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ABSTRACT

This study examines benthic invertebrate assemblages of two contrasting river
systems: the Salt River and Dog River, adjacent tributaries of the Slave River, located
near the town of Fort Smith, Northwest Territories. The study sites, located in different
ecoregions, express contrasting geophysical and geochemical characteristics: the Salt
River draining karst geology and the Dog River draining Canadian Shield geology. Prior
to this study, these two rivers were relatively unstudied by scientists, despite their
significance for water and cultural resources to indigenous people of the area. At the time
of this study, interest in exploring the potential use of these sites as part of the Canada-
Alberta Oil Sands Monitoring program was being explored. The purpose of this study
was therefore to gain baseline knowledge about these systems for future biomonitoring
purposes. The objectives of this thesis were to examine and compare community
composition, taxon richness and prevalence, and trophic structure of the benthic
invertebrate communities. Results showed significant differences in taxon richness,
prevalence, and trophic structure of the benthic assemblages between the two rivers. The
results suggests that the geophysical and geochemical differences between the two rivers

led to differences between the benthic invertebrate communities.
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CHAPTER 1: INTRODUCTION

1.1: BACKGROUND

River Ecosystems

Rivers are used for many purposes, such as transportation, water supply, and
power generation (Poff, 1997). The exploitation of river systems has had negative
consequences including the loss of species, fisheries closures, and water quality decline
(Abramovitz, 1996; Collier et al., 1996; Naiman, 1995). This in turn has led to the
increase in the conservation and restoration of river ecosystems (Allan and Flecker,
1993).

River ecosystems are complex systems consisting of interacting physical,
chemical, and biological components (Thoms, 2006). Physical and chemical
characteristics such as flow depth, velocity, temperature, substrate size, oxygen content,
and turbidity determine distribution (Allan, 1995), composition, and abundance of
aquatic species (Parsons and Thoms, 2007). For example, differences in flooding
duration, soil structure, and vegetation results in highly diverse habitats within river —
floodplain systems, therefore, resulting in high variation among species diversity (Lorenz
et al., 2004). This study examines benthic invertebrate community response to
physiochemical variables such as flow patterns, conductivity, and substratum.

Benthic Macroinvertebrates

Benthic macroinvertebrates occupy substrates including sediments, debris,
macrophytes, and filamentous algae of aquatic environments during at least one of their
life stages. Examples include dragonflies and damselflies (Odonata), stoneflies

(Plecoptera), mayflies (Ephemeroptera), caddisflies (Trichoptera), dobsonflies



(Megaloptera), beetles (Coleoptera) and true flies (Diptera) (Hauer and Lamberti, 2007).
These organisms are significant food sources for higher trophic levels such as fish
making them an important component of stream ecosystems (Hauer and Lamberti, 2007).
They are commonly used in research because they offer many advantages in
biomonitoring (Rosenberg & Resh, 1993). There is extensive knowledge on their traits
and tolerances, they have adapted to survive in nearly all freshwater habitats and their
body size allows them to be sampled easily (Lenat et al., 1980; Reynoldson et al., 2001).
They respond to a wide range of stressors and their sedentary nature allow for site-
specific monitoring (Abel, 1989; Rosenberg & Resh, 1993).

A goal of biomonitoring programs, to assess river ecosystems, is most effectively
accomplished by studying the health of its aquatic organisms (Karr, 1991). Current
monitoring programs rely on the sorting and morphological identification of benthic
invertebrates to generate biodiversity indices (Gibson et al., 2015). This method is time
consuming and requires taxonomic experts (Hajibabaei et al., 2011). Challenges
associated with morphology-based identifications can be overcome with new methods of
taxonomic analysis such as DNA metabarcoding using high-throughput gene sequencing
platforms (Hajibabaei et al., 2012), using DNA extracted from soil, water, air, and
benthic samples (Hajibabaei et al., 2011).

Food Webs

Food web analysis provides another way to assess the status of river ecosystems.
Food webs represent interactions between organisms and the transfer of energy and
nutrients between those organisms. They provide a framework by which to represent and

explore the response of river communities, including benthic invertebrates, to ecological



disturbance (de Ruiter et al., 2005). Important objectives in food web analysis include
identification of energy sources, the assignment of consumers to trophic levels, and the
identification of consumer diets (Hauer and Lamberti, 2007).

The two main sources of primary production within a river ecosystem are
autochthonous energy sources produced within the aquatic environment such as
macrophtyes, phytoplankton, or algae and allochthonous energy sources from riparian
terrestrial vegetation. According to the river continuum concept (Vannote et al., 1980),
influences of autochthonous and allochthonous energy sources vary along the river
continuum from headwaters to mouth. For example, the narrow streams of the headwaters
are more influenced by riparian vegetation. These streams would have more
allochthonous detritus inputs and less autochthonous inputs due to shading. Wider
streams would be more influenced by autochthonous energy inputs due to proportionally
more solar radiation and less riparian vegetation entering the stream (Vannote et al.,
1980). Autochthonous energy producers including algae, cyanobacteria, bryophytes, and
vascular macrophytes provide a key source of energy inputs to aquatic ecosystems.
According to Carroll et al. (2016), autochthonous sources in karst springs played a larger
role in stream ecosystems than allochthonous sources regardless of canopy cover.

Secondary production involves the acquisition of energy by consumers within an
ecosystem. In river ecosystems, benthic macroinvertebrates are a major component of
primary and secondary consumers (Hauer and Lamberti, 2007). Freshwater invertebrates
can be categorized by Functional Feeding Groups (FFG), which characterizes
invertebrates based on their morpho-behavioral mechanism of food acquisition

(Cummins and Klug, 1979). For example, shredders use chewing and mining to feed on



coarse particulate organic matter (CPOM) such as leaves and associated microbiota,
diatoms, and other algae, collectors are filter or suspension feeders that feed on fine
particulate organic matter (FPOM), scrapers graze on periphyton, and predators ingest
whole or parts of animals (Cummins and Klug, 1979).

Habitat selection by benthic invertebrates depends on numerous factors including
physical, chemical, and biotic interactions (predation and competition for resources)
(Rabeni and Minshall, 1977). Geology, flow patterns, substrate composition, and
conductivity contribute to the spatial variability among benthic communities. According
to studies by Lorenz et al. (2004) and Moog et al. (2004), ecoregions, which are defined
by their geological and ecological features, are major contributing factors to benthic
community variability. Fluctuations in water levels and substrate composition also impact
benthic invertebrate distribution. As water levels drop, many benthic organisms move
into the interstitial spaces of the substratum called the hyporheic zone (Boulton, 1989).
Substrate type affects the ability of organisms to seek refuge in the hyporheic zone. For
example, the ability of certain orders (Ephemeroptera, Plecoptera, Trichoptera) to
colonize a sand/silt substratum is lower (Waters, 1995) than other taxa such as
Chironomidae and Oligochaetae (Gray and Ward, 1982). The effects of other factors such
as salinization on the biotic community in rivers and streams are not well known (Allan,
1995). Several studies have found a reduction in diversity and abundance in
macroinvertebrate assemblages when salinity concentrations increase (Hart et al., 1990,
1991). Piscart et al. (2005) observed taxonomic groups such as Ephemeroptera,
Coleoptera, and Heteroptera were more sensitive to higher salinities while other groups

such as Mollusca, Crustacea, Diptera, Trichoptera and Oligochaeta were more tolerant.



Study Location

The Salt and Dog Rivers are tributaries of the Slave River located in the
Northwest Territories, Canada. These rivers were chosen for this study because of their
ecological and cultural importance to the local people and their potential for exploration
for industrial purposes. Historically, both rivers were used by local Aboriginal people for
fishing and hunting (Gunn, 2000). The Dog River was also used by First Nations people
to travel to their winter camp (McCreadie, 2014). Currently, local people use the Salt
River to fish for longnose suckers (Catostomus catostomus), walleye (Sander vitreus),
and ling cod (Ophiodon elongates) and the Dog River for fishing, camping, and canoeing.
The Dog River is the site of a youth cultural camp and is a potential site for tourism
development by the Smith Landing First Nation (Wohlberg, 2014). As industrial
activities, such as oil and gas development, oil sands operations, pulp and paper mills,
coal and uranium mining, agriculture and forestry, expand upstream of the Slave River,
there is the potential threat of contamination. Obtaining baseline information on these
systems is important for predicting future impacts.

This study compares spatial and temporal patterns in the benthic invertebrate
communities of the Salt and Dog Rivers during the ice-free seasons of early and late
summer. The objectives are to compare community composition, taxon richness and
prevalence, and trophic structure of the invertebrate assemblages of each river.
Contrasting physical and chemical characteristics include geology, stream size,
substratum, flow patterns, and conductivity. Both rivers flow into the Slave River within
close proximity of each other but are located in different geographical ecoregions with

contrasting geological features. The Salt River is a shallow, narrow, meandering river,



located in a karst region, and is characterized by land formations consisting of water-
soluble elements such as gypsum and limestone (Gunn, 2000), and has corresponding
high levels of conductivity. The Dog River is a deeper, wider river, typical of streams,
located in the Boreal Shield ecoregion, and is characterized by Precambrian bedrock
exposed by glacial action (Spence and Rausch, 2005), and by low ionic strength waters.
Due to the geophysical and geochemical differences, | predict that community
composition and prevalence of assemblages will vary significantly between the rivers and
taxon richness and trophic complexity will be lower in the Salt River, which constitutes a

harsh environment in terms of extreme levels of conductivity.

1.2: SIGNIFICANCE OF STUDY

This study seeks to generate new knowledge regarding these unstudied river
ecosystems. The Northwest Territories covers 1,183,085 km? (Wonders, 2011). It is
sparsely populated and many areas have limited accessibility making research
challenging. Although, there are other karst rivers (i.e., Buffalo River, Little Buffalo
River and Nahanni River) and Boreal Shield rivers (i.e., Snowdrift River, Taltson River,
Thoa River, and Abitau River) in the Northwest Territories, there have been few studies
on benthic invertebrates in this region. A couple of notable ones were conducted over 20
years ago (e.g., Little, 1997; McCarthy et al., 1997).

The purpose of my study is to gain baseline information about these systems and
their benthic invertebrate communities for future monitoring. As part of the
biomonitoring network for the Integrated Monitoring Program for the Oil Sands, the Salt
and Dog Rivers are being studied to determine what impact, if any, contaminants from

the development of the oil sands have on the environment. This monitoring program was
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developed by Environment and Climate Change Canada and federal, provincial,
territorial, and independent scientists to assess ecological effects of stressors related to
the development of the oil sands (Environment Canada, 2011). Research has shown that
the oil sands contribute 13 pollutants to the Athabasca River and its tributaries. The 13
pollutants were elements on the US Environmental Protection Agency list of priority
pollutants: Sh, As, Be, Cd, Cr, Cu, Pb, Hg, Ni, Se, Ag, Tl, and Zn (Kelly et al., 2010).
The possible pathways of transport of these contaminants include aerial transport,
snowmelt and runoff transport, and groundwater transport (Alexander and Chambers,
2016).

