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Abstract

This is the first study to report the acute and chronic effects of environmentally relevant
concentrations of thiamethoxam (ranging from 0.15-150 pg/L) and a mixture of
clothianidin, imidacloprid, and thiamethoxam neonicotinoid pesticides (ranging from
0.045-450 pg/L) on individuals from one wild stock of British Columbia sockeye salmon.
No effects were observed on growth, development, and a targeted suite of ten genes
involved in reproduction, growth, stress response, nervous and immune system function
after chronic thiamethoxam or neonicotinoid mixture exposures. However, acute
thiamethoxam exposure during fertilization showed reproductive toxicity via a 25%
reduction in fertilization success, and subsequent teratogenic effects via abnormal length,
weight, and condition factor in swim-up fry in all thiamethoxam and some of the
neonicotinoid mixture concentrations tested. These findings could have potential
implications for wild salmon populations as pulse exposures are environmentally relevant,
especially given the amount agriculture and rainfall in the lower Fraser River in British

Columbia, Canada.

Keywords: neonicotinoid mixture; clothianidin; thiamethoxam; imidacloprid; sockeye
salmon; growth; fertilization; development; teratogenic; endocrine axis; hepatic gene

expression
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1 General Introduction

1.1 Sockeye Salmon

Sockeye salmon (Oncorhynchus nerka) are a Pacific salmonid species with
populations found along the west coast of North America in the Pacific Ocean (Fisheries
and Oceans Canada 2020), with a range that extends from northern California to northern
Alaska and eastward into parts Russia (Rand 2011; Rand et al. 2012). The anadromous
life history of sockeye salmon includes a freshwater stage where eggs are laid in redds in
rivers, streams, and lakes and fertilized by males via external fertilization (Rand 2011;
Rand et al. 2012; Fisheries and Oceans Canada 2020). These then hatch into alevins and
grow and develop until complete yolk sac absorption, and then begin feeding on stream
invertebrates and zooplankton, and generally rear in these freshwater conditions for one
to three years before finally migrating at the smolt stage to the ocean (Rand 2011; Rand
et al. 2012). Typically, sockeye salmon remain in the ocean two to three years until they
reach 2.5 to 3 kg and 50 to 60 cm feeding on zooplankton, smaller fishes, and squids
(Rand et al. 2012). These ocean dwelling sexually mature individuals then return to their
natal stream in the late summer/fall and spawn, with both sexes competing for redds
followed by external fertilization, and exhibit fecundity rates of approximately 2,000 to
5,000 eggs (Rand 2011). After spawning both sexes die, thus their carcasses are critical
sources of nutrients and energy for the aquatic ecosystems they inhabit (Rand 2011; Rand
et al. 2012).

Scale and geography are factors for the status of salmon populations; globally
sockeye salmon populations appear stable but numerous sub-populations in Canada are
in grave decline and have been for decades. The International Union for Conservation of
Natural Resources (IUCN) is the international organization that is the global authority on
the status of the world’s natural resources (IUCN 2022). The IUCN has a red list, which is
a ranking classification system for a species at risk of extinction. Salmon risk classification
is determined both qualitatively and quantitatively. The quantitative classification is
determined by the median rate of change at salmon spawning sites, with the following
categories and criteria: data deficient = analysis not competed; least concern =
populations increasing in abundance or stable; near threatened = close to being

endangered; vulnerable species = 30 to 50% decline; endangered = 50 to 80%; and,



critically endangered = >80% or the species is threatened with global extinction. On the
global species/population level, the IUCN reported that approximately 7% of the historical
range of sockeye have been lost due to localized extinction events and that sockeye status
is considered least concern, meaning not endangered and stable; however, some of the
48 British Columbia (BC) sub-populations are considered both critically endangered,
endangered, vulnerable, data deficient, or least concern, depending on region (Rand
2011; Rand et al. 2012). The IUCN lists 3 main sources of threats to global Sockeye
populations that include: (1) overfishing; (2) changes to ocean and river conditions,
including temperature changes and prevalence of diseases; and (3) adverse effects from
hatchery construction with other potential threats, including unknown threats to the BC
sub-populations (Rand 2011). However, more recent reviews have further specified that
salmon habitat continues to be depleted due to several stressors, including habitat loss,
climate change, and pollutants (Hodgson et al. 2019). Indeed, anthropogenic
contaminants have been identified as one of the planet's greatest threats to natural
ecosystems (Landrigan et al. 2018), including to juvenile salmon health and survival
(Hodgson et al. 2019)

1.2 Fraser River Sockeye Salmon

The Fraser River watershed, located in the Fraser basin, BC, consists of the
Upper, Middle, and Lower Fraser watersheds (Figure 1-1; FBC 2013). The Lower Fraser
watershed runs through highly populated areas and thus influenced by human activities.
The Fraser River is the longest river in BC, spanning 1,600 km from the western side of
Rockies at Mount Robson to the Georgia Strait, collecting 223,000 km? of water, annually.
The Fraser River is one of the most abundant salmon rivers, globally, with approximately
over 250 million sockeye that enter the Georgia Strait during the spring migration to the
sea (Noakes 2011; Cohen 2012).

Along with intrinsic values of Fraser River salmonid species, salmon are not only
ecologically important, but also economically and culturally important to Indigenous
Peoples and Canadians. Ecologically, given the salmonid anadromous lifecycle, they are
an important source of nutrients for the aquatic and terrestrial environments (Cederholm
et al. 2000; Hildebrand et al. 2004). Decomposing carcasses and eggs provide carbon,
nitrogen and phosphorus inputs that are important for ecosystem functioning (Cederholm

et al. 2000; Hildebrand et al. 2004). Salmon are also a food source for numerous terrestrial



and aquatic wildlife (e.g., bears, raptors, marine birds; Cederholm et al. 2000; Hildebrand
et al. 2004). Indeed, it has been estimated that in BC approximately 140 species rely on
salmon as a food source (Hilderbrand et al. 1999; Cederholm et al. 2000; Hilderbrand et
al. 2004). For example, Hilderbrand et al. (1999) reported that the salmon availability was
positively correlated with productive grizzly populations, as demonstrated through carbon
and nitrogen stable isotope analysis of grizzly bear hair. In the marine environment, Ayres
et al. (2012) and Wasser et al. (2017) reported that the decline of salmon had directly
impacted population crashes of the Southern resident killer whale (Orcinus orca) since the
late 1990s via analyses of glucocorticoid and thyroid hormones metabolites present in
feces that indicate nutritional deficiencies known to disrupt fecundity. These are just two
of the many examples of the interconnectedness of the marine water, freshwater, and
terrestrial environments, and reliance on salmon. With respect to the cultural and
economic significance, Fraser River salmon historically and currently sustain Indigenous
Peoples as both a food source and for cultural purposes (Garner and Parfitt 2006). In
addition, a commercial Fraser River sockeye salmon fishery has existed for decades and
is also important for both the provincial BC and national Canadian economy. In 2018, the
annual sockeye harvest in BC accounted for 110,400 tonnes, which was 65% of all wild
salmon harvested in the province (BC Gov 2020) This translated to a wholesale value of
$151.7 million (also 65% of the share for wild salmon), and $56.1 million for international
exports (BC Gov 2020). The bulk of sockeye exports were sold to Japan (BC Gov 2020).
In 2016, it was estimated that the fisheries aquaculture sectors combined accounted for
15,000 jobs (BC Gov 2016). Ultimately, Fraser River salmonids are iconic species integral
to the health of the Fraser River watershed and to humans relying on these fish for

sustenance as well as cultural and economic purposes.

Given the significance of sockeye, it is important to understand the local
conservation status along with threats to local populations. There are 22 sub-populations
of Sockeye identified in the Fraser River basin (Rand 2011). Seven of those sub-
populations are considered Endangered by the IUCN, eleven are considered least
concern, and four are data deficient (Rand 2011). Cohen (2012) reported that Fraser River
sockeye populations have been on a decline since the early 1990s as a result from the
many likely threats described in several publications such as habitat destruction,
overfishing, and potential exposure to environmental contaminants, such as agricultural
pesticides (Rand 2011; Landrigan et al 2018; and Hodgson et al. 2019. With respect to



Fraser River sockeye salmon and the Lower Fraser River in particular, several of these
threats related to habitat and contaminants are evident as this region of the river cuts
through prime agricultural land. In the Fraser Valley alone, there are more than 2,500
farms that produce 50% of the provinces farm income (FVRD 2016), totalling $1.5 billion
provincial farm receipts (Statistics Canada 2016). Given yield requirements to make
farming economically viable, pesticide use is inevitable. However, the province (and
Canada) does not regulate pesticide use, rather it monitors pesticide sales. During the last
reporting period in 2015, BC ENV (2016) reported that BC vendors sold a total of
3,030,410 kg of commercial formulations of pesticides, which totaled 1,436,275 kg of
active ingredient, with 1,212,512 kg sold to the agriculture sector, which represents 84%
of all pesticide sales (it is important to note that BC ENV classifies aquaculture in with
agriculture). Given the quantity of pesticides sold and the high rainfall in BC, equalling
approximately 1,600 mm rainfall per year in Chilliwack (GoC 2022), pesticide runoff and
pesticide leaching to groundwater discharge in surface waters is also inevitable and is

documented (e.g., Main et al. 2014; Morrissey et al. 2015).

1.3 Neonicotinoids

The government of Canada defines pesticides as “any product, device, organism,
substance or thing that is manufactured, represented, sold or used as a means for directly
or indirectly controlling, preventing, destroying, mitigating, attracting or repelling any pest”
(GoC 2007). While pesticides are beneficial for controlling pests in agricultural settings,
many have been shown disrupt the environment by adversely impacting non-target
species. Indeed, pesticides are managed and regulated in Canada by the Pesticide
Management Regularity Agency (PMRA) that is governed by Health Canada under the
Pest Control Products Act (PCPA) and the Canadian Environmental Protection Act (GoC
2009). Insecticides are one type of pesticide specifically designed to target insects, and
currently the most frequently used class of insecticides in the world are the neonicotinoids.
These insecticides were first developed in the 1980s and registered in the 1990s (Jeschke
and Nauen 2008) and are now registered in over 120 countries and are routinely used
worldwide on several agricultural crops (Jeschke et al. 2011; Van Dijk et al. 2013; Simon-
Delso, 2014; Bonmatin et al. 2015). Neonicotinoids were developed in part to replace
several classes of insecticides such as the organophosphorus and carbamate pesticides

that were thought be causing a pest resistance (Anderson et al. 2015; Morrissey et al.



2015), childhood neural development issues (Morrissey et al. 2015; Eskenazi et al. 1999),
and toxicity to non-target wildlife (Botha et al. 2015). In BC, neonicotinoids account for 1%
or 1,511 kg active ingredient (Al) of pesticide sales (BC ENV 2016). Three common
neonicotinoids used in Canada include the first generation, imidacloprid (accounting 1,156
active ingredient [Al] sales), and second generations clothianidin (accounting for 326 kg
Al) and thiamethoxam (accounting for 29 kg Al sales) (BC ENV 2016). All three of these
neonicotinoids are used on variety of crops such as potatoes (Solanum tuberosum),
blueberries (Vaccinium spp.), raspberries (Rubus spp.), cranberries (V. macrocarpon),
corn (Zea mays), alfalfa (Medicago sativa), an assortment of vegetables, hay, and other
livestock crops (BC ENV 2016). Application of neonicotinoids are typically via seed coat
and foliar spray in order to protect seedlings (Jeschke et a. 2011; Goulson 2013; Morrisey
et al. 2015), with seed treatments thought to account for 60% of the global application rate
(Bonmatin et al. 2015 and Jeschke et al. 2011).

Neonicotinoids structurally resemble nicotine and exhibit the same mode of action
as nicotine by binding agonistically to nicotinic acetyl choline receptors (hnAChRs) in the
nervous system. These insecticides are classified in the N-nitroguanidine group and are
considered broad spectrum, systemic, neurotoxicants developed for controlling piercing
sucking insects (e.g., aphids, leafhoppers, phytophagous mites; Jeschke et al. 2011;
Morrisey et al. 2015; Simon-Delso et al. 2015). When an invertebrate is exposed to a
neonicotinoid via piercing/sucking/chewing a plant, the neonicotinoid competes with
acetylcholine, a neurotransmitter and endogenous ligand of nAChRs (Nauen 1999).
Neonicotinoids are more toxic to invertebrates relative to vertebrates because
neonicotinoids have greater affinity for invertebrate nAChRs (Matsuda et al. 2001 and
Matsuda et al. 2005). For insects, under normal conditions, acetylcholine binds to the
postsynaptic NnAChR in the central nervous system where a high density of NAChRs are
located; whereas for vertebrates, acetylcholine binds to the postsynaptic NnAChR in the
central and peripheral nervous systems (Matsuda et al. 2001; Matsuda et al. 2005).
Acetylcholinesterase then breakdowns the acetylcholine molecules after dissociation from
nNAChRs into acetyl CoA and choline; thus, nerve transmission/muscle contraction ceases
(Simon-Delso et al. 2015). However, neonicotinoids agonistically bind to invertebrate
postsynaptic NnAChR in the central nervous system; therefore, resulting in competition with
acetyl choline (Thany 2010 and Simon-Delso et al. 2015). Acetylcholinesterase is unable

to breakdown neonicotinoids that results in contiguous activation of the nAChR (Thany



2010; Morrissey et al. 2015; and Simon-Delso et al. 2015). Thus, this continuous activation
of the central nervous system by neonicotinoids results in paralysis and ultimately death

for invertebrates (Goulson 2013; Simon-Delso et al. 2015).

Neonicotinoids can enter surface waters after applications to agricultural lands by
many routes such as farm run-off, volatilization and deposition, leaching, etc. For example,
thirty studies across nine countries (including Canada) found surface water neonicotinoid
concentrations ranging from 0.001 to 320 pg/L, strongly suggesting the prevalence of this
neurotoxic insecticide in numerous aquatic ecosystems (Bishop et al 2018; Crayton et al.
2020; Elbert et al. 2008; Main et al. 2014; Morrissey et al 2015; Schaafsma et al. 2015;
Yamamoto et al. 2012). With detectable levels of neonicotinoids in the environment
reported in several jurisdictions, concerns regarding the adverse effects on non-target
wildlife of these neurotoxic insecticides have resulted in several government regulatory
agencies worldwide re-evaluating their safety. In Canada, in 2012 the PMRA within Health
Canada began an evaluation of the safety of neonicotinoids (GoC 2020). By 2019, the
PMRA published decisions on risks of the three neonicotinoids registered in Canada
(imidacloprid, clothianidin, and thiamethoxam) to pollinators resulting in some changes in
use of these insecticides to minimize exposure to pollinators. The PMRA also recently
announced that neonicotinoids are being measured in the environment at levels that are
harmful to aquatic insects, and in 2018 proposed a phase-out of all agricultural and the
majority of outdoor uses for imidacloprid however, re-evaluations of clothianidin and
thiamethoxam are still under way as of 2022 (GoC 2020). Several studies have
demonstrated adverse effects from neonicotinoids on honeybee populations (e.g., Straub
et al. 2019 and Christen et al. 2016), aquatic invertebrate communities (e.g., Morrissey et
al. 2015 and Cavallaro et al. 2019), and several vertebrate taxa including birds, rodents,
fish, and amphibians (Gibbons et al. 2015; Morrissey et al. 2015; Marlatt et al. 2019; Danis
and Marlatt 2021). For example, Danis and Marlatt (2021) demonstrated that larval
salamanders chronically exposed to 100 pg/L of imidacloprid resulted in advanced
development, which suggests these pesticides may be disrupting the thyroid endocrine
axis. The US EPA (2010) showed a decrease in mean body weight and length of early
life-stage fathead minnow after exposure to 0.02 ug/L of clothianidin, further supporting
impacts on growth that are also influenced by the thyroid endocrine axis. Interestingly,
Marlatt et al. (2019) demonstrated that growth was not affected in early life-stage sockeye

salmon that were exposed to 0.15 pg/L of clothianidin, however, elevated whole body 173-



estradiol occurred indicative of disruption of the reproductive endocrine axis (Marlatt et al.
2019). Several studies have also evaluated the effects of neonicotinoids in birds and
demonstrated impairments on endpoints related to migration (behavior and body
condition) and reproduction (i.e., fertilization success, egg size, eggshell thickness,
embryo viability, hatching rate, and offspring survival; Eng et al. 2019, 2017; Pisa et al.
2017; reviewed by Gibbons et al. 2015). Collectively, these studies in vertebrates reveal
sub-lethal impacts of neonicotinoids in several species beyond the known neurotoxic

mode of action that warrant further investigation.
Research Objectives

Examining the direct adverse sub-lethal effects of individual and mixtures of the
three neonicotinoids registered for use in Canada on early life stages of Fraser River
sockeye salmon is necessary to better understand the impacts of these common
environmental contaminants on salmonids native to the Fraser River. Currently no studies
are available reporting the toxicity of thiamethoxam or mixtures of imidacloprid,
clothianidin, and thiamethoxam in wild salmonids. Previous studies have demonstrated
no effects of clothianidin alone on growth and development in early life stage wild collected
sockeye, but a significant 4.7-fold increase in whole body 17B-estradiol levels in swim-up
fry after exposure to 0.15 ug/L. To further investigate the impacts of the three main
neonicotinoids used in Canada on a wild sockeye salmon, the present study examined
the sublethal, chronic effects of thiamethoxam and a mixture of imidacloprid, clothianidin
and thiamethoxam on critical early life stages of a wild salmon species, sockeye salmon
(Oncorhynchus nerka). The study design entailed exposures during fertilization and
exposures from 1-hour post-fertilization to swim-up or feeding fry stages. In this study,
four to five concentrations of neonicotinoids (0.15, 1.5, 15 and 150 pg/L [2015 study] and
0.045, 0.45, 4.5, 45, and 450 ug/L [2016 study]) plus water controls were tested. These
concentrations of neonicotinoids were selected based on the concentrations of
neonicotinoids reported for surface waters globally and to incorporate the only
neonicotinoid Canadian Water Quality Guideline of 0.23 ng/L for imidacloprid. Since wild
salmon are not routinely studied, this research also examined the influence of parentage
on toxicant responses by testing four unique offspring sets (crosses) in all experiments.
The endpoints measured to assess the adverse effects of thiamethoxam and the mixture

of neonicotinoids in developing wild sockeye salmon included survival and several sub-



lethal endpoints, specifically, growth, hatching, emergence and sex steroid hormone

levels.

1.4 Figures
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Figure 1-1. The twelve Fraser Basin watersheds that make up the Upper, Middle, and Lower Fraser
basin. All water from the Fraser watershed drains into the Fraser River that begins at Mount Robson
(Valemount, BC) and terminates in the Georgia Strait in Richmond, BC. Figure obtained from
https://lwww.fraserbasin.bc.ca/basin_watersheds.html.



