, and severe or

9 accessible at: https://cabin-rcba.ec.gc.ca/cabin/login?culture=en-CA
10 accessible at: http://www.gov.pe.ca/gis/
11 v. 3.10; https://qgis.org/en/site/
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‘sev >50% land
Supplementary Table S1). Although the level of agricultural impact

agricultural ~ development by area,
significantly differed between agricultural land use intensity groupings
(land use vs. impact level: F,,=16.16, p<0.01), levels of agricultural
intensity did not vary with location, and all levels of agricultural
development (‘min, ‘mod; or ‘sev’) could be found in all parts of the
island (Mantel test, r=0.16, p=0.15, Figure 1). Minimally impacted
streams such as the Bear, Miminegash, and Morell, encompassed the
full range of variability in the physical characteristics of the impacted
watersheds (e.g., Bear, 2™ order, 0.00617 +0.001017 m/m, and only
83+1.0m SE bankfull width vs. Morell, 3 order,
0.00382+0.00119m/m, and 21.6+0.9m SE bankfull width).
Minimally impacted streams were also among the watersheds with the
greatest canopy coverage (Bear 51-75%, Morell 26-50% and
Miminegash 51-75%) compared to more agriculturally impacted
systems such as the Valleyfield, Wilmot, and Clyde watersheds that
had no
(Supplementary Table S1).

canopy coverage during the study period

Collectively, differences in habitat characteristics between
watersheds over time accounted for an estimated 47.2% of the
variation in the habitat data (6.14 of 13 EV) with changes in slope
(0.00034-0.00617 m/m), average velocity (0.21-0.83 m/s), substrate
size (e.g., 2.5-6.2 cm median diameter or D50) and stream width (e.g.,
average wetted widths of 3.5-13.5m) major drivers of the variation
between watersheds (e.g., see Figure 2A). For example, significant
variation in the habitat data could be correlated with parameters such
as stream width (e.g., I yetea wian=0.74 vs. Factor 1, p<0.001;
Figure 2A). Slopes were steeper (>0.004m/m, or 0.41% slope) in
minimally disturbed watersheds, such as the Bear (0.00617 m/m),
Morell (0.00382m/m), and Miminegash (0.0059m/m) whereas
severely impacted watersheds such as the West, Dunk, and Wilmot
tended to be flatter in grade compared to average (<0.0025m/m
or<0.2% average slope of West, Dunk, Wilmot vs. the average grade
of all watersheds; 0.0035m/m or 0.3%). As expected, slope was
inversely related to stream order, width, and depth - with steeper
slopes associated with narrower, shallower, and minimally impacted
upland streams (Supplementary Table S1). However, substrate size was
inversely related to average stream velocity, a pattern driven by slower
streams such as the Dunk watershed (0.21+0.01 m/s) which had
substrates at the upper 95% confidence interval of the median particle
size of all streams studied (e.g., D50p,=6.2£1.1cm vs. 0.72-6.35cm
95% CI of all watersheds).

3.2 Surface water chemistry

Surface water chemistry in the 10 focal watersheds also indicated
differences between highly impacted watersheds such as the Wilmot,
Dunk, and Clyde compared to minimally impacted systems such as
the Miminegash, Morell, and Bear watersheds over time (Figure 2B;
Supplementary Table S1). Severely impacted watersheds had greater
nutrient concentrations that were routinely above guidance for nitrate
(e.g., > 3mg/L for Dunk, Wilmot, and Clyde) and total phosphorus
(e.g., > 35pg/L for >50% agriculturally developed watersheds;
Figure 2B; Supplementary Table S1). In contrast, minimally impacted
focal watersheds had lower nitrate concentrations (0.38-1.22 mg/L)
and slightly lower total phosphorous concentrations (41.6-52.4 ug/L)
compared to watersheds that were moderately (35-50%) or severely
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FIGURE 2

(A-D) Principal Components Analysis (PCA) of environmental factors contributing to patterns in PEl watersheds over time including (A) habitat
characteristics [top left], (B) surface water quality [top right], (C) insecticide concentrations [bottom left], and (D) benthic macroinvertebrate
assemblages [bottom right] in the 10 focal watersheds during the study period. The ellipses are 95% confidence ellipses around group centroids and
reflect the level of variation in these systems during the study period. In (B) Alk indicates alkalinity, Cond indicates conductivity, DO indicates dissolved
oxygen, NO3 indicates freshwater nitrate concentration, TP indicates total phosphorous concentration, and Temp indicates temperature of surface
waters sampled. (C) Insecticide concentrations, as related to different sampling locations and impact gradients, are given in full. (D) Percent of
Ephemeroptera, Plecoptera, and Trichoptera in the benthic samples are indicated by %E, %P, and %T whereas Ephemeroptera, Plecoptera and
Trichoptera Richness 's” are presented as Es, Ps, and Ts, respectively. Total abundance is represented by ‘N’, and the percent (%) of Oligochaetes,
Chironomidae, and Baetidae mayflies are also indicated.