It is important to study the spatial and temporal variability among aquatic
ecosystems to effectively assess the health of the system and promote their preservation
in the future. Obtaining baseline information on these systems can be used to assess any
changes that occur over time. While these river systems are considered pristine
environments and it is expected that are currently un-impacted by contaminants from the
oil sands, baseline understanding of their underlying structures and functions is required

to support their future conservation against a background of future development.
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CHAPTER 2: A COMPARISON OF THE SALT RIVER AND DOG
RIVER BENTHIC MACROINVERTEBRATE COMMUNITIES USING
DNA METABARCODING

2.0: ABSTRACT

This chapter concerns a comparative study of benthic invertebrate communities of
two contrasting tributaries of the Slave River. | hypothesized that there would be
significant differences between benthic invertebrate assemblage composition, taxon
richness, and indicator taxa resulting from geophysical and geochemical differences
between the two rivers. Benthic invertebrates were collected from the main channel from
3 sites in the Salt River and 3 sites in the Dog River. Both rivers were located near Fort
Smith, Northwest Territories. Benthic samples were collected at each site, and subjected
to DNA metabarcoding generating a detailed list of invertebrate taxa, which was used to
examine and compare community composition, taxon richness, and prevalence between
the two rivers. Results showed that dipteran taxa were the most prevalent in samples,
with the highest taxon richness among chironomids. Ephemeroptera-Plecoptera-
Trichoptera (EPT) taxon richness represented low proportions relative to other taxa found
within both rivers. Multi-response permutation procedures (MRPP) revealed significant
statistical differences between the two rivers. Taxon richness of most orders, except
Coleoptera and Collembola, was higher in the Dog River. The taxa with the highest
prevalence varied between the two rivers. Indicator species analysis identified 74 taxa in
the Dog River and 46 taxa in the Salt River. Results suggest that conductivity and
patterns in streamflow were the greatest contributors to the differences among the benthic

communities between the two rivers.
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2.1: INTRODUCTION:

Biomonitoring is the surveillance of living organisms to detect changes on
environmental conditions (Cairns and Pratt, 1993). Physical and chemical measurements
will provide information on the water quality at a specific time whereas biological
measurements can provide information on past and present water conditions (Hauer and
Lamberti, 2007). Biomonitoring program objectives include assessment of watershed
ecosystem health, stressor identification, ecosystem-trend observation and the
development of biotic indices (Hall et al., 2000). The Reference Condition Approach
(RCA) is a bioassessment method that compares test sites to reference sites of similar
habitats that are considered minimally disturbed based on specific physical, chemical,
and biological characteristics (Reynoldson et al., 1997). In Canada, the Canadian Aquatic
Biomonitoring Network (CABIN) is based on a national standardized sampling protocol
that employs RCA (Reynoldson et al., 2001).

Biodiversity is a quantitative measure used to evaluate the integrity of biotic
systems (Rosenberg and Resh, 1993). Important factors to consider when quantifying
biodiversity are species richness and distribution of the individual organisms of the
species present (evenness) (Abel, 1989). Diversity indices attempt to measure both
species richness and evenness (Washington, 1984), and assume that diversity is
proportional to environmental stability and therefore, a measure of ecosystem integrity
(Ravera, 2001). The belief among many researchers is that as the number of species
increases, the quality and stability of an ecosystem improves (Lydy et al., 2000).

The use of benthic invertebrates in biological monitoring has been an integral part
of evaluating the health of aquatic environments (Karr, 1991). Their ubiquitous and

sedentary nature and general abundance allow them to be easily sampled from many
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freshwater ecosystems. The health of a river or stream can be inferred with the
knowledge of the community structure and tolerance levels of these organisms. A
determining factor for a stream in good health is a diverse benthic invertebrate
community (Barbour et al., 1999). It is expected that a benthic community will be
impacted in a polluted stream with large amounts of organic waste or detritus and
reduced oxygen availability (Strachan et al., 2009). For example, Ephemeroptera,
Plecoptera, and Trichoptera, referred to as EPT taxa are more likely to be found in
unpolluted, clean waters (Chang et al., 2014; Strachan et al., 2009) while most Dipteran
taxa such as Chironomidae are usually associated with polluted waters (Barbour et al.,
1999).

The research on benthic invertebrates in the Northwest Territories is limited. One
of the few studies was a benthic invertebrate survey in 1990 and 1991 conducted in the
Slave River to examine potential contamination from industrial and agricultural sources
(MccCarthy et al., 1997). Findings showed low benthic invertebrate abundance and
chironomids and small oligochaetes were dominant. Another study identified benthic
invertebrate prey of various fish species found in the Slave River and Salt River. The
invertebrates found in the Salt River included Amphipoda, Ephemeroptera, Zygoptera,
Trichoptera, and Chironomidae (Little 1997). These studies can potentially be used for
benthic assemblage comparisons with the results of the present study.

There are challenges associated with using benthic invertebrates for
biomonitoring. Aquatic benthic invertebrates collected at larval stages are difficult to
identify below the family level (Hajibabaei et al., 2011). Taxonomic experts are required

for species-level identifications and reference material and keys may be of variable
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quality resulting in increased error rates (Jones, 2008; Sweeney et al., 2011). More
recently, DNA sequencing can overcome challenges associated with morphological
identifications such as cost effectiveness, speed, and accuracy (Carew et al., 2013). High-
throughput sequencing (HTS) of DNA extracted from soil, water, air, and/or benthic
samples can provide a rapid and accurate method to assess the presence of species within
aquatic ecosystems (Hajibabaei et al., 2012). The advantages to this method include the
ability to analyze mixtures of DNA fragments and multiple template genomes without the
need to separate and sort organisms (Table 2.1). DNA metabarcoding can assist with
biomonitoring of benthic invertebrates in freshwater ecosystems by reducing limitations
inherent to morphological identification methods (Hajibabaei et al., 2012).

Table 2.1: A comparison of the steps involved with morphological identification of
benthic invertebrates at taxonomic laboratories and DNA metabarcoding.

Morphological identifications DNA metabarcoding
Samples are subsampled using a Marchant | Vacuum pump used to filter samples
box
Samples are sorted into orders/families DNA extracted from filters
Quality control auditor ensure sorting PCR amplification regime used to amplify
efficiency to 95% or greater fragments of COI DNA barcode
Taxonomist identifies samples [llumina reads generated from COI
fragments
Quality control auditor re-identifies 10% | Samples are identified using the
of samples MEGABLAST algorithm

Studies using DNA metabarcoding to identify benthic invertebrates show
promising results. One study used DNA metabarcoding to identify a key benthic
invertebrate group — the non-biting midges (Chironomidae) and was successful in
identifying 46 different species including many that were difficult to identify using

morphological methods (Carew et al., 2013). Another study compared different
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identification methods of benthic invertebrates in rivers including morphology-based,
DNA barcoding, and next-generation barcoding, showing accurate identification of all
species that were represented by a minimum of 1% of the individuals (Hajibabaei et al.,
2011). There are, however, limitations to DNA metabarcoding with the possibility of
cross-contamination from upstream and riparian environments. Also, it does not provide
information on the abundance of taxa, and is a relatively new technology with limited
DNA libraries (Hajibabaei et al., 2012).

The first objective of this study was to describe and compare the assemblage
composition, taxon richness and prevalence of benthic invertebrates in the Salt and Dog
Rivers. The second objective was to identify and compare indicator taxa in each river,
and explore how assemblage composition in each river was influenced by contrasting
environmental conditions. Despite their close geographical proximity, the Salt River and
Dog River are located in different ecoregions with different geochemical and geophysical
characteristics. The Salt River is a shallow, narrow river that flows through karst terrain
and exhibits high conductivity. The Dog River, located in the Canadian Shield, has a
greater depth and width and low conductivity. The flow patterns also differ between the
Salt and Dog Rivers. The hydrograph (Figure A.1) of runoff data from 1973 — 1980
showed the Salt River experienced more variable patterns with a large peak in discharge
in mid-April and a smaller peak in discharge in mid-June. The recorded data from 1973 —
1994 showed the Dog River experienced a single large peak in discharge in mid-May
with the water levels gradually decreasing over the summer months. Considering these
differences, | made the following predictions. My hypothesis was that geophysical and

geochemical differences between the two rivers resulted in significant divergence in
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benthic invertebrate assemblage structure, as measured by composition, taxon richness
and indicator taxa driving patterns.

Increased industrial activity in the lower Mackenzie, focusing on the Peace and
Athabasca watersheds has raised concerns regarding the health of downstream rivers
including the Slave River and its tributaries, which include the Salt and Dog Rivers. The
benthic invertebrate surveys conducted in this study can provide useful baseline data for
these two rivers to support detection of future change arising from upstream

development.

2.2: METHODS/ANALYSIS:
2.2.1: Study area

The Salt River and the Dog River are located near the town of Fort Smith in the
Northwest Territories (Figure 2.1). Both rivers are tributaries of the Slave River and are
part of the Mackenzie River basin that has a catchment extending from central Alberta to
the Arctic Ocean (Culp et al., 2005). For most of its length, the Salt River runs along the
boundary of Canada’s largest national park Wood Buffalo (area: 44,030 km?, Figure 2.1).
The Salt River is a slow-flowing, meandering river that for much of its length flows
parallel to the Slave River (Drake, 1970). It reaches its confluence with the Slave River at
Thebacha Campground approximately 20 km west of Fort Smith. The Dog River flows
into the north side of the Slave River near Fort Fitzgerald, Alberta approximately 24 km
Southeast of Fort Smith, outside the boundary of Wood Buffalo National Park. Figure 2.2

shows the locations of the study sites in the Salt River and Dog River.
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Figure 2.2: Map of site locations for 2013 & 2014. (SR: Salt River; DR: Dog River).
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Climate and Geology

The Fort Smith, NWT area has a Mid-Boreal climate (Ecoregions Working
Group, 1989) with long, cold winters and short, hot summers. A report from Agriculture
and Agri-Food Canada (1997) states that the mean annual temperature is —3.5°C. The
coldest month, January, has a mean temperature of —22°C and the warmest month, July,
has a mean temperature of 16°C. The average annual precipitation is between 330 and
360 mm. Daily solar input is between 1 and 1.2 mJ/m?/day in December and between 21
and 22 mJ/m?/day in June.

Fort Smith lies on the boundary of two physiographical regions, the Boreal Plains
and the Boreal Shield, separated by the Slave River. The area located in the Boreal Plains
was once part of a huge basin overlying soft, layered bedrock (Gunn, 2000). The Dog
River, located in the Boreal Shield ecoregion, is characterized by Precambrian bedrock
exposed by glacial action (Spence, 2005). The Boreal Shield was formed from the eroded
mountain ranges created by collisions of land masses (Gunn, 2000).

The Salt River flows through karst terrain containing water-soluble elements such
as gypsum, halite (salt), and limestone. Karst, found on carbonate rocks, is the principle
site of geological processes including dissolution, precipitation and sedimentation. The
topography is formed mainly by the dissolving of rock that creates sinkholes,
depressions, and channels (Field, 2002). The unique characteristics of karst aquatic
environments include the appearance, storage and circulation of water. Water collects in
interconnected pockets at the top of cracks, fissures and channels. The surface provides a
range of habitats with different chemical and biological processes. Karst systems are

known as fragile environments with rare and endangered species (Bonacci et al., 2009).
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Minerals such as gypsum that became trapped after the evaporation of a warm-water sea
that once covered the area has created the unique rock formations. Gypsum is ten times
more water-soluble than limestone. This explains why the vast underlying salt beds are

being dissolved at such a fast rate (Gunn, 2000).

2.2.2: Site descriptions
Salt River:

Site 1 was located at Thebacha Campground (Figure 2.2) near numerous cabins
approximately 30 km downstream of site 2. This site was close to the river mouth, with a
sand/silt substratum. Benthic samples were collected from the wadeable section of the
river that had a depth of approximately 10 — 50 cm. The river channel was open (0%
canopy cover) and plants near the shoreline included white spruce (Picea Glauca), balsam
poplar (Populus balsamifera), trembling aspen (Populus tremuloides), willow (Salix) and
alder (Alnus). The aquatic plant bur reed (Sparganium eurycarpum) was present in
approximately 50% of the river (Figure 2.3). Sites 2 and 3 were located near the Salt
River Day Use Area (Figure 2.2) located 24 km south of Fort Smith. It is nearby hiking
trails, sinkholes, and the hibernaculum of the red-sided garter snake (Thamnophis
sirtalis). In the spring, the snakes emerge from hibernation attracting many visitors to the
area. Longnose suckers (Catostomus catostomus) migrate up the river in the spring to
spawn. There are sinkholes nearby and bison (Bison bison athabascae) herds travel on the
road nearby (Gunn, 2000). Site 2 was downstream and site 3 was upstream of the Salt
River Day Use Area and the two sites were approximately 1.1 km apart. At these
locations, the river had a rocky substratum consisting of gravel, pebbles, cobbles, and

boulders. There were large karst formations near these sites. The terrestrial plants near
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the shoreline were grasses (Poaceae family), dandelions (Compositae family), alder,
willow, and dwarf birch (Betula nana). Balsam poplar and white spruce trees were found
further from the shoreline. The site had abundant macrophytes and aquatic plant
productivity such as green algae (Figures 2.4 and 2.5). At site 2, canopy cover was
approximately 1 — 25%, the width of the river was approximately 5 metres and the water
depth was approximately 45 — 70 cm. At site 3, the width of the river was approximately

5 metres and the water depth was approximately 15 — 30 cm. Canopy cover was 0%.