2 2015 Thiamethoxam Exposures

2.1 Introduction

The 2015 neonicotinoid study included two chronic exposures in glass tanks and
gravel bed flumes. For both exposure scenarios four genetic crosses (crosses A through
D) of Sockeye were exposed to thiamethoxam from one-hour post-fertilization to swim-up
fry life stage. The objective of chronic exposures was to evaluate adverse effects of
thiamethoxam, on sockeye salmon, at environmentally relevant concentrations and to

determine if parentage or exposure scenario influenced these effects.

2.2 Methods

Cody Antos (technician) and Dr. Vicki Marlatt (principal investigator) conducted
this experiment in 2015. In 2016, Debby Reeves assumed all data collected from this
experiment, performed all data entry and statistical analyses. Detailed aquatic exposure
methods are described in Leung (2018) and Marlatt et al. (2019) and summarized in the

following sections.

2.2.1 Chemicals

Thiamethoxam stock solution was prepared using 98.0% pure thiamethoxam
(CAS#: 153719-23-4, Sigma-Aldrich, Oakville, Ontario, Canada). Fish euthanasia was
conducted using tricaine methanesulfonate (MS-222) and Ovadine was used for
disinfection of tools in contact with fish, and were purchased from Syndel Laboratories
LTD., Nanaimo, B.C., Canada. All other chemicals / reagents are identified in the
respective sections and were sourced from commercial facilities and of analytical grade,

as described below.

2.2.2 Gamete Collection and Fertilization

In the fall of 2015, four wild, sexually mature mating pairs of sockeye salmon
(Oncorhynchus Nerka) were captured and donated by the Department of Fisheries and
Oceans (DFO) from the Inch Creek Hatchery, located in Dewdney, BC. Approximately

2,000 to 3,000 eggs were harvested from each female and approximately 1 to 3 ml of milt



were collected from each male. The gametes were immediately stored and shipped at 6
to 10°C and delivered to Simon Fraser University, Burnaby, BC, on 8 September 2015.
Dry fertilization was performed by Dr. Vicki Marlatt within six hours of collection where four
unique offspring sets were created from the four mating pairs (referred to crosses A, B, C,
D). For each of the four crosses, this was achieved by combining the eggs from one
female and milt from one male in 1.5 L of dechlorinated water (10 £ 1 °C) followed by
gentle swirling to ensure mixing. After 1 hour, the water hardened eggs were carefully
transferred and subdivided into three separate PVC netted cylindrical egg containers, per
genetic cross (labelled A, B, C, D), and totalled approximately 100 individuals per cross

per tank.

2.2.3 Thiamethoxam Chronic Exposures in Glass Tanks and a Gravel
Bed Flume System

This thiamethoxam exposure experiment was divided in to two exposure scenarios
that included (1) a glass tank flow-through system and (2) a gravel-bed flume system that
mimicked a natural streambed environment. In both exposure scenarios, all four genetic
crosses were exposed in duplicate test vessels, to nominal concentrations of 0, 0.15, 1.5,
15, and 150 pg/L of thiamethoxam. A schematic of the design is shown in Figure 2-1.
These concentrations were selected based on the concentrations of thiamethoxam and
other neonicotinoids (imidacloprid and clothianidin) reported in global surface waters (e.qg.,
0.0035 to 320 pg/L; CCME 2007; Crayton et al. 2020; de Perre et al. 2015; Hladik et al.
2014; Main et al. 2014; Miles et al. 2017; Morrissey et al. 2015; Sanchez-bayo and Hyne
2014; Schaafsma et al. 2015; Starner and Goh 2012; Van Dijk et al. 2013), and to
incorporate testing above and below the only neonicotinoid Canadian Water Quality
Guideline of 0.23 ng/L for imidacloprid (CCME 2007).

Exposure methods outlined in the GoC (1998) Guidance, for Biological Toxicity
Test Methods for Early Life Stages of Salmonids were followed with minor deviations,
given Sockeye are not a typical test species in this guidance. The following outlines the
methods and parameters (i.e., test conditions, water quality monitoring, termination, and
test solution renewals) that were followed across both exposure scenarios, per the
guidance. Both test vessel system exposures were initiated from one to three hours post-
fertilization. Embryos were maintained in darkness, observed only with a red light, until 90

to 100% of the control fish in the glass tanks hatched. Approximately one week after
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hatching, the alevins where then reared in a 16 hour/8-hour light/dark photoperiod. Water
quality monitoring for temperature, dissolved oxygen concentration, pH, and conductivity
was measured every 48 hours using an HQd Portable Meter (Hach® Company, Loveland,
CO, USA) for most parameters. Ammonia concentrations were measured every two
weeks using a Seachem® MultiTest Ammonia Test Kit (Seachem Laboratories, Madison,
USA). Daily health monitoring included removal of dead embryos, alevins, and / or fry.
Termination commenced upon fish reaching the swim up fry developmental stage (defined
as 80 % of control animals exhibiting vertical swimming behavior and yolk sac resorption).
This resulted in termination at 125 to 128 days post fertilization (dpf) for the glass tank

exposure and 112 to 119 dpf for the flume exposure.

The thiamethoxam stock solution renewal deviated from the standard guidance
outlined in GoC (1998). Stock solutions were freshly prepared every 48 hours based on
Marlatt et al. (2019) previous laboratory-based studies indicating minimal degradation of
neonicotinoids over 48 h flow through exposures. Thiamethoxam is soluble in water (4.1
g/L at 25°C; MacBean 2010); therefore, stock solution was prepared by adding 0.2 g of
Sigma-Aldrich thiamethoxam to 4 L of dechlorinated municipal water, which was mixed for
60 minutes to ensure the full solubility of thiamethoxam. The stock solution was then
diluted with dechlorinated water to achieve the afore mentioned nominal concentrations,
then distributed to the appropriate glass tanks or flume-system via a Masterflex®
peristaltic pump using Masterflex® and food grade Tygon® silicone tubing at a rate of 2.0
ml/minute. The nominal concentrations of thiamethoxam were achieved using a water flow
rate of 95 ml / minute and a pesticide stock solution flow rate of 2.0 ml / minute that were
monitored (and adjusted if required) every 48 hours until termination. Measured
concentrations of thiamethoxam were conducted by Dr. Chris Metcalfe (Trent University,
Ontario, Canada) 70 dpf in one replicate per concentration of both glass tank and flume

exposure scenarios as described by Liu (2018) and Marlatt et al. (2019).

The glass tank test apparatus included a flow-through system with ten glass tanks
(four concentrations of thiamethoxam and a water control in duplicate) that contained a
total volume of 28 L, with the dimensions of 22 cm x 26 cm x 52 cm (height, width, length,
respectively), and a drainage hole at the 20 cm mark. Each glass tank contained three
netted cylindrical egg containers (made up of food grade polyvinyl chloride [PVC]), per
genetic cross (i.e., for 4 crosses there was a total of 12 egg containers per tank) with

approximately 100 eggs evenly divided (i.e., 33 to 34 fertilized eggs per egg container).
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Fish were separated into egg containers to maintain separation of the genetic crosses,
monitor development, and for ease of removing dead individuals throughout the
experiment. All tanks were randomly placed at opposite sides of a temperature-controlled
room. Above the glass tanks included an overhead water storage tank to maintain
consistent pressure of the system, which fed all the glass tanks with dechlorinated

municipal water.

The gravel bed flume system deviated from the Government of Canada (1998)
guidance by not utilizing standard glass aquaria, but still adheres the recommendations in
terms of loading density and water quality. The aim of the gravel bed flume system was to
mimic a natural stream, with the details as follows. The flume was a custom-built system
adapted from a design from Pilgrim et al. (2013) and described in Du Gas et al. (2014).
Briefly, the flume was 250 cm (I) x 40 cm (w) x 32 cm (h) and was divided evenly into 5
isolated chambers that could hold 64 L of water each. Each chamber was then subdivided
into five more sections by stainless steel mesh that allowed the pesticide solution or water
to flow throughout the system, while keeping the genetic crosses isolated from one
another. Each chamber shared the same water; however, the outflow was in the middle
chamber (that did not contain fish) and the outer two sub-sections housed the developing
fish, with each of the 4 chambers housing a different genetic cross (i.e., four different
genetic crosses). Gravel that consisted of rocks with a diameter of 10 mm and 25 mm
were evenly distributed in each chamber with a 1:1 ratio (to mimic a natural environment
per Kondolf and Wolman [1993]) to an initial depth of 5 cm. Similar to the glass tank
exposure, 100 embryos from one genetic cross were evenly divided between three egg
containers (n = 33 to 34 individuals per egg container) that were then placed in the gravel
substrate. Once 92 to 100% of the embryos developed eyes in the control groups (i.e., on
28 dpf), the eyed embryos were gently poured out on top of the substrate and then buried
with an additional 10 cm of gravel, totalling a height of 15 cm. Given these exposure
conditions, fish stay submerged in the substrate until their yolk-sac was resorbed and they
reach the swim-up stage; however, a consequence of this is that development and survival
could not be determined with precise accuracy throughout the exposure and those

parameters were determined on termination day.
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2.2.4 Termination, Measurement of Survival, Morphometrics, and
Deformities

Euthanasia was performed in compliance outlined in Canadian Council for Animal
Care guidelines and with a permit issued by Simon Fraser University Animal Care
Committee (Burnaby, BC, Canada). Briefly, individual swim-up fry were humanely
euthanized in dechlorinated water and 0.4 g/L MS-222 and buffered with sodium
bicarbonate (Sigma Aldrich, Oakville, ON, Canada) to pH 7.0 to 7.5. Upon termination,
length, wet body weight, and presence of deformities were recorded. Craniofacial, skeletal
and fin deformities were assessed according to Rudolph et al. (2008). At random, 20 whole
bodies and 8 livers per tank or flume, per genetic cross, were harvested, placed in
DNase/RNase free 2 ml Eppendorf tubes (whole bodies) or DNase/RNase free 1.5 ml
Safe Lock Eppendorf tubes (livers), and flash-frozen on dry ice, prior to being transferred
to a -80°C freezer for long-term storage. Stainless steel instruments used to harvest the
liver tissue were cleaned between each animal, using an ultrapure water rinse then a 10%
peroxide rinse followed by a final rinse with ultrapure water to ensure there was no cross

contamination and the tools were RNase/DNase free.

Several endpoints to determine the effects of thiamethoxam were investigated in
this study including fertilization, hatch, and survival success, growth, and frequency of
deformities. Fertilization, hatch, and survival success were analyzed as percentages and
determined by the number of live eyed embryos (i.e., fertilization success), followed by
the number of eyed embryos that successfully hatched (i.e., hatch success), and by the
number of fish that successfully hatched and survived until termination day (i.e., survival).
Endpoints that required euthanasia / post-mortem analysis include morphometrics and
presence of deformities. Methods for these endpoints include placing live fish in a clear
observation vessel to briefly monitor for physical deformities immediately prior to
euthanasia. After euthanasia deformities were identified using a graduated severity index
(GSI) and stereomicroscope as outlined in Holm et al. (2005) and Rudolph et al. (2008).
Deformity analysis included four main categories as follows: craniofacial (i.e., assessment
of eyes, jaws, and head), edema (i.e., the presence of an accumulation of fluid around the
head or pericardial cavity), finfold (i.e., size, shape, and presence of all fins), and skeletal
(i.e., presence of a lordotic, kyphotic, scoliotic curvature to the spine). Deformities were
ranked zero to three based on a severity scale, where zero was equal to no deformities /

abnormalities and three was equal to severe deformities. Fish body weight (measured in
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grams), length (snout to fork length, measured in mm) was recorded. Fulton’s condition
factor (K) was determined by multiplying the individual’s wet weight (in grams) by 100,
divided by the cubed length (in cm), which infers the overall body condition, and is

simplified in Equation 2-1 as follows:

100w
K= PE (2-1)
Where:

K = Fulton’s Condition Factor
W = Wet weight ()
L = Length (cm)

Quality assurance quality control measures were performed regularly through out
the termination and included the following: Deformity analysis training was provided by Dr
Marlatt for the technicians who were euthanizing the fish. The same technicians ranked
the deformities throughout the entire termination. Validation for deformity ranking and
length measurements was conducted by having the original technician record their results
for an individual fish. The alternate technician would score the same induvial fish, and the
results would be compared to confirm they arrived at the same conclusions. This process

was repeated at regular intervals throughout the entire termination.

2.2.5 Statistical Analyses

To test the effects of the chronic thiamethoxam exposure, a split-plot randomized
complete block (SP-RCB) design was used for all analysis. The exposure scenario included
a complete block design with an n of 2 (i.e., 2 replicate tanks per treatment in the glass tank
or gravel bed flume experiments). Details of the design include the thiamethoxam
concentration that was considered the main plot with all four concentrations plus the control
(i.e., 0,0.15, 1.5, 15, and 150 ug/L), blocked by which side of the room the glass tanks were
located (i.e., the left side and right side of the room). Within the main plot (the glass tanks or
flumes), was the sub-plot that consisted of the different genetic crosses (i.e., crosses A, B, C
and D; Figure 2-1). Given there were two blocks located on either side of the room, the block

design can capture any effects regarding the side of the room the tanks were located (i.e.,
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differing light or air ventilation). Also, given the flow-through exposure scenario, water
parameters slightly varied between each tank/heath stack (the main plots); as such, the split
plot design can capture any statistical differences in the main plot between the genetic

crosses in the slightly different exposure scenarios between tanks (Figure 2-1).

Al statistical analyses were performed using JMP®, Version 15 (SAS Institute Inc., Cary,
NC). Given the experimental design for the chronic exposure, effects between genetic crosses
from the different concentrations of neonicotinoids were examined to determine cross-specific
effects on fertilization, hatching, survival, morphometrics, and deformities as well as
thiamethoxam-specific effects on these endpoints. As such, a SP-RCB analysis of variance
(ANOVA), followed by a Tukey’s post hoc test or Student’s T test (when all or two genetic crosses
were considered, respectively; p< 0.05) was used for data that met parametric assumptions. For
data that did not meet the assumptions of normality and homogeneity of variance, a Kruskal-

Wallis test followed by a Mann-Whitney U-test for pairwise comparison was used.

2.3 Results

2.3.1 Water Chemistry and Water Quality

Thiamethoxam water concentrations were measured on day 70 within an hour after water
renewal of the waterborne exposures of sockeye salmon to thiamethoxam at four concentrations
(0.15, 1.5, 15, and 150 pg/L) and a water control in two replicate samples. Table 2-1 shows the
difference between predicted nominal and the measured concentrations for each sample and
demonstrates the average of two replicate samples achieved the range of concentrations desired.
Generally, the measured concentrations for the nominal 0.15 pg/L concentration were slightly
higher (0.25 and 0.35 pg/L; Table 2-1). Conversely, the measured concentrations for the nominal
1.5, 15, and 150 ug/L were slightly lower than the measured concentrations, but the average

values approximated the desired concentration range (Table 2-1).

Water quality parameters that were measured included water temperature, water pH,
conductivity, dissolved oxygen, and ammonia concentration. All parameters in both the glass tank
and gravel bed flume exposures fell within the guidelines outlined in Government of Canada
(1998). The results are presented in Table 2-2. In summary, temperature from both exposure

scenarios ranged from 9.6 to 14.7°C with a mean of 11.9°C; pH ranged from 6.9 to 8.6 with a
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mean of 7.1; dissolved oxygen ranged from 8.2 to 12.0 mg/L; conductivity ranged from 22.1 to

40.4 uS/cm; and ammonia, measured in mg/L was not detected throughout the whole exposure.

2.3.2 Thiamethoxam Chronic Exposures in Glass Tanks

Endpoints analyzed for the chronic thiamethoxam glass tank exposure included
fertilization, hatch, and survival success, body morphometrics, and deformities. Rationale for

exclusion of some crosses and endpoints is described below.

Fertilization success was determined 24 dpf for cross A, B, C, and D. Fertilization success
(x SE) in the control groups for crosses A, B, C, and D was 78 +8%, 87 +4%, 89 +2%, and 94 %1,
respectively, and in the thiamethoxam treatment groups the fertilization success was 84 +4%, 80
13%, 89 +2%, and 86 1%, crosses A through D, respectively (Figure 2-2). No significant
differences were observed between treatments or between crosses (p>0.05; RCB ANOVA

followed by a Tukey’s post hoc test; Figure 2-2).

Hatch success was determined approximately 67 dpf. The mean hatch success of the
control fish in the glass tanks (+SE) for cross A and B was 71 +21% and 57 +4%, respectively,
and ranged from 28 to 96% in the thiamethoxam treatments (Figure 2-3a). The mean hatch
success of the control fish in the glass tanks (+SE) for cross C and D was 42 +25% and 14 £0.2%,
respectively, and ranged from 12 to 60% in the thiamethoxam treatments (Figure 2-3a).
Therefore, due to this low survival in the control fish upon hatching, crosses C and D were
excluded from further analysis. No significant differences were observed between treatments or
between crosses, for cross A and B (p>0.05; RCB ANOVA followed by a Tukey’s and Student T

post hoc tests).

The chronic exposure experiment in glass tanks was terminated commencing on 125 to
128 dpf. Survival (+SE) of the control fish in cross A and cross B was 63 + 19% and 54 + 5%,
respectively. Mean survival (x SE) of the treatment groups exposed to 0.15 to 150 pg/L
thiamethoxam ranged from 25 £16% to 82 +6% and 43 +30% to 72 +9%, for cross A and cross
B, respectively. No significant differences were observed between treatments or between crosses
(p>0.05; RCB ANOVA followed by a Tukey’s and Student T post hoc tests; Figure 2-3b).
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There was no statistical differences in mean lengths, weights, and condition factor across
treatments; however, there was statistical differences between the two genetic crosses, where
cross B was longer, heavier, and had a higher condition factor than cross A (p < 0.001, RCB
ANOVA, followed by a Student’s T tests). Mean length (£SE), weight (+SE), and condition factor
(xSE) for cross B was 30.5 £0.09 mm, 0.179 +0.007 g, and 0.645 +0.02 K, whereas the mean
length (£SE), weight (+SE), and condition factor (+SE) for cross A was 29.5 +0.09 mm, 0.160
10.007 g, and 0.627 £0.02 g, respectively (Table 2-3, Figure 2-4, and Figure 2-5).

There was a total of 70 deformities out of 1,322 individual fish across all treatments. Of
the 70 deformities, 92% were craniofacial, with the majority ranked as 1 on the severity index.
There was no significant differences between presence of deformities for each type or pooled
deformities across treatments of thiamethoxam, relative to the controls for both cross A and cross
B (p >0.05, RCB ANOVA, followed by a Tukey’s post hoc). Mean percent (+SE) of pooled
deformities (i.e., craniofacial, edema, finfold, and skeletal) in the controls for cross A and cross B
was 4.5 (£5)% and 15.5 (+10)% and the treatment groups ranged from 3.3 to 14.3 (£3)% and 10.1
to 18.4 (£4.2)% for cross A and cross B, respectively (Figure 2-6).

