Assessing Brook Trout (Salvelinus fontinalis)
Seasonal Occupancy in Haliburton County, ON

Using Environmental DNA

A Thesis Submitted to the Committee on Graduate Studies in Partial Fulfillment for the

Requirements for the Degree of Master of Science in the Faculty of Arts and Science

Trent University

Peterborough, ON

Copyright by Karl R. Weise 2020

Environmental and Life Sciences M.Sc. Graduate Program

September 2020



Thesis Abstract

Assessing Brook Trout (Salvelinus fontinalis) Seasonal Occupancy in
Haliburton County, ON Using Environmental DNA

Karl R. Weise

Brook trout (Salvelinus fontinalis) are declining across Ontario in both numbers and
distribution, prompting concern for their future. Here, conventional, emerging, and
predictive tools were combined to document brook trout occupation across seasons using
streams in Haliburton County, ON as model systems. By using the Ontario Ministry of
Natural Resources and Forestry’s (OMNRFs) Aquatic Ecosystem Classification (AEC)
system variables with environmental DNA (eDNA) sampling and backpack
electrofishing, my research supports the development of species occupancy models
(SOMs) and eDNA as tools to document brook trout occurrence. To do this, eEDNA
sampling was validated in Canadian Shield stream environments by comparison with
single-pass backpack electrofishing before seasonally sampling two river systems across
their main channel and tributaries to assess occupancy. Streams were classified as
potential high, moderate, and low-quality brook trout habitats using indicator variables
within the AEC and sampled seasonally with eDNA to quantify occupancy and relate it to
habitat potential at the county scale. Results showed eDNA to be an effective tool for
monitoring fish across Canadian Shield landscapes and that brook trout occupancy varied
seasonally within and across watersheds, suggesting that habitat and fish management
strategies need to consider seasonal movement and spatial connectivity. Using these tools
will enable biologists to efficiently predict and document brook trout occurrences and

habitat use across the landscape.
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Chapter 1: General Introduction

Fisheries Management and Conservation:

Watersheds across the globe are experiencing dramatic changes from human land use,
water course modification, and overexploitation (Dudgeon et al. 2006). Anthropogenic
effects like waste disposal, nutrient and sediment loading, and modification of streams for
navigation, power, and flood control are prominent among them (Harper et al. 1998).
Flowing waters are particularly susceptible to landscape alterations because influences to
their watershed, including the catchment, floodplain, or channel, will affect water quality
(Lake et al. 2007). These changes cause habitat loss and fragmentation, reduced stream
connectivity, and altered natural flow regimes (Dudgeon et al. 2006; Sgndergaard and
Jeppesen 2007). Effects such as these are contributing to population declines throughout
North America, sometimes at an alarming rate (Hudy et al. 2008; Eastern Brook Trout

Joint Venture 2011).

Diagnosing and addressing landscape scale problems is becoming critical for fisheries
management in freshwater ecosystems (Dudgeon et al. 2006; Hudy et al. 2008; Eastern
Brook Trout Joint Venture 2011). These issues cause concern for species and habitat
protection because they act at such a large spatial scale, creating a need for multifaceted
approaches to mitigate their impact (Palmer et al. 2014). Locating critical habitat within
watersheds — the habitat necessary for the survival or recovery of a species, incorporating
seasonal movement and life stage changes (Species at Risk Act 2002), is frequently used
for species and habitat protection (Rosenfeld and Hatfield 2006). In many cases however,
the reversal of aquatic and fish community degradation requires watershed scale

restoration (Hudy et al. 2000; Roni and Quinn 2001; Roni et al. 2002, 2008; Bond and



Lake 2003; Rosi-Marshall et al. 2006; Lake et al. 2007; Nagle 2007; Baldigo et al. 2010;
Diebel et al. 2010; Miller et al. 2010; Bernhardt and Palmer 2011; Palmer et al. 2014).
Unfortunately, aquatic restoration projects have had limited success (Kondolf 1998;
Kondolf et al. 2001; Nagle 2007; Simon et al. 2007; Roni et al. 2008; Miller and Kochel
2010). Poor results suggest that more needs to be understood about restoration targets,

fishes foremost among these.

A lack of properly documented restoration efforts (Bernhardt et al. 2005) and knowledge
on watershed scale issues affecting stream health (Lake et al. 2007) limit the ability of
practitioners to effectively apply stream restoration as a management strategy. For
example, it is known that metapopulation dynamics and habitat connectivity play an
important role in population persistence (Letcher et al. 2007; McKenna et al. 2011). It is
difficult to apply restoration techniques to aquatic communities when a target species’
metapopulation health depends on connectivity at large spatial and temporal scales. To
preserve fisheries, critical habitat and overlapping species distribution need to be
identified throughout local systems, as well as target life history (Rosenfeld and Hatfield
2006; Fung et al. 2017). Sound fisheries management decisions require a good
understanding of species ecology and increasing knowledge in these areas can help

conserve aquatic communities (Mollenhauer et al. 2013).

Brook Trout in Ontario:

Trout and salmon are common fisheries rehabilitation targets due to their sport, cultural,
and aesthetic value (Roni et al. 2008; Eastern Brook Trout Joint Venture 2011). In
Ontario, brook trout are a frequent focus of these initiatives (Thorn et al. 2016; Fung et al.

2017). Brook trout are declining at an alarming rate across most of their native range —



areas that used to contain healthy populations now possess remnants, or none at all
(Wilson et al. 2001; Hudy et al. 2008; Mucha and Mackereth 2008; Thorn et al. 2016;
Fung et al. 2017). This decline is causing concern for their future health (Mucha and
Mackereth 2008; Bobrowski et al. 2011) and suggests that new management strategies are
needed. The Ontario Ministry of Natural Resources and Forestry (OMNRF) has
recognized this and is now pushing to address the issue (A. Challice; N. Jones; C. Wilson,
OMNREF, personal communication). Managing species at the appropriate scale is one
strategy to prevent further declines (Perkins et al. 1993; Wilson et al. 2001; Thorn et al.

2016; Fung et al. 2017).

Researchers in the past have suggested smaller scale management for addressing regional
objectives, typically for conserving genetic diversity. Studies in Pennsylvania (Perkins et
al. 1993) and Ontario (Wilson et al. 2001) argue that viewing individual brook trout
populations and influences unique to their region are critical. In these cases, focusing on

individual populations aligned with fishery objectives.

Focusing on the population level, or even on the larger metapopulation level, could be
necessary in Ontario to meet provincial goals (Thorn et al. 2016; Fung et al. 2017).
Metapopulations are collections of distinct population groups, connected through
dispersal (Hanski and Gilpin 1991). The connectivity between individual populations
determines a metapopulation’s capacity for exchange, of individuals and genes, directly
influencing the fitness of its individuals (Hanski 1998). If a population becomes isolated
with habitat loss and fragmentation, it can be separated from the larger metapopulation,
making it vulnerable to extirpation (Fagan 2002). Metapopulations in small networks are

more vulnerable than metapopulations in large, well connected networks (Hanski 1998).



Dispersal and watershed connectivity are among the most limiting factors for fish
population rehabilitation in many systems (Radinger and Wolter 2014). The movement of
organisms, both actively and passively, is influenced by channel complexity, habitat patch
size, species distribution, and distribution of habitat patches (Bond and Lake 2003).
Therefore, connectivity is critical to population and metapopulation survival because it
influences the dispersal of individuals as well as population colonization and extinction

rates (Fagan 2002).

Studies on brook trout stream metapopulation dynamics have increased over the last two
decades (Ecret and Mihuc 2013; Mollenhauer et al. 2013; Petty et al. 2014; Radinger and
Wolter 2014). Previously, it was thought brook trout and other salmonids in stream
ecosystems had very restricted movement. This idea, titled the Restricted Movement
Paradigm (RMP) by Gowan et al. (1994), was proposed by Gerking (1959) when he
stated that resident stream fishes were largely sedentary, having home ranges as small as
20-50m. The RMP influenced research on stream salmonids for the following thirty years
(Gowan et al. 1994) until subsequent studies caused revision, finding brook trout and
other stream fish to be highly mobile (Adams et al. 2000; Wootton 2006; Ecret and Mihuc
2013; Mollenhauer et al. 2013). Advances in movement analysis by technology like radio
and acoustic telemetry provided this leap forward (Comte and Olden 2018). Now it is
proposed that stream fish populations are composed of both sedentary and mobile
individuals (Skalski et al. 2000; Rodriguez 2002; Ecret and Mihuc 2013; Mollenhauer et

al. 2013; Radinger and Wolter 2014; Comte and Olden 2018).

Stream studies show brook trout can travel large distances throughout the year, especially

on a seasonal basis (Adams et al. 2000; Wootton 2006; Petty et al. 2012; Ecret and Mihuc



2013; Mollenhauer et al. 2013). Brook trout disperse and move seasonally for many
reasons, most of which correspond to spawning activities and seasonal temperature
changes (Power et al. 1999; Mollenhauer et al. 2013) but knowledge is still lacking on
seasonal movement dynamics and habitat use (Cunjak and Power 1986; Mollenhauer et
al. 2013; Fung et al. 2017); particularly movement during seasons other than summer

(Cunjak and Power 1986; Power et al. 1999; Thorn et al. 2016; Fung et al. 2017).

Habitat Suitability:

Understanding habitat selection throughout all seasons is key to managing brook trout in
Ontario (Thorn et al. 2016; Fung et al. 2017). To date, Habitat Suitability Indexes (HSIs)
have been used for habitat evaluation during many management activities (Raleigh 1982)
and were produced for various species beginning in the early 1980s to model habitat
protection priorities. While these documents were based upon expert opinion, they were

not tested to ensure accuracy before implementation.