(>50%) impacted by agriculture (Figure 2B; Supplementary Table S1).  with an EV of 2.26 out of 7 total, 32.5% of total variance) while
An analysis of the principal components contributing to variationin  dissolved oxygen was strongly correlated to axis 2 (r=0.90, p <0.0001;
these systems shows nitrate and alkalinity concentrations are strongly ~ Factor 2 EV of 1.58 out of 7 total, 22.5% of total variance). These
positively correlated to axis 1 (rNO;.=0.71, p<0.0001 vs. Factor 1 ~ patterns were driven by highly impacted systems such as the Wilmot
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that had the highest nitrate concentration (6.21+0.18 mg/L vs. all
watersheds, 0.38-6.21mg/L) and was one of the warmest rivers
(12.6+£0.3°C) and had the lowest dissolved oxygen concentrations
(10.5+£0.2mg DO/L) (Figure 2B; Supplementary Table SI). Total
phosphorus (TP), by contrast, was inversely correlated to increasing
nitrate concentrations (e.g., TP vs. NO;: r=—-0.49, p<0.001) and TP
enrichment was closely associated with systems such as the severely
impacted West watershed (Figure 2B; Supplementary Table S1).

3.3 Insecticide concentrations

Elevated concentrations and frequent detections of insecticides
were found in severely agriculturally impacted watersheds, such as the
Wilmot, whereas few detections and no guidelines were exceeded in
the Morell River, the only minimally impacted watershed with
insecticide data (Supplementary Table S1). When clothianidin or
imidacloprid were detected in the severely impacted Dunk watershed,
concentrations were detected at or above guidance in 86% of samples
collected (Supplementary Table S1). Insecticide concentrations also
significantly differed over time in the dataset (Concentration vs. Year:
F 1,.43=60.56, p<0.001) with increases in both the concentration and
frequency of detection associated with more recent contemporary
sampling events rather than historical measurements (p <0.01). For
example, concentrations of imidacloprid, thiamethoxam, clothianidin
and chlorantraniliprole all increased an order of magnitude and were,
on average, 260 times (95% CI 13.97-507.03) more likely to
be detected above the limit of quantification post 2012, a period that
overlaps with improved analytical limits of quantification of surface
water samples (Observed vs. Expected Frequency: y*=263.82, df=3;
p<0.01). Temporal trends were particularly marked for more
contemporary insecticides such as chlorantraniliprole (registered circa
2008) that were not detected at concentrations above the limit of
quantification prior to July 2013, as opposed to the imidacloprid
(registered in 1994) that was detected at levels exceeding guidelines
even prior to improvements in analytical limits of quantification.
Patterns of increased concentrations over time were most marked
when discharge was included as a covariate (e.g., Dunk R,
[chlorantraniliprole] vs. Discharge x Year: F | ;;=9.74, p<0.01) with
inter-annual variation in discharge significantly contributing to
variation in concentration over time (e.g., ANCOVA: Wilmot R,
[chlorantraniliprole] vs. Discharge x Year, F 14,5=6.18, p=0.03).

Changes in insecticide concentrations in surface waters over time
also explained 73.3% of the total variation in the dataset (e.g., first two
factors plotted on x- and y-axis respectively, E.V. = 2.93 of 4, or 73.3%,
see Figure 2C). An estimated 43.7% of this variation could
be attributed to the detection of chlorantraniliprole and clothianidin
in surface waters of the >50% impacted watersheds such as the
Wilmot (Supplementary Table S1) whereas minimally disturbed
systems such as the Morell had 4x lower concentrations of
(0.017+0.003 ng/mL) 21x
concentrations of clothianidin (0.005+0.0002ng/mL) (e.g., see

chlorantraniliprole and lower
x-axis, Factor 1, 1.75 of 4, Figure 2C, Supplementary Table S1).
Elevated concentrations of imidacloprid and thiamethoxam explained
29.6% of the total variation in the dataset and were associated with
different river systems including the severely impacted Clyde, Dunk,
and West, and the moderately impacted Montague and Mill

watersheds, respectively (Figure 2C Supplementary Table SI).
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Notably, where thiamethoxam concentrations increased, imidacloprid
concentrations remained among the lowest detected (e.g., Montague:
0.0074£0.0001 and Mill: 0.0058 +0.0004 ng thiamethoxam/mL vs.
Montague: 0.016 +0.003 and Mill: 0.016 +0.004 ng imidacloprid/mL;
Figure 2C).