2.3.3 Thiamethoxam Chronic Exposures in the Gravel Bed Flume System to
Mimic Natural Habitat

The endpoints analyzed for the chronic thiamethoxam gravel bed flume exposure included
fertilization and survival success, body morphometrics, and deformities. Hatch success
(emergence) of the fish reared in the gravel bed flumes could not be accurately determined due
to individuals burrowing into the gravel upon hatching, resulting in inaccurate counts. Therefore,
hatch success was excluded as an endpoint for all gravel bed flume analyses. Further details

about endpoints are described below.

Fertilization success was determined approximately 23 dpf for cross A, B, C, and D. No
significant differences were observed between treatments in mean fertilization success for
sockeye (p > 0.05, RCB ANOVA, followed by a Tukey’s test; Figure 2-7). However, there was a
statistical difference in mean fertilization success between cross A and B and between cross B
and D, where cross B had the lowest mean survival rate, but the greatest variability. Mean
fertilization success (+SE) for cross A through D was 90 +1.4%, 80.1 £2.7%, 89.4% +2.0%, and
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92.2% +1.8%, respectively (p < 0.05, RCB ANOVA, followed by a Tukey’s post hoc test; n=2, with
3,046 eyed individuals; Figure 2-7).

Survival could not be determined with a high degree of accuracy based on a considerable
number of individuals that could not be captured during termination because they burrowed into
the gravel substrate. As such, statistics were not conducted to evaluate differences in survival at
termination of this experiment between treatments. However, the mean percent survival is
summarized in Figure 2-7. Briefly, mean survival for the control group ranged from 18% to 36%
and 12% to 47% for the treatment groups (n=2, with 788 individuals).

There was no statistical differences in mean lengths, weights, and condition factor across
treatments (Table 2-3 and Figure 2-7; p > 0.05 RCB ANOVA, followed by a Tukey’s post hoc test;
n=2); however, there was a significant difference in means length and weight between the genetic
crosses. Specifically, all crosses were different and cross B was slightly longer and heavier than
all the other crosses. The mean length (£ SE) and weight (+SE) for crosses A through D were
30.4 £ 0.7 mm and 0.168 £0.001 g (cross A), 30.8 £ 0.9 mm and 0.189 £0.001 g (cross B), 29.3
1+ 0.6 mm and 0.168 £0.001 g (cross C), and 29.6 = 0.4 mm and 0.1751 £0.001g (cross D; p <
0.05, RCB ANOVA, followed by a Tukey's post hoc test; n=2 test vessels with 879
individuals;Table 2-3 and Figure 2-8). Lastly, there was also statistical differences in mean
condition factor between crosses, where condition factor increased from cross A through D with
cross A having the lowest condition factor (and different from the rest of the crosses). The mean
(xSE) condition factor for cross A through D was 0.61 +0.05 K, 0.65 +0.06 K, 0.67 £0.05 K, and
0.67 £0.05 K, respectively (p < 0.05, RCB ANOVA, followed by a Tukey’s post hoc; Table 2-3 and
Figure 2-9)

32



A total of 879 individuals were captured during termination. Of the 879,19% had
deformities, with 3% in the controls and 16% in the treatment groups. However, the proportion of
the presence of deformities was not reliable because of the number of individuals that were not
captured that could potentially skew the data (e.g., non-deformed fish could be faster and better
able to escape capture). There was also a large range of individuals captured at termination (17
to 103 individuals per treatment) that could also potentially skew the proportions. As a result,

statistical analysis was not performed.
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2.5 Figures
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Figure 2-1. A schematic of the randomized split-plot complete block design of the glass
tank and gravel bed flume exposure systems where sockeye salmon were exposed to
nominal concentrations of 0, 0.15, 1.5, 15, and 150 pg/L thiamethoxam. In both systems,
the test concentration (the main plot shown with the aquariums), assigned randomly,
blocked in duplicate on either side of the room. Within each main plot was the split plot
(the separation of genetic crosses, shown with the cylinders or dashed lines labelled A —
D) and the genetic variation (the subplot, crosses A — D). In the tank exposure, the genetic
crosses were separated with egg containers (shown above as grey cylinders labelled A,
B, C, D) and in the gravel bed flume exposure, the crosses were separated by stainless
steel dividers (shown above as dashed lines). The statistical model considered effects
from the two different blocks, duplicate tanks, genetic cross, and an interactive effect of
the crosses and exposure concentration.

36



100

)

S 80

7]

3

S 60 aCross A
@ ross
c ECross B
2 40

.g mCross C
= @Cross D
o

L

N
o

0 0.15 1.5 15 150
Thiamethoxam (pg/L)

Figure 2-2 Fertilization success in crosses A, B, C, D sockeye salmon after chronic
exposure to waterborne thiamethoxam in glass tanks from one-hour post fertilization. The
treatments include a water control, 0 ug/L; 0.15 pg/L; 1.5 pg/L; 15 ug/L; and 150 pg/L (n
= 2 replicate test vessels with ~100 individuals / vessel). Hatch and survival success were
based on the mean survival of each replicate reared in the egg containers. Mean percent
of fertilization success with errors bars indicating standard error. There were no significant
differences between treatments (p > 0.05 RCB ANOVA, followed by a Tukey’s post hoc
test).
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Figure 2-5 Mean condition factor (K) of Cross A and B sockeye salmon after chronic exposure to
waterborne thiamethoxam in glass tanks from one hour post fertilization through to the swim up
fry life stage. The treatments include a water control, 0 ug/L; 0.15 ug/L; 1.5 pg/L; 15 pg/L; and
150 pg/L (n = 2 replicate test vessels with 1,322 individuals). Columns show the mean condition
factor, with errors bars indicating standard error. There were no significant differences between
treatments (P>0.05; RCB ANOVA, followed by a Student’s T test). However, there was there was
evidence of a difference between the two genetic crosses, where Cross B had a greater condition
factor than cross A (p < 0.001, RCB ANOVA, followed by a Student’s T test).
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Figure 2-6 Proportion of the 70 / 1,322 fish with deformities of Cross A and B sockeye salmon
after chronic exposure to waterborne thiamethoxam in glass tanks from one-hour post fertilization
through to the swim up fry life stage.The treatments include a water control, 0 ug/L; 0.15 pg/L; 1.5
Mg/L; 15 ug/L; and 150 pg/L (n = 2 replicate test vessels with 1,322 individuals). Mean percent
deformities of 2 replicate tanks are presented, and errors bars indicate standard error. There were

no significant differences between treatments (P>0.05; RCB ANOVA, followed by a Tukey’s post
hoc test
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Figure 2-9 Mean Condition factor (K) of Crosses A, B, C, D sockeye salmon after chronic
exposure to waterborne thiamethoxam in the gravel bed flume from one hour post fertilization
through to the swim up fry life stage. The treatments include a water control, 0 pg/L; 0.15 ug/L;
1.5 pg/L; 15 pg/L; and 150 ug/L (n = 2 replicate test vessels; 1 to 45 individuals per
cross/replicate). Columns show the mean condition factor, with errors bars indicating standard
error. There were no significant differences between treatments (P>0.05; RCB ANOVA, followed
by a Tukey’s post-hoc test). However, there was there was evidence of a difference for condition
factor between the genetic crosses, where cross A was different, with the lowest condition factor,
relative to the rest of the crosses (P<0.05; RCB ANOVA, followed by a Tukey’s post-hoc test).
Mean (+SE) condition factor for cross A was 0.61 +0.05, whereas the rest of the crosses mean
(xSE) condition factor ranged from 0.65 (+0.06) to 0.67 (£0.05). Differences are represented by
letters.
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3 2016 Acute and Chronic Neonicotinoid Exposures

3.1 Introduction

The 2016 neonicotinoid study included acute and chronic exposures. The acute
exposure involved fertilizing one genetic cross (cross B) of sockeye gametes in differing
concentrations of a neonicotinoid mixture (i.e., equal parts of clothianidin, imidacloprid,
and thiamethoxam) or fertilized in clothianidin or thiamethoxam, individually (all in
triplicate) for one-hour (until egg hardening), followed by transfer to clean water. The
sockeye were reared until the swim-up fry stage / 131 dpf, in flow through heath stacks.
The obijective of the acute exposures was to determine: 1) the acute toxicity of a mixture
or individual select neonicotinoids during fertilization; and 2) if latent adverse effects
ensued in embryos or larvae after acute to mixture or individual select neonicotinoids
exposure during fertilization. These acute exposures were intended to represent a real-
life exposure scenario whereby recently deposited / fertilized gametes could potentially be

exposed to a pulse of neonicotinoids after a rainfall event during run-off.

The chronic study consisted of exposing four genetic crosses (crosses A through
D) of sockeye to the neonicotinoid mixture (i.e., equal parts of clothianidin, imidacloprid,
and thiamethoxam) from one-hour post-fertilization to swim-up fry or the feeding fry stage.
The objective of chronic exposures was to evaluate adverse effects of a neonicotinoid
mixture at environmentally relevant levels on multiple life stages of sockeye and to

determine if parentage influenced these effects.

3.2 Methods

3.2.1 Chemicals

The neonicotinoid mixture stock solutions were prepared using equal parts of
98.0% pure clothianidin (CAS#: 210880-92-5), imidacloprid (CAS#: 138261-41-3), and
thiamethoxam (CAS#: 153719-23-4), Sigma-Aldrich, Oakville, Ontario, Canada. The
acute clothianidin and thiamethoxan exposures used the same chemicals to prepare the
stock solutions. Fish euthanasia was conducted using tricaine methanesulfonate (MS-

222) and Ovadine was used for disinfection of tools in contact with fish, and were
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purchased from Syndel Laboratories LTD., Nanaimo, B.C., Canada. All other
chemicals/reagents are identified in the respective sections and were sourced from

commercial facilities and of analytical grade.

The environmentally relevant concentrations of the neonicotinoid mixture included
equal parts of clothianidin, imidacloprid, and thiamethoxam, to make total nominal
concentrations of 0.045, 0.45, 4.5, 45, and 450 ug/L (i.e., 0.015, 0.15, 1.5, 15, 150 pg/L of
each neonicotinoid). The water solubility for each neonicotinoid used in this study were
unique, but all concentrations tested did not exceed each neonicotinoid solubility limit,
thus no solvents were required. Clothianidin solubility is 0.327 g/L at 20°C (US EPA 2003),
imidacloprid is 0.61 g/L at 20°C (NPIC 2011), and thiamethoxam is 4.1 g/L at 25°C
(MacBean 2010). Given these solubilities, a 50 mg/L stock solution was prepared by
adding 50 mg of each = 98% pure clothianidin, imidacloprid, and thiamethoxam to a
combined total of 150 mg total neonicotinoid mass in 3 L of municipal dechlorinated water.
The stock solution was heated to 25°C and stirred for 20 to 30 minutes to ensure full
solubility. The stock solution was then diluted further with dechlorinated municipal water
and added to glass aquaria to achieve the nominal exposure concentrations described

below for the acute and chronic experiments (Table 3-1).

3.2.2 Gamete Collection and Fertilization

During the fall of 2016, four wild sexually mature mating pairs of sockeye salmon
(Oncorhynchus Nerka) were captured and donated by the Department of Fisheries and
Oceans (DFO) in the Pitt River at Inch Creek Hatchery, located in Dewdney, BC. Gamete
collection and fertilization was performed in the same manner as the thiamethoxam
exposure, as detailed in Leung (2018) and Marlatt et al. (2019). Approximately 2,000 to
3,000 eggs were harvested from each female and approximately1 to 3 ml of milt was
collected from each male. For each of the four crosses the eggs from one female and milt
from one male were combined in 1.5 L of dechlorinated water (10 + 1 °C) followed by
gentle swirling to ensure mixing. The gametes were immediately stored and shipped at 6
to 10°C and delivered to Simon Fraser University, Burnaby, BC, on 9 September 2016.
Dry fertilization was performed by Dr. Vicki Marlatt within six hours of collection where four
unique offspring sets were created from the four mating pairs (labelled crosses A, B, C,

D). The eggs and milt were divided in half for the acute and chronic exposures such that
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separate dry fertilization procedures were performed for use in the acute or chronic

exposures as detailed below in Sections 3.2.3 and 3.2.4

3.2.3 Acute Neonicotinoid Exposure During Fertilization

The acute exposure conditions included fertilizing cross B gametes in (1) five
concentrations, in ftriplicate, of an equal mass of clothianidin, thiamethoxam, and
imidacloprid (the neonicotinoid mixture), totalling 0.045, 0.45, 4.5, 45, and 450 ug/L of the
neonicotinoid mixture, and (2) four concentrations, in triplicate, of clothianidin and
thiamethoxam, separately, totalling 0.15, 1.5, 15, and 150 ug/L of each neonicotinoid. Both
scenarios included water controls, also conducted in triplicate. Specifically, 22 to 24 eggs
from cross B were divided into three netted food grade PVC cylindrical egg containers (6
to 8 per egg container) and were fertilized with milt from one male while in a 1.5 L solution
(4 L glass test vessel) of the appropriate concentration of pesticide for sixty minutes to
ensure egg hardening. Each of the 3 egg containers per test concentration and control
were then placed into clean water in flow-throw health stacks (i.e., a vertical tray incubator
flow-through system 82 x 60 x 64 cm (height, width, depth) and housed 8 trays). Municipal
dechlorinated water continuously flowed through the top tray and down into each of the
seven lower trays prior to exiting via a discharge pipe on the lowest tray. Each shelf
contained the egg containers that housed cross B fish, for each neonicotinoid fertilization
exposure scenario (i.e., the neonicotinoid mixture, clothianidin only, or thiamethoxam

only).

The experiment was terminated when the fish reached the swim-up fry
developmental stage. The endpoints measured in this acute exposure consisted of
fertilization and hatch success, survival, body morphometrics including length, wet weight,
and condition factor. Further details regarding animal husbandry guidance, water quality
parameters, termination, pesticide concentration rationale, and details are discussed in

detail below in the chronic exposure, in Section 3.2.4.

3.2.4 Chronic Exposure to the Neonicotinoid Mixture

For the chronic exposure, four genetic crosses were created and tested (A, B, C
and D). For each cross the eggs from one female and milt from one male were combined

with 1.5 L of dechlorinated water (10 £ 1 °C) in a 4L vessel. The gametes were gently
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swirled together (to ensure mixing), followed by a 60-minute resting period. Fertilized eggs
were then carefully transferred and subdivided into three separate egg containers, per
genetic cross (labelled A, B, C, D), which totalled 45 individuals per cross per tank (i.e.,
15 individuals per egg container). As with the acute exposures, the egg containers were
used to track the health and survival of each individual cross throughout the exposure until

the feeding fry stage. Figure 3-1 shows a schematic of the exposure set-up.

The chronic exposures were conducted in a static system with 18 glass tanks and
tested five concentrations of the neonicotinoid mixture, plus a water control in triplicate.
The total test volume solutions in each of the tanks was 19.0 L with the dimensions of 22
cm x 26 cm x 52 cm (height, width, length, respectively). Each tank was placed in a water
bath in order to maintain water temperature. Each glass tank contained 3 PVC netted
cylindrical egg containers per genetic cross, and 15 eggs were placed in each container.

All tanks were randomly placed at opposite sides of the room.

Similar to the thiamethoxam exposure, parameters outlined in GoC (1998),
Biological Toxicity Test Methods for Early Life Stages of Salmonids, were followed with
minor deviations. Measured and maintained water quality parameters included water pH,
conductivity, and dissolved oxygen were measured daily. Daily monitoring of health and
removal of dead embryos, alevins, and fry were conducted. Embryos were maintained in
darkness, observed only with a red light, until 90 to 100% of the control animals were
hatched. Upon hatching, the alevins where then reared in a 16-hour / 8-hour light/dark
period, in order to mimic a natural photoperiod. Static renewal of water / test solutions
occurred every 48 hours by gently siphoning out 80% of the old test solutions/control water
and replacing with freshly mixed test solution/control water. Termination commenced once
approximately 80% of the control fish resorbed their yolk-sac, entering the swim-up fry life
stage (approximately 84 to 92 dpf). Cross C was then left to be reared for an additional 31
days of feeding to examine adverse effects of prolonged exposure during the feeding fry

stage.

Termination was performed in compliance outlined in Canadian Council for Animal
Care guidelines and with a permit issued by Simon Fraser University Animal Care
Committee (Burnaby, BC, Canada). Briefly, individual swim-up fry and feeding fry were
humanely euthanized in a dechlorinated solution consisting of 0.4 g/L MS-222 and
buffered with 0.4 g/L sodium bicarbonate (Sigma Aldrich, Oakville, ON, Canada) to pH 7.0
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to 7.5. Upon termination, length, wet body weight, and presence of deformities were
recorded. At random, for the swim-up fry, ten whole bodies and ten livers per genetic cross
were harvested, placed in DNase/RNase free 2 ml Eppendorf tubes (whole bodies) or
DNase/RNase free 1.5 ml Safe Lock Eppendorf tubes (livers), and flash-frozen on dry ice,
prior to being transferred to a -80°C freezer for long-term storage. In addition, three Cross
C feeding fry were euthanized and livers, and whole bodies were dissected and placed in
DNase/RNase free 1.5 ml Safe Lock Eppendorf tubes (livers) and 2 ml RNase/DNase
Eppendorf tubes (whole bodies), and flash-frozen on dry ice, prior to being transferred to
a -80°C freezer for long-term storage. Stainless steel instruments used to harvest the liver
tissue were cleaned between each animal, using 10% peroxide followed by a double rinse
with ultrapure water, to ensure there was no cross contamination and that the tools were
RNase/DNase free. Swim-up fry endpoints for this exposure consisted of hatch success;
survival; body morphometrics including length, wet weight, and condition factor, and
percent deformities; and molecular endpoints included hepatic gene expression. Feeding
fry endpoints consisted of the same endpoints as the swim-up fry, however, with addition

of whole-body hormone concentrations.

The concentration of pesticides in one replicate glass tank was measured twice
during this chronic exposure experiment. This entailed collection of a 20 ml grab-sample
from one replicate fish tank per test concentration and control, immediately after water
renewal, as outlined in Sultana et al. (2018). These water samples were collected 93 and
163 dpf. Samples were stored on ice and delivered to ALS Environmental (Burnaby, BC)

for analysis within 30 minutes of collection.