Figure 2.3: Site 1 at Thebacha campsite, Salt River.
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Figure 2.4: Site 2 located downstream of Salt River Day Use Area.

Figure 2.5: Site 3 located upstream of Salt River Day Use Area. Note extensive algal
growth.
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Dog River:

Dog River is a slow-flowing river with 0% canopy cover. The substrate consisted
of sand and silt and submerged and emergent macrophytes were abundant. The terrestrial
plants near the shoreline were dominated by sedges (Cyperaceae family), willows, alders,
and poplar and white spruce trees. The aquatic plants included water lilies
(Nymphaeaceae) and cattails (Typha latifolia). Site 1 was located near a newly
constructed campsite at the mouth of the river, with an approximate width of 50 metres
(Figure 2.6). Site 1 was approximately 2 km downstream of site 2. Benthic samples were
collected from the wadeable section of the river near the shoreline that had a depth of 25
— 75 cm. Site 2 was located near a small waterfall and large extruding bedrock formation,
which is a popular resting spot for canoers and boaters (Figure 2.7). The area sampled
was on the other side of the rock formation where water flow slows down and pools. The
section of the river had an approximate width of 20 — 25 metres. The water depth at the
location of benthic sample collection was approximately 50 — 75 cm. Emergent
macrophytes were abundant covering about 50 — 75% of this section of the river and
canopy cover was 0%. Site 3, located up-stream of waterfall, had greater canopy shading
than sites 1 and 2 (1 — 25%), and a river width of approximately 10 — 15 m (Figure 2.8).
Benthic samples were collected near the shoreline where the water depth was

approximately 50 — 75 cm. Sites 2 and 3 were approximately 0.6 km apart.
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Figure 2.6: Site 1 near the mouth of the Dog River.

Figure 2.7: Site 2 downstream of the waterfall of the Dog River.
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Figure 2.8: Site 3 upstream of the waterfall of the Dog River.

2.2.3: Sample Collection

Benthic invertebrate samples were collected from the Salt River and Dog River
using a kick-net with a 30 cm wide opening and a 400pm mesh (Table 2.2). In the Salt
River at sites 2 and 3, the kick-net was placed on the stream substrate and the bed
material was disturbed in a zigzag motion for 3 minutes. At the Dog River sites and Salt
River site 1, the net was placed near the shoreline and the base of the vegetation was
disturbed for 3 minutes in a kicking and sweeping motion. Care was taken not to disturb
the substrate. Benthic samples were removed from the net and placed in 1 L sterile plastic
containers. Ethanol was added to the container to a concentration of 95%, which was then
placed in a —20°C freezer until transported to the lab for storage and subsequent analysis.
Terrestrial insects associated with emergent vegetation were noted to occur in aquatic

samples. Although, terrestrial and aquatic ecosystems are usually investigated separately,
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it is important to recognize these habitats may be interconnected, and terrestrial insects
may provide a food source for aquatic invertebrates. For this reason, terrestrial insects
collected in benthic samples were included in the results to provide a more complete

picture of the river system food web.

Table 2.2: Number of benthic invertebrate samples collected at each site at different
dates for DNA metabarcoding.

Date August 2013 July 2014 August 2014
Site 1 2 3 1 2 3 1 2 3
Salt River 3 3 3 0 3 3 3 3 3
(No. samples)
Dog River 3 3 3 3 3 3 3 3 3
(No. samples)

2.2.4: Sample Processing

Water samples were analyzed by Environment & Climate Change Canada’s
National Laboratory for Environmental Testing (NLET) in Burlington, ON and
Saskatoon, SK using in-house standard operating procedures (Environment Canada,
2012). Both laboratories are accredited to 1ISO 17025 by the Canadian Association for
Laboratory Accreditation. One set of water samples was collected at each site. The
parameters that were tested include specific conductance, bicarbonate, total hardness,
total dissolved solids, total alkalinity, dissolved/filtered sodium, turbidity, total dissolved
nitrogen, and total dissolved phosphorus (Table A.1).

Benthic macroinvertebrates were stored in ethanol and shipped to the University
of New Brunswick in Fredericton, NB. A subset of samples for year 1 (2013) were
morphologically identified in-house in accordance to the CABIN protocols (family-level

ID) for the purposes of comparison with the DNA sample analysis. Once the samples
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were received, they were transferred from 95% ethanol to a —80°C freezer to preserve
DNA integrity. Subsampling was conducted using sterile techniques (nitrile gloves were
used and all equipment was washed with a DNA-removing bleaching agent ELIMINase
Laboratory Decontaminant). ELIMINase eliminates RNase, DNase, and DNA from
surfaces. Samples were placed in a Marchant Box, a sub-sampling box consisting of 100
individual cells, (Marchant, 1989) to attain a required minimum count of 300 individuals
and a minimum of 5 subsamples as per CABIN lab protocols (Reynoldson et al., 2001).
The samples placed in a Marchant Box were evenly distributed within the cells. The cells
to be identified were randomly chosen until 300 organisms were counted with at least 5
cells sorted and identified, and the final cell fully enumerated. Quality control audits were
carried out on a regular basis and re-sorted if the sorting efficiency was less than 95%.
Again, sterile technigues were applied at all stages of this process to avoid DNA
carryover between samples.

Benthic invertebrate identifications were based on current published references
conforming to the Integrated Taxonomic Information System (ITIS). Taxa were
identified to the Standard Taxonomic Effort (STE) with the minimum identification to the
family level. Ten percent of samples of each project were audited with a complete re-
identification and enumeration of the selected samples by another operator (Reynoldson

et al., 2001).

DNA extraction

Each of the water samples was filtered via vacuum pump through individual
0.22um filters. Total DNA of each of the filters was extracted using a MoBio

PowerWater DNA kit following the manufacturer’s instructions and eluted in 50uL of
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Nanopure water (molecular grade water that has been purified using a
Barnstead/Thermolyne Nanopure lab water system).

PCR amplification and high-throughput sequencing

Two fragments within the standard COl DNA barcode region were amplified with
two primer sets in a two-step PCR amplification regime (Hajibabaei et al., 2011). The
F230 fragment of COI is approximately 230bp in length, is found at the 5’ end of the
standard barcoding region and is amplified using the standard Folmer et al. (1994)
forward primer (F GGTCAACAAATCATAAAGATATTGG) and a reverse primer
newly designed for this study using sequences from a wide range of arthropod orders
(230_R CTTATRTTRTTTATICGIGGRAAIGC). The BE fragment of COl is
approximately 314bp in length, is found toward the 3’ end of the standard barcoding
region, and has no overlap with the F230 region. The BE fragment is amplified using the
following primers, previously optimized for use with a broad range of arthropod orders:
B CCIGAYATRGCITTYCCICG (Hajibabaei et al., 2011), and R5
GTRATIGCICCIGCIARIAC (Gibson et al., 2014). The first PCR used COI specific
primers and the second PCR involved Illumina-tailed primers. The PCR reactions were
assembled in 25puL volumes. Each reaction contained 2uL. DNA template, 17.5uL
molecular biology grade water, 2.5uL 10x reaction buffer (200mM Tris HCI, 500mM
KCI, pH 8.4), 1uL MgCl2 (50mM), 0.5uL dNTPs mix (10mM), 0.5uL forward primer
(10mM), 0.5uL reverse primer (10mM), and 0.5uL Invitrogen’s Platinum Taq
polymerase (5 U/uL). The PCR conditions were initiated with heated lid at 95°C for
5min, followed by a total of 30 cycles of 94°C for 40s, 46°C (for both primer sets) for

1min, and 72°C for 30s, and a final extension at 72°C for 5min, and hold at 4°C.
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Amplicons from each sample were purified using Qiagen’s MiniElute PCR purification
columns and eluted in 30uLL molecular biology grade water. The purified amplicons from
the first PCR were used as templates in the second PCR with the same amplification
condition used in the first PCR with the exception of using Illumina-tailed primers in a
30-cycle amplification regime. All PCRs were done using Eppendorf Mastercycler ep
gradient S thermalcyclers and negative control reactions (no DNA template) were
included in all experiments. PCR products were visualized on a 1.5% agarose gel to
check the amplification success. All generated 48 amplicons plates were dual indexed
and pooled into a single tube and sequenced on a Miseq flowcell using a V2 Miseq
sequencing kit (250 x 2)(FC-131-1002 and MS-102-2003).

Bioinformatic processing

For all 51 samples collected in 2013 and 2014, a total of 20,674,850 Illumina
reads were generated from both COI fragments. For each sample, the forward and reverse
raw reads for the BE fragment and the F230 fragment were merged with SEQPREP
software (https://github.com/jstjohn/SegPrep) requiring a minimum overlap of 25bp and
no mismatches, resulting in 9,031,761 total paired-end reads (mean — 177,093.4
reads/sample). All lllumina paired-end reads were filtered for quality using PRINSEQ
software (Schmieder and Edwards, 2011) with a minimum Phred score of 20, window of
10, step of 5, and a minimum length of 100bp. A total of 2,192,374 paired BE reads
(mean — 42,987.7 reads/sample) and a total of 1,363,047 paired F230 reads (mean —
26,726.4 reads/sample) were retained for further processing. USEARCH v6.0.307
(Edgar, 2010) with the UCLUST algorithm was used to de-replicate and cluster the

remaining sequences using a 99% sequence similarity cutoff. This was done to denoise
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any potential sequencing errors prior to further processing. Chimera filtering was
performed using USEARCH with the de novo UCHIME’ algorithm (Edgar et al., 2011).
At each step, cluster sizes were retained, singletons were retained, and only putatively
non-chimeric reads were retained for further processing. All filtered, non-chimeric reads
from all 51 samples were pooled and clustered at 98% similarity using USEARCH. For
those clusters including at least 100 sequences, membership in each cluster for each
sample was recorded as an OTU sequence abundance matrix (DNA-OTU).

Both BE and F230 sequences were pooled for each sample and identified using
the MEGABLAST algorithm (Zhang et al., 2000) against a reference library. This
reference library contained all verified COI sequences downloaded from the GenBank
database September 5" 2014 with a minimum length of 100bp (N = 985,210 sequences).
All MEGABLAST searches were conducted with a minimum alignment length
percentage of 85% and a minimum similarity of 90%. Taxonomic identifications were
recovered based on unambiguous top matches. Genus, family, and order matrices for taxa
with a minimum of ten sequences per sample were generated for each sample based on
these matches (heretofore referred to as DNA-order, DNA-family, DNA-genus). Only
taxon names within benthic metazoan phyla (i.e., Annelida, Arthropoda, Mollusca,

Chordata, Cnidaria) were included in analysis.

2.2.5: Data analysis

Benthic invertebrate assemblages in the Dog and Salt Rivers were compared in
this study. The program PC-ORD 5.10 (McCune and Mefford, 2016) was used to
visualize differences between the communities in our two study rivers. Nonmetric

Multidimensional Scaling (NMDS) ordinations were performed on site-specific matrices
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(Dog River 2013 & 2014, Salt River 2013 & 2014) using random configurations to
identify spatial and temporal patterns (McCune & Grace, 2002). The Sorenson (Bray-
Curtis) similarity index was selected to calculate a matrix of distances or similarities
among taxa (McCune and Mefford, 2016). NMDS ordinations were presented visually on
a graph. The axis are unitless but show the similarities or dissimilarities of the
communities (McCune & Grace, 2002). Multi-response permutation procedures (MRPP)
were used to statistically test spatial and temporal group differences. MRPP is a
nonparametric method that tests the differences between two or more groups (McCune &
Grace, 2002). In this study, MRPP were used to determine if the benthic communities
differed between the Salt River and the Dog River and if the communities differed from
all sites of each river from 2013 to 2014.