Raleigh’s (1982) brook trout HSI incorporates habitat variables important for five
categories of life stage: adult, juvenile, fry, embryo, and other (Figure 1.1). The ‘other’
component contains variables important to all life stages. The HSI itself is a collection of
habitat component indices, each of which rates the quality of a particular habitat on a
scale from 0 and 1 for each life stage, giving a low, medium, or high site affinity for the
target species based upon cumulative score. Within each site it further evaluates each
component to determine which are adequate, low but could be compensated for by other
variables, and limiting. The model would then suggest limiting variables be rehabilitated

to improve overall habitat quality.
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Figure 1.1. Raleigh’s 1982 brook trout habitat suitability index split into model components and habitat variables.



Importantly, the brook trout HSI considers all life stages and seasons, as well as the
species’ geographic range. Raleigh (1982) states however that the model is applicable to
all areas where brook trout reside with slight modification. This is problematic as regional
differences in topography, geology, and hydrology can have dramatic effects on species
assemblages and habitat selection (Amoros 2001; Curry et al. 2002; Baldigo et al. 2010;
Chu et al. 2010; Perkin and Gido 2012; Dyke 2013; Bawden et al. 2015; Jones and
Schmidt 2017). For example, abiotic and biotic interactions experienced by brook trout in
Ontario’s Canadian Shield region differ greatly from those in the eastern United States or
farther south within their range. Aquatic communities are dramatically influenced by
growing season length, temperature, and topography (Jones and Schmidt 2017). There
have been several attempts to evaluate, revise, (Baker and Coon 1997; Vadas and Orth
2001; Kozarek et al. 2010; Urabe et al. 2010) and more notably, localize the HSI (Schmitt
et al. 1993). Due to these regional challenges, no cosmopolitan HSI has been commonly

used, suggesting that local guidelines are needed.

In the Canadian Shield region of Ontario, streams are shaped by bedrock influenced
landscape topography (Allan and Roulet 1994; Wohl and Merritt 2001; Buttle et al.
2004), consequently, fishes in this region can be expected to have adapted to different
conditions than elsewhere. Brook trout in the Canadian Shield require strong groundwater
upwellings for spawning in both lakes and streams (Curry and Devito 1996; Buttle 2002),
thermal refugia during summer when water temperatures exceed their tolerance limits
(Curry and Devito 1996; Petty et al. 2012, 2014), and in winter refugia from ice formation
and break up events (Power et al. 1999). They can move considerable distances in stream

networks to access these and other habitats throughout the year (Mollenhauer et al. 2013).



Large movements frequently occur during fall when adult fish will move into tributaries
to spawn (Petty et al. 2012, 2014; Mollenhauer et al. 2013). These conditions make
certain habitat variables critical for their persistence, particularly groundwater inflows

that stabilize water temperatures and the connectivity of habitats within watersheds.

Groundwater has a large influence on brook trout ecology: their life history revolves
around it and major aspects of their behaviour are dictated by it (Curry and Devito 1996;
Thorn et al. 2016; Fung et al. 2017). Parr are found in shallow, cool, groundwater fed
streams with high forest cover and in-stream habitat. Areas such as these provide refugia
from predators and increased water temperatures during the warm summer months (Curry
et al. 1997; Wootton 2006). After their first summer, brook trout grow dramatically in
size but will often use these areas to overwinter. Larger juveniles are the exception and
will typically move out into the main stream or lake to overwinter there (Power et al.
1999). During summer months these larger juvenile fish and adults often ignore smaller
streams, preferring larger rivers and lakes (Wootton 2006; Petty et al. 2012). Habitat
selection for these bigger fish has been linked to summer air temperatures and food
availability in New York State (Petty et al. 2014). Furthermore, larger brook trout have
been documented to move over five kilometers (Mollenhauer et al. 2013) throughout
summer months, even with water temperatures approaching their upper thermal limits
(Petty et al. 2012). Less is known about winter movement, but some suggest individuals
move downstream to greater water depths and flow, escaping ice buildup or preferring
smaller, groundwater dominated streams (Cunjak and Power 1986; Power et al. 1999;

Mollenhauer et al. 2013).



Given that groundwater, habitat area, and connectivity influence brook trout life history,
their omission from the HSI merits attention. With respect to habitat area, no minimum
has been specified, instead a general statement was made; “Minimum habitat area is the
minimum area of contiguous habitat that is required for a species to live and reproduce.
Because brook trout can move considerable distances to spawn or locate suitable summer
or winter rearing habitat, no attempt has been made to define a minimum habitat size for
the species” (Raleigh 1982). While the term habitat area is used within the HSI, it may be
prudent to expand the definition to ‘habitat quantity’ since area, volume, and linear
stream length are important for population persistence. Habitat quantity is key for
understanding watershed level interactions (Bond and Lake 2003) and this lack of detail

within the HSI is problematic.

Fortunately, advances in movement ecology over the last two decades allow for a more
accurate depiction of home range size and dispersal ability (Comte and Olden 2018).
Advances like reduced size in mark-recapture equipment, passive integrated transponder
(PIT) tags, radio and acoustic telemetry, and lab analysis of genetic dispersal (Comte and
Olden 2018). With these tools now available, managers are better able to properly link

fish movements with underlying waterscape features.

Environmental DNA:

Environmental DNA (eDNA) is increasingly being used to study aquatic species habitat
occupation through non-invasive means and could link fish occupation to watershed or
habitat features. This method was introduced in 2008 (Ficetola et al. 2008) and has
become popular since concern about the potential invasion of Asian Carp through the

Chicago Canal in 2011 (Jerde et al. 2011, 2013), quickly emerging as a cost effective and



efficient management tool (Wilson and Wright 2013; Wilcox et al. 2016; Baldigo et al.

2017).

Deoxyribonucleic acid (DNA) is made up of the same chemical structure in all organisms
but different nucleic acid sequences allow for the differentiation of individual species.
Therefore, when nuclear or mitochondrial DNA is shed from an organism to the
environment (hence the name environmental DNA) it can be used to detect the presence
of nearby DNA sources (Baldigo et al. 2017). This means that a live or dead organism,
sheds (excretions, body parts, skin, scales) from said organism, or predator feces

containing target DNA can evoke a positive detection (Wilson and Wright 2013).

It has been suggested that eDNA can identify site occupancy by a species and its habitat
usage, its distribution within a given system, and possibly quantify population sizes
(Wilson et al. 2014a; Baldigo et al. 2017). As a result, its primary uses have been to
identify low levels of declining species, invasive species presence, species difficult to
sample via conventional methods, species in habitats difficult to sample (e.g., remote or
private lands), and endangered species that are sensitive to other sampling methods
(Wilcox et al. 2013, 2016; Wilson and Wright 2013; Baldigo et al. 2017). Sampling for
eDNA in aquatic systems requires a water sample to indicate species presence, providing
benefits over traditional sampling methods when non-invasive and nonlethal sampling is

needed (Wilson et al. 2014a).

Scientists can use eDNA to detect species at low abundance (Wilson and Wright 2013)
with reduced cost (Wilcox et al. 2016; Baldigo et al. 2017) over large spatial scales with
relatively low effort compared to other sampling methods (Baldigo et al. 2017). If eDNA
can be used to locate and map existing populations of brook trout within the province of
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Ontario, it could aid management by preventing declines and indicating potential target
areas for rehabilitation. If eDNA can locate populations in areas subjected to many
stressors, lacking connectivity, or in low numbers, those locations could be a good target
for rehabilitation. To do this eDNA needs a sampling framework. This framework could
be used to identify areas of probable brook trout presence using known habitat
characteristics and locate refugia or high-quality habitat within systems known to have

brook trout. A provincial stream classification guide could meet these requirements.

Agquatic Ecosystem Classification:

The Aquatic Ecosystem Classification (AEC) uses fundamental environmental
characteristics of streams and rivers to classify streams at several spatial scales. Its
purpose is to group Ontario’s streams into aquatic classes for inventory and monitoring
efforts, identifying species at risk and invasive species habitats, and informing land use
plans (Jones and Schmidt 2017). The first version of the AEC (AEC Version 1, hereafter

referred to as simply the ‘AEC’) was released by Jones and Schmidt (2017).

The AEC incorporates three main categories of input data: base flow index, turbidity, and
channel slope to create a spatial framework of streams in Ontario (Jones and Schmidt
2017). These input categories allow the AEC to model the flow, thermal characteristics
and water clarity of streams, variables important for habitat classification. Following
theory on watershed dynamics and riverscapes (Vannote et al. 1980; Minshall et al. 1983;
Fausch et al. 2002; Thorp et al. 2006), the AEC builds a model working from upstream to
down. It uses data from each of the input categories to define individual stream reaches
and in turn create larger segments, with combined reach characteristics, to hypothesize

attributes at bigger spatial scales (Jones and Schmidt 2017). This ‘bottom up’ approach
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allows the AEC to use geological, thermal, and hydrological data from lower order
streams to inform the categorization of upper order streams, capturing ecological

differences between streams for habitat classification and management purposes.

If targeting individual species, the AEC could be a valuable tool for indicating areas of
potential habitat, and by extension potential occupation. This could be used to predict
relevant areas for eDNA sampling across a landscape, especially if environmental
variables within the AEC framework can be identified that are good indicators for species
occupation. Furthermore, the mapping component of the AEC shows habitat classification
across a large scale, something very useful for rapid assessment. Targeting brook trout,
the AEC could quantify how flow, temperature, and catchment area affect their presence

in the Canadian Shield.