3.2.5 Hatch Success, Survival, Condition Factor and Deformities Data
Collection and Analyses

Endpoints in this study, to determine the effects of the neonicotinoid mixture
include hatch success, survival, morphometrics, and presence of deformities. Hatch and
survival success were analyzed as percentages and determined by the number of eyed
embryos that successfully hatched (i.e., hatch success), and by the number of fish that
successfully hatched and survived until termination day (i.e., survival). Methods for
deformity analyses included placing live fish in a clear observation vessel to briefly monitor
for physical deformities immediately prior to euthanasia. After euthanasia deformities were

identified using a graduated severity index (GSl) and Stereomicroscope as outlined in
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Holm et al. (2005) and Rudolph et al. (2008). Deformity analysis included four main
categories as follows: craniofacial (i.e., assessment of eyes, jaws, and head); edema (i.e.,
the presence of an accumulation of fluid around the head or pericardial cavity); finfold (i.e.,
size, shape, and presence of all fins); and, skeletal (i.e., presence of a lordotic, kyphotic,
scoliotic curvature to the spine). Deformities were ranked zero to three based on a severity
scale, where zero was equal to no deformities/abnormalities and three was equal to
severe deformities. Fish body weight (measured in grams), length (snout to fork length,
measured in mm) were used to calculate Fulton’s K. Fulton’s K is determined by
multiplying the individual’s wet weight (in grams) by 100, divided by the cubed length (in
cm), which infers the overall body condition, and is simplified in Equation 3-1 as follows:
_ 100w

K==—3 (3-1)

Where:

K = Fulton’s Condition Factor
W = Wet weight (g)

L = Length (cm)

Quality assurance quality control measures were performed regularly through out
the termination and included the following: Deformity analysis training was provided by Dr
Marlatt for the technicians who were euthanizing the fish. The same technicians ranked
the deformities throughout the entire termination. Validation for deformity ranking and
length measurements was conducted by having the original technician record their results
for an individual fish. The alternate technician would score the same induvial fish, and the
results would be compared to confirm they arrived at the same conclusions. This process

was repeated at regular intervals throughout the entire termination.

3.2.6 Sex Steroid Hormone Measurements

Measurement of individual fish whole-body sex steroids (17(B-estradiol and
testosterone) were quantified in feeding fry sockeye from one genetic cross (cross C) from
the chronic neonicotinoid mixture exposure. Specifically, nine individuals from each of the

five treatments and the water control were used in this analysis (n = 2 to 3 individual fish
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per replicate tank). Methods for homogenization and extraction of the whole bodies were
adapted from Arukwe et al. (2008). Briefly, whole bodies of the feeding fry were thawed
on ice, homogenized using two 3 mm stainless beads in a Retsh MM 400 mixer mill (Fisher
Scientific, Ottawa, ON, Canada) at 30 Hz for a total of five minutes in a 1:4 0.1 M sodium
phosphate buffer, and centrifuged at 14,000 g for 15 minutes (per Arukwe et al. 2008).
Extraction of steroids from the supernatant was immediately conducted by isolating the
steroids in 3 mL of diethyl ether (as opposed to 4 ml per Arukwe et al. [2008]), and
vortexing in glass test tubes to allow for phase separation. The solution was then flash
frozen in an ethanol / dry ice bath, where the aqueous phase froze, allowing the liquid
lipophilic (steroid containing) phase to be decanted. This process was repeated 3 times.
The ether phase was then evaporated in a fume hood for three days at room temperature
and each sample was then reconstituted in 350 uL of the supplied 10x dilution of the ELISA
Buffer Concentrate (made up of 1M phosphate containing 1% BSA [bovine serum album],
4 M sodium chloride, 10 mM EDTA, and 0.1% sodium azide).

To calculate recovery efficiency of our extraction procedures, two spiked samples
for 17B-estradiol and testosterone (i.e., one stock standard and one two-fold dilution of the
stock standard, referred to as “spike high” and “spike low”, respectively) were run through
the same hormone extraction protocols that was conducted on the whole-body
homogenates. The percent recovery of the spiked was subsequently tested on one ELISA
plate for each hormone analyzed and accounted for four samples (i.e., two spike high and
two spike low), performed in duplicate, per the quantification methodologies, detailed
below. Percent recovery was calculated by taking the average of the recovered hormone

concentration divided by the known concertation multiplied by 100.

Hormones were quantified using enzyme-linked immunoassay (ELISA) kits
according to the manufacturer’s instructions for 173-estradiol and testosterone (Estradiol
ELISA Kit, ltem Number 582251; Testosterone ELISA Kit, ltem Number 582701; Cayman
Chemical Company, Ann Arbor, MI, USA). All procedures, including preparation and use
of all reagents were conducted on the same day. The assays were performed on three of
the supplied 96-well plates and each plate included the following: triplicate maximum
binding wells (i.e., individual samples); duplicate blank and non-specific bunding wells; an
eight-point standard curve; and 50 ul of whole-body homogenate samples per well tested
in duplicate. The plates absorbance was measured using an EPOCH2 microplate reader
and Gen 5.02 Software (BioTek Instruments Inc., Winooski, Vermont, USA) at 405 nm
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with a development time of 75 and 60 minutes for 17B-estradiol and testosterone,
respectively. As per the manufacturer’s protocol, the standard curve was linearized via
logit transformation (Logit = Sample Binding/Maximum Binding). The hormone
concentrations were then interpolated using the standard curve. Where samples were
below or exceeded detection limits, the minimum and maximum detection limit was

assigned

3.2.7 Hepatic Gene Expression

3.2.7.1 Total RNA Extraction and cDNA Synthesis

Hepatic gene expression was conducted on cross C considering this cross was
used for whole body hormone analysis, and tissue was available for two life-stages (i.e.,
the swim up fry and feeding fry life stages). For the swim-up fry life stage, in order to obtain
enough RNA two livers were pooled due to insufficient RNA quantity, to make one sample,
with a total of nine samples per treatment, from each of the six treatment groups (n = 9
per treatment obtained from 18 individuals). To confirm that swim-up fry liver pooling was
necessary, and to rule-out any reagent or protocol issues, the RNA extraction protocol
and reagents were used on ten-month-old wild sockeye salmon livers (collected from the
Pitt River stock in 2015) that were reared in outdoor tanks under a natural photoperiod
and municipal dechlorinated tap water. For the feeding-fry, three individual livers from
cross C for each of the six treatment groups were used for hepatic gene expression
analysis (n = 9 per treatment obtained from 9 individuals). Thus, one genetic cross across
two early life-stages were tested for the neonicotinoid mixture waterborne exposures (i.e.,
the water control plus 0.045, 0.45, 4.5, 45, 450 pg/L in triplicate) and included for gene

expression analyses in this study.

Methods used in this study were also described in Leung (2018), Calbick (2018),
and Marlatt et al. (2019), including adhering to the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) guidelines for all gPCR experiments
(Bustin et al. 2010; Taylor et al. 2010). Briefly, total RNA was isolated from the swim-up
and feeding fry livers using TRIzol® Reagent as described by the manufacture (Invitrogen,
Burlington, ON, Canada). Homogenization of either two pooled swim-up fry livers or one
feeding fry liver was completed by using 1 mL of TRIzol reagent, and two 1 mm tungsten-
carbide beads in a 1.5 mL safe-lock microcentrifuge Eppendorf tube, in a Retsch Mixer
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Mill MM 400 (Fisher Scientific, Ottawa, ON, Canada) at 30 Hz for a total of six minutes.
Halfway through the homogenization process, the mixer mill was stopped, and chambers
were rotated 180 degrees, and homogenization was continued for the remainder three
minutes.Total RNA obtained from the TRIzol® RNA isolation procedure was then

reconstituted in 30 yL DNase/RNase-free water, and stored at -80°C.

RNA quantity and purity were quantified using an Epoch 2 Microplate
Spectrophotometer (BioTek, Winooski, VT, USA). Quantity, measured in ng/pL, was
determined by the optical density unit (OD2s) and the RNA purity was assessed
measuring ODzso280 and ODaso230 ratios. After obtaining RNA concentrations, total RNA
samples were DNase treated using TURBO DNA-free kits™ (Ambion, Austin, TX) to
remove any co-extracted DNA according to the manufacturer’s instructions. The quality or
integrity of RNA was then evaluated using a Bio-Rad Experion™ Automated
Electrophoresis System and Experion software (version 3.20; Bio-Rad, Mississauga, ON,
CAN). All RNA samples were stored at -80°C for long-term storage until subsequent cDNA

synthesis.

Reverse transcription of 0.75 ug of DNase-treated total RNA into cDNA for each
pooled swim-up fry liver and 0.7 ug of DNase-treated total RNA into cDNA for each feeding
fry liver sample was performed using the Applied Biosystems™ High-Capacity cDNA
Reverse Transcriptase kit (Applied Biosystems — Thermo Fisher Scientific, Ottawa,
Ontario). As described in the manufacturer’s protocol, DNAse-treated RNA samples were
thawed on ice and depending on RNA concentration of each sample, the appropriate
amount of DNAse-treated RNA sample was added to a master mix containing 10 pL of
master mix and DNase/RNase free water to make up a total volume of 20 uL and 0.70 ug
(feeding fry) or 0.75 pg (swim-up fry) DNAse-treated total RNA. Reverse transcription was
also performed on one sample for each life stage (i.e., two samples) and went through the
manufacturer’s protocol without the addition of the reverse transciptase enzyme that
catalyzes the reaction (deionized distilled water was used a substitute). This was done for
the use as a “no template control” in the subsequent gPCR experiments to ensure the
DNase treatment effectively removed genomic DNA. The cDNA synthesis procedure
resulted in a final concentration of 50 ng of cDNA/uL in water for each cDNA sample,

which were stored at -20°C until subsequent gPCR experiments were performed.
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3.2.7.2 Quantitative Real-Time PCR (qPCR) Methods

As described in Calbick (2018) and Marlatt et al. (2019), the relative quantification
of each gene of interest in an individual hepatic cDNA sample measured in the g°PCR
experiments in this study, for each life-stage, was achieved via the AACq method, and by
normalizing data to the expression level of two or three reference genes in each cDNA
sample. A standard curve was included in each gPCR assay as it provides important
information pertaining to the performance of the reaction (i.e., amplification efficiency), it
is also a criterion to demonstrate quality qPCR experiments using novel primers (Bustin
et al. 2009). In this study, the standard curves for all gPCR experiments were generated
by performing a four-fold dilution series of a pooled cDNA sample that was composed of
cDNA samples from all of the control and exposed fish liver samples. Specifically, a 50ng
cDNA/uUL of water standard was prepared by combining 1 pL of cDNA from all of the
control and treatment samples (n = 54 individual cDNA liver samples) into a single 1.5 mL
microcentrifuge tube; thus, totaling 54 uL of a 50ng cDNA/YL of water standard as the
most concentrated standard in the qPCR experiments for both life-stages. A four-fold
serial dilution of the 50 ng cDNA/uL of water standard was performed to create an 8-point
standard curve in each qPCR experiment. As such, the 8-point standard curve included
the following: 50, 12.5, 3.125, 0.7813, 0.195, 0.049, 0.012 and 0.003 ng of cDNA/uL. For
each gene of interest (GOI) standard curve, 2.5 uL of each dilution were then added as a

cDNA template, in triplicate.

Standard curves were generated to test each primer set’s specificity and designing
optimal experimental conditions for subsequent qPCR assays with livers from the
neonicotinoid exposures. Primer set optimization trials were conducted by adjusting the
annealing temperature, template concentration, and primer concentration. Specifically,
primer sets used to measure gene expression levels were tested for efficiency using a five
to eight-point standard curve generated by the four-fold dilution of a 50ng cDNA/uL of
water (comprised of the template/pooled liver samples from sockeye swim-up fry, and
feeding fry, as mentioned above). Standard curve acceptance criteria for this study
included in single peak melt curve, efficiencies between 90-110%, amplification in at least
five concentrations of the standard curve, and an R? of the standard curve > 0.9 (Bustin
et al. 2010). Primers that satisfied the aforementioned criteria and therefore included in
this study are detailed in Table 3-2 and include product size, PCR efficiency, and

correlation coefficient (R?). Cycle quantification/threshold (Cq) values, regression slope,
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PCR efficiency, Y-intercept, and the CV were calculated by Bio-Rad CFX software and
checked considering MIQE guidelines of Bustin et al. (2010). Primer sets that did not meet
these criteria and/or did not amplify a target GOl were compared to the literature and
previous Marlatt Lab experiments to rule out primer design errors and were considered
failed primer sets, and excluded in this study, and listed in Table 3-3. All primer sets used
in this study were sequenced and previously published in Duarte-Gutterman et al. (in
prep), Veldhoen et al. (2010) or Marlatt et al. (2019).

Several gene expression targets were examined that were related to various
biological processes including reproduction, growth, stress responses, nervous and
immune system function, and oxidative stress. Reference gene expression targets were
used based on their stability and ubiquitous presence in the control and exposed fish.

These genes are tabulated with details in Table 3-2.
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The qPCR experiments were conducted using a Bio-Rad CFX384™ Real-Time
PCR Detection System and the Bio-Rad CFX Manager™ Software AACq method for
relative quantitation of target genes between treatments following the MIQE guidelines
(Bustin et al. 2010; Taylor et al. 2010) on Bio-Rad Hard-Shell 384 well PCR plates. Fresh
master mix was made immediately prior to each qPCR experiment and contained 0.38 to
0.75 pL of forward and reverse primers per sample (0.3 to 0.6 uMol/reaction), 6.25 pl of
SsoFast™ EvaGreen® Supermix (Bio-Rad), and RNase free water to result in a total
volume of 10 uL of master mix in each well. Also included in each well was 2.5 uL of 1:195
dilute cDNA template (non-dilute cDNA concentration = 50 ng/uL), for swim-up fry and
feeding fry; thus, resulting in a total volume of 12.5 pyL. Each plate contained three
technical replicates per sample, with seven to nine individuals (considered as the
biological replicates) as described in the figure caption in Section 3.5.2 and tabulated in
Table 3-4.

Each gqPCR experiment included a no template control (NTC) for each primer set
tested in duplicate wells, where 2 uL of RNase-free water was used in place of cDNA. As
previously discussed, a no reverse transcriptase control (NoRT) was also prepared for
each primer set and tested in duplicate for each qPCR experiment, whereby 2 uL of DNase
treated RNA was used in place of cDNA. The NTC was a negative control to confirm the
absence of contamination of cDNA samples, and the NoRT was an additional negative

control to confirm that the DNase treatment effectively removed genomic DNA.

As per Bio-Rad CFX settings, amplification reactions for each qPCR experiment
included cycle 1 activation at 95 °C for 30 seconds, followed by 45 cycles at 95 °C for 5
seconds, and lastly primer annealing at 55-58 °C for 5 seconds. After 45 cycles, a melt
curve analysis was performed following every run to confirm single amplicon amplification
for each set of primers as indicated by a single peak. The instrument settings for melt
curve analysis included an initial temperature of 65.0°C that increased by 0.5°C for 5
seconds to a maximum of 95.0°C. Amplicons that showed a single sharp peak between
82 and 87.5°C (indicating a single gene was amplified in each gPCR assay) were retained
with results in Table 3-5. If the peak was not present, or multiple peaks were present, the

gene was excluded from this study (summarized in Table 3-3).
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3.2.8 Statistical Analyses

3.2.8.1 Acute Exposures

To test the effects of the acute neonicotinoid exposures, a complete randomized
design (CRD) was used for all analysis (n=3). All statistical analyses were performed using
JMP®, Version 15 (SAS Institute Inc., Cary, NC). Given the experimental design for the
acute exposures, effects from the different concentrations of neonicotinoids allowed to
determine if there were any adverse effects on fertilization, hatching, survival,
morphometrics, and deformities. As such, one-way analysis of variance (ANOVA),
followed by a Tukey’s post hoc test (p< 0.05) was used for data that met parametric
assumptions. For data that did not meet these assumptions, a Kruskal-Wallis test, followed
by a Steel-Dwass all pairs test for pairwise comparison was used. All bar charts were

created using Microsoft® Excel software.

3.2.8.2 Chronic Exposure

To test the effects of the chronic neonicotinoid mixture exposure, a split-plot
randomized complete block (RCB) design was used for all analysis where the different
genetic crosses were included. The exposure scenario included a complete block design
with a statistical n=3; however, due to user error, one tank containing 4.5 pg/L of the
neonicotinoid mixture was compromised and excluded from the experiment; therefore, for
that concentration, the study was conducted in duplicate. The design is still considered a
complete block with some missing values (per lan Bercovitz, 2018, personal
communication). Details of the design include the neonicotinoid mixture concentration that
was considered the main plot with all five concentrations plus the control (i.e., 0, 0.045,
0.45, 4.5, 45, and 450 ug/L), blocked by which side of the room the glass tanks were
located (i.e., two blocks that include side 1 and side 2, with 9 tanks in each block). Within
the main plot (the glass tanks), was the sub-plot that consisted of the different genetic
crosses (i.e., crosses A through D; Figure 3-1). Given there were two blocks located on
either side of the room, the block design can capture any effects regarding the side of the
room the tanks were located (i.e., differing light or air ventilation differences). Also, given
the static exposure scenario, water parameters slightly varied between each tank (the
main plots); as such, the split plot design can capture any statistical differences in the
main plot between the genetic crosses in the slightly different exposure scenarios between

tanks.
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As with the acute exposures, all statistical analyses were performed using JMP®,
Version 15 (SAS Institute Inc., Cary, NC). Given the experimental design for the chronic
exposure, effects between genetic crosses from the different concentrations of
neonicotinoids were tested to determine effects on hatching, survival, morphometrics, and
deformities. As such, an RCB analysis of variance (ANOVA), followed by a Tukey’s post
hoc test (p< 0.05) was used for data that met parametric assumptions. For data that did
not meet these assumptions, a Kruskal-Wallis test, followed by a Mann-Whitney U-test for
pairwise comparison was used. For endpoints that only included one genetic cross (i.e.,
sex steroid levels, and gene expression) a one-way ANOVA, followed by a Tukey’s post
hoc test (p< 0.05) or a Kruskal-Wallis test, followed by a Mann-Whitney U-test on the two
or three replicates were used. All bar charts were created using Microsoft® Excel software,

whereas boxplots were created using JMP® software.
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3.3 Results

3.3.1 Acute Neonicotinoid Exposure

3.3.1.1 Health Stack Water Quality

Water quality parameters that were measured included water temperature, water pH,
conductivity, dissolved oxygen, and ammonia concentration. All parameters fell within the
guidelines outlined in GoC (1998). The results are presented in (Table 3-6). In summary,
temperature ranged from 1.3 to 13°C with a mean of 8.6°C; pH ranged from 6.9 to 8.4 with a mean
of 7.1; dissolved oxygen ranged from 8.9 to 10.8 mg/L with a mean of 10.1 mg/L; conductivity
ranged from 21.0 to 32 uS/cm, with a mean of 26.3 uS/cm; and ammonia, measured in mg/L was

not detected throughout the whole exposure.