Indicator taxa are defined as organisms that are indicative of a particular habitat
or ecological conditions (Bakker, 2008). Indicator taxa with the highest fidelity in the
different rivers at different time points were identified using Indicator Species Analysis
(ISA) in PC-ORD 5.10. ISA involves the calculation of an Indicator Value (1V) for taxa
in a group (McCune and Grace, 2002). The mean prevalence, xxj, was calculated of taxa j
in group k:

Nk
Z dijk
= =

Xy = 1
. [1]

where, aijk is the prevalence of species j in sample unit i of group k and n is the number

of sample units in group k.
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The relative prevalence, RAj,0f species j in group k was calculated:

Xkj

RAjk = g

2% 2]

The matrix was transformed to a presence-absence matrix:
— 40
bij = aj [3]
The relative frequency, RFy;,0f species j in group k was calculated:

Z bijk [4]

RF K — i:t_]

k

The two proportions were combined yielding an indicator value (1Vi;):
AV K — 100 (RAkj X Rij ) [5]

Ubiquitous taxa had high indicator values and uncommon taxa had low indicator values.
The resultant p-value is based on the proportion of randomized trials with IV equal to or
exceeding the observed IV. Calculated Vs were assessed for statistical significance using

Monte Carlo randomizations with 10,000 permutations.

2.3: RESULTS
Benthic invertebrates collected from the Salt and Dog Rivers in 2013 and 2014

were identified using high-throughput sequencing (HTS) of environmental DNA
extracted from benthic samples. Taxon richness was higher in the Dog River than in the
Salt River overall, and also when broken down by order, with the exception of Coleoptera
and Collembola. Of the 556 genera identified in the Dog River and 280 genera identified

in the Salt River, only 136 genera were found in both rivers (Figure 2.9).

32



Salt River

' 136 Dog River
280 genera

genera 556 genera

Figure 2.9: Venn diagram of Salt River and Dog River taxa identified using DNA
metabarcoding.

Table 2.3 lists the orders with the highest taxon richness identified using HTS.
There were similarities between the benthic assemblages of the two rivers. Results of
2013 and 2014 were pooled in order to get an overall picture of the systems for the two
years. Dipterans were the most prevalent taxa in both rivers but dipteran taxon richness
was significantly greater in the Dog River (170 genera) than in the Salt River (69 genera)
(Table 2.3). The most prevalent family with the highest taxon richness was
Chironomidae. Less tolerant EPT taxa represented low richness with 60 genera in the
Dog River and 25 genera in the Salt River. Ephemeroptera and Trichoptera richness was
significantly lower in the Salt River (Table 2.3). These results were, at least in a limited
sense, corroborated by morphologically identified benthic invertebrate samples collected
in 2013, which also showed higher taxon richness in the Dog River than the Salt River,

high chironomid abundance and low EPT abundances in both rivers (Table 2.4).
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Table 2.3: Taxon richness to the genera level of benthic invertebrates in the Salt River

and Dog River 2013 & 2014 identified using high-throughput DNA sequencing.

Order Dog River genera Salt River genera
Diptera 170 69
Lepidoptera 72 24
Coleoptera 39 47
Araneae 39 24
Hymenoptera 27 22
Trichoptera 28 13
Ephemeroptera 27 8
Diplostraca 22 6
Hemiptera 21 11
Ploima 15 13
Odonata 7 6
Basommatophora 8 4
Collembola 5 7
Plecoptera 5 4
Total EPT taxa 60 25
TOTAL 485 258
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Table 2.4: Abundances of morphologically identified benthic invertebrates collected in
2013 from the Salt River and Dog River. Taxa values are ranked by decreasing
abundance/phylum in the Dog River.

Phylum Class/Subclass Order Family Dog Salt
River River
Arthopoda Branchiopoda Diplostraca Daphniidae 32790 0
Insecta Diptera Chironomidae 3343 6310
Branchiopoda Diplostraca Sididae 7773 0
Unknown 6893 0
Ostracoda Podocopida Unknown 1430 5230
Maxillopoda Harpacticoida Unknown 60 5210
Cyclopoida Unknown 2913 230
Amphipoda Unknown 2700 20
Branchiopoda Diplostraca Chydoridae 830 0
Cladocera 700 0
Insecta Ephemeroptera  Leptophlebiidae 643 0
Hemiptera Aphididae 360 50
Diptera Unknown 117 260
Ephemeroptera Unknown 360 0
Hemiptera Corixidae 193 150
Trichoptera Phryganeidae 200 0
Entognatha Collembola Sminthuridae 107 50
Insecta Odonata Coenagrionidae 147 0
Ephemeroptera Caenidae 140 0
Coleoptera Dytiscidae 70 30
Arachnida Prostigmata Unknown 100 0
Insecta Trichoptera Leptoceridae 87 10
Branchiopoda Diplostraca Polyphemidae 97 0
Macrothricidae 83 0
Arachnida Trombidiformes  Unionicolidae 80 0
Insecta Diptera Dixidae 50 0
Coleoptera Haliplidae 17 30
Maxillopoda Calanoida Unknown 47 0
Entognatha Collembola Unknown 40 0
Insecta Trichoptera Limnephilidae 37 0
Hemiptera Notonectidae 27 10
Diptera Ceratopogonidae 30 0
Hymenoptera Unknown 13 10
Trichoptera Unknown 20 0
Hemiptera Unknown 20 0
Diptera Stratiomyidae 0 20
Trichoptera Hydroptilidae 20 0
Coleoptera Unknown 7 10
Diptera Culicidae 0 10
Ephydridae 0 10
Megaloptera Sialidae 10 0
Thysanoptera Unknown 0 10
Trichoptera Limnephilidae 10 0
Odonata Aeshnidae 7 0
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Table 2.4 (cont):

Phylum Class/Subclass Order Family Dog Salt

River River
Arachnida Unknown Unknown 7 0

Mollusca Gastropoda  Basommatophora  Lymnaeidae 423 7200
Planorbidae 440 0
Physidae Unknown 230 0
Unknown Unknown 107 0
Bivalvia Unknown Unknown 50 0

Rotifer Unknown Unknown Unknown 40 2330
Cnidaria Hydrozoa Anthoathecata Hydridae 157 30
Platylhelminthes Turbellaria Unknown Unknown 10 0

Further statistical analysis compared the benthic invertebrate assemblages in the
Salt River and Dog River. As predicted, the communities of the two rivers were found to
be statistically different over the 2013 — 2014 period (MRPP: A = 0.135, p < 0.001).
NMDS ordination plots for 2013 and 2014 data indicated no overlap between the Salt

River and Dog River benthic invertebrate assemblages (Figure 2.10).

Dog River 2013
Salt River 2013
M @ Dog River 2014

1
|

@ Salt River 2014

Axis 1

Figure 2.10: The nonmetric multidimensional scaling (NMDS) ordination between the
Dog River and Salt River from 2013 to 2014.

36



The most prevalent taxa in the Dog River include Amphipoda (1 genus), Araneae
(3 genera), Diplostraca (1 genus), Diptera (9 genera), Ephemeroptera (1 genus), and
Hemiptera (1 genus) (Table 2.5a). The most prevalent taxa in the Salt River include
Araneae (1 genus), Coleoptera (1 genus), Diplostraca (1 genus), Diptera (6 genera),
Hemiptera (2 genera), Chaetonotida (1 genus), and Ploima (3 genera) (Table 2.5b). The
taxa in common found in both rivers were Diplostraca (Macrotrichidae), Diptera
(Chironomidae, Simuliidae), and Hemiptera (Reduviidae). Dipterans were the most

diverse taxa in both rivers.
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Table 2.5: Taxa with highest prevalence.

(a.) Dog River

Phylum Order Family Genus Prevalence
Arthropoda Amphipoda Hyalellidae Hyalella 0.85
Araneae Leptonetidae Neoleptoneta” 0.63
Selenopidae Selenops” 0.70
Thomisidae Mecaphesa” 0.81
Diplostraca Macrotrichidae Macrothrix 0.96
Diptera Chironomidae Corynoneura 0.93
Cricotopus 0.96
Polypedilum 0.67
Stempellinella 0.78
Tanytarsus 1.0
Thienemanniella 0.74
Culicidae Anopheles 0.78
Drosophilidae Drosophila” 0.85
Simuliidae Simulium 0.93
Ephemeroptera ~ Ephemeridae Hexagenia 0.70
Hemiptera Reduviidae Rhynocoris” 0.74
(b.) Salt River
Phylum Order Family Genus Prevalence
Arthropoda Araneae Pisauridae Dolomedes 0.75
Coleoptera Silphidae Calosilpha” 0.75
Diplostraca ~ Macrotrichidae Macrothrix 1.0
Diptera Chironomidae Corynoneura 0.96
Cricotopus 0.92
Dicrotendipes 0.75
Tanytarsus 0.75
Thienemanniella 0.67
Simuliidae Simulium 0.79
Hemiptera Corixidae Trichocorixa 0.79
Reduviidae Rhynocoris” 0.71
Gastrotricha ~ Chaetonotida  Chaetonotidae  Heterolepidoderma 0.75
Rotifera Ploima Brachionidae Brachionus 0.88
Lecanidae Lecane 0.79
Notommatidae Eosphora 0.88

* terrestrial taxa
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Indicator Species Analysis identified 88 indicator taxa in total with 74 in the Dog
River and 46 in the Salt River (Table 2.6). This supports my prediction that taxa driving
the patterns of the benthic communities will differ between the two rivers. The order
Diptera was dominant with the family Chironomidae representing 18 genera in the Dog
River and 9 genera in the Salt River of indicator taxa. Ephemeroptera and Trichoptera
indicator taxa represented 12 genera in the Dog River and 5 genera in the Salt River with
low prevalence ranging from 0.04 to 0.33.

Indicator taxa belonged to various functional feeding groups including collectors-
gatherers, collector-filterers, shredders, scrapers, and predators. Collector-gatherers and
collector-filterers together represented 76% of Dog River taxa and 50% of Salt River
taxa. Shredders represented 7% of Dog River taxa and 13% of Salt River taxa. Scrapers
represented 14% of Dog River taxa and 2% of Salt River taxa. Predators represented 20%

of Dog River taxa and 17% of Salt River taxa.
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Table 2.6: Indicator taxa identified in the Dog River and Salt River using PC-Ordination.

Phylum Order Family Genus v p Dog River | Salt River Functional
value | value | Prevalence | Prevalence Feeding Group
Annelida | Arhynchobdellida | Erpobdellidae Erpobdella 29.6 | 0.026 0.37 0 Grazer
Arthropoda Amphipoda Hyalellidae Hyalella 44.8 | <0.001 0.85 0.21 Shredder
Araneae Agelenidae Agelena 33.3 | 0.007 0.13 0 Predator
Lycosidae Trochosa 50.0 | <0.001 0.33 0 Predator
Pisauridae Dolomedes 36.7 | 0.014 0.26 0.71 Predator
Salticidae Myrmarachne 33.3 | 0.009 0.11 0 Predator
Selenopidae Selenops 50.0 | <0.001 0.7 0.04 Predator
Theridiidae Cryptachaea 28.6 | 0.015 0.04 0.13 Predator
Theridiidae Robertus 28.2 | 0.029 0.04 0.29 Predator
Thomisidae Mecaphesa 43.1 | 0.002 0.81 0 Predator
Coleoptera Buprestidae Chrysobothris 40.0 | <0.001 0 0.25 Herbivore
Elateridae Stenagostus 20.0 | 0.031 0 0.13 Scavenger
Silphidae Calosilpha 36.9 | 0.007 0.41 0.75 Scavenger
Collembola Bourletiellidae | Deuterosminthurus | 33.3 | 0.005 0 0.21 Collector-gatherer
Onychiuridae Onychiurus 26.7 | 0.026 0 0.17 Collector-gatherer
Diplostraca Chydoridae Acroperus 40.0 | 0.002 0.44 0.04 Collector-gatherer
Chydoridae Graptoleberis 34.7 | 0.006 0.41 0 Collector-gatherer
Daphniidae Simocephalus 48.6 | 0.001 0.41 0.13 Collector-filterer
Macrotrichidae Lathonura 22.2 | 0.047 0.15 0 Collector-filterer,
scraper
Diptera Agromyzidae Galiomyza 55.6 | <0.001 0.37 0 Shredders
Chironomidae | Bryophaenocladius | 22.2 | 0.038 0.22 0 Collector-gatherer
Chironomus 41.7 | 0.003 0.56 0 Collector-gatherer
Cladopelma 38.9 | 0.003 0.26 0 Collector-gatherer
Cladotanytarsus 30.5 | 0.027 0.19 0.25 Collector-gatherer
Dicrotendipes 47.8 | <0.001 0.22 0.75 Collector-gatherer
Heterotrissocladius | 22.2 | 0.038 0.22 0 Collector-gatherer
Labrundinia 309 | 0.02 0.52 0 Collector-gatherer
Microtendipes 354 | 0.01 0.56 0 Collector-gatherer
Nanocladius 23.4 | 0.048 0.37 0.04 Collector-gatherer
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Table 2.6 (cont):