3.4 Benthic macroinvertebrate
assemblages

Five of the 10 focal watersheds (Clyde, Dunk, Mill, Montague, and
Wilmot) had reduced richness overall of sensitive sentinel species
such as the orders of Ephemeroptera, Plecoptera, and Trichoptera with
46.7% of the total variation explained by the first two factors over time
(EV 5.61 of 12 total, see Figure 21). The first axis (28.9% of variation)
was predominantly associated with increased richness and percent
relative abundance of Ephemeroptera and Trichoptera in minimally
impacted systems such as the Morell watershed (e.g., Trichoptera
Richness, Ts: r=0.79, p<0.0001; Ephemeroptera Richness, Es: r=0.75,
p<0.0001; Percent Trichoptera, %T: r=0.71, p<0.0001; Figure 2D).
Increased abundance and richness of Plecoptera was both strongly
positively associated with the second axis (Percent Plecoptera or %P
vs. Factor 2: r=0.88, p<0.0001; as well as Plecoptera Richness, Ps:
r=0.67, p<0.0001, respectively) and this pattern was particularly
evident in minimally disturbed watersheds such as the Bear watershed
(e.g.» 19.1% of variation in Factor 2, Figure 2D). By contrast, benthic
assemblages from systems with greater agricultural activity, such as
the Dunk, tended to be negatively correlated with the percent of
Plecoptera (r=—0.71, p<0.0001) and were strongly associated with
increased percentages of oligochaetes. For example, 75% of all
organisms collected in the Dunk River were oligochaetes in 2018.

3.5 Relationship between discharge and
surface water concentrations of
insecticides

Increases in stream discharge associated with increased
precipitation had effects on stream water quality (e.g., increased
turbidity) and these changes were visually apparent, particularly in
severely impacted systems such as the Dunk (Figure 3). Further, given
that significant variation in the habitat data from the 10 focal
watersheds could be correlated with parameters such as increasing
stream order, stream width (e.g., I et wian =0.74 of Factor 1, p<0.001;
I pankfun = 0.61, p<0.01), as well as decreasing velocity (e.g., r=—0.49,
p=0.02) (Supplementary Table SI, Figure 2), it was expected that
discharge (e.g., 1961-2002 for Dunk R., Figure 3), due to the potential
for overland flow draining agricultural fields, could have a role in the
increased concentrations of the four commonly detected insecticides
examined in this study. For instance, in the Dunk and Wilmot rivers,
(Fiys=14.75, p<0.001)
(F,34=5.35, p=0.03) concentrations significantly covary with changes
in surface water discharge (ANCOVA p <0.05). Neither imidacloprid
(ANCOVA: F,,43=2.59, p=0.12) nor thiamethoxam (ANCOVA:
Fis39=1.48, p=0.23) concentrations significantly covaried with

chlorantraniliprole and clothianidin

average daily discharge, likely because of the high frequency that these
insecticides were measured in surface waters at their analytical limits
of quantification historically (see Discussion).

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1356579
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Crawford and Alexander

10.3389/fsufs.2024.1356579

FIGURE 3

Luiker.

(A-D) Overview of Dunk River watershed. Photos of North Brook, a tributary of the Dunk River that is 650 m upstream of the Water Survey of Canada
gaging station, #01CB002, on 5 October 2005 before (A), and the same site on 23 November 2005 after a nine-day series of >10 mm and two of those
days with >65 mm in total precipitation. RapidEye® Remote Satellite imagery of the Dunk River watershed with the gaging station, 01CB002 (yellow
star) and the North Brook photographs (red circle) indicated. (C) The median daily discharge for the Water Survey of Canada gaging station 01CB002 in
m3/s + the coefficient of dispersion. (D) The precipitation events in (B) coincided with daily discharge rates >2.11 and > 2.48 m®/s (upper 95% Confidence
Interval) at the downstream gaging station, 01CB002, for October and November, respectively. (B,D) Discharge data for station 01CB002 is available at
https://wateroffice.ec.gc.ca/ and climate data for Charlottetown https://climate.weather.gc.ca/. Photos provided with permission and courtesy of Eric

+ Coefficient of Dispersion

O N D J F M A M J J A S
Month (October - September)