3.3.1.2 Hatch Success, Survival Success, and Morphometrics

For all three acute exposure scenarios the control group mean fertilization, hatch, and
survival success (+SE) was >91 +0 to 5%. Mean fertilization success (+SE) in the treatment
groups ranged from 92 +4% to 100 0%, 75.0 7% to 100 +0%, and 83.3 +4% to 96 +4%, for
clothianidin, thiamethoxam, and the neonicotinoid mixture, respectively (Figure 3-2a, Figure 3-3a,
and Figure 3-4a). Mean hatch success (+SE) ranged from 88+7% to 100 +0%, 84 +10% to 100
+0%, and 81+5%, to 100 +0%, for clothianidin, thiamethoxam, and the neonicotinoid mixture,
respectively (Figure 3-2b, Figure 3-3b, and Figure 3-4b). Lastly, survival success (+SE) ranged
from 85 +1 to 100 +0%, 94 +18%, and 100 +0%, for clothianidin, thiamethoxam, and the
neonicotinoid mixture, respectively (Figure 3-2c, Figure 3-3c, and Figure 3-4c). Survival for the
group fertilized in 0.045 pg/L neonicotinoid mixture were excluded from the analysis based on
suspect fungal overgrowth in the three egg containers (thus 100% mortality). The only statistical
difference for all exposure scenarios and endpoints was mean fertilization success between the
control and 15 ug/L thiamethoxam groups, where 75 +7% (SE) of the treated eggs were
successfully fertilized, relative to 100 £0% of the control group (p = < 0.05, one-way ANOVA, n =
3 with 17 to 24 individuals per treatment; Figure 3-3a).
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Analysis for body morphometrics included length (mm), weight (g), and condition factor
(K), for all three acute exposures. There were no significant differences in the observed mean
body morphometrics for the acute clothianidin exposure (p>0.05 n=3, one-way ANOVA; Figure
3-5a, Figure 3-5b, Figure 3-5c¢). However, there were significant differences in all three mean
body morphometric parameters for the thiamethoxam and neonicotinoid mixture exposures
between the control and treatment groups. Specifically, for thiamethoxam, there was a lower
mean length (+SE) in the control group of 31.08 £0.16 mm and all the treatment groups mean
length ranged from 32.1 £0.2% to 32.5 £0.2mm (p < 0.05, one-way ANOVA followed by a Tukey’s
post-hoc test; n = 3; Figure 3-6a). There were significant differences in mean weights between
the control group and the 150 pg/L thiamethoxam group, where the mean weight (+SE) for the
control group was 0.20 £0.003g and the thiamethoxam group was 0.21 £0.001g (p < 0.05, non-
parametric Kruskal-Wallis test, followed by a Steel-Dwass all pairs test, n = 3; Figure 3-6b). There
was also a significant difference in the condition factor between the control group and the15 ug/L
thiamethoxam group where the mean condition factor (+SE) was 0.68 +0.7K and the
thiamethoxam group was 0.62 £0.6K (p < 0.05, non-parametric Kruskal-Wallis test, followed by a

Steel-Dwass all pairs test; n = 3 Figure 3-6¢).

For the acute neonicotinoid mixture exposures, significant differences in mean length,
weight, and condition factor were observed between the control group and some of the
treatments. Mean length (xSE) of the control group was 32.8 £0.6mm. The mean length (+SE) of
the 0.45 pg/L of the neonicotinoid mixture was 31.0 £0.6mm, indicating these fish were slightly
smaller (p < 0.05, non-parametric Kruskal-Wallis test, followed by a Steel-Dwass all pairs test; n
= 3; Figure 3-7a); however, the rest of the mean lengths in the remainder of the treatments were
similar to the control. Mean weight (+SE) of the control group was 0.24 +0.003g; whereas the
mean weight (£SE) of 4.5 and 45 pg/L of the neonicotinoid mixture was 0.26 +0.002g, indicating
these fish were slightly larger (p < 0.05, non-parametric Kruskal-Wallis test, followed by a Steel-
Dwass all pairs test; n = 3; Figure 3-7b). Lastly, there was also evidence of a difference in mean
condition factor (+tSE) between the control group (0.73 1£0.07K) and the 0.45 ug/L of the
neonicotinoid mixture (0.84 £0.02K), indicating that these fish had a higher K-value (p < 0.05,

non-parametric Kruskal-Wallis test, followed by a Steel-Dwass all pairs test; n = 3;Figure 3-7¢).

Only four deformities were observed in the acute exposures. Two grade 3 fin fold

deformities were identified in the control and 150 pg/L clothianidin exposures. One grade 2 and
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one grade 3 fin fold deformities were identified in the 0.15 pg/L thiamethoxam and 0.15 ug/L
neonicotinoid mixture exposures. No significances differences were observed for the proportion
of deformities (p < 0.05, non-parametric Kruskal-Wallis test, followed by a Steel-Dwass all pairs
test).

3.3.2 Chronic Neonicotinoid Mixture Exposure

3.3.2.1 Water Chemistry and Water Quality

The chronic mixture exposure included sockeye that were reared in an equal mass of
waterborne clothianidin, imidacloprid, and thiamethoxam, from one hour post fertilization through
to the swim up and feeding fry life stages. Water samples were submitted to ALS Environmental
on day 93 and 163 of the waterborne exposure to an equal part mixture of neonicotinoids
(clothianidin, imidacloprid, and thiamethoxam) at 5 concentrations (0.045, 0.45, 4.5, 45, and 450
Mg/L total neonicotinoids/L) and a water control. Table 3-7, shows the difference between
predicted nominal concentration and the measured concentration. Generally, for predicted
exposure concentrations of 0.045 and 0.45 pg/L, measured concentrations were slightly greater
than equalling 0.078 and 0.47 ug/L. Conversely, predicted exposure concentrations of 4.5, 45,
and 450 pg/L were slightly less than the measured concentrations equalling 3.84, 35.9, and 404
Mg/L, respectively. A certificate of Analysis, including the detailed analytic table was provided by

ALS Environmental, Burnaby BC and presented in Appendix A.

Water quality parameters that were measured included water temperature, water pH,
conductivity, dissolved oxygen, and ammonia concentration. All parameters fell within the
guidelines outlined in GoC (1998). The results are presented in (Table 3-8). In summary,
temperature ranged from 1.3 to 14.4°C with a mean of 10.1°C; pH ranged from 6.9 to 8.2 with a
mean of 7.1; dissolved oxygen ranged from 8.0 to 12.2 mg/L with a mean of 8.5 mg/L; conductivity
ranged from 23.2 to 39.1 uS/cm, with a mean of 27.0 uS/cm; and ammonia, measured in mg/L

was not detected throughout the whole exposure.
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3.3.2.2 Hatch and Survival Success, Morphometrics, and Deformities Swim Up and
Feeding Fry

The control group mean hatch success (+SE) for crosses A, B, C, and D ranged from 78
14.5% to 99 £ 0.7% to (Figure 3-8a). The mean hatch success (+ SE) of the treatment groups for
all crosses ranged from 83 £ 7.4% to 100 + 0%. There were no significant differences across
treatments, relative to the control groups; however, there was significant differences between
crosses; where cross B mean hatch success (+SE) was lower at 85 £2% relative to the rest of the
crosses ranging from 92.2 £2.0% t0 96.5 + 0.9 (p < 0.5, RCB ANOVA, followed by a Tukey’s post
hoc test). Survival success (+SE) ranged from 85 +1 to 100 +0%, 94 £18%, and 100 +0%, for

clothianidin, thiamethoxam, and the neonicotinoid mixture, respectively ().

Swim up fry body morphometrics include length (mm), weight (g), and condition factor (K).
The mean length and weight (+SE) of the control and the neonicotinoid mixture groups were 30.4
1£0.7mm (controls), 30.6 £0.3mm (treatment) and 0.18 +£0.1g (controls and treatment), respectively
(Figure 3-9a and Figure 3-9b). The mean condition factor (+SE) of all groups was 0.59 to 0.60
+0.005K (Figure 3-10). There were no significant differences between the control and
neonicotinoid mixture groups; however, there was significant differences between genetic crosses
for the body morphometric parameters (P > 0.5, SP-RCB ANOVA). The mean length and weight
(xSE) of the feeding fry control group were 34.8 +0.5mm and 0.32 +0.5g, respectively, and the
neonicotinoid mixture groups ranged from 34.1 to 34.5 +0.3mm and 0.28 +0.5g, respectively
(Figure 3-11a and Figure 3-11b). The mean condition factor (+SE) of the control group was 0.73
10.02 K and 0.69 £0.01 K for the treatment group. No significant differences were observed
between treatment groups (P > 0.5, RCB ANOVA, followed by a Tukey’s post hoc test; Figure 3-
12.

Only 25 individuals with deformities were observed in the chronic exposures for all
crosses, out of a total of 2,523 fish. Fifteen of the 25 individuals with deformities were from the
control groups. All types and ranks of deformities were observed, including two two-headed fish
(from the 0 pg/L and 0.015 ug/L neonicotinoid mixture group). No significant differences were
observed between the control and treatment groups (p < 0.05, non-parametric Kruskal-Wallis test,

followed by a Steel-Dwass all pairs test).
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3.3.2.3 Sex Steroid Hormones

Several inter and intra assay QA/QC methods were used to confirm the quality of the
hormone analysis. The first method considered R? values and CVs to confirm detection limits of
the assays. The detection limits of each plate were determined by a linear regression, by plotting
the corrected absorbance with the eight standard curve points, while maintaining and R? of > 0.99
and CVs less than 28%. As such, mean CVs of the standard curves for 173-estradiol (+SE) ranged
from 0 to 28 (£1.2%) and testosterone ranged from 4.5 to 12.4 (£2.0%). Given this, detection
limits for 17B-estradiol ranged from 6.6 to 4,000 pg/ml and testosterone ranged from 3.9 to 500
pag/ml. No samples exceeded the detection limits and no non-detect samples were observed.
However, recovery efficiency (+SE) was low at 29.0 £4.8% for 17B-estradiol and 11.6 £5.0% for

testosterone.

Another QA/QC method was the Intra plate CVs that shows the variability of the technical
replicates within each plate. For all technical replicates, CVs greater than 28% were excluded for
further analysis. The mean CV (£SE) of technical replicates for all the samples for the 17f3-
estradiol and testosterone assays were 9.7 +4.9% and 11.6 £6.0%, respectively. One fish
exposed to 4.5 ug/L neonicotinoid mixture was excluded from the 17B-estradiol analysis based

on a CV greater than 28%.

The final QA/QC method considered was the inter plate variability that was calculated by
using a standard curve point from each plate to obtain a CV. The CV of technical replicates for all
plate combinations from one point of the standard curve for 173-estradiol and testosterone ranged
from 5.6 to 17.8% and 1.1 to 6.4%, respectively. Therefore, all plates for both hormones were

included for further analysis.

Two other samples were excluded from analysis. Both were excluded based on being
identified as an outlier using a Grubb’s test. The first exclusion was one fish exposed to 0.45 pg/L
neonicotinoid mixture from the 17B-estradiol analysis and had an approximately 4 to 5-fold
increase of whole-body 173-estradiol relative to all other samples. The second exclusion was a
fish exposed to 0.045 ug/L neonicotinoid mixture that had a 3 to 4-fold increase of whole-body

testosterone, relative to all other samples.
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After the QA/QC analysis, the remainder of fish were included for analysis of whole-body
sex steroid hormone concentrations. Results of the ELISA assays showed no significant
differences in mean whole-body 17B-estradiol or mean whole body testosterone concentrations
across the treatments ranging from 0 to 450 pg/L neonicotinoid mixture (p > 0.5, Wilcoxn Test,
followed by a Steel-Dwass all pairs test; n = 2 to 3 with 7 to 9 individuals per treatment; (Figure
3-13a and Figure 3-13b). Mean (+SE) 17(-estradiol concentration of the control group was 669.7
+235.6 pg/ml/g body weight; whereas mean 173-estradiol concentrations of the treatment groups
ranged from 841.2 +172.4 pg/ml/g body weight to 1039.9 + 374.6 pg/ml/g body weight, with the
greatest concentration found in the 45 pg/L neonicotinoid mixture concentration. The mean
testosterone concentration (+SE) of the control group was 70.4 +16.7 pg/ml/g body weight,
whereas mean testosterone concentrations of the treatment groups ranged from 66.2 to 98.3
1+48.3 pg/ml/g body weight (Figure 3-13a and 3-13b).

3.3.2.4 Hepatic Gene Expression
3.3.2.4.1 RNA Quantity, Purity, and Integrity

The RNA integrity values (RINs) for all swim up fry used in this study ranged from 8.4 to
10 (RIN average + 9.6; standard deviation = £ 0.2, n = 2-3) and the feeding fry ranged from 8.2
to 10 (RIN average % 9.5; standard deviation = £ 0.3, n = 2-3. As per MIQE guidelines, outlined in
Bustin et al. (2010), samples included for subsequent gPCR experiments had total DNase-treated
RNA samples that were devoid of significant contamination and RNA degradation with an RNA
RIN score of > 8.0 and ODa2s01280 and ODazgor230 ratios of 1.8-2.1.

3.3.2.4.2 Primer Set Evaluation

Quantitative polymerase chain reaction (QPCR) was used to determine the relative
quantitation of a selection of GOls to evaluate any change of gene expression in swim up and
feeding fry sockeye livers. A series of primers were designed for approximately 20 genes relating
to either the endocrine, stress, immune, nervous systems, or general toxicity. Using qPCR for
evaluation, only ten genes meet the ideal parameters for all gPCR data as outlined in the MIQE
guidelines, and included an acceptable efficiency between 90-110%, one sharp melt peak, a 4-
point standard curve minimum, and an R? > 0.900 (Bustin et al. 2010). These GOl used in the
gPCR experiments, summarized in Table 3-2, and include estrogen receptor a, estrogen receptor

B1, estrogen receptor B2 (relating to the reproduction system); thyroid receptor a, growth hormone
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1, growth hormone 2 (relating to growth and development); glucocorticoid receptor 2 and
suppressor of cytokine signaling 3 (relating to immune and stress); and cytochrome P450 family
1, subfamily A, polypeptide 1, and Catalase (relating to general toxicity). Primer sets that were
excluded are summarized in Table 3-3. While estrogen receptor alpha had an efficiency of 116%,
it was still considered acceptable because the melt curve analysis showed only one sharp melt
peak and the R? = 0.999 (Table 3-5). Cq values of the technical replicates were determined using
the CFX Manager™ Gene Expression Software (Bio-Rad, 2010). Mean Cq values for these GOls
for swim-up fry and feeding fry, ranged from 24.1 to 43.9 and 22.2 to 41.6, respectively. Target
stability function/reference gene stability (i.e., M-values) were < 1 and also determined using the
CFX Manager™ Software. Reference genes that met the M-value criteria for the swim up fry were
beta-actin, glyceraldehyde 3-phosphate dehydrogenase, and 60S ribosomal protein L8; whereas

for the feeding fry only two genes, beta-actin and elongation factor 1-alpha met the criteria.

The specificity of all primers used in the study were previously tested and verified by
sequencing in either peer-reviewed scientific journals or publications in prep for submission. The
primers were also evaluated again in this study by melt curve analysis (using Bio-Rad CFX
Manager™ Software). This was done by confirming a single amplified product peak for all the
genes, as this verifies the primers did not generate any unspecific products. These single melt
curve peaks occurred at 82.0 to 87°C for all primers, including the reference gene primers, with

the results summarized in Table 3-5.

Primer sets for GOls that were excluded based on multiple melt peaks and poor efficiency
include acetylcholine esterase receptor (AChE), androgen receptor-alpha and beta (ARa and
ARB), deiodinase 2, (Dio2), glucocorticoid receptor 1 (GR1), nicotinic acetylcholine receptor alpha
9-1 subunit (NAChRa9-1), and vitellogenin (VTG). Poor efficiency was considered outside the
optimal range of 90 to 110%, where these primer sets had an efficiency of >110%. Thyroid
hormone receptor beta (THRB) only had one melt peak but excluded based on an efficiency
>110%. Mineralocorticoid receptor (MR) and suppressor of cytokine signaling 2 (SOCS2) were
excluded based on multiple melt peaks and low expression. Low expression was determined
when standard curves with Cq values were only above baseline for the 3 most concentrated
standard curve points (50, 12.5, and 3.125 ng/uL) even after multiple attempts to amplify and

quantify mRNA expression levels in both swim-up and feeding fry life stages. Lastly, elongation
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factor 1-alpha (EF1a) and GAPDH were excluded as reference genes in the feeding fry and swim

up fry gPCR experiments, respectively based on a high stability M-value for these life stages.

Attempts to design and run unique primers for the androgen receptors gene targets were
not successful, likely based on the high sequence similarity with the subtypes of the androgen
genes (ARa and AR), as also reported by Marlatt et al. (2019) and Calbick (2018). Calbick (2018)
reported a study by Takeo et al. (1999) that showed the comparison of the predicted amino acid
sequence of ARa to that of AR for rainbow trout showed an 85% identity. Calbick (2018) reported
using the EMBOSS Needle Pairwise Sequence Alignment tool (https://www.ebi.ac.uk/) to align
the mRNA nucleotide sequences for both androgen receptors that were obtained from the
GenBank National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/) database
for rainbow trout and also showed a high identity of 90.1% between the two sequences. Similar
to Marlatt et al. (2019) and Calbick (2018), both ARa and AR in this study resulted in multiple
melt curve peaks. The melt curve analysis indicated that these peaks were detected likely due to
the presence of non-specified products or multiple subtypes being amplified instead of the
presence of primer dimers (primer-dimers occur when two primers bind to each other instead of
the target). This conclusion was made because primer-dimers show a lower melting temperature
relative to the amplicon, and often form in the no-template controls (NTCs), due to an abundance
of primer and no cDNA template being present (Life Technologies 2012). However, the NTCs for
the androgen genes displayed no amplification; therefore, indicating no primer-dimer formation or
contamination and likely non-specific primers that were binding to multiple amplicons was the

case.

3.3.2.4.3 Gene Expression

Due to a high M-Value, only two reference genes (Beta actin and elongation factor 1 alpha)
were used for the feeding fry life stage (versus three for the swim up fry life stage; beta actin,
glyceraldehyde 3-phosphate dehydrogenase, and 60S ribosomal protein L8). Reference genes
with a high M-value include EF1a (swim up only); GAPDH and RPL8 (feeding fry).

For the ten genes of interest in swim up and feeding fry (excluding reference genes) that
meet the MIQE guidelines, individual normalized expression values were obtained for each

biological replicate using Bio-Rad CFX Manager™ Software’s Gene Expression Analysis module.
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No significant differences were observed in any treatments for all the genes in either life stage (p
> 0.05; Figure 3-14 to Figure 3-25).
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3.4 Tables

Table 3-1. The volume of stock solution and dechlorinated municipal water that was combined to
achieve the nominal, waterborne neonicotinoid mixture exposure concentrations used for chronic
sockeye salmon experiments. The stock solution was comprised of a neonicotinoid mixture of
equal mass of 150 mg per L.

Nominal Concentration Stock Solution Volume Dechlorinated Water

(nglL) (ml) (L)

0 0 19.0

0.045 0.257 19.0

0.45 2.565 19.0

4.5 25.65 19.0

45 256.5 18.7

450 2565 16.4

Notes: pg/L = microgram per litre; ml = millilitre; L = litre.