Phylum Order Family Genus v p Dog River | Salt River | Functional Feeding
value | value | Prevalence | Prevalence Group
Diptera Chironomidae Neozavrelia 35.6 | 0.004 0.15 0.04 Collector-gatherer
Parachironomus 23.9 0.05 0.26 0.13 Predator, parasite,
collector-gatherer
Paracricotopus 44.4 | 0.001 0.15 0 Collector-gatherer
Parakiefferiella 29.6 | 0.009 0.3 0 Collector-gatherer
Parapsectra 31.6 | 0.016 0.15 0.33 Collector-gatherer
Polypedilum 36.3 | 0.009 0.75 0.17 Predator, shredder-
herbivore,
Collector-gatherer
Psectrocladius 30.3 | 0.041 0.59 0.04 Collector-gatherer
Stempellinella 43.1 | 0.002 0.78 0.04 Collector-gatherer
Xenochironomus | 39.5 | 0.002 0.52 0 Collector-gatherer
Culicidae Anopheles 42.3 | 0.003 0.78 0.21 Collector-filterer
Drosophilidae Drosophila 43.3 | <0.001 0.85 0.25 Herbivore
Muscidae Potamia 27.8 | 0.010 0.19 0 Predator
Phoridae Chaetopleurophora | 38.6 | 0.003 0 0.21 Scavenger
Psychodidae Micropygomyia 34.9 | 0.008 0.04 0.21 Collector-gatherer
Nyssomyia 28.6 | 0.014 0.11 0 Collector-gatherer
Simuliidae Simulium 30.6 | 0.003 0.93 0.79 Collector-filterer
Tabanidae Chrysops 32.7 | 0.022 0.19 0.42 Predator
Tachinidae Genea 20.0 | 0.031 0 0.13 Parasite
Ephemeroptera Baetidae Acentrella 22.2 | 0.045 0.11 0 Collector-gatherer
Ambiguous 26.9 | 0.046 0.04 0 Collector-gatherer
Callibaetis 27.8 | 0.009 0.33 0.08 Collector-gatherer
Pseudocloeon 35.4 | 0.009 0.04 0 Collector-gatherer
Ephemerellidae Ephemerella 44.4 | <0.001 0.07 0.04 Collector-gatherer,
scraper
Ephemeridae Ephemera 54.3 | <0.001 0.04 0 Collector-gatherer,
predator, filterer
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Table 2.6 (cont):

Phylum Order Family Genus v p Dog River | Salt River Functional
value | value | Prevalence | Prevalence Feeding Group
Ephemeroptera Heptageniidae Heptagenia 33.3 | 0.009 0.07 0 Collector-gatherer,
Scraper
Maccaffertium 46.5 | <0.001 0.11 0 Collector-gatherer
Scraper
Leptophelbiidae Leptophlebia 44.7 | 0.001 0.04 0 Collector-gatherer
Paraleptophlebia 23.7 | 0.045 0.07 0.13 Collector-gatherer
Shredder-
herbivore
Potamanthidae Potamanthus 57.1 | <0.001 0.04 0 Collector-gatherer
Hemiptera Cicadellidae Cuerna 25.4 | 0.03 0 0.04 Herbivore
Corixidae Hesperocorixa 35.6 | 0.007 0.04 0 Collector-gatherer
Sigara 48.7 | <0.001 0.33 0 Collector-gatherer
Gerridae Limnoporus 33.3 | 0.005 0.11 0.04 Predator
Reduviidae Rhynocoris 22.2 | 0.045 0.74 0.71 Predator
Hymenoptera Braconidae Glyptapanteles 20.0 | 0.028 0.04 0 Parasite
Ichneutes 33.3 | 0.007 0 0.13 Parasite
Opius 20.0 | 0.032 0 0.04 Parasite
Scelionidae Gryon 22.2 | 0.034 0 0.04 Parasite
Julida Julidae Ommatoiulus 22.2 | 0.048 0 0.04 Shredder
Lepidoptera Sphingidae Manduca 22.2 | 0.046 0 0.04 Herbivore
Neuroptera Hemerobiidae Psectra 31.6 | 0.023 0.04 0 Predator
Trichoptera Calamoceratidae Phylloicus 30.2 | 0.008 0 0.04 Collector,
shredder-detrivore
Lepidostomatidae Lepidostoma 44.1 | 0.002 0.11 0.04 Shredder-detrivore
Trombidiformes Pionidae Piona 39.7 | 0.003 0.15 0 Predator
Mollusca | Basommatophora Planorbidae Anisus 25.4 | 0.043 0.04 0 Scraper
Stylommatophora Achatinellidae Achatinella 25.0 | 0.039 0.04 0 Scraper
Ambiguous 22.2 | 0.047 0.07 0 Scraper
Basommatophora Physidae Physa 33.3 | 0.01 0.04 0 Scraper
Physella 22.2 | 0.044 0.04 0 Scraper
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Table 2.6 (cont):

Phylum Order Family Genus v p Dog River | Salt River Functional
value | Value | Prevalence | Prevalence Feeding Group

Mollusca Pulmonata Rhytididae Natalina 44.4 | <0.001 0.04 0 Scraper

Nematoda Rhabditida Strongylidae Murshidia 28.6 | 0.013 0 0.08 Parasite
Rotifera Philodinida Philodinidae Dissotrocha 22.2 | 0.043 0.07 0 Collector—filterer
Philodina 46.9 | <0.001 0.19 0 Collector—filterer
Rotaria 24.4 | 0.039 0.15 0 Collector—filterer
Ploima Gastropidae Ascomorpha 39.7 | 0.004 0.15 0.08 Collector—filterer
Lecanidae Lecane 29.4 | 0.042 0.52 0.79 Collector—filterer
Synchaetidae Polyarthra 39.5 | 0.002 0.59 0.13 Collector—filterer




2.4: DISCUSSION

Northern aquatic ecosystems are sensitive to contaminants due to the extreme
climate (Schindler and Smol, 2006). With the increase in industrial activity in the north
and limited prior knowledge, there is a need to assess these ecosystems. By establishing
baseline data, knowledge gained from this study can be used to evaluate responses to
anthropogenic stressors and to detect changes that can act as early warning signals
(Spencer et al., 2008).

Community Composition & Taxon Richness

Differences in community composition of benthic invertebrates were observed
between the Dog River and Salt River. With less than 20% of the total taxa found in both
rivers, differences among the community assemblages were significant. Dominant taxa in
the Dog River included Lepidoptera, Hyalella (Amphipoda: Hyalellidae), and Hexagenia
(Ephemeroptera: Ephemeridae) while Diptera, Coleoptera and Collembola, were among
the dominant groups in the Salt River.

Overall, taxon richness was twice as high in the Dog River than in the Salt River.
Moreover, most orders including Ephemeroptera and Trichoptera had lower taxon
richness in the Salt River. Past research has found Plecoptera, Trichoptera, and
Ephemeroptera were the most intolerant benthic invertebrates to pollution (Chang et al.,
2014). A previous study of karst rivers in Slovenia involving EPT taxa found that
Ephemeroptera and Trichoptera assemblages were impacted by environmental factors
and conductivity was the most important variable that affected taxon richness within
these groups (Hrovat et al., 2014). Another study in river basins of varying salinities in
Spain found low EPT taxa in streams with higher salinities (Gallardo-Mayenco, 1994).

This indicated that the Salt River presents a harsh environment for many
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macroinvertebrate taxa occurring within the region as a consequence of its high salt
content and associated conductivity.

Despite the harsh environmental conditions prevailing within the Salt River, some
groups were very successful in colonizing the area. The dominant group was dipterans
with 69 taxa. Taxon richness of the orders Coleoptera and Collembola was higher in the
Salt River than in the Dog River. Results from previous studies reported various dipteran,
coleopteran, and collembolan species in saline waters. The study of Spanish river basins
of varying salinity levels also found Diptera and Coleoptera to have the highest taxon
richness (Gallardo-Mayenco, 1994). Another study reported collembolan species to have
adapted to environments with high salinities (Witteveen and Joosse, 1987).

Prevalence

Taxon prevalence varied between the two rivers. The prevalence of some rotifer
genera was higher in the Salt River. Research on these groups show they have high
tolerances for saline environments. For example, two studies in brackish lagoons
collected over 30 rotifer species (Sarma and Elias-Gutierrez, 1997; Sarma et al., 2000).
Other genera with high prevalence in the Salt River were Heterolepidoderma
(Gastrotricha: Chaetonotida), Stagnicola (Mollusca: Lymnaeidae), and Trichocorixa
(Hemiptera: Corixidae). Past research on these groups suggests their distribution is linked
to high salinity tolerances or variable flow patterns. My results found Heterolepidoderma
among the most prevalent taxa in the Salt River (0.75) as compared to the Dog River
(0.19). According to Balsamo et al. (2008), the order Chaetonotida are widely distributed
in freshwater and marine habitats. The genus Stagnicola (Mollusca: Lymnaeidae) was

more prevalent and abundant in the Salt River than in the Dog River. Field research
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conducted on this genus found one species (Stagnicola fuscus) were very prevalent in
temporary wetlands (Beran, 2008). The genus Trichocorixa (Hemiptera: Corixidae) was
very prevalent in the Salt River but not found in the Dog River. Scudder (1976) found
Corixidae to be one of the most abundant organisms in saline inland habitats. These
results support the possibility that conductivity and flow are contributing to observed
differences in community composition between the two rivers.
Indicator Taxa

Indicator taxa differed between the Dog River and Salt River. Of the taxa
identified, most were found in the Dog River but only about half were found in the Salt
River. Taxon richness of the dominant groups including Diptera, Ephemeroptera and
Mollusca was significantly higher in the Dog River. Twice as many chironomid genera
were observed in the Dog River when compared to the Salt River. Prevalence of most
indicator taxa was low in the Salt River. Coleoptera and Collembola were among the few
groups with higher taxon richness in the Salt River. Past research indicated dipterans,
coleopterans, and rotiferans have higher salinity tolerances; therefore, it is not surprising
that the most prevalent indicator taxa in the Salt River include genera from the Diptera
(Simulium, Dicrotendipes), Coleoptera (Calosilpha), and Rotifera (Lecane). The indicator
taxa occupied a range of functional feeding groups but collectors were dominant.
Collectors feed on small detrital particles (Cummins and Klug, 1979). The low
abundance of other functional feeding groups could be the result of limited food
availability for other groups.

In terms of genus-level prevalence, chironomids were the dominant group in the

Dog River and the Salt River. The family Chironomidae is a group of aquatic insects with
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high ecological importance. As the most diverse group of aquatic insects, chironomids
are found in most types of aquatic environments. They are well adapted to unstable
environments such as temporary freshwaters (Williams, 1996). Larvae occupy all
functional feeding groups feeding on detrital particles, algae, vascular plants, fungal
spores, and animals (Merrit and Cummins, 1996). Results of similar studies found high
prevalence and abundance of chironomids. A survey conducted on the Slave River
mainstem downstream of Fort Smith, NT found the benthic community was dominated
by chironomids (McCarthy et al., 1997). Other studies using distribution patterns of
benthic invertebrates conducted in the Boreal Shield in northern Ontario found high
abundances of chironomids in less disturbed rivers (Ellis and Jones, 2016; Jones, 2013).
Research conducted in karst springs in the United Kingdom found Chironomidae to be
the most prevalent family, occurring at all of the sites and in 87.9% of all samples (Smith
and Wood, 2002). Mean percentages of benthic invertebrates collected in limestone
springs in Austria were 44% Diptera with headwater sites dominated by Chironomidae
(Pokorny et al., 2012).

In conclusion, DNA metabarcoding produced an extensive list of taxa, identified
to the genus level. This list was used to compare invertebrate communities of the two
rivers. In both rivers, taxon richness and prevalence of chironomids were high and EPT
taxa were low. Similar results were found in other northern systems of similar climates
(ie., McCarthy et al., 1997). Differences in community composition, taxon richness, and
prevalence were observed between the communities. Overall, taxon richness was
substantially higher in the Dog River, as was expected, most likely the result of more

favorable physical and chemical factors. Results suggest that the greatest contributing
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factor to lower diversity patterns in the Salt River was the high salinity content. The taxa
that had higher taxon richness in the Salt River (ie., dipterans, coleopterans, and
rotiferans ) were those know to have high tolerances to saline environments.