For the Dunk and the Wilmot rivers, there was sufficient data to
permit further comparisons with respect to whether discharge could
be related to surface water concentrations of chlorantraniliprole and
clothianidin (Figure 4). Specifically, chlorantraniliprole concentration
were positively correlated with average daily discharge in the Wilmot
(T inear = 0.66; I o, = 0.68; p <0.01), as were clothianidin concentrations
(Wilmot: 1 jipeqr = 0.40, T 10500 = 0.64, p <0.01; Figure 4). The relationship
between concentration and discharge was more complex in the Dunk
watershed and although both chlorantraniliprole (1 jie,, =0.30) and
clothianidin (r jipe.r=0.26) were moderately positively correlated to
average daily discharge, both insecticide subsets in the Dunk were
bimodal, with stronger positive correlations to discharge when flow
was above 1.5m%/s (I qorantranitiprote = 0-78; T clothianiain = 0.76; Figure 4). No
surface water quality or pesticide samples have been collected at
average daily discharge rates greater than 2.38 m*/s in either the Dunk
of Wilmot watersheds. The average daily discharge during the
pesticide surface water sampling was 1.35+0.10m*/s (1.15-1.55m%/s
95% CI, n=21) and 0.46+0.05m?*/s (0.37-0.55m%/s 95% CI, n=18)
for the Dunk and the Wilmot watersheds, respectively.

4 Discussion

This study investigated historical changes in habitat integrity,

water  quality, insecticide concentrations, and benthic
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macroinvertebrate assemblages within the context of four commonly
used insecticides (imidacloprid, thiamethoxam, clothianidin, and
chlorantraniliprole) in Prince Edward Island at 10 focal watersheds.
Study locations where fish kills have previously occurred (e.g., Mill,
Wilmot, Dunk, and Clyde watersheds), and where concentrations of
insecticides were detected above guideline levels (e.g., Montague, Mill,
Dunk, Wilmot, and Clyde) were of particular interest for further study
(number of fish kills, salmon redds, and insecticide detections are
given in Supplementary Table S1). Multivariate analyses highlighted
that extensive habitat modification of these waterways has occurred
(Figure 2A), that elevated surface water concentrations of nitrate and
total phosphorus were commonplace (Figure 2B), that insecticide
concentrations were very strong predictors (> 73%) of variation in
these systems (e.g., 2.93 of 4 EV, Figure 2C), and that benthic
macroinvertebrate communities had greater richness and percent
relative abundance of sensitive EPT taxa in minimally impacted
watersheds such as the Morell and the Bear rivers (Figure 2D). This
study also found a relationship between average daily discharge (m*/s)
and the concentration of two insecticides (chlorantraniliprole and
clothianidin) and that these relationships were exponential or log x
log linear in the Wilmot River (e.g., chlorantraniliprole: r ., =0.68,
p<0.01) (Figure 4). Patterns in the Dunk River, however, were more
complex and although strong positive correlations to discharge were
found, these relationships were stronger when average daily discharge
was above 1.5m%/s (I aiorantranitiprole = 0.785 T ciothianiain = 0.76) (Figure 4).
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FIGURE 4

(A,B) Concentration in ng/ml, of (A) chlorantraniliprole [top panel],
and (B) clothianidin [bottom panel] in the Wilmot ['X’, see legend]

and Dunk [gray circles] watersheds versus average daily discharge
(m?/s). Linear correlations shown.

No relationship between habitat, surface water quality, or insecticide
concentrations and estimates of Atlantic salmon success or density
(e.g., fish/100 m? or number of redds) could be discerned (Mantel
r<0.01, p>0.60; Supplementary Table S1).

4.1 Habitat characteristics

PET’s soils are typically sandstone and tend to be highly permeable
and erodible (Alberto et al., 2016). For instance, the Mill River has a
hydraulic conductivity of 17.52m/day with a very high runoff
potential (Mockus et al., 1972; Bhatti et al., 2021). In this study, seven
of the watersheds (minimally disturbed to severely impacted: Morell,
Valleyfield, Montague, Mill, Wilmot, Dunk, and Clyde) have also been
heavily modified via impoundments, numerous restoration activities,
and agricultural activity (Figure 1). The high hydraulic connectivity
and risk of soil erosion, combined with agricultural techniques such
as low residue cropping and intensive tilling, have contributed to
significant levels of sediment entering PEI watersheds historically
(Nyiraneza et al., 2017). The resulting fine sediments in surrounding
substrates in the more agriculturally impacted watersheds in this study
are likely a potent barrier to the success of both benthic
macroinvertebrates and fish (Supplementary Table S1; Newcombe,
2003; Guignion et al., 2019). However, the conventional approach to
salmon conservation is that the highest densities of juvenile Atlantic
salmon (Salmo salar) and salmon fry will be found in well sorted,
unembedded, rounded gravel-cobble substrates (e.g., see Gage et al.,
2004; Guignion et al., 2019). However, in this study, strong pattern
between the parameters measured and salmon densities could not
be discerned (e.g., Mantel 1 gmon density = —0.08, I’ eqqs=—0.09, p>0.60)
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(see also Supplementary Table S1). Rather, this 20-year dataset
highlights that generations of restoration, conservation, and more
recently, implementation of various beneficial management practices
has contributed to significant changes in the size and distribution of
dominant and surrounding substrates in these systems - such as the
larger than expected dominant substrates in the intensively farmed,
slow velocity Dunk River watershed (Supplementary Table SI;
Figure 2A). Although a single metric (e.g., D50) has long been sought
to assess habitat quality for salmon, that large organisms likely have
varying gravel requirements over their complex life cycle, is as yet
poorly integrated into current restoration efforts (see Kondolf, 2000
for a discussion on metrics).