68



69

| Joydaoal
89°65 OVVOOOVOVOLOVOVIOOVDD  esiensy auowloy
(dasd ui) '|eje uBWIGIND-BENA  8/60 OVOL 660  0°80L A ¢'8.,680Y0" yImoI
¥5°8G V1D099OVOVOOVOVOVOLLD  piemiod L5HD
£9'65 OLLOVOOD9LYOLIOLLIOVD  8siensy Z ejeq Joidaoal
(6102) 'le 10 nepep 2660 8G0L 6860 8€0L gzl 6228v20a uabons3 @
8€°65 91VVOVOLOOVVYOOLYOOVSD  plemiod z983 e
£2°09 VVOLOOLVOVOVIOOLVOL  8siersy | ejeq Joidaoal o
(6102) "e 1 nepep 9/6'0 L0l ¥66'0 670l eel 6€v2/100 uabons3
80°19 LOVOVOOVOOOLIVOVIOL  plemiod L9y o
9885 19919V1IODIDOVODIDIDD  8sienay _ eyde Jjoidsoas =
(6102) '[e 12 nepep 1660 ZV0L 6660 69LL ) £¥¥9.9620 WX usbons3 =
9€°85 199OVODL0D1IVOVODLOD  piemiod JOVE] o
| epndadAjod 1]
. ]
12°95 VOLVOLLIOD1DID9L1IOL  8sionay _ 'V Anweyqns -
(desd ul) "leJo UBWIBIND-BLENG  $66'0 090 0660  6'E€0L yAXS 1'$021¥9620 WX L Anwey ‘0Gyd
QWOIY20JAD
09°95 919VOL0LIDIID9IDI00D  piemiod LVLDAD
6 ¥S 1VOVVOVVYVLVOLDDID1DIDD  8sisnsy _ asejelen
0L0Z ‘[e 12 usoyplaA 2660 GYOL €660 G'G6 g8l 2'€128961.20° WX
68'SS LVYOOVOLLIDIOOVYOOD  plemiod L1v0
v LS DLOVOLYOVODDLOLIDDD  9SIoAsy 87 utsjoud
0L0Z ‘[e 18 USOYp[aA - - 6660 6'80) oct 1'Z6£6889Y [eWoSOqU S09
G6'GS 91910091011DIVVIODLL  piemiod 97dy %
aseuaboipAysp -
8695 VVYLVOOODOL0DVOLIYOD  8sienay _ ajeydsoyd-g o
(6102) 'le 12 nepep - - 966'0 920l 6ct 600295120 WX > P o
) ephyspessahln 5
885 OVVOVOVOVOOOVOVOLYDD  Plemiod HadYO °
6£°09 VOVOOVDIDOVLIOLOVOVOD  9SIonsy _ eydje-}, Jojoey @
(6102) 'le 12 nepep 1860 Lv0L - - 6. 1'965£99620 INX uopebuolq Q
L1109 VOL119VD199919199199  piemiod el43 L
18°SS O1VOLID1IVOO0D1L1D0L  9sionay unoy-ejeg o
(6102) "le 1o nepen 866'0 +90L 0660 6'€0l 96 90zl8vav d1ov
96°/5 99 LVOVOOVOOVOLLIOVOD  piemiod
d 3% A 3%  (da) ‘ON ouo9
92Ud19}9 9zl w - G) seouanbag Jowil
Y A4 fig IS 1 (.£-.8) S Jewnd uoissaooy  jobue)
Buipsaqy dn-wimg IdnNpoid

‘(0YHL) eydje Jo)daoal
auowoy ploJAy | pue (€SD0S) € Buleubis au01£o jo Jossaiddng (gy9) g 103dadal piod1110209N|S) (ZYHD pue LYHD) Z pue
| sJ0)dadal suowloy ymols) ‘(g 993 pue Lgy3) z pue | ejaq sioydaosal uabouisg ‘(ny3) eydie Joydaoal uabosisg (VILdAD) |
apndadAjod ‘v Ajlweigns ‘| Ajlwe) ‘06 d awolyooiA) ‘(1)) aseleleo sauab jobie] pue {g1dy) g1 uielold jewosoql SQ9 ‘pue
‘(HadvD) eseusabolipAysap areydsoyd-¢ spAyspiesadA|s (0] 43) eydie-| Joloe} uonebuole ‘(g1oy) unoe-ejeq sausb aoualajal
Joj papinoud ale () 9AIND piepuels aAlje|al 8y} o) uoissalbal Jeaul| Jo Jij Jo sseupoob pue ‘(3%,) Jied yjswnd jo Aousiolye ‘(wy)
alnesadws) Buleauue ‘(¢ 0} ,G) seouanbas Jawud ‘Siaijuapl UoISSadoe uolewloju| pue ABojouyossiolg Jo) Jayuad) |euoneN
‘A1) Buipaay pue dn-wims uowes aka)o0s Ul (JO9) 1saJdlul Jo sauab snolleA uo ‘wexoyawely) pue ‘pudojoepiwl ‘uipiueIyiofo
Jo sued |enba Jo Bunsisuod ‘elnixiw PIOUIOOIUOSBU BY] JO S]09))e BU] dulwexa 0) pasn s)os Jawld |njsseoong "z-¢ a|qel



0.

led aseq = dq ‘qusalad Aouaioiye = 39, :S9JON

eyd|e yoydadal

0€2S OLLIDD9OVOOVOVLYOOLOL  @sieney auouioy

(deud un) "jejo UBWIGIND-OMENG 1860  L'80L 1860 020l zel olozeexr ploiAy L
16°9G VOOVOLIOVOOOVOLLDD  Piemioy DNHL

¢ Buijeubis

8519 L1910VOLID001D199VOOL  osiensy _ aUBOMO
(6102) I8 12 nepep 1960 8'€0L L/60 0G0l 29 L'89LOVLLO0 N |4 ossaiddng
0579 L1ODO9VOOLOIVIOVODLOD101l  piemiod £S00S

19°09 OLLIOVODIOOVOOLIODDLD  8siensy _ Z Jojdsoau
(6102) I8 12 Nepep 1660 L¥6  ¥660 1’80l 0L Z8YbZL100” N PI091110000N|D)
€1°09 91001010VOVOLYOL0991D  plemiod 249

Z l0)dadal

86°LG OVOLLYOVOOIVOVLIODDD  osiensy suowloy

(deud u)) e 30 UBWIGIND-8MENT /660 ZPOL  ¥66'0  0'80L GLL Z'009ELSAY umoi
ZHHD

vZ'1S LYVIVOOVOLYDIOD1O10D  plemio
A 3% M 3% (da) ‘ON ouso
A A azi w - G) seouanbag JawLi
aoualajoy d d 'S 1 (.£-.5) S Hd uoISsSaJy jobue]

Buipsaqy dn-wimg jonpoud




VL

(%01 1<)
fousioye coL DOVVO0D LVOVVODOVILY esionay Lo uiusbojjou
(doxd ui) fe Jood pue syead ‘720696960 WX 9IA
bt} :mE_E:m.u.mtm:n_ yew aidninpy O19VVVIOVOVIOOOVVYLIOLOLD piemiod
(%01 1<) OVVVOLVYVVOOIDVYLVOOD os19n0Y (e10q Joydacal
AousIos 1004 611 LLozeexr auowuoy pioiAy L)
s VOVOLOVOVOIOIIVOIVLO pJemiod guHL
(8162) P10 oL VVOLO91VOVOVODOLYOL asianay . O s ok
_ voissaldx 1OVOVOOVYOIOLLVOVIOL pIeAIO] 055711100 NN 25008
Syood o 11000VOVOLIDO11019VO0 osionay Jo1do0as
8002 “Ie 10 Joxoeg Eec SITHNN 161 v oo .mmiﬁﬂooﬁz PI0D1000[BIBUIN
YVOOVLOOVVOV1DOIDVOVD paemod 7 ©
199191V9000101010010 (yungns -6 eydye 3
( ) MoIq|e: /81 9SIaAdY L6EVIZL LOOWN Jojdeoau suljoyojfjeoe @
8102) 01qe0 oWNOoIN) o
YVYVO1V000VIDVOVIOVID piemio L-6P4UOVN 5
OYVOOIOVODLYOIVOOY osIoAdY (1 Joydadau )
8102 Yoiq1eD 118 012vsZ PI021H0000N|9) 8
OVOVVODOVYVIOLOVIOYIL pJemIo4 RV
102 “|e (%01 1<) 9zl OV.1ODO0VIOVIOVOOLIDD10L 9sIaney Z'9Y8LELAN (z @seuipolaq)
19 el01eD-BPESEND Aoustoye 991999VYVVOVVODLOVOLY premio zol
Jood pue syead 1VD0199010091000V1Y asianay (ereq
yow sdyniy 191 Vv 1'681¥Z1 LOOIN -10)d@oa. uaboipuy)
pJemioo Juv
OVOOVODLYVOVVYVOVOD LOV
d
(8102) Mo1q1ed s8l 1009.1v11v0L110v099001 esioney ._oawo%scw_mo‘_uci
OVOLLOVOVO9DL1OVIVIO premioZ b 78LYC) LOONN DYy
0 1V0 V00 L19 999 119 100 osIoN0Y (lojdeoau eseis)se
€Ll TOV8LELINN aulloyo|A}e0Y)
yog VO 19DOVOLOVODIOVO piemio 3yov
81
010 '[e }o Usouplep ol 9LOvVOLYOVO9OLOLLO99 osioncd 1'z66888Y  Uisjoid [BLIOSOGH S09 o
(A1uo Ay dn-wims) Koy 9191009101191VVIODLL pJemIo] mwmcwmmﬂému m,
anieA-N YbiH dn-wimg 8s1aA) _ ajeydsoyd s
(6102) 'le 1o nele 6¢l VYLVO9999L09VOLLVOO o 600295120 WX ¢ %w:wn_mwg_o 2
OYVYOVOVOVIOIOVOVILYID pIemio Hadvo o
eyde 3
(61.02) ‘& 1 Helen A@ﬂﬁ_%w _Nc,“wwmc mcmm_& 61 VOVOOVOIOOVLOLOVOVID asianay .ommm%w Jp PR on ebuoi 2
: _ VOLLIOVDLD991D199199 pJemiod 43
oo (da)
22U19)9Y Lo_“n“w__wm—”__wwmnm v“ﬂuﬂﬂ 3””_%_ ; (,e-.5) saouanbag Jawid *ON UOISSa20y auao jabue]
a7
"(/A0B yiuwijurigoummm//:sdny) uoneulou|
pue ABojouyosjolg Joj) Jejuad) |euoneN Aq papiaroid ale azis jonpoud pue ‘(¢ 01 G) seouanbas Jawiud
‘slaljluspl UoISSa22Y *(papircid ajeuoljel uoISnjoxa Yim) Juswadxs YHdb woly papnoxa ng Al Buipas)
pue dn-wims uowjes aAay00s ul sauab aoualsjal pue (JO9) 1salaul Jo sauab Ajjdwe 0} pasn s1es Jowllid 'e-¢ 9|qe



¢l

VNY ybnous asnboe 0} Japlo ul ajdwes auo ojul pajood aiem SIaAl| A1y dn WIMS [BNPIAIPUL OM [ |

:S9JON
A1y Buipasay
8 € Ay dn-wims 0S¥y
/ A1y Buipasay
8 & A1y dn-wimg v
6 A1y Buipasay .
8 ¢ A1y dn-wimg v
/ A1y Buipasay .
6 € A1y dn-wimg sv0
A1y Buipasay .
6 € Ay dn-wims G700
A1y Buipasay
6 € Ay dn-wimg 0
o o

"sjuswiadxe Yo db ay) 10) pasn sejeoijdal [20160]0Iq [BNPIAIPUI PUB SYUE] JO Jagquinu 8y} Jo Alewwns \ “p-¢ a|qe



€L

Gg'esg Auy Buipaa / A1y dn-wimg (vy1) eydie sj0)daoay auowlioH pioJAy L
G'/8 A} Buipaad / Ay dn-wims (€SD0S) ¢ buiieubis aunjolAD jo Jossaiddng
G'zs Ay Buipead / A1y dn-wimg (249) g 101de08y plodI0200N|)
028/6¢8 A1y Buipaad / A1y dn-wims (Z4HD) Z 101deoay suowioH Yymois
0€8/G28 A1y Buipaad / A1y dn-wims (LYHD) | J0}deoay aUOWIOH YMoID
¥8 Ay Buipaa / Aip dn-wimg (zdy3) er1og Joydeoay usabouisg
G'98 Ay Buipaa / Aip dn-wimg (1g¥3) | eyog J0ydaoey usboljs3
G'98/098 Ay Buipas / Ay dn-wims (043) eyd)y Jojdeosy usbolis3
Gg'es A1y Buipaad / A1y dn-wims VIdAD ‘LY 0S¥d 8Woiyo0}h)
098 A1y Buipaad / A1y dn-wims (LvD) eselelen
0/8 A1y dn-wimg (87dd) 81 uiejold _mEOwAOQE wow
0'/8 Ay dn-wims aseusaboipAysq awyedsoyd-¢ mvEmcﬂmmM.%W
G'es Aij Buipasy (0143) eydjy-| Joye4 uonebuolg
S¥8 /¥ 18 Aiy Buipasy / A1y dn-wimg (d.LOV) unoy ejeg
(9,) @injesadwa] yead aAin) N abejs a4 auan jabie]

‘Apnis siy} ul sisAjeue Jaylinj Joj pasn sauab 1o} sainjesadwa) yead aAINd Y9I\ G-€ d|qe L



V.

"aJ)| Jod sweuboloiw = /6 (/6 ul aie syun ||e :S8joN

G000 G000 G000 G000 5000 G000 ywiq uondaleg
. . . . . aInXI
014 6'GE ve'e L¥0 8/0°0 S00°0> PIOUNODILOAN [B101
il 9zl ve'L 991°0 ¥20°0 S00°0> wexoyjawely |
2L AN A ZS10 GzZ0'0 G00°0> prdojoepiwj
eel L'zl 621 9510 6200 G00°0> uipiuely3o|
painses|)
/61 o5v /61 6y 6 cy RILETA) /61 64070 /6 o
uoiljeljuaduoh uoiljeljuaduoh uoljeljuaduo) uoljeljuaduoh uoljeljuaduoh uoljeJjuaduo)
|euiwioN |eulwoN |eulwioN |euiwioN |euiwoN |euiwioN

"Juswiadxa ainsodxe
OlUOJYO Uow|es 9AaX20s Jo} Syue) SSe|b Ul SUOIJeJUadu0d painseaw pue pajolpald ainixiw plourjodluoau ay| “/-¢ o|qel

o) Jod wesbijjiw = 7/6w ‘enewnuad Jad suswals osolw = wo/gr ‘aay Jad swelbouoiw = /61 ‘snisje) sealbap = 9, :S9ION

0 ocl ocl o€l 6¢l (u) suoneasasqo

0 6'¢ 70 10 ¢ uoneinaQg plepuels

0 0'Z¢e 80l '8 €l wnunxew

0 0'le 6'8 6'9 €'l wnuwiin

0 €9¢ L0l (A 9'8 uesiy
(wo/sr)

(7/6w) eluowwy (7/6w) usbAxQ panjossiqa Hd (9,) dwa]

Ayanonpuod
S)oe)g yjeaH

‘A@am payonpuod sem Buliojuow alaym eluowwe jdeoxe siayoweled |e 10} SinoY g AidAs palinooo Buuoyuow Ayenb
191 (1dp) uonezie) ysod sAep || 4O} [I3UN paleal pue Jajem ues|o 0} Jajsuel) Aq pamojo}) ‘(Buluspiey 66s jun) Jnoy-suo
1o} pasodxa uowjes aAay00s yim sainsodxa piounodluoau anoe ay) Jo) Arewwns Buuojiuow Ajenb Jajem ay] "9-¢ o|qe|



Gl

o) Jod welbijjiw = /6w ‘enewnuad Jad suswals osolw = wo/gr ‘aay Jad swelbouoiw = /61 isnisjpn sealbap = 9, :S9ION

9c 99/ 96, 0L 0.2 (u) suoneasasqo

0 L'y 80 10 L€ uoneinaQg plepuels

0 1'6€ zzl z8 g tuntuixen

0 zee 08 69 €l winuitin

0 0'/L¢ G'8 'l L0l uesp
(7/6w) eluowwy bum.__mmuwoo (7/Pw) usbAxQ panjossiq Hd (9,) dwa]

ailnsodx3 yue] sse|9 sluoay)

‘A@am paonpuod sem Buliojuow alaym eluowwe jdeoxe siayoweled |je 10} Sinoy g AldAs palinooo Bulojuow Ayjenb
Ja1ep) abejs oyl Au-Buipasy Jojpue dn-wims ay} 0} ybnolyy uonezijius) 1sod Jnoy-auo woudj sAep 0gl 01 £} Ajgjewixoidde
10} pasodxa uowjes aAay00s Yyum ainsodxa ainjxiw pIounoodluoau ay) Joj Alewwns Buliojiuow Ayjjenb Jajem ay| "g-¢ a|qe



9.

"UOIIBIIUBIUOD 8INSOdXd puE SBSS0JD BY} JO J0918 SAIJOBISIUI UB pUB ‘SS0.D d1jauab ‘syue) ajeoldu
‘SH00|q JUBIalIP OM) BY) WOJ) S108le palapisuod |gpow [eansnels ayl (g ‘0 ‘g ‘v pajieqe| sieapullfo Aaib se anoge umoys)
sJauiejuod 66a |enpiaipul ojul pajesedas alam s8ss00 d1jauab ay) ainsodxa siyy U] (Q — v $8ss040 ‘J0[dgns ay}) uoljeliea onguab
3y} pue (Q — Vv pa||ege| s4apullAo 8y} yum umoys ‘sassoud oisuab Jo uonjesedss ayy) jold yids ay) sem jojd uilew yoes UIylpA
"LWI00J B} JO apIs Jayyie uo ayealdiuy ul payoolq ‘Ajwopues paubisse ‘(swniuienbe ay) yiim umoys jojd uiew ay}) uoijesjuadsuod 1saj
ay] ‘wexoywely pue ‘pudojoepiwi ‘uipiuelyjold sped jenbs jo /6 06y pue Gy ‘G ‘G0 ‘G0°0 ‘0 O} pasodxa alam ahax00s
aIaym walsAs ainsodxa yue) sse|b 21uoIyd ay} Jo ubisap ¥00|q 839|dwod jo|d-}1jds paziwopuel 8y} JO dewayds  “L-¢ ainbi4

a a a
ol =
P— p—— 4 49 46
Tuee | C T 5 a=n
05t R (it
... .1| e
| 7/Bd " y6d ! &l R
05t 50D /eno 5y
/ o = e f—— —
ved 7 6 . g S < TC /B
5t 5F0°0 = o [ St0
-———— —— M3 m
t - —
werd | b ey o B
St St S¢0°0 SO
— — _-———— ——
il i ..a_._n_ln
S - — 13
- ——— -l -l

sainbi4 g'¢



Ll

‘(381 20y 1s0d s Afayn] e Aq
Pamo||0} ‘YVAONY Aem-auo GO0 < d) Ssjuswiesl) SSOIOE SS820NS Ydjey pue Uoljez||i}ud) ueaw Ul S9oUaIaIp Juediubis ou alom
aloy] "lossd plepuels Buneosipul sieq SJold Yum ‘ssa0ns yojey (q) pue sseoons uonezijiua) (e) Jo abejusodiad uesw ay} moys
suwn|o) ‘(Jaulejuod Jad sjenpiAlpul g 0} 9 = u) siauiejuod 668 sy} ul paseal ajeoldal yoea Jo [BAIAINS UBSW 8y} UO paseq Sem
$$920NS ydjey pue uonezijiua- (g = u) /6 oG pue /6 g /60 gL (/6 gLoo (7/6r 0 |os3u00 Js)em e apn|joul sjuswiesl)
ay] -ebeis oy A1y dn wims ay) 01 ybnolyy Jajem ysal ul bBuueas Aq pamojjo) ‘Jnoy auo Joj uoneziius) Buunp uipiuelyon
auJogJajem 0} ainsodxa d)noe JB)e UOW|eS 9A8X300S g SSO0JD Ul SS820Ns Yojey pue uonezijiua "qz-¢ ainbi4 pue ez-¢ ainbi4

(71/6r) co_a:coocoo c__o_cm_ﬁo_o (1/6) co_ﬁgcmocoo c__o_cm_eo_o
oSl GL'0 oSl GL'0
0 0
m
D
0z & oz 2
= 2
o o oy S
[
3 2
09 & 09 &
® 3
—_~~ S
08 08 @
S
001 00l
(q (e

$S820NS [BAININS pUB ‘YoJBH ‘UoNEeZIjIue — 8insodXg 8jnay uipiueliyjolD

sainsodx3 ajnoy L°G'¢



8.