The detailed list of taxa produced using DNA metabarcoding was sufficient to
make comparisons between both rivers, however there were limitations to this study.
DNA metabarcoding is a relatively new method benthic invertebrate identification and
DNA libraries are limited. The taxonomic resolution was limited to the genus-level or
lower. There was little prior knowledge of these systems. The sites were remote, difficult
to access, and were inaccessible at times due to poor weather conditions (ie., forest fires).
The sites were sampled only during one summer season, in July and August. In the
future, it would be beneficial to identify all taxa to the level of species. Future studies
should include morphological identifications of benthic taxa to gain knowledge on
abundances. Also, temporal variations should be explored further by sampling during the

other seasons.
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Appendix A: Supplementary Material

Table A.1: Water chemistry variables of the Salt River and Dog River from samples
collected in summer 2014,

Variable Salt River Dog River
Mean Range Mean Range
(min — max) (min — max)
Bicarbonate 167.5 92.0 - 255.3 64.1 48.4 -162.1
(mg/L)
Hardness total 1026.2 470.7 - 1617.8 52.3 39.7 - 136.5
CaCOs(mg/L)
Total Dissolved 6836.5 2967.7-12578.1 62.8 50.4 - 140.9
Solids (mg/L)
Alkalinity 150.5 99.9 —236.0 52.6 39.7 -133.0
total CaCOs
(mg/L)
Sodium 2348.9 971.0 — 4350.0 4.9 40-85
Dissolved/filtered
(mg/L)
Turbidity 1.8 05-41 4.1 2.2-5.9
(NTU)
Nitrogen 1.051 0.484 —1.55 0.616 0.446 — 0.999
Total dissolved
(mg/L)
Phosphorus 9 222 12 8-21
Total dissolved
(ng/L)
Specific 11938 5390 - 21 500 120 96 - 263
Conductance
(nS/cm)

54



0.9
~———07NB001 (Slave River d/s of rapids: 1973-2010) 07NBOO1 (1973 - 1980)

——07NBO008 (Dog River: 1973-1994) . e (TNBOOS (1973 - 1980)
0.8 F e,

———07NB007 (Salt River: 1973-1980)

0.7

= = =
- n =N

Average runoff (mm day™)

e
i

0.1

01-Jan 0l-Feb  01-Mar 01-Apr  01-May 01-Jun 01-Jul 01-Aug 01-Sep 01-Oct 01-Nov  0l-Dec
Day
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(1973 — 1994), and the Salt River for time period (1973 — 1980) recorded at gauging
stations by the Water Survey of Canada.
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CHAPTER 3: COMPARING THE TROPHIC STRUCTURE OF TWO
CONTRASTING BENTHIC MACROINVERTEBRATE FOOD WEBS
USING STABLE ISOTOPE ANALYSIS

3.0: ABSTRACT

This chapter compares the trophic structure of the benthic invertebrate
communities in the Salt River and Dog River. Benthic invertebrates, macrophytes,
periphyton, and terrestrial plants were collected from the Salt River and the Dog River in
July and August (2014). Carbon and nitrogen isotope ratios were used to examine energy
sources and trophic positions of invertebrates from the food webs of these two rivers.
Results show that the major contributor to the diets of consumers came from autotrophic
energy sources, reflecting macrophyte peak growth during spring and early summer.
These results are consistent with expectations from previous studies where autotrophy
dominates during spring and summer seasons. A comparison of trophic positions of the
functional feeding groups revealed significant differences of collector-gatherers,
shredders (in July), and predators between the Salt River and Dog River. Variability of
trophic positions were high among the collector-gatherers and predators. Trophic
positions of both collector-gatherers and predators were higher in the Salt River in July
and August. This may have resulted from consumers feeding on sources of varying

nitrogen isotope values leading to the high variability among their trophic positions.
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3.1: INTRODUCTION:

Trophic dynamics is the process by which energy is transferred from one part of
an ecosystem to another (Lindeman, 1942). Trophic structure is generally described
either as trophic position or ‘level” (Lindeman, 1942) or as trophic networks, termed food
webs (Elton, 1927). Trophic levels describe different steps within a theoretical food
chain. Organisms grouped by trophic level (ie., producers, primary consumers, and
secondary consumers) are dependent on the preceding level as a source of energy
(Lindeman, 1942). Food webs describe biological communities and the feeding
interactions between organisms (de Ruiter et al., 2005). They show linkages of different
species through their interactions and represent the transfer of organic matter and energy
through the system (Allan and Castillo, 2007). Structure and function of aquatic food
webs can vary based on different factors including biogeography, substratum,
temperature, geomorphology, and interactions among species present (Hauer and
Lamberti, 2007).

Primary production

Potential primary producers in streams providing energy sources for invertebrates
that include course particulate organic matter (CPOM), fine particulate organic matter
(FPOM), periphyton and macrophytes. CPOM consists of leaves, needles, bark, large
woody debris, macrophytes, and parts of terrestrial plants, whereas, FPOM consists of
unattached living or detrital matter (Cummins and Klug, 1979). Periphyton or “biofilm”
describes the entire attached microbial community consisting of protists, algae, fungi,
bacteria and associated matter (Cummins and Klug, 1979). Periphyton grows on different

surfaces including rocks, sand, and submerged logs. The dominant primary producers in
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streams are benthic algae including diatoms, filamentous and nonfilamentous green algae,
cyanobacteria, red algae and other algal groups (Hauer and Lamberti, 2007).

Energy sources of aquatic food webs are greatly influenced by two factors,
canopy cover and water depth (Hauer and Lamberti, 2007). Autochthonous (i.e., within-
system) production is a major energy source for benthic food webs in streams and rivers
with lower riparian shading (Vannote et al., 1980). Streams with shallow and clear waters
and with reduced canopy cover have higher light penetration allowing for benthic algal
growth. As rivers become larger, unattached phytoplankton becomes more abundant due
to increased depth and turbidity (Vannote et al., 1980). Narrow streams that are
influenced by riparian vegetation would have more allochthonous (ie., outside-system)
detritus inputs and less autochthonous inputs due to shading (Vannote et al., 1980).
Allochthonous detritus consists of CPOM such as leaves, needles, bark, large woody
debris, and parts of terrestrial plants (Hauer and Lamberti, 2007).

Secondary Production

The flow of energy through food webs of biological systems is a component of
ecosystem function (Hauer and Lamberti, 2007). Secondary production is the amount of
heterotrophic biomass available for consumption by higher trophic levels (Thorp and
Covich, 2001). It quantifies resource utilization by a population within a specific time
interval (Benke and Jacobi, 1994). Aquatic insects usually play a dominant role in
secondary production within stream ecosystems (Thorp and Covich, 2001). Measures of
relative contribution of main primary sources to invertebrate production in a stream
combined into functional feeding groups may prove useful in describing total energy flow

through a community (Hauer and Lamberti, 2007)

58



Stable isotope analysis of carbon (§*3C) and nitrogen (8*°N) can help determine trophic

positions and energy sources of consumers within an ecosystem (Peterson and Fry, 1987).
Isotopes are atoms of the same element that have different numbers of neutrons in the
nucleus (Fry, 2006). Stable isotope methods allow for ecologists to trace elements being
cycled (Fry, 2006). The conservation of §*3C values at the different levels of a food chain
renders this isotope useful for determining energy sources of consumers (Zanden and
Rasmussen, 1999). The isotopic enrichment in & °N at successive trophic levels allows
this isotope to be used to determine the trophic position of consumers (Minagawa and
Wada, 1984). A major advantage of stable isotope analysis over other methods such as
gut analysis is that it provides a time-integrated estimate of the diet of an organism for a
relatively long period (Zanden and Rasmussen, 1999).

The use of stable isotope analysis has been increasing rapidly in environmental
studies involving benthic invertebrates. One study used carbon and nitrogen isotopes to
investigate carbon sources of chironomids in Canadian Arctic food webs (Chételat et al.,
2010). Another study examined the trophic structure and carbon sources of the benthic
invertebrate community in a glacier stream in the Swiss Alps (Zah et al., 2001). The §*C
range of consumers can provide insight into the trophic diversity of an ecosystem if the
isotopic composition of primary producers from the study groups are relatively constant
and distinct. According to Layman et al. (2007), food webs with multiple energy sources
contributing to higher trophic levels should have higher §*3C isotope ranges and higher
diversification.

The purpose of this study was to examine and compare the trophic structure of the

benthic invertebrate community in the Dog River and Salt River. The first objective was
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to determine whether the energy sources driving the food web structure in both rivers are
aquatic or terrestrial. My hypothesis was that the major energy source in both rivers will
be aquatic due to the lack of canopy cover at most sites. The second objective was to
compare the trophic positions of the benthic macroinvertebrate taxa of both systems. My
hypothesis was that the trophic positions will be higher in the Dog River due to a more

diverse ecosystem.

3.2 METHODS/ANALYSIS
3.2.1: Site descriptions

The sites were a subset of the sites from Chapter 2 (Figure 3.1). There was one
Salt River site located upstream of the Salt River Day Use Area (Figure 3.2). See Chapter
2 Salt River site 3 for a detailed description. There was one Dog River site located near
the waterfall and bedrock formation (Figure 3.3). See Chapter 2 Dog River site 2 for a

detailed description.
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Figure 3.1: Map of the Salt River and the Dog River sites.
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Figure 3.3: Dog River site located near the waterfall and bedrock formation.
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3.2.2: Field Sampling/ Live Sorting

Benthic invertebrates were collected from the Salt and Dog River in accordance
with CABIN protocols (Reynoldson et al., 2001). Samples were collected with a 400um
mesh kick-net with a 30 cm opening. In the Salt River, the kick-net was placed on the
stream substrate and the bed material was disturbed in a zigzag motion for 3 minutes.
Due to the sand/silt substrate, in the Dog River, the kick-net was placed near the
shoreline and the vegetation was disturbed for 3 minutes. All material was placed in a
tray and dragonfly larvae were placed in vials and identified. The damselfly larvae were
taken directly from the mesh of the kick-net and placed in vials and identified. The
remaining material was sorted and identified in the laboratory using a dissecting
microscope. Multiple organisms were placed in single vials except for larger benthic
invertebrates such as odonates. Potential food sources were also sampled. Of the 312
combined samples collected 22 were periphyton, 67 were plants, and 223 were benthic
invertebrates. Taxonomic resolution of the benthic invertebrates varied among the
samples with identifications to the levels of phylum, class, subclass, order, suborder, and
family. Samples were then placed in a freezer where they remained until they were
transported to the SINLAB at the University of New Brunswick, Fredericton, NB.