Obijectives:

This study aimed to create a framework that later could be used to develop a protocol for
identifying brook trout occupancy in the Canadian Shield region of Ontario. To do this, a
subset of AEC variables were used as a modelling tool to indicate potential brook trout
habitat quality and that model was used as a guide for eDNA sampling in streams.
Haliburton County, a region in South-Central Ontario at the base of the Canadian Shield,
was used as a model system. Within Chapter 2 the objective was to evaluate eDNA as a
tool for collecting seasonal brook trout occupancy information in Canadian Shield
streams. In Chapter 3 eDNA was used in combination with the AEC to assess potential
brook trout waters in all seasons, at the watershed scale in Haliburton County. Using
eDNA and variables within the AEC as potential indicators of brook trout occupation

could lay the groundwork for integrating both tools into a protocol for identifying brook
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trout within the landscape based upon habitat type (or other key habitat features). As
Ontario’s brook trout populations decline, it is anticipated that the results of this research
will inform the protection of brook trout and the species rehabilitation where it has

declined in Ontario.
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Chapter 2: Environmental DNA Detection of Brook Trout (Salvelinus
fontinalis) Seasonal Occupation in Two River Systems of Ontario’s

Canadian Shield Formation

Abstract

Brook trout (Salvelinus fontinalis) are declining across Ontario, prompting concern for
their future. Currently, little is known about their habitat and movement within streams
between late fall and early spring. In this study backpack electrofishing and
environmental DNA (eDNA) sampling were combined to quantify seasonal occupation in
stream orders 1-3 of two watersheds in Haliburton County, Ontario on the Canadian
Shield. Backpack electrofishing was used to validate eDNA sampling and eDNA samples
were collected each season to determine occupancy. Sampling for eDNA was effective at
detecting brook trout in lower order Canadian Shield streams, given their eDNA was
found in the same stream locations single pass backpack electrofishing captured
individuals, and four additional. Brook trout occupation varied seasonally, with one
watershed seeing fish vacate the study area during winter, highlighting the importance of
connectivity within systems and the potential for brook trout to exhibit large movements.
Winter eDNA sampling was effective and showed different trends between the two
watersheds, one system having fish vacate and the other stay consistent, potentially being
influenced by fish community or habitat drivers. Using eDNA in winter provides a
practical method for determining species occupancy during a period of prolonged ice
cover and at a time when using conventional sampling techniques is challenging.

Quantifying the seasonal occupation of brook trout is needed for setting critical habitat
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and conserving the species in the future, as management strategies should address

seasonal occupancy changes and connectivity within river systems.

Keywords: brook trout, streams, environmental DNA, backpack electrofishing, seasonal

occupation, critical habitat, connectivity.
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Introduction

Brook Trout Ecology:

Brook trout (Salvelinus fontinalis) are a common research subject, both for their
conservation as a declining native species and their eradication as prolific invasives
(Peterson et al. 2004; Hudy et al. 2008; Bobrowski et al. 2011; Eastern Brook Trout Joint
Venture 2011; Whiteley et al. 2013; Isaak et al. 2015; Wilcox et al. 2018; Haxton et al.
2019). Despite being frequently studied, most ecological research on brook trout has
occurred over the summer and fall, neglecting their winter behaviour (Cunjak and Power
1986; Thorn et al. 2016; Fung et al. 2017). This study aims to reveal information about
brook trout habitat use and their distribution within watersheds during all seasons — a
topic that has been under-studied in brook trout ecology (Cunjak and Power 1986;

Mollenhauer et al. 2013).

Understanding brook trout distribution and metapopulation structure throughout different
seasons is critical to their persistence and related management. If more is known about
their movement and habitat use throughout the year, it could help prevent their spread to
new areas; something that is important in other parts of Canada to conservation of bull
trout (S. confluentus) (Adams et al. 2000; Isaak et al. 2015; Wilcox et al. 2018) and
cutthroat trout (Oncorhynchus clarkii) management for example (Adams et al. 2000;

Peterson et al. 2004; Isaak et al. 2015).

It is recognized that the size of a source population and its dispersal parameters are
essential for genetic exchange and recolonization, but it is now suggested the mobile
portion of stream populations is just as essential (Radinger and Wolter 2014). Previously,
it was thought that stream fish had very restricted movement with home ranges as small
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as 20-50m (Gerking 1959). This idea, titled the Restricted Movement Paradigm (RMP: as
per Gowan et al. 1994), influenced research on stream salmonids for several decades until
subsequent studies caused revision. It is now recognized that brook trout and other stream
fish can be highly mobile, and populations are composed of both sedentary and mobile
individuals (Adams et al. 2000; Skalski et al. 2000; Rodriguez 2002; Ecret and Mihuc

2013; Mollenhauer et al. 2013; Radinger and Wolter 2014; Comte and Olden 2018).

Mobile tendencies can be an asset when viewing populations or metapopulations at the
watershed scale. Mobile individuals increase dispersal rates and the chance of isolated
populations receiving new genetic material (Ecret and Mihuc 2013; Kelson et al. 2015).
They could make the difference between extirpation and survival — particularly in
marginal habitats. Unfortunately, we do not currently have enough information on brook
trout seasonal movement to accurately model this behaviour (Mollenhauer et al. 2013),

especially in Ontario (Cunjak and Power 1986; Thorn et al. 2016; Fung et al. 2017).

Recent advancement in stream fish ecology has fuelled the development of
metapopulation theory. Until recently, stream systems have been studied as both
longitudinal and lattice networks, with discrete habitat patches existing along their length.
A new concept, displaying streams as dendritic networks, has come to the forefront when
discussing brook trout movement in modern literature (Grant et al. 2007; Cote et al. 2009;
Petty et al. 2014; Kelson et al. 2015; Fung et al. 2017). Dendritic Ecological Networks
(DENS) as they are titled, are modelled after the geometric pattern consisting of a
‘mainstem’ and ‘branches’ that decrease in size and increase in number as you proceed
upwards (upstream) throughout the network. DENs fundamentally differ from

longitudinal and lattice networks as both patches and corridors are habitat, and habitat
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patches are largely linear. This structure makes them different from other ecological
networks as metapopulation structure and dynamics cannot only be studied at habitat
patches, but along the network’s entire length (Grant et al. 2007). Interestingly, dendritic
structure can increase the chance of metapopulation persistence because it enables more
connectively than other network types, assuming dispersal is sufficient to recolonize
extirpated patches and there are no barriers to said dispersal (Fagan 2002; Grant et al.

2007).

Using DENS to study brook trout is important because their metapopulation structure in
streams is largely based around life stage and season (Adams et al. 2000; Petty et al.
2014), and their populations consist of mobile and resident groups (Ecret and Mihuc
2013; Mollenhauer et al. 2013; Comte and Olden 2018). Misinterpreting watershed
structure and connectivity could alter management strategies, especially with dynamic
individuals. Increased movement, and dispersal to new areas, is predominately seen from
adult and larger juvenile brook trout in spring, early summer, and fall. During these times
water temperatures are below their thermal threshold (~20°C) and in fall behaviour is
influenced by spawning (Mollenhauer et al. 2013; Petty et al. 2014). Brook trout can also
move large distances in summer between thermal refugia throughout streams (Petty et al.
2012). Increased movement in summer months when water temperatures exceed this
thermal threshold is atypical however, as the majority of individuals congregate around
groundwater inputs or cool stream inflows, and move very rarely (Ecret and Mihuc 2013).
In contrast, the smaller young of year (YOY) and juvenile fish typically occupy nursery
and refugia streams. Most disperse as they grow larger, or with seasonal changes, and

alter their feeding strategy (Ecret and Mihuc 2013). At this resident stage they primarily
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feed on macroinvertebrates and transition into piscivores as they grow, moving into larger
bodies of water (Petty et al. 2014). Stream size, flow, and thermal characteristics heavily
influence this life history movement (Baker and Coon 1997; Petty et al. 2005, 2012,
2014; McKenna et al. 2011). Similarly, in stream-lake linked systems YOY brook trout
move out of lake redd habitats to nearby headwater refugia streams in early summer, as
these provide thermal and physical buffers against increasing water temperatures and

predation (Curry et al. 1997; Wootton 2006).

Environmental DNA and Backpack Electrofishing:

Biodiversity information is becoming critical for species management as populations
decline across the globe, and species distribution information is needed to effectively
manage local populations. For aquatic systems this information is usually collected
through labour and time intensive surveys by specialized field crews. When studying fish
populations this usually entails electrofishing, netting, hook and line surveys, or surveys

of fishers (Bonar et al. 2009).

Backpack electrofishing is a common field collection practice and can effectively sample
wadeable streams, a predominant sub-ecosystem in Ontario. It is used to compare total
species richness and relative abundance over space and time (Bertrand et al. 2006)
through a variety of methods; single-pass, double-pass, multiple-pass (at least three), and
presence-absence sampling (Meador et al. 2003; Bertrand et al. 2006; Reid et al. 2008;
Evans et al. 2017). Despite its effectiveness, it is labour and time intensive, requiring
many hours to sample a stream reach (Meador et al. 2003; Bertrand et al. 2006). Trade-
offs like these are problematic for organizations that have limited time and budget to

survey a landscape, either in search of a species or to quantify its presence in an area.
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Environmental DNA (eDNA) sampling is a relatively new method to study the
occupation and distribution of species in a timely manner, one that is a potential
alternative to backpack electrofishing for some surveys (Evans et al. 2017).
Environmental DNA sampling was introduced in 2008 by Ficetola et al. to study
American Bullfrog (Rana catesbeiana), and has since developed as a way to gain large
scale species distribution information within aquatic ecosystems. It has gained popularity
since concern over Asian Carp invasion through the Chicago Shipping Canal began in
2011 (Jerde et al. 2011, 2013), quickly emerging as a cost effective and efficient

management tool (Wilson and Wright 2013; Wilcox et al. 2016; Baldigo et al. 2017).