(38} 00y
1s0d s foyn] e AQ pamo||0) ‘YAONY Aem-auo GO0 < d) Ssjuswieal) SSOJOB SS8I0NS [BAIAINS UBBW Ul S8duUaJayip jueodiyiubls ou

9JaM a18y] 10415 piepuels Buneoipul sieq Jold yim ‘(Jaurejuod Jad sjenpiAipul g 0} 9 = u) sisuiejuod 66s sy} ul paseal ayedldal
yoea JO |BAIAINS UBBW 8} UO paseq SeM ‘SUWN|od ay} YIm umoys ‘|eaining (¢ = u) /6 oG pue /6n g 7/6r g (7/6r G0
(/61 o ‘jo4u090 Jslem e apnjoul suswieal) ay] ebels ay Alp dn wims ayy 01 ybnouayy Jeyem ysaly ul Buueas Aq pemojjo} ‘4noy
BUO JO} uoneziius) buunp uipiuelylolD suloglalem 0} ainsodxa djnoe Jaye uow|es 8Aay00s g SS0I) JO |eAIANS 0Z-¢ ainbi4

(1/6r1) uoneusdUO) uIplUEBIYIoID
GL'0

0G1 Gl Gl 0
0
0¢
0)7
09
08
e e e e e

00l

(%) lenning




6.

EERIVEIET o)
ueaw ay) ajeoipul syduosiadng “(3s8) ooy jsod s Aaxn] e AQ pamoj|o} ‘YAONY Aem-auo GO0 > d ‘38) %/F GZ Aq paseasoap
$S900NS UOoIjeZI|Iua) aJ1aym ‘wexoyawely) 7/6n G| pue 7/6n o usamiaq SS820NS UONEZI|III9) UBSW Ul SBOUBIBYIP Juedliubis alam
alay] "Jolis pepue)s Buneolipul sieq sIoLe Ylm ‘ssa00ns yojey (q) pue ssaoons uoneziiiay (e) jo abejuaoiad uesw ay) moys
suwn|o) (Jaureuod Jad sjenpiAlpul g 0} 9 = u) slaulejuod 66s sy ul paleal sjeoldal yoes JO [BAIAINS UBSW dY) UO paseq Ssem
$$900NS ydjey pue uoneziiie- (¢ = u) 7/6d oG pue /6 g (7/6n g7 (7/60 g0 (7/61 0 ‘|0UOD JBlEeM B SpN[OUl SjusWea.)]
ay| -ebeis ayl A1y dn wims ayy 03 ybnouyy Jayem ysaly ul Buueas Aq pamojjo) ‘INoy auo 10} uonezijiua) Bulnp wexoylawelyy
auJI0gJajem 0} 8Insodxa d)nde Jaje uow|es 9Aa)00S g SS04D Ul SS820NS ydley pue uonezijiued ‘qe-g ainbi4 pue eg-¢ ainbi4

(71/61) uopenusdUOD Wexoylewely | (7/6r) uonenuadUOD WeExoyewely |

(0112 Gl gl GLo 0 oGl Gl Gl GL0 0
0
0c 0c¢
(017 (017
09 09
08 08
e a e
e 001 e (0]0])
e e e e
q
$S800NS [BAIAINS pue ‘YojeH ‘UolezZijiLe- — 8insodxg ajnay wexoyjawely |

o

(9) sse20ng yoleH

— (%) sse20ng uonez||ipe4

A e



Survival (%)
r O
o o o

N
o

o

a a a a a
100 I I I I
0 0.15 1.5 15 150

Thiamethoxam Concentration (ug/L)

Figure 3-3c. Survival of Cross B sockeye salmon after acute exposure to waterborne
thiamethoxam during fertilization for one hour, followed by rearing in fresh water through to the
swim up fry life stage. The treatments include a water control, 0 ug/L; 0.15 pg/L; 1.5 ug/L; 15 ug/L;
and 150 ug/L (n = 3). Survival, shown with the columns, was based on the mean survival of each
replicate reared in the egg containers (n = 6 to 8 individuals per container), with error bars
indicating standard error. There were no significant differences in mean survival success across
treatments (p > 0.05 one-way ANOVA, followed by a Tukey’s post hoc test).
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Figure 3-4c. Survival of Cross B sockeye salmon after acute exposure to waterborne
neonicotinoid mixtures during fertilization for one hour, followed by rearing in fresh water through
to the swim up fry life stage. Each test concentration consisted of a mixture of an equal mass of
clothianidin (C), imidacloprid (I), and thiamethoxam (T) per litre of test water. The treatments
include a water control, 0 pg/L; 0.045 pg/L; 0.45 pg/L; 4.5 pg/L; 45 pg/L; and 450 pg/L (n = 3).
Survival, shown with the columns, was based on the mean survival of each replicate reared in the
egg containers (n = 6 to 8 individuals per container), with error bars indicating standard error.
There were no significant differences in mean survival success across treatments (p > 0.05 one-
way ANOVA, followed by a Tukey’s post hoc test).
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Figure 3-5¢c. Mean Condition Factor of Cross B sockeye salmon after acute exposure to
waterborne clothianidin during fertilization for one hour, followed by rearing in fresh water
through to the swim up fry life stage. The treatments include a water control, 0 pg/L; 0.15
pa/L; 1.5 pg/L; 15 pg/L; and 150 ug/L (n = 3 with 15 to 24 individuals per treatment).
Columns show the condition factor, with errors bars indicating standard error. There were
no significant differences between the control and treatment mean condition factors
(P>0.05; one-way ANOVA, followed by a Tukey’s post hoc test).
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Figure 3-6¢c. Mean Condition Factor of Cross B sockeye salmon after acute exposure to
waterborne thiamethoxam during fertilization for one hour, followed by rearing in fresh water
through to the swim up fry life stage. The treatments include a water control, 0 pg/L; 0.15 ug/L;
1.5 pg/L; 15 pg/L; and 150 pg/L (n = 3 with 15 to 24 individuals per treatment). Columns show the
condition factor, with errors bars indicating standard error. There were significant differences in
mean condition factor (p < 0.05, Kruskal-Wallis test, followed by a Steel-Dwass all pairs test; n
=3). Differences are indicated by superscripts.
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Figure 3-7c. Mean condition factor (K) of Cross B sockeye salmon after acute exposure to
waterborne neonicotinoid mixtures during fertilization for one hour, followed by rearing in fresh
water through to the swim up fry life stage. Each test concentration consisted of a mixture of an
equal mass of clothianidin (C), imidacloprid (), and thiamethoxam (T) per litre of test water. The
treatments include a water control, 0 pg/L; 0.45 ug/L; 4.5 ug/L; 45 ug/L; and 450 ug/L (n = 3).
Columns show the mean condition factor with errors bars indicating standard error. There were

significant differences in mean condition factor (p < 0.05, Kruskal-Wallis test, followed by a Steel-
Dwass all pairs test; n =3). Differences are indicated by superscripts.
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Figure 3-8. Hatch and Survival success in crosses A, B, C, and D sockeye salmon after chronic exposure to waterborne

neonicotinoid mixtures during fertilization for one hour, followed by rearing in fresh water through to the swim up fry life stage.
Each test concentration consisted of a mixture of an equal mass of clothianidin (C), imidacloprid (1), and thiamethoxam (T) per
litre of test water. The treatments include a water control, 0 ug/L; 0.045 pg/L; 0.45 pg/L; 4.5 ug/L; 45 ug/L; and 450 pg/L (n

standard error. There were no significant differences in mean hatch or survival success across treatments (P > 0.5; RCB
ANOVA), only significant differences between cross B hatch success and the rest of the crosses (P < 0.5, RCB ANOVA followed

container). Columns show the mean percentage of (a) hatch success and (b) survival success, with errors bars indicating
by a Tukey’s post hoc test). Differences are indicated by superscripts.

3). Hatch success was based on the mean survival of each replicate reared in the egg containers (n = 6 to 8 individuals per
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Figure 3-10. Mean condition factor (K) of crosses A, B, C, D sockeye salmon after chronic
exposure to waterborne neonicotinoid mixtures from one-hour post fertilization through to the
swim up fry. Each test concentration consisted of a mixture of an equal mass of clothianidin (C),
imidacloprid (I), and thiamethoxam (T) per litre of test water. The treatments include a water
control, 0 ug/L; 0.45 pg/L; 4.5 pg/L; 45 ug/L; and 450 pg/L (n = 3). Columns show the mean
condition factor with errors bars indicating standard error. There were no significant differences
across treatments (P > 0.5; RCB ANOVA), only significant differences between all crosses of the
swim up fry. Differences are indicated by superscripts.
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Figure 3-14. Hepatic gene expression in cross C sockeye salmon after exposure to
waterborne neonicotinoid mixtures from fertilization through to the swim up fry life stage.
Each test concentration consisted of a mixture of an equal mass of clothianidin (C),
imidacloprid (1), and thiamethoxam (T) per litre of test water. The treatments include a
water control, O pg/L; 0.045 ug/L; 0.45 ug/L; 4.5 pg/L; 45 pg/L; and 450 ug/L (n = 3 with
the exception of 4.5 pg/L where n = 2). Normalized gene expression for (estrogen
receptor alpha (ERa) was calculated based on the AACq method for relative quantitation
of a target gene using three reference genes, beta action (ACTp), glyceraldehyde 3-
phosphae dehydrogenase (GAPDH), and 60S ribosomal protein L8 (RPL8). A pool of
two fish liver samples are represented by black circles (n = 6 to 8 individual livers per
tank). Box plots show the minimum and maximum log10 expression values indicated by
whiskers, the upper and lower quartiles are indicated by the box, and median values
represented by the horizontal line. No significant differences between the means were
identified using a one-way analysis of variance (ANOVA) followed by a Tukey’s post-
hoc test.

95



(7/6r) uonesusouo) 1 ‘| 0
Sy S Sv S¥0 SO0 O

I.V.OI

H -€°0-

- —\OI

-0°0

~1°0

(0LBo]) uoissaidxg pazijewloN zg9dy3

~¢0

€0

—~
o]

96

"1$9) o0y-1sod s Aayn] e Aq pamoj|o) (VAONY) 8oueLieA
10 sisAjeue Aem-auo e Buisn paljuapl 81om SUBsW dY} UsaM}Sq S8oUdIalIp Juediubls ON ‘aul| |ejuoziuoy ay} Aq pajuasalidal
SanjeA ueipaw pue ‘xoq 8y} Aq pajeslpul aJe sajienb Jamo| pue Jaddn sy} ‘siaysiym Ag pajeosipul senjeA uoissaldxa (160)
wnuwixew pue wnuwiuiw ay} moys sjo|d xog -(que} Jad sIaAI| |enplAIpul § 0] 9 = U) SBJ2.ID Yoe|q Aq pajuasaldal ale sajdwes
JaAl| ystj om} jo jood v *(871dY) 87 ulsjoud [ewosoqu S09 pue ‘(HAdYD) aseusbolpAyap seydsoyd-¢ apAyap|esadh|b ‘(g10Vv)
uonoe ejaq ‘sausb aoualaal 9aiy) Buisn susb joble) e Jo uoieyjuenb aAlelal Joj poylew bOyy syl uo paseq psie|nojed
alam (zgy3) om) elaq Jojdaoas uabouise (q) pue (Lgy3) auo e}aq Joydaoal usboasa (e) 4oy uoissaidxa auab pazijewloN (Z
= u asaym 71/6r G Jo uondaoxe ayy ypm ¢ = u) /61 oGy pue (/61 Gy 7/61 g 7/6n G0 (1/6H gH0°0 /6N O ‘jou0D Jeiem
B 9pn[oul sjuswieal) ay] “Jajem 1saj Jo aJy| Jad (1) wexoyjswely} pue () pudojoepiwi (D) uipiuelyiol jo ssew [enba ue Jo
aJNJXIW B JO Pa)SISUOD UOIBJIUBIUOD }s8) yoe] -abejs oyl Ay dn wims ayy 0} ybnouy) uonezi|iua) Wody SaIniXiw PIoul;odIuoau
aulogselem 0} ainsodxs Jaye uowles 8A8X00S O SS0IO Ul uolssaldxe ausab onedeH ‘qGL-¢ ainbi4 pue eglL-¢ ainbi4

(7/6r) uonenusduoY 1 ‘| ‘D

(04 14 Sv S0 Gv00 0

Im.ml
m
Y
—— r0€-®

—

Z
1]
T 5
Qo
-G'¢- nzu.
o
m
° P
° ° AIN
. . @
—— = . o r0¢ g
sse o
. 1 u
—— —
= 8
A
0 (e



-0.54
Q)
(_g’ -1.0-
S ——
g -1.59 . 3 _.I._ -
0 == = .
u% 2.0 [% . - = S 1
3 Bl - €L
N 25
©
£
2 3.0
O
-
l_ '3.5_
-4.0

0 0.045 045 45 45 450
C, |, T Concentration (ug/L)

Figure 3-16. Hepatic gene expression in cross C sockeye salmon after exposure to
waterborne neonicotinoid mixtures from fertilization through to the swim up fry life stage.
Each test concentration consisted of a mixture of an equal mass of clothianidin (C),
imidacloprid (I), and thiamethoxam (T) per litre of test water. The treatments include a
water control, 0 ug/L; 0.045 pg/L; 0.45 pg/L; 4.5 pg/L; 45 pg/L; and 450 ug/L (n = 3 with
the exception of 4.5 pug/L where n = 2). Normalized gene expression for thyroid receptor
alpha (THRa) was calculated based on the AACq method for relative quantitation of a
target gene using three reference genes, beta action (ACTp), glyceraldehyde 3-
phosphae dehydrogenase (GAPDH), and 60S ribosomal protein L8 (RPL8). A pool of
twofish liver samples are represented by black circles (n = 6 to 8 individual livers per
tank). Box plots show the minimum and maximum log10 expression values indicated by
whiskers, the upper and lower quartiles are indicated by the box, and median values
represented by the horizontal line. No significant differences between the means were
identified using a one-way analysis of variance (ANOVA) followed by a Tukey’s post-
hoc test.
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Figure 3-20. Hepatic gene expression in sockeye salmon after exposure to waterborne
neonicotinoid mixtures from fertilization through to the feeding fry life stage. Each test
concentration consisted of a mixture of an equal mass of clothianidin (C), imidacloprid (I), and
thiamethoxam (T) per litre of test water. The treatments include a water control, 0 ug/L; 0.045
pg/L; 0.45 pg/L; 4.5 pg/L; 45 pg/L; and 450 pg/L (n = 3 with the exception of 4.5 pg/L where n
= 2). Normalized gene expression for (estrogen receptor alpha (ERa) was calculated based on
the AACq method for relative quantitation of a target gene using two reference genes, beta
action (ACTB) and elongation factor 1-alpha (EF1a). Individual fish liver samples are
represented by black circles (n = 6 to 8 individual livers per tank). Box plots show the minimum
and maximum log10 expression values indicated by whiskers, the upper and lower quartiles are
indicated by the box, and median values represented by the horizontal line. No significant
differences between the means were identified using a one-way analysis of variance (ANOVA)
followed by a Tukey’s post-hoc test.
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Figure 3-22. Hepatic gene expression in sockeye salmon after exposure to waterborne
neonicotinoid mixtures from fertilization through to the feeding fry life stage. Each test
concentration consisted of a mixture of an equal mass of clothianidin (C), imidacloprid (), and
thiamethoxam (T) per litre of test water. The treatments include a water control, 0 ug/L; 0.045
pg/L; 0.45 pg/L; 4.5 pg/L; 45 pg/L; and 450 pg/L (n = 3 with the exception of 4.5 pg/L where n
= 2). Normalized gene expression for thyroid receptor alpha (THRa) was calculated based on
the AACq method for relative quantitation of a target gene using two reference genes, beta
action (ACTB) and elongation factor 1-alpha (EF1a). Individual fish liver samples are
represented by black circles (n = 6 to 8 individual livers per tank). Box plots show the minimum
and maximum log10 expression values indicated by whiskers, the upper and lower quartiles are
indicated by the box, and median values represented by the horizontal line. No significant
differences between the means were identified using a one-way analysis of variance (ANOVA)
followed by a Tukey’s post-hoc test.
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4 Discussion

4.1 Chronic Thiamethoxam Exposure

This study evaluated the effects of thiamethoxam on wild early life stage sockeye
salmon growth and development in traditional glass tank exposures and in gravel bed
flume exposure systems. The endpoints to test the potential effects of thiamethoxam
included fertilization success, hatch success (glass tanks only), survival (glass tanks only),
body morphometrics and deformities on four unique genetic crosses to account for the
influence or parentage in this wild Pacific salmonid. The findings of this study showed no
adverse effects on fertilization, hatching (glass tanks only), survival (glass tanks only),
body size, and deformities during chronic exposures to 0.15 to 150 ug/L thiamethoxam

from 1-3 hours post-fertilization through to the swim up fry developmental stage.