Macrophyte plants were collected using hand collection from various positions in
the Salt River and near the shoreline of the Dog River. Terrestrial plants were hand
collected from the rivers and from the banks near the rivers for the sites on the Salt River
and Dog River. Periphyton (“biofilm”) was collected by scraping rocks with a scalpel in

the Salt River and by scraping submerged logs with a scalpel in the Dog River.
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Periphyton was collected from submerged logs because the Dog River consisted of a

sandy bottom and rocks could not be found.
3.2.3: Sample Processing

Stable Isotope Sample Preparation

After collection in the field, samples were placed in individual vials and dried at
60°C for 48 hours. Once dried, samples were ground to a fine powder using a ball mill
grinder (Spex 8000D CertiPrep mixer mill). Samples were weighed using a high
precision microbalance scale (Sartorius MC21S) and placed into 5 x 3.5 mm aluminum
cups. Plant samples were weighed to 3.0 +/— 0.5 mg. Benthic invertebrate samples were
weighed to 1.0 +/— 0.2 mg. Some benthic samples weighed between 0.3 — 0.8 mg due to
the low amount of material collected. Samples were submitted to the Stable Isotopes in
Nature Lab at the University of New Brunswick
(http://www.unb.ca/research/institutes/cri/sinlab/). 5*C and §*°N values were determined
using continuous Flow-Isotope Ratio Mass Spectrometry (Costech 4010, NC2500 OR
NA1500 elemental analyzers, Finnigan Delta mass spectrometers). Finally, periphyton
rock scraping samples were analyzed after being acid-treated to remove excess inorganic
carbonates. Natural abundance of stable isotopes (5°C and §°N) of benthic invertebrates
and sources were calculated as:

313C or 85N (%0) = (RSampIe/ Rstandard —1) x 1000 [1]

where, Rsample is equal to the *C:12C or ®N:*N ratio in the sample and Rstandard is that for

the international standard, vPDB for 5'C and AIR for §'°N (Peterson and Fry, 1987).
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3.2.4: Data Analysis

Source contributions of the functional feeding groups, shredders, scrapers,
collector-gatherers, and predators, in the Salt and Dog Rivers were determined for July
and August. R software was used to statistically analyze isotopic values of carbon and
nitrogen. Using dual isotope tracers (613C and §°N), Bayesian mixing models were
created using an R package, MixSIAR, to examine the contribution of two primary food
sources, autochthonous (aquatic) and allochthonous (terrestrial), for different functional
groups of benthic invertebrate consumers based on §'*C values. We were unable to
collect periphyton from the Dog River due to the sandy/silty substrate, therefore
periphyton was removed from the analysis of the Salt River as well. MixSIAR is a
graphical user interface (GUI) program that creates Bayesian mixing models using JAGS
(Just Another Gibbs Sampler). These models are analyzed using Markov Chain Monte
Carlo (MCMC) simulations. Our mixing models estimated the frequency and range of
source contributions to consumer diets, and are reported in Bayesian posterior
distributions. MixSIAR parameters for chain length was 300,000, burn was 200,000,
thinning was 100 and chains were 3. All models passed the Gelman-Rubin diagnostic at
the most stringent threshold with all variables greater than 1.01, indicating convergence
of all models (Gelman and Rubin 1992).

MixSIAR package (V. 3.6.0) with graphical user interface (GUI) (Stock and
Semmens, 2016) was used to determine source contributions of terrestrial vs. aquatic
environments (autochthonous and allochthonous). The basis for the Bayesian approach is
that the sum of products of individual contributions (fi) and corresponding signatures of
the sources (8*3C;) is equal to the observed isotope signature for n sources (note, the same
for 3°N):
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8%%Cobs = Y (fi X 8°Ci) [2]

1fi=1 [3]

A trophic discrimination factor (TDF) of 2.1 was used for §'°N for all functional feeding
group (collector-gatherers, shredders, scrapers, predators) (McCutchan et al., 2003). The
trophic positions of the primary consumers and predators were estimated using the
following formula.

TP consumer = 1 + (8N consumer = 8*°N producer)/ 2.1 [4]
The 8%°N producer Values used to calculate trophic positions for shredders and scrapers were
terrestrial plants and aquatic plants, respectively. The mean of aquatic and terrestrial
plants was used to calculate trophic positions of collector-gatherers and predators. Two-
way analysis of variance (ANOVA) in R was used to determine differences in trophic
height between the Salt and Dog Rivers in July and August for collector-gatherers and
scrapers. The assumption of normality was checked using the Shapiro-Wilk test. The
assumption of equal variances was checked using the Levene test. The assumptions of
equal variances and normality were not met for shredders and predators, therefore, the
Kruskal-Wallis test was used to determine differences in trophic positions of these

functional feeding groups. An a level of < 0.05 was used for all statistical analyses.

3.3: RESULTS

Bi-plots showing an overview of isotopic values of collector-gatherers, shredders,
scrapers, and predators along the primary C sources are given in Figures 3.4 & 3.5. The
biplots display each functional feeding group based on their §*3C and §*°N signatures.

Most primary consumers lay within the error bars based on trophic discrimination factors
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(TDF). The primary consumer samples analysed for the Dog River exhibited variable
513C and 8N signatures with some lying outside the mixing polygon, which is formed
by the isotopic composition of the sources. There was a significant decrease in 5'°N
signature of predators in the Dog River from July to August. In the Dog River, the
majority of predators in July and some predators in August were outside the expected
values of their primary sources for both autochthonous and allochthonous sources. This

suggests there is a missing source of the predators in the Dog River.
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Figure 3.4: Bi-plot of stable isotope values: 613C and 615N of primary consumers
(collector-gatherers, scrapers, shredders) of the (A) Salt River and (B) the Dog River for
July and August seasons. Error bars (mean x SD) illustrate the stable isotope ratios of the
sources (continuous line: allochthonous sources and dashed line: autochthonous sources).
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Figure 3.5: Bi-plot of stable isotope values: 613C and 615N of predators of the (A) Salt
River and (B) the Dog River for July and August seasons with producers as the base.
Error bars (mean + SD) illustrate the stable isotope ratios of the sources (continuous line:

allochthonous sources and dashed line: autochthonous sources).




The Bayesian mixing models show the contributions of the energy sources to the
diets of scrapers, shredders, collector-gatherers, and predators (Figure 3.6). The models
were constructed using only 8!3C values. It was impossible to use the 5'°N values to
interpret the isotopic data because the sources did not behave as expected due to the
highly variable 8*°N values of the baseline sources. 5'°N values were used for trophic
position estimations only.

In support of my first hypothesis, the results showed that autochthonous sources
(macrophytes and associated epiphyton) had a greater contribution to the diets of
consumers of all functional feeding groups in the Salt River in July (collector-gatherer:
89.0%, shredders: 80.8%, scrapers: 87.5%, predators: 82.4%). Autochthonous sources
also had a greater contribution in the Dog River in July and August (collector-gatherer:
91.0%, 88.8%, shredders: 79.3%, 78.0%, scrapers: 89.7%, 87.7%, predators: 96.2%,
87.6%, respectively). In contrast, there was a higher contribution of allochthonous
sources to the diets of collector-gatherers, shredders, scrapers, and predators in the Salt

River in August (53.4%, 73.3%, 54.2%, 50.6%, respectively).
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Figure 3.6: Bayesian mixing model plot (based on 8*3C values) of source contributions
(allochthonous: terrestrial plants, autochthonous: macrophytes) of the functional feeding
group (A-D: Collector-gatherers, E-H: Shredders, I-L: Scprapers, M-P: Predators)
collected from the Salt River July and August 2014 and from the Dog River in July and
August 2014.
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Trophic positions of collector-gatherers showed significant differences between
both rivers and seasons (ANOVA: River: F = 12.463, p = 0.002; Season: F =5.0143, p =
0.037). Trophic positions of scrapers showed no significant differences between both
rivers and seasons (ANOVA: River: F =0.19, p = 0.667; Season: F = 1.434, p = 0.243).
Kruskal-Wallis tests revealed significant differences in trophic positions of shredders
between the rivers in July (chi-squared = 6.126, p = 0.013) but not in August (chi-squared
=2.298, p = 0.13). Trophic positions of predators showed significant differences between
the rivers in July and August (Kruskal-Wallis: chi-squared = 10.337, p = 0.001, chi-
squared = 37.449, p = 9.385 x 1072, respectively).

Contrary to my second hypothesis, trophic positions of the collector-gatherers and
predators were higher in the Salt River than in the Dog River. The collector-gatherers
showed the highest values of trophic position in the Salt River during the July season.
There was low variability of the trophic levels of the scrapers and shredders. Most
variability was among the collector-gatherers and predators (Figure 3.7). A complete list
of 513C values and §*°N values of all taxa collected in the Salt and Dog River is located in

Tables B.1 — B.4.
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3.4: DISCUSSION

Analysis of trophic structure within a food web is an important component of
ecology (Benke and Wallace, 1997). Current approaches of measuring trophic dynamics
focus on connectivity relationships (Cohen et al., 1990), predator-prey interactions
(Paine, 1980, 1992), and the use of stable isotope analysis to identify trophic pathways
(Fry, 1991). In this study, energy sources and trophic positions of consumers were
determined. Benthic invertebrates were categorized into functional feeding groups and
results were compared between the Salt River and Dog River. Results showed defined
peaks with higher proportions of consumer diets coming from autochthonous sources
with the exception of the Salt River in August. Past studies found similar results of
greater dependence on autochthonous carbon sources at sites of varying canopy cover
(Carroll et al., 2016). The Riverine Productivity Model (Thorp and Delong, 2002)
predicts that autochthonous carbon is easily incorporated into lotic food webs and
therefore the main contributor regardless of the availability of riparian vegetation. Peak
growth for macrophytes occurs during spring and summer (Champion and Tanner, 2000;
Holmroos et al., 2015; Minshall, 1978; Noges et al., 2010; Westlake 1965) which
suggests a reason for the dominance of autotrophy in both rivers.

From July to August, the Salt River benthic invertebrate community shifted from
autotrophy to heterotrophy with most functional feeding groups receiving major
contributions from terrestrial sources. Autotrophy and heterotrophy are partly controlled
by dissolved organic carbon concentrations produced by primary production and
respiration (Hanson et al., 2003). If respiration is greater than photosysthesis, rivers and
streams become heterotrophic consuming more allochthonous organic matter (Minshall,

1978). Past studies found autotrophy dominant during spring and summer seasons and
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heterotrophy dominant other times of the year (Laas et al., 2012). The summer season in
the Northwest Territories is very short with temperatures beginning to cool in August
indicating a possible explanation for the shift to a heterotrophic system toward the end of
the summer season.

The trophic positions of the predators were generally higher than most of the
primary consumers but lower than expected (i.e., < 3 —4%o) enrichments that often occur
(Peterson and Fry, 1987). Some primary consumers displayed higher nitrogen signatures
than predators (i.e., collector-gatherers). Similar results of lower than expected §*°N
enrichments have been found in other studies (Herwig et al., 2004; Pinnegar et al., 2001;
Zah et al., 2001). There were also many predators that were outside the error bars for
both autochthonous and allochthonous sources. This suggests a possibility of incomplete
knowledge of food sources (i.e., periphyton).

Statistical analysis showed significant differences of predators, collector-
gatherers, and shredders between the Salt and Dog Rivers but the results were
contradictory to my hypothesis that trophic positions will be higher in the Dog River.
Trophic positions among predators and the collector-gatherers showed spatial and
temporal variability. They were greater in the Salt River and decreased seasonally from
July to August in both rivers. Variability among the predators included numerous
outliers. This could be due to the varying sizes of predators from different orders. For
example, large organisms (ie., odonates) and small organisms (ie., Arachnida: Acari)
were categorized together. Most likely, these predators of various sizes fed on different
sources with different 5°N values. The results of the stable isotope analysis in August

found high variability among the §*°N signatures of sources ranging from —3.5 %o to 4.5
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%o in the Salt River and —1.3 %o to 5.4 %o in the Dog River. It is possible that the
collector-gatherers and predators fed on different sources in August with lower 5'°N
signatures. Similar results of a study found 5'°N signatures of primary consumers
experienced depletion during the summer season and enrichment during the winter
season (Woodland et al., 2012).

The limitations of this study include the following. Due to benthic invertebrate
sample collection taking place at one site in each river, sample sizes were small. Only
one site in each river was sampled due to time constraints and accessibility to the rivers.
These rivers are located on First Nation traditional lands and escorts were required.
Taxonomic identification varied among benthic invertebrates making the categorization
of functional feeding groups (FFG) more difficult. With low taxonomic resolution of
some organisms, we relied on visual descriptions to determine their FFGs. Periphyton
was unsuccessfully sampled in the Dog River, therefore we were unable to determine its
contribution. For this reason, periphyton was removed from the analysis of the Salt River
as well.

Stable isotope analysis provided time-integrated measures of trophic position of
the consumers. The use of *3C and 5'°N as isotopic tracers was useful in identifying
differences in trophic structure between the Salt River and Dog River. The Bayesian
models were constructed using 8*3C only because the §*°N isotope values were highly
variable. Some plants displayed very high 6*°N values. High 3°N values have been found
in plants in areas with cold climates. Research has suggested that ecosystems with cold,
wet climates are more efficient in conserving and cycling nitrogen (Amundson et al.,

2003). Due to the low resolution of using 5*3C alone, future studies should consider using
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additional tracers such as §°H. A study on the Congo River used 5°H as a complementary
tracer to 5'3C allowing better separation of aquatic and terrestrial producers (Soto et al.,
2019). Future research should also consider temporal variability in order to overcome
challenges such as lag effects and tissue turnover that occurs during the maintenance and
growth organisms over time. The differences in trophic position and source contributions
from July to August were considerable and seasonal variation between these rivers should

be a topic of study in the future.
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Appendix B: Supplementary Material

Table B.1: 613C and 815N isotope values of predators collected in the Salt River during
the July and August 2014 seasons.