It is possible to detect minute traces of deoxyribonucleic acid (DNA) in an environmental
sample by lab extraction and amplification procedures because DNA can persist within an
environment for a limited amount of time after it is shed by an organism (Ficetola et al.
2008). DNA is made up of the same chemical structure in all organisms, but different
nucleic acid sequences allow for the differentiation of individual species (Baldigo et al.
2017). Therefore, when nuclear or mitochondrial DNA is shed from an organism to the
environment it can be collected and analyzed to determine species origin (Baldigo et al.
2017). This DNA can come from a live or dead organism, shed fluids or tissues (blood,
excretions, body parts, skin, scales), or predator feces containing target DNA, meaning
that positive detections do not always come from live organisms or indicate local

presence (Wilson and Wright 2013).

Sampling for eDNA in aquatic systems is particularly efficient since it only requires a
water sample to indicate species presence. Furthermore, it offers a sampling method that

is non-invasive and non-lethal, one that could be beneficial in a number of scenarios
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(Wilson et al. 2014a). In freshwater ecosystems eDNA is useful for identifying low
abundance populations, initial invasive species presence, species difficult to sample via
conventional methods, sampling areas difficult to access such as private land or remote
wilderness locations, species in habitats difficult to sample (i.e. fast flowing rivers),
endangered species, and species that are sensitive to other sampling methods like
backpack electrofishing (Wilcox et al. 2013, 2016; Wilson and Wright 2013; Janosik and
Johnston 2015; Baldigo et al. 2017). Furthermore, it can reveal habitat usage and species

distributions within watersheds (Wilson et al. 2014a; Baldigo et al. 2017).

Understanding DNA degradation, transport, and shedding rates is critical to this sampling
method. In aquatic ecosystems eDNA is photo-degraded, diluted, and spread by currents
and other hydrological processes, but in lotic systems this is exacerbated by the dynamic
nature of various physical, chemical, and biological interactions (Barnes et al. 2014;
Baldigo et al. 2017). Both the equilibrium between DNA entering the stream and exiting
through degradation, and downstream transport, play important roles in detection rates
(Jane et al. 2015). For example, in streams exposure to target organisms is brief,
hydrological export is rapid, and photodegradation of DNA is more likely since streams
are typically shallow and well mixed. Consequently, relatively large samples may be
required compared to calmer lentic habitats and the possibility of a false negative (type Il
error) is increased (Wilcox et al. 2013). Furthermore, since DNA will persist in lentic
habitats longer (1-2 weeks), it is suggested that samples must be taken within 24hrs in
streams smaller than 6™ order (M. Young, USFS Rocky Mountain Research Station

Webinar).
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False negative detections are a concern in eDNA sampling, and it is critical false negative
(FN), false positive (FP), true negative (TN), and true positive (TP) terms are understood.
A FN detection is when a species is not detected when it is in fact present (type Il error;
Lahoz-Monfort et al. 2016), a FP is when a species is detected when it is not there (type |
error), a TN is when a species is not detected when it is not present, and TP is when a
species is detected when it is present (Ficetola et al. 2015). FNs can be a result of
inhibition (Serrao et al. 2018) or having DNA amplified in quantities below that of the

LOD.

In stream ecosystems water velocity, discharge, and channel morphology all affect eDNA
transport and persistence (Jane et al. 2015; Wilcox et al. 2016). Temperature likewise has
a strong effect on detection rates: it has been shown that fish release more eDNA in warm
environments than cool, and eDNA sampling in warm environments better reflects fish
biomass (Lacoursiere-Roussel et al. 2016). Furthermore, a positive eDNA detection
means that DNA from a species was present at the time of sample, but it does not mean

the target resides there, nor does it reveal the DNA source (Wilson and Wright 2013).

Despite these limitations eDNA is a powerful tool for detecting species across the
landscape, even at low levels (Wilson and Wright 2013). In a recent study it was found
that the eDNA of brook trout is detectable within 240m of source individuals using
controlled stream experiments with low source biomass (Jane et al. 2015). This
demonstrates that eDNA can effectively capture large scale biodiversity information, like
habitat occupation and distribution, with relatively low population levels. If this is the
case, eDNA has the potential to replace backpack electrofishing for early species

detection and collecting distribution information.

28



Environmental DNA sampling has the potential to dramatically reduce the time, cost,
invasiveness, and effort of fisheries management during detection and distribution
modelling phases (Evans et al. 2017). This can be critically important for brook trout and
other species in Ontario as fishes continue to decline in numbers and range. Studies
suggest that it could be more sensitive than traditional sampling techniques (Jerde et al.
2013; Janosik and Johnston 2015; Lacoursiére-Roussel et al. 2016; Wilcox et al. 2016)

increasing reliability when individuals or species are rare (Wilcox et al. 2016).

Prominent comparisons in the literature by Wilcox et al. (2016 and 2017), Baldigo et al.
(2017), and Evans et al. (2017) showed only small differences in detection rates. These
differences were typically a result of eDNA false negatives, which were reported as low
as 6.7% in one study (Evans et al. 2017). It is important to note however, eDNA sampling
does not give population structure information that is critical to management (Evans et al.
2017). While population structure information is useful, it is not always necessary in early
detection phases, suggesting that if the object is to identify areas where a species resides,

eDNA sampling could be the ideal method.

Fisheries Management and Study Objectives:

Environmental DNA sampling has been identified as a strong management tool, yet it has
not worked its way into standard practices. It has been suggested managers are not aware
of the cost and effort benefit of eDNA sampling, delaying its integration into field
protocol (Evans et al. 2017). In Ontario, eDNA sampling is gaining exposure through its
use in Asian Carp monitoring of the Great Lakes and other studies (Wilson et al. 2014b;
Boothroyd et al. 2016; Serrao et al. 2018), and could be translated to additional

management areas with success.
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The objectives of this study were to determine brook trout seasonal occupancy and
quantify brook trout detection rates between single pass backpack electrofishing and
eDNA sampling in two river systems; the Black and Burnt rivers from Haliburton
County, ON. Seasonal eDNA sampling with 1L triplicate water samples was used to
quantify brook trout occupation in all four seasons over a one-year period within the
study systems. This sampling enabled assessment of eDNA as an effective tool for
collecting spatial and seasonally temporal occupancy information in Ontario’s Canadian

Shield stream habitats.

| predicted that (1) there would be no difference in brook trout detection rates during the
summer season between backpack electrofishing and eDNA sampling due to the low
intensity methods used for each sampling technique, since other studies have found there
to be small detection differences with higher intensity sampling (Wilcox et al. 2016,
2017; Evans et al. 2017; Baldigo et al. 2019), and (2) brook trout presence would vary
seasonally within both study watersheds across their tributaries and main channel,

reflecting their biology and varying habitat use throughout their lifecycle.
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Methods

Study Sites:

The Black River (Figure 2.1a) runs through the north-western edge of Haliburton County
(shown in light blue in Figure 2.1a) and has seven distinct tributaries that are accessible
using backpack electrofishing. Its watershed is composed primarily of sandy soils and is
well-forested, however, a logging operation is currently underway north of Highway 118.
Several physical impacts of the logging operation are visible, including erosion and
tributary alteration. The river has large amounts of deadfall and many highly eroded
banks, though it is difficult to determine if this is atypical of the system without detailed
historic information or longer study. It would be classified as a Rosgen C class channel
and has a very short and wide meander pattern with many oxbows (Rosgen 1994). No
major human alteration through dams or watershed alteration was apparent other than the

logging operation.

Brook trout were confirmed though personal observation and by OMNRF field crews
during 2018 within the main river (A. Challice, OMNRF, personal communication). The
seven tributaries within the Black River system were the focus for the backpack
electrofishing vs eDNA detection sensitivity comparison. The main river and tributaries

had further seasonal eDNA sampling for a brook trout seasonal occupation analysis.

The Burnt River system (Figure 2.1Db) is likewise known to have brook trout along a
significant portion of its length. The main river and several tributaries were confirmed to
have brook trout during past watershed assessments (Wootton 2002, 2006). Wootton
(2006) looked at genetic exchange between three populations in the Burnt River and
found distinct breeding population structures in each of the three, corresponding to
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tributaries studied here (Bt1, Bt2, and Bt3). The present study is a follow up of Wootton’s

(2006) work and uses his backpack electrofishing procedure.

The Burnt River has a moderately altered landscape, including dams, roadways, and
housing along its banks. Despite this there is a strong brook trout population at these three
tributaries, and further downstream. Backpack electrofishing in 2018 confirmed their
presence. Human alteration is very evident when viewing the river and it is noticeably
lacking deadfall and debris within its channel that creates fish habitat like scour pools and
cover. As a result, percent cover, pool number, and pool depth are noticeably lower than

the Black River.

For this study seven sites (tributaries) were selected beginning with the three tributaries
Wootton (2006) studied, and downstream to the southern edge of the Dahl Forest
(protected area east of Geeza Road). These were selected based upon his previous work
(Wootton 2006) and accessibility. The four tributaries selected at the southern edge of the
section were nearest to Dahl forest access points to facilitate backpack electrofishing and

eDNA sampling during adverse seasonal weather conditions.

Fish community in the Black River consists of few species, primarily brook trout and
several smaller cyprinids with no large predatory species found in the main river. The
Burnt River on the other hand has confirmed brown trout and smallmouth bass in the
studied reach, as well as walleye and other warmwater species further downstream (A.

Challice, OMNREF, personal communication).
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Figure 2.1. Study systems and sample sites (red); a) the Black River, b) the Burnt River.
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Overview:

Backpack electrofishing and eDNA sampling were conducted at the Burnt and Black river
systems in Haliburton County from fall 2018 until summer 2019 (Figure 2.1). Seven
tributaries to the main river in each watershed were studied and the distances between the
upstream and downstream limits were approximately 10 river kilometers. Electrofishing
was done exclusively during summer 2019 to align with provincial fishing guidelines and
occurred immediately after eDNA water sampling to compare detections. All eDNA
water samples were filtered within 24hrs of collection and preserved in Longmire Buffer

solution (Williams et al. 2016) after filtration.