4.2 Surface water chemistry

Differences in surface water chemistry were noted between
minimally (< 35% agriculturally developed) and severely degraded
(> 50% agricultural) watersheds in this study (Figure 2B,
Supplementary Table S1). Minimally impacted watersheds had lower
alkalinity, conductivity, and nitrate concentrations compared to
severely impacted systems such as the Wilmot that had elevated
alkalinity, conductivity, and nitrate (Supplementary Table S1). Notably,
the Wilmot watershed, a system 78% impacted by agriculture by land
area, had some of the highest concentrations of all parameters
measured (Supplementary Table S1; Figure 2B). Nitrate concentrations
in the Mill, Dunk, Clyde, and Wilmot also routinely exceeded the
recommended federal guideline of 3mg [NO,"]/L during the study
period (>88% of observations, or 143 occasions of n = 162 samples)
(CCME, 2007a, 2012). For some systems, nitrate levels exceeded
guidelines in more than 90% of the samples taken [e.g., in severely
impacted systems such as the Dunk (100% exc), Clyde (94%), and
Wilmot (99%)]. PEI currently uses a ‘site-specific’ total phosphorus
guideline of 70 pg TP/L (CCME, 2004; ECCC, 2023). The current site-
specific total phosphorus guideline was exceeded even in moderately
impacted watersheds [e.g., Montague (23%)] and, like surface water
nitrate concentrations, frequently exceeded in severely impacted
watersheds in this 20-year dataset [e.g., Clyde (37%), West (41%), and
Wilmot (47%)].

Nitrate is the most common form of nitrogen in PEI freshwaters
and is strongly associated with elevated agricultural activity (Somers
etal.,, 1999; Danielescu and MacQuarrie, 2011; Lawniczak et al., 2016;
Liang et al., 2020). In intensively farmed areas, such as PEI, where
nitrate is used in excess as a fertilizer, as much as 60% of applied
nitrate has the potential to leach from the application site and
contaminate surface and groundwaters (Benson et al., 2006; Shukla
and Saxena, 2018; Bijay-Singh and Craswell, 2021; Danielescu et al.,
2024). Previous studies have also indicated that watersheds with
greater than 35% land use attributed to agriculture experience
increased concentrations of nitrate, phosphorus, and reduced
dissolved oxygen which has been associated with an increased risk of
eutrophication (Somers et al.,, 1999; Liu et al., 2022). In this study,
concentrations of nitrate were 6x greater in >50% agriculturally
developed watersheds such as the Wilmot (6.21 +0.18 mg/L), Dunk
(4.67+0.30mg/L), and Clyde (3.53+£0.10mg/L) compared to <35%
minimally impacted Bear (0.38+£0.07mg/L), Miminegash
(1.22+0.17mg/L), and Morell (0.99+£0.07 mg/L)
(Supplementary Table S1). Further, elevated nitrate levels in PEI
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groundwaters have been shown to persist for several decades (Jiang
et al,, 2007), and surface water nitrate concentrations in some of the
study watersheds [such as the Morell (min), Mill (mod), Dunk (sev),
and Wilmot (sev)] have been increasing since long term nitrate studies
began in the 1960s (see Zebarth et al., 2015). As many of the focal
watersheds are at least partially groundwater fed, particularly during
the summer, low-flow, open water period, persistent groundwater
concentrations likely influence stream water quality (e.g., Wilmot

watershed is ~66% groundwater fed according to Jiang et al., 2007).