Season Taxon 0C values 0N values
July Coenagrionidae -32.35 6.17
—-30.65 6.13
—-30.22 6.26
—-31.54 6.62
-31.75 6.05
-31.39 6.24
-31.17 6.03
-32.12 5.96
-31.19 6.01
August Coenagrionidae —29.67 6.26
-30.72 6.33
—-30.01 4.77
—29.85 4.93
-30.32 4.80
—-30.25 4.26
-30.34 4.56
-30.43 4.79
-30.34 4.45
—29.85 4.49
Hemiptera —29.25 8.40
—-31.36 3.60
Coleoptera —29.00 4.98
—29.90 4.75
-30.40 4.86
-30.41 5.34
—29.65 4.70
Gerridae -30.24 5.33
—-29.90 5.31
Aeshnidae —29.39 5.56
Libellulidae —28.64 5.48
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Table B.2: 613C and 815N isotope values of predators collected in the Dog River during

the July and August 2014 seasons.

Season Taxon 0"C values 0N values
July Coenagrionidae —33.95 6.59
—-35.05 6.72
—34.22 6.49
Dyiscidae —-30.44 5.12
—29.79 5.75
—33.66 5.32
—-33.07 6.23
Hemiptera —-34.93 6.21
-33.81 5.50
-34.41 5.61
Zygoptera —35.24 7.10
Libellulidae —33.58 5.86
—32.69 5.35
Aeshnidae -32.54 6.64
—-33.61 7.04
—-32.54 5.41
Calopteryx —34.51 7.58
Annelida —26.32 3.60
August Coenagrionidae -30.44 3.87
-30.19 4.21
—29.30 3.88
—29.64 3.02
—-30.16 3.61
—28.38 3.18
-30.28 3.38
—-29.03 3.28
—28.36 3.40
—-30.05 3.72
—28.72 3.73
—29.86 3.83
—-30.45 3.62
—28.38 3.23
-31.10 4.04
—29.37 3.78
—27.57 3.45
—24.84 3.03
—27.24 3.47
—29.24 3.13
—27.56 3.18
Hemiptera -31.16 4.12
-30.73 4.10
-32.73 5.06
—32.05 4.74
—-31.63 3.84
-31.90 4.64
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Table B.2: (con’t)

Season Taxon o=C values 0N values
August Hemiptera -30.14 3.46
-31.13 3.93
—30.98 4.18
-31.60 4.46
-32.22 4.07
-31.43 4.33
-31.37 3.93
-32.43 3.97
Coleoptera -30.74 5.15
—33.38 5.45
Ceratopogonida —30.56 4.59
—33.84 2.24
Aeshnidae -30.88 3.34
-31.86 4.94
—34.48 3.89
Hirudinea -32.07 4.86
Annelida -31.29 1.43
Acari -31.12 6.47

Table B.3: 613C and 815N isotope values of primary consumers collected in the Salt
River during the July and August 2014 seasons.

Season FFG Taxon 0"C values 0N values
July Scraper Gastropoda -32.19 5.59
—-30.36 3.72
—29.20 451
—27.68 4.25
Coleoptera -31.31 4.41
-31.13 2.97
Collector-gatherer Diptera —24.00 4.18
-30.84 6.31
—29.79 6.67
Chironomidae —29.85 6.23
Oligochaeta —29.59 4.80
Ceratopogonida -32.11 6.78
Shredder Trichoptera —34.50 4.45
—32.42 2.30
—-31.53 3.61
—-30.40 3.75
—31.26 5.28
—-31.06 5.67
=32.77 4.25
—-30.57 4.86
—34.34 4.68
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Table B.3: (con’t)

Season FFG Taxon 0"*C values 0N values
July Shredder Trichoptera —31.92 5.38
Hemiptera -32.62 4.32
-32.97 4.37
Amphipoda —30.37 3.06
August Scraper Gastropoda —29.65 3.54
—29.40 3.00
—28.24 2.63
-32.78 3.33
—26.57 241
—29.54 2.36
—28.64 3.29
—28.96 2.39
—28.88 3.58
Collector-gatherer  Chironomidae —-30.80 2.97
Oligochaeta —28.67 1.11
Diptera -30.71 6.12
Shredder Amphipoda —28.91 3.54
—27.78 3.96
—29.24 3.18
—29.89 3.02
-30.12 3.57
—28.03 3.53
—28.61 3.64
—28.86 3.74
—29.30 3.37
—27.29 3.05
Trichoptera —28.45 3.87
—29.61 5.21

Table B.4: 5613C and 815N isotope values of primary consumers collected in the Dog
River during the July and August 2014 seasons.

Season FFG Taxon 0"C values 0"N values
July Scraper Gastropoda —33.85 5.71
—30.20 4.36
-33.77 6.23
—25.01 4.53
—26.82 4.08
—36.54 5.66
—29.48 4.99
-32.01 4.50
—30.65 4.29
Cladocera -35.13 5.41
Collector-gatherer  Ephemeroptera —36.90 4.54
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Table B.4: (con’t)

Season FFG Taxon 0"*C values 0N values
July Collector-gatherer  Ephemeroptera —34.87 4.13
-33.71 5.12
—35.90 5.53
—32.48 5.23
Copepoda —33.79 6.50
Chironomidae -19.54 4.46
Shredder Phrygarieidae —29.54 4.06
—29.27 5.12
—30.54 4.24
—29.69 5.37
—29.58 4.15
—33.05 5.10
—28.71 4.47
-30.44 4.72
Amphipoda —30.86 4.40
—29.48 4.92
—29.81 4.23
—32.52 5.04
—29.14 4.43
—29.95 4.52
—34.52 4.95
—29.82 4.35
—30.08 4.53
—32.67 4.70
Limnephilidae —32.25 5.10
August Scraper Cladocera —34.84 4.62
—33.90 3.81
Collector-gatherer  Ephemeroptera —35.02 4.76
—33.24 3.98
—33.93 3.61
—33.40 4.40
Chironomidae —28.57 3.78
—25.31 0.61
—-31.29 1.79
—27.08 2.71
Diptera —24.53 1.52
Shredder Trichoptera —26.89 3.87
—25.99 5.16
—29.79 4.55
—23.28 3.06
—29.98 4.47
-28.11 5.78
—35.22 4.91
—29.24 4.86
—-19.98 1.66
—20.05 2.57
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Table B.4: (con’t)

Season FFG Taxon 0C values "N values
August Shredder Trichoptera —29.84 2.92
—-31.69 4.80
—33.26 3.27
—28.58 5.22
-20.19 241
Amphipoda -31.61 4.46
—27.49 1.90
—28.89 1.91
Limnephilidae —27.31 4.63
—-23.35 3.53
—21.37 2.10
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CHAPTER 4: DISCUSSION
4.0: DISCUSSION

The increase in industrial activity in the Northwest Territories and the
development of the oil sands in Alberta has raised concerns of possible contamination of
surrounding areas. This has led to monitoring programs such as the Integrated Monitoring
Program for the Oil Sands (Environment Canada, 2011). Objectives of this research were
to obtain baseline data on two rivers, the Salt River and the Dog River, in the Northwest
Territories and to compare the benthic invertebrate assemblages of those river systems.

Lotic environments have a high level of spatio-temporal heterogeneity (Ward,
1989) with varying components such as vegetation, geology, stream size, substratum,
water chemistry and canopy cover (Heino et al., 2009). Spatial heterogeneity is a major
contributing factor of species richness and distribution of benthic invertebrates (Vinson
and Hawekins, 1998). Studies have suggested that food web characteristics are also
dependent on physical characteristics such as heterogeneity (Thompson and Townsend,
2005). Changes in structure or function of these organisms can be used to detect changes
in these systems. Structural components of river ecosystems (ie., community
composition, taxon richness, abundance, and prevalence) are quantified and developed
into biodiversity indices to serve as a way to measure ecosystem integrity. As
biodiversity diminishes, resistance to disturbance and ecological integrity also
diminishes. A key to quantifying biodiversity is to understand patterns of taxon richness.
However, diversity patterns in stream insects are not well known (Vinson and Hawkins,
1998), especially in northern systems. The need to document biodiversity patterns in
stream invertebrates and identify environmental factors controlling these patterns are

important objectives.
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A descriptive taxa list of the benthic invertebrates in the Salt and Dog Rivers was
produced using DNA metabarcoding. Taxon richness and prevalence were compared
between the two rivers. Results showed high taxon richness of dipterans (ie.,
chironomids) and low EPT taxon richness in both rivers. Most orders had higher taxon
richness in the Dog River with the exceptions of Coleoptera, Collembola, and Rotifera.
General conclusions show that higher tolerant taxa, such as chironomids, were more
prevalent in both rivers than less tolerant taxa, such as EPT taxa. The results were not
surprising considering the harsh environmental conditions of the Northwest Territories.
Both rivers are subjected to long, cold winters with low levels of sunlight. The high
salinity and variable streamflow patterns in the Salt River provide a more challenging
environment resulting in much lower diversity of most orders except those of known
higher salinity tolerances.

A food web is a network of trophic interactions that links consumers and
community resources. The flow of energy and nutrients through this network reveals how
the system functions. Traditionally, the study of food web ecology has been focused on
feeding patterns rather than processes such as the flow of energy (Woodward and
Hildrew, 2002). With stable isotope analysis, time-integrated information regarding the
diets of consumers provide insight into the functioning of these systems.

Carbon and nitrogen isotope signatures were measured and carbon source
contributions were compared. The results showed that autochthonous sources contributed
greater proportions to the diets’ of all the functional feeding groups (shredders, scrapers,
collector-gatherers, and predators) in both rivers in July. In August, most feeding groups

derived higher proportions of energy from allochthonous sources in the Salt River. The
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trophic levels were calculated for the feeding groups. The collector-gatherers and
predators showed high variability among trophic positions. Interestingly, the trophic
positions of collector-gatherers and predators were higher in the Salt River than the Dog
River indicating a more complex food web in the Salt River.

Research indicates that many stream macroinvertebrates are opportunistic
generalists that adapt their feeding behaviour depending on available food sources.
Omnivory is common in invertebrates which is reflective of their nitrogen isotope values
and overlapping trophic levels. For example, one study found detritivores and grazers had
nitrogen isotope values as high as predators due to apparent omnivorous feeding
behaviour. Limited energy supply and harsh physical conditions in a glacial stream led to

this adaptation of feeding behaviour (Zah et al., 2001).

4.1: IMPLICATIONS OF RESULTS

The use of benthic invertebrates in biomonitoring is common and widespread.
With the knowledge of their tolerance levels, potential contamination from industrial
sources can be explored. The study in Chapter 2 provided a descriptive list of benthic
invertebrate taxa found at various sites on the Salt River and Dog River. This chapter
examined structural characteristics of these systems including community composition,
taxon richness, and prevalence. Chapter 3 examined the functioning of these systems
through the determination of trophic structure, source contributions of consumers and the
flow of energy. Research on lotic ecosystems usually involve either structural or
functional characteristics. There are no models explaining the structure and functioning
of an ecosystem on a broad scale (Thorp and Delong, 1994). The integration of structural
and functional components of this study provides a more holistic picture of these
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ecosystems leading to an interdisciplinary approach to the monitoring and assessment of

river ecosystems.

4.2: FUTURE RESEARCH

Future research is needed to understand the community composition, taxa
abundances, and trophic structure of these benthic invertebrate communities. Spatial and
temporal differences exists but further examination is required to gain a better
understanding of these systems. Stable isotope ratios provide information on the trophic
pathways of energy integration that help describe an organism’s functional role and niche
(Peterson and Fry, 1987). Stable isotope analysis was useful for understanding feeding
ecology and trophic structure but past studies recommend it be used along with other
methods such as direct diet analysis to better track energy pathways (Post, 2002). |
suggest using next-generation DNA sequencing in conjunction with stable isotope
analysis to improve resolution. Future studies should emphasize on more complete
sample collection such as periphyton and detailed plant identifications of autochthonous
and allochthonous sources to determine possible reasons for highly variable §1°N

signatures.
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