Field Collection:

Tributaries in the Burnt and Black River systems were electrofished using a single pass
technique following Ontario Stream Assessment Protocol (OSAP; Stanfield 2010)
recommendations for sampling all habitats with a two-person field crew, one shocking
and one netting. Shocking took place from the tributary mouth up 85m to a block net or
until a natural obstruction prevented fish passage and effort was recorded in shocker
seconds. Recorded data and procedures followed the methods of Wootton (2006) who
conducted similar population genetic testing on Burnt River tributaries. Total length, fork
length, weight, and life stage (YOY, juvenile, adult) of all brook trout were recorded as
well as the total number of each non-target species captured; all fishes were returned to
the stream after recording. Triplicate 1L eDNA water samples were taken using 1L
sample bottles and different nitrile gloves for each sample, at each study tributary and a
short distance (~3-5m) upstream of each confluence along the main river to prevent

mixing. Water samples were collected midstream for higher flow and relative lack of bed
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material, once during each season to obtain seasonal occupancy data. Immediately after
collection water samples were placed on ice with a cooler control sample until filtering.
Water sample collection and filtering followed methods by Wilson et al. (2014a) where
all materials were decontaminated for 10 minutes in a 10% bleach solution and rinsed
three times with water known to be absent of brook trout DNA. Bleach decontamination
was done on all relevant materials before, between, and after all triplicate samples. A
PALL Corporation®© triple funnel stand and vacuum pump were used to filter all water
samples, and the 1.2um glass microfiber filters were immersed in 1mL of Longmire

Buffer solution (Williams et al. 2016) immediately after filtration for preservation.

Lab eDNA Analysis:

Environmental DNA was extracted from the filters using MoBio PowerWater DNA
Isolation Kits (MoBio Laboratories, Inc.) following the manufacturer’s protocols.
Following extraction, the creation of a working plate, gel electrophoresis, inhibition
testing, and quantitative PCR (qPCR) were conducted and followed protocols outlined in
Wilson et al. (2014a). The gPCR reactions used species-specific primers and probe
(BRK?2) developed to detect brook trout by Wilcox et al. (2013). Each gPCR reaction
included a multiplexed internal positive control (IPC; TagMan Exogenous Internal
Positive Control from Applied Biosystems) to test for gPCR inhibitors. Any samples that
showed evidence of gPCR inhibition were diluted to a 20% concentration using ddH.O
and re-analyzed. Only samples with complete inhibition removal were used for analysis.
Reactions for qPCR were carried out in a StepOnePlus thermocycler (Life Technologies)
using triplicate 20pl reactions for each sample under the following conditions:

50°C/2mins, 95°C/10mins 15s, 60°C/1min for 40 cycles. Reactions were composed of
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10pl TagMan Environmental MasterMix 2.0 (Life Technologies), 0.4ul of each F-primer,
R-primer, and BRK2 Probe (Life Technologies), 3.8ul of ddH-0, and 5ul of DNA. The
resulting standard curves were created with a standard dilution series using 106-10°
concentrations of brook trout DNA (Wilson et al. 2014a) and used to quantify starting
copy number estimates of template DNA in environmental samples. The average
detection quantities were calculated from the triplicate gPCR runs to be used for data
analysis. To confirm the results as true positive detections, a subset of detections were
sequenced from each site with a true positive result to confirm them as brook trout DNA

(Appendix Section 3), following procedures outlined in Wilson et al. (2014a).

Validating eDNA Sampling in the Canadian Shield:

The efficacy of using eDNA to sample for brook trout in Canadian Shield streams was
determined by evaluating the proportion of sites where eDNA detected brook trout
compared to backpack electrofishing. This analysis was completed using a contingency
table and the Phi coefficient to determine if eDNA and backpack electrofishing were
related in detection frequency (see Baldigo et al. 2017; Evans et al. 2017; and Robinson et

al. 2019 for similar tests).

Data Analysis:

To confirm eDNA positive results the Limit of Detection (LOD), described by Klymus et
al. (2019) as the lowest concentration of an analyte that can be detected with a prescribed
level of confidence (95% in this study), was used to determine true positive (TP), false
positive (FP), true negative (TN), and false negative (FN) detections. LOD was calculated
using R code supplied by Klymus et al. (2019) which uses probit modelling to determine

the LOD based upon the qPCR standards with 95% or greater positive detection. The
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sensitivity of eDNA sampling in each season was determined by comparing the number
of true positive detections to false negative detections using the already calculated LOD.

Analysis followed Serrao et al. (2018) with the equation: Sensitivity = TP/(TP+FN).
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Results

EDNA Detection Analysis:

The seasonal LOD for three replicate qPCR assays was 2.84, <1, 2.12, and 1.44 copies
per reaction for fall, winter, spring, and summer respectively (Figure 2.2). Since the LOD
for winter was lower than the lowest standard used, the LOD was ‘Unsolvable’ by the
Klymus et al. (2019) R code and the limit was set at 1 to align with the standard that had
95% or greater amplification. All seasons other than winter had the standard of 10
copies/reaction amplify 95% of the time or greater, causing higher LODs during these

Seasons.

Three negative controls (one field, one filtering, and one extraction) during the fall
sampling round, and one (filtering) during winter, had non-zero detections and all
samples associated with the controls were removed from analysis. No false positives were
recorded in any other negative controls. During IPC testing one sample site consisting of
three samples had inhibition (BR1 tributary site in winter) and was subsequently diluted
and reanalyzed. Finding it to be uninhibited, the sample set was used for the rest of the
analysis and no other samples demonstrated inhibition. Raw eDNA data will be uploaded

to Dryad and available for download.

Despite having the lowest LOD, winter had the lowest detection sensitivity (0.53; Table
2.1) of all seasons. Detection sensitivity is the proportion of TP detections to FN (here
referring to non-zero detections below the LOD) for each season. Spring likewise had a

low sensitivity (0.57), while fall and summer both were high (0.85 and 0.89).
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Table 2.1. Seasonal eDNA detection sensitivity.

Fall | Winter | Spring | Summer
Sensitivity = 0.85 | Sensitivity = 0.53 | Sensitivity = 0.57 | Sensitivity = 0.89
TP = 106 TP= 53 TP= 50 TP = 88
FN = 18 FN = 47 FN = 38 FN = 11

Brook Trout Occupancy:

In the Black River (Table 2.2), eDNA detection of brook trout in both the main channel
and tributaries was consistent across seasons with little variation. All sites had brook trout
detected during of the year and there were only two sites during the spring (BR1 MC and
BR3 MC) that had negative detections (Figure 2.3). The term ‘negative detection’ is used
here to define samples which contained target DNA that was lower than the LOD for that
season. Alternatively, a ‘detection’ is one which had target DNA copy amounts above the

LOD, and ‘no detection’ means no target DNA was detected.

In contrast, the Burnt River (Table 2.3) showed a high amount of variation in brook trout
detections. Most non-positive detections (those labeled as ‘no detection’ or ‘negative
detection’) occurred during winter sampling [7], where only seven locations (of 14
sampled) had positive brook trout detections. Most of which were tributary sites (Bt1, 2,
3, 5, 6 and 7), with the exclusion being the Bt6 MC site. During summer, the only sites
that did not have brook trout were Bt4, Bt6, and Bt7 tributary sites — all of which were
dry. Spring sampling results were identical to summer other than one negative detection
in the main channel, site Bt1, the furthest upstream. This site was upstream of a
confluence with another large (5-6m wetted width) stream. Fall sampling was limited by
land access issues that prevented sampling at four sites until later in 2018, but all those

sampled had brook trout detections (Figure 2.4). Negative detections only occurred
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during winter and spring, while fall and summer only had positive detections, although

three tributaries were dry and unsampled in summer.

Overall, brook trout seasonal occupation was different between the two study systems,
despite being similar rivers. The Black River was occupied nearly everywhere within the
studied reach year-round, while the Burnt River showed marked differences between
summer and winter occupation. Detection quantity of eDNA varied throughout seasons
(see Chapter 3, Table 3.1) but since this study did not focus on linking detection quantity
to population characteristics no relationship was investigated. Despite not studying that
relationship, winter eDNA detection quantities were very low, typically less than five
copies per reaction (see Table 3.1 in Chapter 3), compared to other seasons displaying the

highest amount of FP detections.
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Table 2.2. Black River seasonal eDNA results; MC refers to ‘main channel’ sites. Detection refers to a positive eDNA detection, Negative Detection to a detection

below the LOD, No Detection means no brook trout DNA was detected, and Not Sampled are sites not sampled due to dangerous conditions. The LODs were

2.84,1.00, 2.12, and 1.44 for fall, winter, spring, and summer respectively.

Site Fall Winter Spring Summer Seasonal Detections
BR1 Detection Detection Detection Detection 4/4

BR1 MC Detection Detection Negative Detection Detection 3/4
BR2 Detection Detection Detection Detection 4/4

BR2 MC Detection Not Sampled Detection Detection 3/3
BR3 Detection Detection Detection Detection 4/4

BR3 MC Detection Detection Negative Detection Detection 3/4
BR4 Detection Detection Detection Detection 4/4

BR4 MC Detection Detection Detection Detection 4/4
BR5 Detection Detection Detection Detection 4/4

BR5 MC Detection Detection Detection Detection 4/4
BR6 Detection Detection Detection Detection 4/4

BR6 MC Not Sampled Not Sampled Not Sampled Not Sampled Not Sampled
BR7 Detection Detection Detection Detection 4/4

BR7 MC Detection Detection Detection Detection 4/4
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Table 2.3. Burnt River seasonal eDNA results, MC refers to ‘main channel’ sites. Detection refers to a positive eDNA detection, Negative Detection to a

detection below the LOD, No Detection means no brook trout DNA was detected, and Not Sampled are sites not sampled due to dangerous conditions. The LODs

were 2.84, 1.00, 2.12, and 1.44 for fall, winter, spring, and summer respectively.