4.3 Insecticide concentrations

Surface water concentration of insecticides was a major driver of
watershed impactedness and explained 73% of the total variation in
the dataset (Figure 2C). Over 60% of this variation was explained by
elevated concentrations of chlorantraniliprole and clothianidin in
severely (>50%) impacted watersheds such as the Wilmot
[0.121+0.014ng (chlorantraniliprole)/mL, and 0.134+0.045ng
(clothianidin)/mL, respectively; Figure 2C; Supplementary Table S1].
In contrast, the lowest concentrations of chlorantraniliprole,
clothianidin, imidacloprid, and thiamethoxam were found in the
minimally impacted Morell watershed (Supplementary Table S1). The
highest concentration of thiamethoxam was found in the 30-50%
moderately impacted Montague watershed [0.0074+0.0001 ng
(thiamethoxam)/mL; Supplementary Table S1]. Both clothianidin and
imidacloprid were measured at concentrations that are toxic to
sensitive aquatic species such as Cloeon spp. mayflies and Chironomus
midges (discussed below). For instance, clothianidin was frequently
detected in focal watersheds and routinely (37% of observations)
exceeded guidance (> 0.02ng/mL; Health Canada, 2021¢) (n
detected = 114, N 1500 =196, N exceedea=72). This pattern of clothianidin
detections above guidance was most pronounced in the moderately
35-50% impacted Montague, and Mill River systems, as well as in the
severely >50% impacted Dunk, Wilmot, and Clyde watersheds (93%
obs, n=113). As a highly soluble (327 mg/L) compound, clothianidin
is thought to be less likely to bind to soils and is reported to have a
higher risk of entering streams via run off as well as during extreme
flow events (Miles et al., 2017; Yadav and Watanabe, 2018).
Clothianidin is also the breakdown transformation product of
thiamethoxam in some soils, plants, insects (see Liu et al., 2018), and
thus the field application of either clothianidin or thiamethoxam could
both be contributing to elevated levels of clothianidin in surface and
groundwaters (US EPA, 2020; Health Canada, 20212). The remaining
58% (N gerectea= 114 of 196) of clothianidin detections that did not
exceed current guidance overlap with concentrations that affect the
successful adult emergence of aquatic insects such as the Dipteran,
Chironomus dilutus (7-d E,=0.02ng a.i./ml, see Cavallaro et al,
2017).
Chironomidae, could dramatically reshape aquatic community

Reduced success of highly abundant species, such as

composition (see Hulot et al., 2000).

Surface water samples analyzed for imidacloprid and
thiamethoxam were frequently measured at or below the analytical
limits of quantification in the historical dataset (94 and 93% of
observations respectively). For example, prior to 2013, the analytical
limit of quantification of imidacloprid is higher than current
Canadian guidelines (DL <0.1 pre-2013 and <0.02 ng/mL thereafter
vs. current guidance of 0.041 ng/mL, formerly 0.23ng/mL CCME,
2007b; Health Canada, 2016). Only 6 % (6%) of imidacloprid samples
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were above the analytical limit of quantification (n=12 of 196
observations). Concentrations less than the current analytical limit of
quantification of imidacloprid have been associated with 10%
mortality of Cloeon spp. in a laboratory setting
(96-h LC;(<0.0001 ng/mL, Sumon et al., 2018). Imidacloprid
concentrations in the range of the latest guidance (0.041 ng/mL) have
also been associated with 10% mortality of the mayfly larvae Cloeon
dipterum (28-d, LC,,=0.041 ng/mL; Roessink et al., 2013). Although
the concentration of imidacloprid in PEI surface waters is still largely
unknown, these results suggest there could be very low mayfly density
in watersheds where these substances are present. As preferred prey
items of both salmon and trout, preventing reductions in mayfly
biomass has previously been recommended as clearly needed for
successful salmon restoration and management efforts (see Ward
et al., 2009). The absence of these preferred food items could also
be contributing to the cumulative risk of fish kills in these watersheds
as the greater energetic costs of physiological detoxification post
exposure to contaminants, combined with changes in food
consumption, could work in combination to reduce the success of
sensitive fishes in these watersheds.

4.4 Benthic macroinvertebrate
assemblages

Six of the focal watersheds, including the moderately impacted
Mill, and Montague, as well as the severely impacted Dunk, Clyde,
West, and Wilmot, had reduced richness of sensitive, sentinel EPT
orders (Ephemeroptera, Plecoptera, and Trichoptera; Figure 2D). In
contrast, minimally disturbed systems, such as the Morell and
Miminegash, were strongly associated with greater species richness of
Trichoptera, and somewhat of Ephemeroptera, while the Bear River
was strongly associated with increased Plecoptera richness (or
stoneflies) (Figure 2D). Restoration and remediation efforts in severely
impacted systems such as the Clyde and the Dunk, are also clearly
the analysis  (e.g., 2A,
Supplementary Table S1). Significant habitat alteration due to storm