The influence of parentage on growth and survival in wild sockeye salmon was
significant in this study, and strongly supports the incorporation of multiple genetic crosses
when examining growth and development during toxicity testing in this wild salmonid. For
example, in the present study in the glass tank exposure, cross B was 3.3% (or 1 mm)
longer, 10% heavier (or 0.02 g), and exhibited a 2.6% (or 0.02 K) higher condition factor
than cross A. Parentage effects on progeny have previously been reported as a significant
factor causing variation in BC sockeye populations (Burt et al. 2012; Marlatt et al. 2019)
and fish populations in general (Marshall et al. 2008 and Green 2008). Burt et al. (2012)
demonstrated that when different genetic crosses of sockeye embryos were reared under
different temperature regimes followed by fry rearing in a single cool temperature after
hatching, the resultant significant variation in body weight was attributed to parentage
(both maternal and paternal identity). Furthermore, parentage effects on growth were also
observed in a similar sockeye salmon study entailing a chronic exposure to another
neonicotinoid, clothianidin (Marlatt et al. 2019). As in the present study, Marlatt et al.
(2019) reported that one genetic cross was heavier and longer than the other two crosses
tested in both the tank and gravel bed flume exposure scenarios. Collectively, the studies
in early life stage sockeye salmon strongly support the hypothesis that parentage affects
body size and survival under control conditions, and these must be taken into

consideration when evaluating the toxicity of contaminants in this species.
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The hypothesis that individuals reared in the more natural habitat of the gravel bed
flumes would be larger relative to individuals reared in the glass tanks was supported in
this study. This hypothesis was based on previous studies indicating reduced stress, and
a more efficient use of energy for growth (Weil et al. 2001) when rearing conditions
mimicked the natural environment more closely for salmonids (e.g., Hansen and Torrissen
1984; Hansen et al. 1990; McCormik et al. 1998; Bamberger 2009). For example,
Bamberger (2009) developed a “Bamberger-Box” that mimicked a natural environment
and compared three different breeding stocks of Atlantic salmon hatched in the Box to fish
reared in traditional hatchery troughs. Bamberger (2009) found that in each of the four
years tested, salmon fry reared in the Bamberger-Box were 4% longer and 12% heavier
than fry reared in troughs. Hansen et al. (1990) described the reasoning for these
increases because fish have substrate to hide in and can use more energy reserves for
growth. McCormik et al. (1998) and Bamberger (2009) reported that there is species
variation in terms of the organism’s ability to cope with stress while efficiently growing (i.e.,
domesticated vs wild stock) and suggested that when in captivity, wild populations
inefficiently convert food energy to growth, as shown temporally in both studies with wild
Atlantic salmon. Interestingly, in the present study, cross A in the gravel bed flume
exposure, mean length was 4% greater, weight was 15% greater, and condition factor was
3% greater than cross A in the tank exposure; however, for cross B body morphometrics
were nearly identical under both exposure scenarios. Another sockeye salmon study
using the same genetic crosses and conducted concurrently by Marlatt et al. (2019)
showed that body length and weight for cross A and B did not differ between glass tank
or gravel bed flume exposure scenarios. Noteworthy is that in the present study and
Marlatt et al. (2019), issues recapturing individuals during termination from the gravel bed
flumes resulted in a lower number of fish measured compared to the glass tank number
of fish measured. Thus, these smaller test populations in the gravel bed flumes likely
presents a less accurate estimate of fish size and future studies with more comparable
numbers of individual fish measured are needed to ascertain trends in growth between
these two rearing systems. In terms of fish welfare and optimizing fish health, there is
evidence that more natural rearing conditions are ideal; however, this study also highlights

the challenges with successful recovery of fish in such scenarios that must be addressed.
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4.2 2016 Neonicotinoid Exposures

4.2.1 Acute Exposure During Fertilization

This is the first study to report a neonicotinoid as a reproductive toxicant and
teratogen in a wild salmonid species. In this study acute exposure to waterborne
treatments of clothianidin, or thiamethoxam, and a neonicotinoid mixture (clothianidin,
thiamethoxam and imidacloprid) were performed at the onset of fertilization and continued
for one hour, at which point fertilized eggs were transferred to clean water and reared until
the swim-up fry stage. Thiamethoxam exhibited potential as a reproductive toxicant by
causing a 25% decrease in fertilization success in the 15 ug/L treatment relative to the
control group. Teratogenic effects of thiamethoxam were evident based on an
approximate 4% increase in mean length at all concentrations tested (i.e., 0.15, 1.5, 15
and 150 pg/L), a 5% increase in weight in the 150 pg/L thiamethoxam treatment, and an
approximate 9% decrease in the mean condition factor of the 15 pg/L thiamethoxam
exposed fish relative to the control fish. Interestingly, the neonicotinoid mixture did not
affect fertilization but did exhibit teratogenic effects based on abnormal weight and length
compared to control fish (i.e., 0.45 ug/L caused a 5% decrease in length and a 13%
increase of condition factor; 4.5 and 45 pg/L caused 8% increase in weight). These data
also suggest that additive effects of neonicotinoids were not observed since the
thiamethoxam growth response profiles were different compared to those observed in the
mixture. Furthermore, the concentrations of neonicotinoids in the present study were
sublethal with >80% survival in all controls and neonicotinoid exposures, thus this study
provides strong evidence that sublethal, environmentally relevant neonicotinoid exposure

may impede fertilization and cause abnormal growth in surviving fish.

Arukwe and Anders (2003) and Berois et al (2011) provides a potential mechanism
that explains how a toxicant can be taken up during fertilization. In brief, teleost oocytes
are surrounded by a vitelline envelope / zona radiata ([synonym]; Arukwe and Anders
2003; Berois et al 2011). Teleost ooyctes contain a unique micropyle, which is formed
during egg deposition, and is a funnel shaped channel that sperm interact with. As a single
sperm fuses with the oocyte, the micropyle closes within minutes of activation (i.e., egg
and sperm fusion [Arukwe and Anders 2003; Berois et al. 2011]). After activation the zona
radiata takes up water to gain resistance to mechanical force, which results in an egg that

can support up to 100 times more weight than oviductal eggs (Arukwe and Anders 2003).
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Given the acute exposures were conducted prior to the micropyle closing and activation,
it is likely that dissolved thiamethoxam was taken up during water hardening. If this is the
case, then the exposure duration was greater than one hour. Furthermore, fertilization
success was defined as the number “eyed” embryos that survived up until the hatching
stage. If an egg was determined dead, it was removed; however, it was not confirmed if
embryogenesis had begun or not, which could potentially provide valuable information.
While uptake of neonicotinoids is an un-tested hypothesis, in-vitro testing to confirm (or

not) the uptake is warranted, while confirming the presence of a developing embryo.

Typically, acute toxicity fish studies evaluating the effects of neonicotinoids have
exposure durations of 48 to 96-hours post-fertilization during larval and later life stages
(e.g., Bowman and Bucksath 1990; Finnegan et al. 2017; Malhotra et al. 2021). In a recent
review, Anderson et al. (2015) reported that the majority of acute toxicity studies in fish
are limited in terms of the species examined. For example, as of 2015, Anderson et al.
(2015) reported that only ten fish species had undergone acute toxicity testing for the
effects of neonicotinoids, and of those, six were with imidacloprid, four were with
clothianidin, and one was with thiamethoxam. Of those studies, only one tested the effects
on the embryo life-stage (Zebrafish; Tisler et al. 2009) with imidacloprid for 48-hours and
reported an ECso of 408 to 1,160 mg/L. Other studies have also reported acute effects in
the > 1 mg/L range; however, exposure was not during fertilization or embryonic life
stages. For example, Sanchez-Bayo and Goka (2012) reported that the 96-hour the lethal
concentration to 50% of the test animals (LCso) based on neurotoxicity was 60,800 ug/L.
Ma et al. (2019) reported that an acute exposure of 120-hour duration with zebrafish
embryos and Acetamiprid (a neonicotinoid), whereby embryos were exposed 6-hours after
fertilization resulted in significant mortality at 374 mg/L and complete mortality at 760
mg/L. These latter toxic concentrations of a neonicotinoid are a factor of at least 100x
greater than the highest concertation used in the present sublethal study. Indeed, the
present study is the first to report acute fish embryo “pulse” exposures in fish, for

neonicotinoids.

In addition to the findings in the present study, adverse effects after of neonicotinoids
on various aspects of the reproductive endocrine axis have been shown in other fish. Ma
et al. (2019) reported endocrine and teratogenic effects on zebrafish embryos and larvae
after acute exposure to Acetamiprid, from 6 hours through to 120 hours post fertilization.

Adverse effects included embryonic deformities, a decrease in hatchability, and
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decreased larval length, albeit at concentrations 1,000 times greater than the current
study. Effects on the embryos included spinal and soft tissue deformities, pericardial and
yolk sac edemas, with the EC50 concentration at 263 mg/L after 120 hours post
fertilization (Ma et al. 2019). Hatchability was significantly decreased 72 hours post
fertilization in concentrations greater that 537 mg/L, and larval length was significantly
decreased in all test concentrations of Acetamiprid as low as 54 mg/L. Kocamaz and Oruc
(2020) showed endocrine disruption in adult male tilapia (Oreochromis niloticus) after
acute pulse exposures to 24 to 48 mg/L thiamethoxam (i.e., two “pulse” exposures on day
7 and day 15, followed by a week of clean water exposure / depuration). After the second
“pulse” of thiamethoxam and after depuration, blood plasma estradiol levels were
significantly lower than the controls. Similarly, after depuration, plasma levels of
testosterone were also significantly lower than the controls. As with Ma et al. (2019), these
concentrations were 1,000 times greater than the current study. To date, this is the only
acute exposure that supports the hypothesis that neonicotinoids disrupt the reproductive
endocrine axis at environmentally relevant concentrations. Given the limited data on acute
“pulse” exposures of neonicotinoids and sublethal endpoints in fish and the findings in the
present study reporting decreased fertilization success and abnormal growth, further
investigations examining the disruption of various aspect(s) of the endocrine system are

warranted.

4.2.2 Chronic Exposure
Hatch Fertilization, and Survival Success

This is the first chronic study to evaluate effects of a neonicotinoid mixture on fertilization,
hatch, and survival success, body morphometrics, and deformities on multiple genetic
crosses in a fish species. In this study exposure to waterborne exposure to mixtures of
equal parts clothianidin, imidacloprid and thiamethoxam (ranging from 0.15 to 150 ug/L)
was performed for one-hour post-fertilization and continued through to the swim-up and
feeding fry life stages (i.e., approximately 90 to 120 dpf). The neonicotinoid mixture did
not affect growth and development, however, parentage significantly influenced weight,
length, and condition factor based on the inclusion of four unique genetic crosses (referred
to as A, B, C and D) in this experiment. Interestingly, one cross (B) exhibited reducing
hatching success (12% decrease compared to the control). These data suggests that

multiple genetic crosses are necessary when examining survival, growth, and
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development during toxicity testing in this wild salmonid, which is consistent with the 2015
thiamethoxam results in the present study and for similar clothianidin experiments by
Marlatt et al. (2019).

Several studies have reported that chronic exposure to neonicotinoids is not lethal
below approximately 1 mg/L, which concurs with the findings of the present study. For
example, data used to derive the CCME interim imidacloprid guideline for freshwater
aquatic life, showed no effect on rainbow trout (Oncorhynchus mykiss) survival after a 60
day exposure at concentrations up to 19 mg/L. Likewise, Tisler et al. (2009) reported that
toxicity was not evident during zebrafish larval development after exposure to 320,000
Mg/L of imidacloprid; nor was survival reduced for rainbow trout embryos exposed for 98
days to imidacloprid to concentrations ranging from 1.3 to 20 mg/L (Anatra-Cordone and
Durkin 2005). However, the only known study that showed significant effects on rainbow
trout survival was one of the two unpublished studies used by the US EPA to derive the
chronic imidacloprid benchmark for freshwater aquatic life (Gries 2002). In this US EPA
study swim-up fry survival was significantly reduced at 1.2 to 19 mg/L, relative to the water
controls; however, survival was also greater in the solvent-control relative to the water
control as well (Gries 2002). Interestingly, the two (unpublished) studies used to derive
the chronic US EPA imidacloprid benchmark for freshwater aquatic life did not have typical
dose-response relationships nor consistency of sub-lethal effects. Gries 2002 found a
13% reduction in weight of rainbow trout swim-up fry at the lowest test concertation of 1.2
mg/L but lacked statistical significance in the highest concertation (2 mg/L), where a 10%
reduction in weight was observed. In the second study (Cohle and Bucksath 1991), no
morphological effects (with similar exposure concentrations as above) were observed for
rainbow trout, with imidacloprid concentrations ranging from 0.1 to 9 mg/L; however,
percent hatch success significantly enhanced in the highest concertation of 26.9 mg/L.
Collectively, these results also support the need for genetic variation during toxicity testing
for salmonid species, and importantly, to consider sublethal effects at environmentally

relevant concentrations as well as lethal concentrations.

4.2.3 Feeding Fry Sex Steroid Hormones

This is the second study to measure sex steroid hormones in fish after chronic exposure
to neonicotinoids. The first was a study published in Marlatt et al. (2019) showed a non-

monotonic concentration-response curve whereby chronic exposure to clothianidin
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resulted in an increase of estradiol only at the lowest concentration tested (i.e., 0.15 pg/L).
This was not the case in the current study where mean estradiol and testosterone
concentrations measured in one genetic cross (C) were not statistically different between
neonicotinoid mixture and control fish. Although this may be evidence that a neonicotinoid
mixture is not affecting whole body sex steroid concentrations, a critical quality
assurance/quality control issue in the present study confounds the ability to make a sound
conclusion. Specifically, the spiked hormone samples in the present study during the
whole-body hormone extraction phase of this experiment were unacceptably low. For
17B-estradiol, the present study reports an average recovery efficiency (+SE) of 29+5%,
whereas Marlatt et al. (2019) had an average recovery efficiency (+SE) of 76 +5%.
Similarly, the recovery efficiency of testosterone in this study was also low at 11.6%, while
Marlatt et al. (2019) mean recovery efficiency (+SE) was 76 5% for testosterone. Possible
explanations for the low recovery in the present study for both the estradiol and
testosterone could be a result of human error or different homogenization methods.
Regarding the latter, Marlatt et al. (2019) used a hand operated homogenizer and
individually homogenized each fish, whereas the present study employed a multi sample
automated mixer mill that may not have homogenized the whole bodies as thoroughly. In
any case, extraction efficiencies in the present study were very low and unacceptable,
with typical sex steroid extraction efficiencies for fish blood or tissues approximately 270%
(McMaster et al. 1992). Collectively, it is difficult to make conclusions based on the present
study regarding the effects of chronic waterborne sublethal neonicotinoid mixtures on sex
steroid hormone levels in wild sockeye salmon due to quality assurance and/or sample

size short comings.

4.2.4 Molecular Analysis Gene Expression

This study was designed to assess effects on gene expression, in the liver of
sockeye salmon, after chronic waterborne neonicotinoid mixture exposures during the
embryonic, alevin, swim-up fry, and the onset of the feeding up fry developmental stages.
The genes investigated in this study were related to biological processes / systems
including reproduction, growth, stress response, and nervous and immune function.
Several RT-gPCR bioassays were designed (and conducted) to measure mRNA levels of
select genes of interest, including two novel primers that were developed (but excluded).

In total, 24 primer sets were used (including references genes) and of these ten were
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successful while 14 primer set tests did not meet quality assurance/quality control criteria
for various reasons (i.e., low levels of gene expression, poor efficiency, or multiple peaks
from melt curve analysis, etc.). Nonetheless, of the successfully conducted RT-gPCR
assays, no statistical differences between treatments for each of the 10 target genes were
observed. These findings are similar to those reported by Marlatt et al. (2019) where these
same genes were examined in wild sockeye salmon after exposure to 0.15 to 150 ug/L
clothianidin, and only glucocorticoid receptor 2 transcript levels decreased approximately
4-fold in the highest clothianidin treatment. In general, this targeted gene expression
approach after continuous chronic exposure post-fertilization through to the fry stage to
neonicotinoids supports the lack of sublethal effects observed on growth and development
after both the thiamethoxam and the neonicotinoid mixture exposure in the present study.
However, more thorough investigations of changes in transcript abundance by inclusion
of multiple time points, given the dynamic nature of hormones and non-monotonic
responses, along with global gene expression analysis using RNAseq, would provide
more definitive evidence of whether (or not) neonicotinoids influence gene expression

under such chronic exposure scenarios during early life stages in sockeye salmon.
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5 Future Recommendations and Conclusions

There were a few notable limitations of the experiments presented in this research
that could be rectified in future works. The first limitation was the duplicate replicate test
vessel exposure design in 2015, that was employed to accommodate multiple genetic
crosses. A greater number of replicate test vessels would provide more statistical power
given the genetic variation between crosses. Also, for enhanced statistical power, given
the acquired 2016 data, a priori power analyses would also be beneficial for the
biochemical and molecular endpoints. There was also some unreliability for survivorship
in the gravel bed flume exposure, due to the inability to capture individuals, which could
be modified to rectify the issues. There was also unacceptable recovery of hormone
extractions in the 2016 experiment. Validation of the mixer mill is recommended to
determine if full body homogenization (followed by hormone extraction) is different than
the manual homogenizer. Furthermore, the evaluation of histopathology of feeding fry
gonads in order to support or reject the hypothesis that neonicotinoids disrupt the

development of the gonads, and thus, the reproductive endocrine axis, is recommended.

Nonetheless, despite the limitations of this study, valuable insights on the impacts
of neonicotinoid pesticides on a wild Pacific salmonid have been gained. Indeed, this is
the first study to report the acute and chronic effects of environmentally relevant
concentrations of (1) thiamethoxam, ranging from 0.15-150 ug/L and (2) a mixture of
clothianidin, imidacloprid, and thiamethoxam neonicotinoid pesticides, ranging from
0.045-450 pg/L on wild sockeye salmon. The 2015 thiamethoxam chronic exposures
resulted in no adverse effects; however, given the low n (n=2) and the considerable
variation between replicates in survival, including the control replicates, further
investigation into survival at the lowest test concentrations is recommended. Parentage
did influence growth in both the 2015 thiamethoxam and 2016 neonicotinoid mixture
studies, which strongly suggests that multiple genetic crosses are necessary when
examining survival, growth, and development during toxicity testing in this wild salmonid.
Interestingly, despite no effects on growth and development during chronic thiamethoxam
or neonicotinoid mixture exposures, acute thiamethoxam exposure during fertilization
showed reproductive toxicity via decreased fertilization success and subsequent
teratogenic effects with abnormal length, weight, and condition factor in swim-up fry in

both the thiamethoxam and the neonicotinoid mixture exposures. These findings could
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have potential implications for wild salmon populations as pulse exposures are
environmentally relevant, especially given the amount of rainfall in the Fraser Valley.
During the wet season and rainfall events, recently deposited or fertilized salmon eggs
could be acutely exposed to low levels of thiamethoxam in surface water. A decrease of
25% in fertilization success would be detrimental to sockeye populations, especially those
designated as endangered of concern by the IUCN. Finally, this study also demonstrates
adverse effects of neonicotinoids on growth ensue after acute exposure during fertilization
in wild sockeye salmon, but further studies to examine the underlying molecular
mechanisms of action in this species and if such reproductive toxicity and teratogenicity
are observed in other fish species are warranted. These additional studies are
recommended particularly in light of the reported adverse effects of noenicitinoids on
endocrine system measures observed in sockeye that some exhibit evidence of a non-
monotonic dose-response, thus adding a layer of complexity that merits further

investigation.
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