Site Fall Winter Spring Summer Seasonal Detections
Bt1 Detection Detection Detection Detection 4/4
Btl MC Detection Negative Detection | Negative Detection Detection 2/4
Bt2 Detection Detection Detection Detection 4/4
Bt2 MC Detection Negative Detection Detection Detection 3/4
Bt3 Detection Detection Detection Detection 4/4
Bt3 MC Detection Negative Detection Detection Detection 3/4
Bt4 Not Sampled No Detection No Detection No Detection 0/3
Bt4 MC Not Sampled No Detection Detection Detection 2/3
Bt5 Not Sampled Detection Detection Detection 3/3
Bt5 MC Not Sampled Negative Detection Detection Detection 2/3
Bt6 Not Sampled Detection Negative Detection No Detection 1/3
Bt6 MC Not Sampled Detection Detection Detection 3/3
Bt7 Not Sampled Detection Negative Detection No Detection 1/3
Bt7 MC Not Sampled Negative Detection Detection Detection 2/3
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Legend: = Detected === = Undetected - = = Not Sampled

Figure 2.3. Graphic representation of Black River seasonal detections: a) Fall, b) Winter, ¢) Spring, d) Summer.
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Legend: = Detected === = Undetected = Not Sampled

Figure 2.4. Graphic representation of Burnt River seasonal detections, a) Fall, b) Winter, c) Spring, d) Summer.
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EDNA Comparison with Backpack Electrofishing:

In this study eDNA had more positive detections at 1%-3" order stream sites than single
pass backpack electrofishing. Backpack electrofishing during summer 2019 identified
seven sites with brook trout present within the Black and Burnt study watersheds. Four
locations were occupied in the Black River system and three locations in the Burnt River
system. Similarly, eDNA sampling found brook trout DNA in all seven sites where they
were captured by backpack electrofishing and at an additional four sites where backpack
electrofishing did not locate any brook trout. Three of these sites were in the Black River
system and one in the Burnt. In total there were 18 positive detections and 10 negative
detections for the two methods, the resulting contingency table was used to calculate the
phi coefficient. The phi coefficient for positive detections between the two sample

methods was 0.30, suggesting no relationship.
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Table 2.4. Comparative effectiveness of brook trout detection or capture between backpack electrofishing
and eDNA in Canadian Shield streams. Lightly shaded areas indicate sites where both eDNA and
electrofishing detected fish and dark areas only sites where eDNA detected fish and electrofishing did not.

Site eDNA Electrofishing
BR1 Yes Yes
BR2 Yes Yes
BR3 Yes Yes
BR4 Yes Yes
BRS No
BR6 No
BR7 No
Btl Yes Yes
Bt2 Yes Yes
Bt3 Yes Yes
Bt4 No No
Bt6 No No
Bt7 No No
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Discussion

Brook Trout Seasonal Occupation:

Critical habitat is integral to species management and protection; however, managers
rarely fully understand their target species’ habitat use year-round and in differing
environments. To adequately quantify critical habitat, species occupation during times
other than summer must also be understood (Species at Risk Act 2002). Studies focusing
on brook trout habitat use in Canadian Shield streams during non-summer periods have
been neglected, and a substantial knowledge gap exists. This study addressed the
knowledge gap by using eDNA to capture brook trout seasonal occupation in two

watersheds, across their tributaries and main channel.

The Black River showed consistent positive detections across seasons suggesting that
brook trout had access to habitat necessary to survive year round within the study area,
including summer refugia, fall spawning locations, and overwintering habitat (Cunjak and
Power 1986; Petty et al. 2005; Merriam et al. 2017). Spring negative detections (non-zero
detections below the LOD) could be contributed to external factors, but the only two in
the Black River system occurred in this season, suggesting flow could have had a diluting
effect on eDNA quantity since they both occurred in main channel, or high flow areas

(Jane et al. 2015; Sepulveda et al. 2019; Fossay et al. 2020).

Seasonal eDNA detections in the Burnt River was more variable, with summer detections
in all study reaches except three side channel sites (tributaries) which were seasonally
dry. In contrast, the only sites in winter that had brook trout detections were side channel
sites (6) and one main channel site (Bt6 MC), illustrating a clear habitat shift with
seasonal conditions. It is important to note however, these were negative detections rather
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a ‘no detection’ and fish may still be present in these areas. Others have shown that areas
unoccupied in summer can be important overwintering habitat for brown trout (Meyers et
al. 1992) and that brook trout habitat selection can shift seasonally (Mollenhauer et al.

2013) or with age class (Ecret and Mihuc 2013).

These results suggest that habitat fragmentation and connectivity between habitats could
be very important for some populations of brook trout (Kanno et al. 2014a). If habitat is
fragmented, fish may not be able to access critical habitat (Huntsman et al. 2016) or have
genetic exchange between populations (Timm et al. 2016; Bruce et al. 2019, 2020). It is
unknown which life stages are moving in this study but other literature (Mollenhauer et
al. 2013; Petty et al. 2014) suggests that larger fish like older juveniles and adults are
most likely. Brook trout are known to show increased movement during spring and fall
(Snook et al. 2016), and during increased flow events (Davis et al. 2015) which
corresponds with detections in the Burnt River. Further research should focus on life
stage movement in similar systems and determine seasonal movement or retention

drivers.

Although the sampled areas of the Black and Burnt Rivers are comparable in size and
flow (Ontario Flow Assessment Tool 2020), winter detections of brook trout eDNA were
quite different between the two systems. It was not within the scope of this study to
determine why the occupation differed, but several factors could contribute, particularly
stream characteristics (Harvey et al. 1999; Albanese et al. 2004) and fish community.
Albanese et al. (2004) suggested that the probability of fish movement could decrease
with increased habitat complexity, which may affect local site occupancy within the

Burnt River. Similarly, fish are known to alter behaviour in response to predators (Mirza
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and Chivers 2000; Bryer et al. 2001), and the presence of brown trout and smallmouth

bass may influence habitat selection.

The Black River has no large confluences within or nearby to the study area and has
much more instream habitat than the Burnt River. It has a mostly forested catchment with
large amounts of woody debris falling into the stream creating scour pools, back eddies,
and in-stream habitat. The Burnt River comparatively has very few habitat features along
the studied reach, having agricultural use, housing, and a history of clear cutting nearby.
Riparian condition and adjacent land use are known to affect stream health and in
extension habitat availability (Stanfield and Kilgour 2013), if brook trout were missing
essential habitat features needed to overwinter in a stream reach, they may have moved

downstream to seek refugia elsewhere during winter (Cunjak and Power 1986).

Alternatively, fish community and the presence of predators (Mirza and Chivers 2000;
Bryer et al. 2001) could be influencing their winter occupation. The Burnt River is known
to have larger species that prey on brook trout in the main river, including smallmouth
bass and brown trout (A. Challice, OMNRF, personal communication). The Black River
is not known to have these species and they could be a driver of winter occupation in the
Burnt River. Conversely, it could be that fish are expressing preference (Heggenes 2002)

for certain habitats in a larger river, rather than being forced to move.

Despite how effective eDNA was at determining seasonal occupation, it is important to
consider its limitations as well. For instance, eDNA detections do not mean that fish are
present at the time of sampling, or within the study reach — it merely means their DNA
was (Wilson and Wright 2013). Thus, it is possible that all areas identified may not be
occupied habitat, but could be a movement corridor, habitat downstream of occupied
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areas, or serve some other unidentified purpose. To accurately quantify habitat use at the
microhabitat scale, further work would be needed. This does not negate the use of eDNA
as a quick and efficient method for determining occupancy and presence/absence, but

acknowledging limitations reduces the chance of management mistakes (Darling 2019).

Furthermore, a negative eDNA detection doesn’t confirm fish are absent either, it merely
means they were not detected (Ficetola et al. 2015). Type Il error or FN detections are a
known problem with eDNA sampling and should be incorporated into study design
(Schmidt et al. 2013). Termed “process” type Il error (Darling and Mahon 2011) they
characterize the imperfect detection of eDNA methods with presence/absence data and
high numbers cause concern for making inferences about occupation, distribution, and
status of target species (Moyer et al. 2014). Subsequently, Ficetola et al. (2015)
recommend that at least eight PCR replicates be performed if detection probability is not
high to prevent FNs. Brook trout in Ontario are not a species of concern and for rapid

assessment methods like those used here, increased replicates were not included.

Alternatively, a TN is a true absence. TNs are known in control samples without any
target DNA amplification but when analyzing environmental samples, they are more
difficult to determine. Zero DNA copy number detections are the best candidates for TN
detections, but further surveys, or increased sampling would be needed to confirm.
Ficetola et al. (2015) suggest that if detection probability was high (0.75) then four
replicates would be needed, while if probability was low (0.25), twelve would be needed.
Study design should account for incomplete detection within eDNA sampling to prevent

bias results (Moyer et al. 2014).

51



Main channel sampling may also have influenced brook trout seasonal detections as it
was only sampled several meters above tributary confluences to prevent mixing with
tributary sites. This could create a sampling bias for trout in summer or fall when they are
attracted to these smaller tributaries for thermal refugia or spawning (Petty et al. 2012). In
the future similar studies using eDNA should sample the main channel at increments
throughout the study area, as well as at confluences, for a more accurate occupancy

model.