evident in multivariate Figure
events and construction (e.g., Clyde) or restoration efforts (Dunk,
West), act as major drivers in these systems making these watersheds
appear extremely disturbed while these efforts are underway and in
some cases for years following the restoration activity. For instance,
severely, or>50% impacted watersheds, such as the Clyde and the
Dunk, were both strongly associated with long-term increases in the
percent of oligochaetes (Figure 2D). Sensitive EPT assemblages may
be especially vulnerable to significant habitat disturbances 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).
However, stream restoration is a relatively new area of research and,
to date, the effectiveness of this work to support macroinvertebrates
has had mixed results with prolonged disruption to benthic
communities commonly reported (e.g., Jahnig et al., 2010; Palmer
et al, 2010; Bernhardt and Palmer, 2011). Further, the literature also
suggests that restoration efforts that focus on the benefit of a single
species, such as Atlantic salmon, although inherently worthwhile and
warranted as important forms of natural capital, are thought to
be among the least sustainable as these efforts, as these approaches
may not sufficiently consider the needs of other flora and fauna within
an interconnected food web (see Muotka et al, 2002; Louhi
etal., 2011).
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Differences between moderately and minimally disturbed
watersheds were difficult to distinguish and there was considerable
overlap in severely impacted watersheds with other groups (e.g., see
95% centroids in Figure 2). This is perhaps due in part to the
abundance of cosmopolitan species with long-distance dispersal
ability, such as Baetidae mayflies. Some species of Baetidae (e.g., Baetis
alpinus, Baetis rhodani) are weak fliers and are thought to be limited
to wind dispersal with active flying distances no greater than 3.7 km.
Exceptionally strong fliers, such as the caddisfly, Mesophylax aspersus
(Trichoptera, Limnephilidae) can fly distances greater than 65km
(e.g., Kelly et al., 2001; Arce et al., 2021). Dispersal abilities for other
members of the EPT greater than 8 km are not unusual (summarized
in Arce et al., 2021). As PEI is relatively small (< 65km wide and
224km long), and a mere 13km from a mainland source population
of flying insects (see: www.confederationbridge.com), adult EPT could
potentially disperse from other areas to recolonize highly impacted
watersheds (MacArthur and Wilson, 1967; Costanzi and Steifetten,
2019; Russell and Kueffer, 2019). Therefore, the presence of minimally
disturbed source habitats may be of great importance toward the
stabilization of benthic populations, as well as perhaps for fish reliant
on these foodstuffs. To what extent these population-level invasions
are occurring and the extent of endemism in aquatic insect taxa on the
island merits further study. The latter also suggests that PEI watersheds
may not be independent from one another - rather, conservation and
restoration activities of these systems will require a more holistic and
integrated multiple watershed approach.

4.5 Relationship between discharge and
surface water concentrations of
insecticides

Insecticide concentration and discharge covaried, particularly in
the Dunk and Wilmot watersheds, when the level of agricultural
activity was included in the analysis. Significant differences were
found between moderately (35-50% agriculturally impacted: Mill,
Montague) and severely impacted watersheds (>50% agriculturally
impacted: West, Dunk, and Wilmot; p <0.001). Sufficient insecticide
monitoring data was not available to permit concentration versus
discharge comparisons in minimally impacted watersheds such as the
Bear, Miminegash, and Morell or the severely impacted watersheds
Valleyfield and Clyde. However, in the severely impacted Wilmot
watershed, the concentration of chlorantraniliprole exponentially
increased with increasing discharge (r=0.65, p<0.01), while for
clothianidin, the correlation was best described by a log-log linear
relationship with concentration increasing 10-fold with corresponding
increases in average daily discharge (Figure 4). Patterns were more
complex in the Dunk, where responses appeared to potentially
be bimodal with stronger positive correlations to discharge when flow
was above 1.5m?/s but less than 2.2m"/s (r>0.76, p<0.01, Figure 4).
During the study period, surface water samples processed for
insecticide concentration have almost exclusively been collected
during late summer low flow periods (e.g., 0.23-1.83 m’/s, 95% CI of
all watersheds between May to October). Although baseflow, or
groundwater flow, can be as low as 0.4+0.5m*/s (Median + Coef.
Dispersion), 1-day maximum average daily discharge measurements
0f 22.7 £ 1.5m’/s (average + SE) in the Dunk have been reported (e.g.,
see Figure 3). Although there are very real logistical and safety
constraints in conducting water sampling during high discharge
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events, more of these types of measurements will be necessary to
inform loading estimates and future risk assessments due to
climate change.