Winter sampling likewise could be biased towards side channels due to the low metabolic
rate of fish during cold water temperatures (Phillips and Brockway 1954). This low
metabolic rate would reduce the shedding rate of eDNA from fish, meaning samples may
need to be taken closer to source individuals where eDNA quantities are greatest (Jane et
al. 2015; Lacoursiére-Roussel et al. 2016; Wilcox et al. 2016). There are few winter
eDNA studies (see Hanfling et al. 2016 and Franklin et al. 2019 for examples) with none
known to the author on brook trout, and it is unknown how much the detection range
would be reduced during this season. Winter sampling would therefore be biased towards
side channels as they are smaller, with less flow and eDNA transport, and the probability
that the sample is taken closer to fish is greater. Sepulveda et al. (2019) found that
increasing sample volume heightens the probability of finding low density taxa and
generated greater overall DNA concentrations, though it did raise inhibition frequency. It
is strongly suggested that further winter work with eDNA take more replicate samples at
greater volumes and investigate the effects of flow and reduced metabolic rate on

detection quantity.
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Brook trout management in Ontario is undergoing review and it is important that future
decisions incorporate more than summer habitat. This study illustrates that seasonal
occupation can vary between populations and that protecting summer habitat in some

systems likely would not be enough to prevent declines or induce rehabilitation.

EDNA as a Management Tool:

EDNA has quickly emerged in research applications as a cost effective, non-invasive, and
highly sensitive sampling technique (Wilson and Wright 2013; Wilcox et al. 2016;
Baldigo et al. 2017; Evans et al. 2017). Despite its prominence among research
laboratories and at universities, it has yet to make it into standard field assessment
protocols for local management agencies (Darling 2019). Some suggest that this is due to
how new the practice is, its limitations for gathering population level information, or that
some simply will not trust an eDNA detection until they see a fish in hand (Darling 2019;
Jerde 2019). In this study eDNA sampling was used in Canadian Shield stream
environments, which differ from southern Ontario streams in both hydrology and geology
(Allan and Roulet 1994; Wohl and Merritt 2001; Buttle et al. 2004; Jones and Schmidt

2017).

Here, eDNA sampling was more effective than single pass backpack electrofishing at
locating brook trout in lower order Canadian Shield streams, identifying seven additional
sites with brook trout DNA. This was also found in several studies that have viewed this
eDNA-backpack electrofishing relationship (Jerde et al. 2011; Wilcox et al. 2016;
Robinson et al. 2019; Jerde 2019) but could be explained by site length, site
characteristics, protocol, or crew size. Following methods by Wootton (2006),

electrofishing sites were 85m in length, however recent studies have shown that brook
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trout can be detected in very low numbers (as low as one individual) greater that 100m
downstream of the DNA source (Jane et al. 2015; Wilcox et al. 2016; Robinson et al.
2019). It is possible that when brook trout eDNA was detected, but no fish were captured,
source individuals could have been upstream of the sample site. Site characteristics could
likewise decrease efficiency, for example very small streams with deep undercut banks

that are heavily vegetated (BR5 SC) pose challenges (Hense et al. 2010).

Depth and conductivity of sample sites could also reduce electrofishing efficiency
(Dunham et al. 2009; Hense et al. 2010; Allard et al. 2014). Past studies that have
evaluated the relationship between eDNA and backpack electrofishing (Jerde et al. 2011;
Wilcox et al. 2016; Evans et al. 2017; Robinson et al. 2019; Jerde 2019) were not done in
the Canadian Shield, and its differing conductivity and stream characteristics (Giberson
and Hall 1988; Tinkler and Wohl 1998; Wohl and Merritt 2001; Buttle et al. 2004; Chu et
al. 2010) could influence sampling efficiency. It is possible that these factors had a
greater influence on backpack electrofishing than eDNA sampling which caused the

difference in efficiency.

Similarly, using a two-person crew, or only doing a single pass sampling method, could
contribute to missed fish (Pusey et al. 1998; Meador et al. 2003; Bertrand et al. 2006;
Hense et al. 2010). While this is a consideration, the intent of this study was to evaluate if
eDNA sampling was able to quickly and efficiently determine brook trout occupancy
information at a large spatial scale, to compare it with rigorous electrofishing methods
using multiple passes and a large crew would be unfair. If the comparison was to be made
under those conditions, eDNA sampling intensity should be increased as well, with more

replicates in individual samples and sample dates within seasons.
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Sampling with eDNA for fish occupation information is growing in popularity and has
been used in several research applications to date (Wilson et al. 2014b; Boothroyd et al.
2016; Baldigo et al. 2017; Wilcox et al. 2018). This method has undergone scrutiny for
potential FP and FN detections (Lahoz-Monfort et al. 2016) and lack of population
information (Thomsen et al. 2012), but offers several benefits over traditional sampling,
including increased sensitivity (Jerde et al. 2011), its non-invasive aspect (Feng et al.
2019), and the reduced time and effort required to sample large expanses (Wilcox et al.

2018).

Traditional sampling techniques like backpack electrofishing and netting can give
detailed population information when used with rigorous protocols (Meador et al. 2003),
but there are downsides to these as well. For example, it is known that to record species
occurrences for spatial and temporal movement analysis with backpack electrofishing
requires substantial effort and can be confounded by susceptibility of species capture and
other variables (Bertrand et al. 2006). As a result, several studies have looked at the
efficiency of single, double, and multiple pass electrofishing to determine fish community
structure, species richness, and population abundance, finding pros and cons to each
method (Pusey et al. 1998; Meador et al. 2003; Bertrand et al. 2006; Reid et al. 2008).
Managers should be aware that all techniques have downsides and there are trade-offs
between variables like sensitivity, sampling effort, invasiveness, and cost (Meador et al.

2003; Bailey et al. 2007; Darling 2019).

An inherent source of error for eDNA sampling is site DNA retention/transport (Harrison
et al. 2019). Brook trout eDNA could have been detected because they were recently

present, but no longer are. The time eDNA stays at a location in stream environments has
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been studied (Deiner and Altermatt 2014; Jerde et al. 2016; Harrison et al. 2019; Méchler
et al. 2019), but predicting the retention ability of new sites from reference areas is
difficult since many different variables can affect DNA degradation rates (Barnes et al.
2014; Jane et al. 2015; Lacoursiére-Roussel et al. 2016; Jerde 2019). Despite this
consideration, for the purposes of this study that is not a concern since site occupancy was
the main objective. Even if the site was occupied shortly before our sampling, the site was

occupied thus contributing to seasonal site occupancy.

Seasonally sampling with eDNA was effective at detecting brook trout in all seasons but
more so during summer and fall. Detection quantities (see Chapter 3, Table 3.3) varied
throughout seasons, finding summer and fall to have the highest overall detections, spring
to have comparably high but slightly lower detections, and winter to have the lowest
detection quantities by far. Current field sampling protocols for eDNA (Wilson et al.
2014a; Carim et al. 2016) don’t address seasonal sampling conditions and this study

contributes new knowledge towards using eDNA in all months of the year.

Several variables are known to influence eDNA transport and degradation within streams
including temperature, flow, sunlight, microbial communities, target metabolic activity,
and others (Barnes et al. 2014; Jane et al. 2015; Lacoursiere-Roussel et al. 2016) — all of
which can vary seasonally. Winter sampling was particularly challenging as study sites
included very small tributaries flowing into larger rivers that can freeze solid or have

significant ice cover, making water sampling difficult.

Despite sampling concerns, positive brook trout detections were made in winter across all
systems, albeit with low detection quantities. Minamoto et al. (2019) found similar results
for three trout species in mountainous streams during winter and had low positive
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detections from under-ice samples. New sampling technology, like the Smith-Root eDNA
sampler backpack (Thomas et al. 2018) and other similar units, could be beneficial in
these situations to take a better representative sample under ice cover and into the main
flow of streams. It is recommended that future winter eDNA work consider this hurdle
and adjust their sampling protocol accordingly; possibly increasing sample replicates or

volume in the spring during high flow and winter when eDNA shedding rate is likely low.
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Chapter 3: Detecting Fishes at the Watershed Scale: A Case Study on Brook

Trout (Salvelinus fontinalis) in Haliburton County, ON

Abstract

Fishes across the globe are declining from detrimental environmental and anthropogenic
changes to aquatic environments and their catchments. Subsequently, more needs to be
understood about local fish species to prevent these declines and promote rehabilitation.
Here, variables within the Aquatic Ecosystem Classification (AEC), were used as
indicators of potential brook trout habitat in Haliburton County, Ontario. Environmental
DNA (eDNA) was used to gather seasonal occupancy information at low, moderate, and
high quality brook trout habitat based upon interpretation of AEC stream types, with
indicator potential evaluated based on positive eDNA detections. Results show that the
variables of baseflow index (BFI), upstream catchment area (UCA), and channel slope
alone were not good indicators of brook trout detections in this area of the Canadian
Shield but eDNA was a successful tool for testing predictions based upon these
indicators. Fall and summer eDNA sampling appeared to be optimal for detecting brook
trout based on high numbers of high detection quantity positive eDNA detections. Future
efforts to identify brook trout habitat and occupancy should incorporate additional
variables, including the influence of lakes and wetlands, riparian shading, and biotic
factors, to increase accuracy and use eDNA to quickly gather large scale occupancy
information. Creating a species occupancy model for brook trout in the Canadian Shield

may be needed to prevent future declines as it will aid in detecting fishes and quantifying
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their seasonal occupation and movement — information critical for protecting species as

they continue to decline.