4.6 Why do fish kills occur in PEI
waterways?

Global use of all pesticides has increased significantly
(approximately 4.1 million tonnes each year) since 1990 (Sharma et al.,
2019; Boedeker et al., 2020; Tao et al., 2020; FAO, 2023). This pattern
was also found in Prince Edward Island and substantial changes in
land use practices occurred over the same period (see Bugden et al.,
2014). The 10 focal watersheds in this study varied in the extent of
agricultural activity within their catchments and several have a
troubling history of fish kills since the 1960s (Supplementary Table S1).
Although no relationship between habitat, surface water quality, or
insecticide concentrations and Atlantic salmon success or density
could be found using the historical monitoring data in this study
(Supplementary Table S1), a combination of factors has likely
contributed to historical fish kills in PEI waterways including
pesticides, increased nitrate concentrations, low dissolved oxygen, and
increased water temperature, among others (e.g., CBC, 2022). The
historical data examined in this study suggests that these conditions
are interrelated for some systems (e.g., Wilmot, Dunk, and Clyde) but
may have other components in others, even for apparently similar,
severely agriculturally developed systems (> 50% by land area) such
as the West River where lower alkalinity and nitrate concentrations
total 2B;
Supplementary Table S1). Interestingly both the West River and the

coincide  with  greater phosphorus  (Figure
minimally impacted Morell, have among the highest estimated density
of Atlantic salmon and number of redds in a 2018 survey conducted
by Guignion et al. (2019) (Supplementary Table S1). Collectively, these
findings suggest that watershed-specific approaches may be warranted
to protect these systems moving forward.

Extensive restoration efforts have also severely impacted some of
the focal watersheds (e.g., see Guignion et al., 2019) and the effects of
these activities are evident in the multivariate analysis (e.g., Dunk,
West), as are the catastrophic effects of climate change (e.g., severe
storm events in Dunk in 2009) and anthropogenic disturbance (e.g.,
construction and landslides on Clyde 2017-2018). Unfortunately,
estimating the total pesticide load in these systems is difficult at present
because monitoring on the island is plagued by high historical limits of
quantification, infrequent site visits, and sample collections that are
routinely taken during low or baseflow periods when these
watercourses are likely dominated by groundwater inputs, as opposed
to overland flow and runoff mechanisms (Jiang et al., 2007, 2015).
Despite public awareness that pesticides are part of the challenge in
agroecosystems, very few studies have investigated the magnitude and
extent of pesticides entering watercourses in the province (although
see: Jackson et al., 1990; Gormley et al., 2005; Yao et al., 2006; Dunn
etal, 2011; Taylor et al., 2021). Intensive agricultural activity, selective
environmental monitoring, proprietary data controls, ongoing
restoration efforts, and a changing climate, are all obscuring root causes
in these systems all while benthic macroinvertebrate communities, and
the fish that feed on them, are further degraded. Long-term, cumulative
impacts on island assemblages of organisms also have an increased
likelihood of local extinction events (e.g., MacArthur and Wilson,
1967; Costanzi and Steifetten, 2019) creating the potential for fish kill
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zones or population ‘sinks’ where water quality may be acceptable, but
fish fail to thrive. Finally, to what extent PEI benthic communities
depend on the influx of species from neighboring habitats is, at present,
unknown. Although, the extent of overlap in community composition
in the most severely impacted waterways in this study (> 50%
agriculturally developed by land area), suggests that species influx from
nearby streams may be commonplace. However, degradation of
neighboring ‘source’ systems, beyond certain thresholds, could cause
rapid, catastrophic shifts in these systems (see Scheffer et al., 2001).

Groundwater often supplies 100% of streamflow during the late
summer sampling period in PEI (Jiang et al., 2007). Thus, groundwater
may also be driving the influx of low concentrations of a variety of
substances into even minimally impacted streams that are
hydraulically connected to groundwater supplies impacted by
adjacent, more intensively farmed watersheds. Further, this influx of
nutrients and contaminants may continue for extended periods,
particularly during low-flow, open water periods. Managing such a
system, where historical and contemporary activities in neighboring
watersheds may mask the beneficial management practices in
sustainably farmed systems, will be difficult. Tools that capture the
necessity to increase the scale of these efforts beyond the limited
capacity and scope of individual watershed groups will be needed.
One health frameworks - an approach that unifies the need to balance
and optimize the health of people, animals and the environment is
ideally suited to mobilizing the different sectors, disciplines, and
communities that will be needed to address the underlying root causes
of contamination at a broader ecosystem scale. In the absence of a
more holistic approach, the success of efforts toward the
re-establishment of Atlantic salmon may be limited. As 100% of the
drinking water in PEI is sourced from groundwater (Jiang et al., 2007;
PEIL, 2020), the human health impacts of pesticides in island waterways
may also be significant.
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