Keywords: Aquatic Ecosystem Classification, environmental DNA, baseflow index,

seasonal occupation, species occupancy model.
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Introduction

Brook Trout Habitat:

Across Ontario brook trout have been decreasing in abundance and range, causing
concern for their future health (Mucha and Mackereth 2008; Bobrowski et al. 2011).
Brook trout are a favourite fish of anglers and receive a lot of attention by fisheries
managers and the public (Eastern Brook Trout Joint Venture 2011), making them a
frequent target for fisheries rehabilitation and stream restoration initiatives. In the
Canadian Shield region of Ontario, streams that once had abundant populations now
contain remnants, or none at all (Bobrowski et al. 2011; Thorn et al. 2016; Fung et al.
2017). Fisheries declines can have dramatic impacts on communities, resulting in a larger
economic impact throughout provinces (Milich 1999). To appropriately manage these
fisheries and reverse declines, watershed connectivity (Letcher et al. 2007; Cote et al.
2009; Poplar-Jeffers et al. 2009; Whiteley et al. 2013; Thorn et al. 2016; Fung et al. 2017,
Nathan et al. 2017) and species habitat requirements need to be accounted for (Mucha and
Mackereth 2008; Petty et al. 2012, 2014; Ecret and Mihuc 2013; Mollenhauer et al. 2013;

Deweber and Wagner 2015; Thorn et al. 2016; Fung et al. 2017).

Brook trout move seasonally to access different habitats and for spawning activities, thus
they require unimpeded access to all of these areas throughout the year (Power et al.
1999; Mollenhauer et al. 2013). These habitats, defined as “critical habitat”, are the
habitat necessary for the survival or recovery of a species, incorporating seasonal
movement and life stage changes (Species at Risk Act 2002). Understanding habitat
occupation during summer months does not mean winter use is understood, or residency

during any other season. Therefore, knowing species presence or absence in summer only
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is an incomplete understanding of habitat use (N. Jones, OMNRF, personal
communication) and should not guide all management action towards the species. To
appropriately manage a species, habitat use and requirements must be understood for all
seasons and life stages, particularly since species habitat requirements dictate their

residency and life history movement throughout stream ecosystems (Power et al. 1999).

Individual habitat characteristics have varying degrees of influence on species occupation
depending on the study and geographic region. For example, in the Canadian Shield
groundwater inputs, and therefore water temperature, have the largest influence on brook
trout habitat selection (Cunjak and Power 1986; Curry and Noakes 1995; Curry and
Devito 1996; Ridgway and Blanchfield 1998; Thorn et al. 2016; Fung et al. 2017). Across
Canada and the United States brook trout have likewise been identified as poor swimmers
compared to other trout species (Adams et al. 2000) and prefer slower moving streams.
Likely as a direct result of their swimming ability, it has also been shown that they prefer
lower gradient streams (Adams et al. 2000; Isaak et al. 2015). These effects can change

regionally, which might ultimately be the largest influence on habitat selection.

The Canadian Shield of south-central to northern Ontario is characterized by its large
bedrock and till formations, deep glacial carved lakes, and bedrock restricted streams.
The hydrology and geomorphology of streams in the region compounds the importance of
groundwater inputs and original channel shape (Giberson and Hall 1988; Tinkler and
Wohl 1998; Wohl and Merritt 2001; Buttle et al. 2004; Chu et al. 2010). Brook trout
require strong groundwater inputs within the Canadian Shield (Curry and Devito 1996)
and inability to reach these sources could result in population declines (Power et al.

1999).

69



With another declining species, bull trout (Salvelinus confluentus), efforts have been
made to map and locate habitat within a landscape. Isaak et al. (2015) used a species
distribution model (SDM) with cold water habitat size, stream slope, overall stream
temperatures, and brook trout presence as predictors for bull trout presence, identifying
several areas key for conservation efforts in the Northern Rocky Mountains. The purpose
was to locate areas of cold water refugia for bull and cutthroat trout (Oncorhynchus
clarkii) under climate change scenarios. The authors suggest that a similar model could be
widely applicable for other salmonids within their native ranges throughout North

America, including brook trout (Isaak et al. 2015).

As a follow up to this study, bull trout in cold water habitats were modelled in response to
brook trout invasion (Wilcox et al. 2018). This experiment used the previous model and
incorporated new eDNA samples to gain detailed occupation data throughout Montana.
Wilcox et al. (2018) suggest that by using eDNA to collect samples at ecologically and
demographically meaningful scales, patterns of species occupancy may depict the
influence of species interactions. This case study demonstrates that combing predictive

models with eDNA sampling can have positive implications for fish conservation.

The Aquatic Ecosystem Classification (AEC):

The AEC is a science-based tool for classifying Ontario’s flowing waters (rivers and
streams) into reaches, stream segments and large productivity regions based on their
physical attributes and associated watershed characteristics. The OMNRF is responsible
for sustainably managing and deriving economic benefit from Ontario’s fisheries and
water resources contained in the near countless rivers and streams across the province. An

aquatic classification system provides a standard base upon which to manage these
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resources by bringing order to these complex aquatic systems, increasing consistency
across the province to facilitate monitoring, landscape level planning, and policy

development (Jones and Schmidt 2017).

The AEC is multifaceted, first being a stream reach inventory using over 30 data layers
(e.g., climate, geology) and summarized at four spatial scales for all 400,000 stream
reaches in Ontario. The AEC inventory data base is invaluable for building predictive

models and deriving new spatial layers such as estimates of stream temperature and

species distribution models (Figure 3.1).

Brook trout probability

— High
~—— Med
Low
50 100 km [ Provincial border
e i Ecozone boundary

Figure 3.1. Reach contributing areas and their predicted occupancy probabilities for brook trout in the
Mixedwood Plains Ecozone, Southern Ontario (Jones et al. 2020). Similar models are needed for Northern
Ontario.
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Second, the AEC is a classification that uses just a few variables of interest (channel
slope, turbidity, groundwater potential) that strongly influence stream character (Neff et
al. 2005; Jones and Schmidt 2017). Figure 3.2 shows how three distinct categories can
separate Ontario’s streams into sixteen classes, and the proportion of streams in the
province that fall into each. Here, streams are first separated based upon turbidity, being
clear or turbid, and then binned upon four levels of base flow contribution. Each of these
eight groups (2x4) is further separated based upon channel slope, suggesting flow is either
fast or slow, to give a total of sixteen classes (2x4x2). Class code and symbology is based
upon each output and determined by the three predictor variables (e.g., a stream with very
high [VH] base flow contribution that’s clear [C] and fast flowing [F] will have a code of

VHCF and purple symbol on the AEC output; Jones and Schmidt 2017).

These three main input categories strongly influence stream character and subsequently
the biota that could inhabit them. BFI values attempt to quantify groundwater
contribution to a reach. BFI represents the ratio of groundwater to total stream flow (Neff
et al. 2005) and is altered by quaternary geology such as coarse and fine textured
sediments, till, shallow bedrock, and organic deposits. Turbidity determines a reach’s
productivity, invertebrate communities, and indicates fish species preference. For a reach
to be classified as turbid, its upstream channel must be composed of >10% clay geology
types. Channel slope primarily indicates water velocity within a reach. Reaches were
separated into slow- or fast-moving rivers based upon average slope, with anything
<0.1% classified as slow. This designation indicates sediment sizes, food delivery, and

can preclude certain organisms if current is too fast.
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Clear streams’

Symbol | Class Code Baseflow Index Channel Slope | Segments (% of Total)
VHCF = 0.1% (Fast) .
1 > 0.85 (Very High) 29,224 (8.7%)
HCF =0.1% (Fast)
. = 0.51 AND < 0.85 (High) 45,757 (13.7%)
e MCF =0.1% (Fast)
>0.35 AND < 0.51 (Moderate) 115,355(34.4%)
Mcs <0.1% (Slow) 66,818 (19.9%)
] LCF =0.1% (Fast)
<0.35 (Low) 4,554 (1.4%)
1 Lcs <0.1% (Slow) 1 147 (0.3%
Turbid streams”
MTF = 0.35 AND = 0.51 (Moderate)
> 0.1% (Fast) 8,210 (2.5%)
] LTF = 0.20 AND < 0.35 (Low) 10,701 (3.2%)
- VLTF = 0.2 Wery Low) 12,576 (3.8%)
MTS = 0.25 AND = 0.51 {Moderate)
<0.1% (Slow) 2.998(0.9%)
e LTS = 0.20 AND = 0.35 (Low) 3.706 (1.1%)
- VLTS = 0.2 Wery Low) 3.530(1.1%)

*dunng low flow conditions

Figure 3.2. Stream Classes legend as per Jones and Schmidt (2017) for the AEC.

The AEC was built using a bottom-up approach, where the province was divided into

spatial units called reaches, and then further grouped into larger segments, resulting in a

multi-scale hierarchical system. It begins by simplifying the stream network, removing

small, intermittent streams to reduce network complexity and then creates a GIS

framework with reach scale attribute data. Grouping into larger segments, affinity within

reach data is calculated and the resulting segment generated based upon joined

characteristics. As reach features increase in homogeneity, the probability of downstream

change from confluences decreases, acknowledging that small tributaries might influence
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river characteristics if they are very different in character. Substrate, turbidity,
temperature, and stream size all influence downstream effects and reach homogeneity.
Further, using an upstream catchment area (UCA) value, the AEC determines abrupt
changes to flow, temperature, and sediment when streams meet by creating a confluence
symmetry ratio. The UCA value represents total drainage area to a reach, thus influencing
flow, substrate, and stream size. The confluence symmetry ratio compares tributary to
main stem UCA’s and delineates how a system will react at confluences; if changes will
be minimal, moderate, or dramatic. Lake influences are accounted for within UCA’s and

will also influence downstream characteristics.

Working on the assumption that upstream areas are connected to areas downstream in a
directionally nested framework, downstream areas in the AEC are the culmination of
structure and characteristics from above them in the network. Research over the past 40
years focusing on streams as a continuum and as ‘riverscapes’ supports this assumption
(Vannote et al. 1980; Fausch et al. 2002; Wiens 2002; Thorp et al. 2006; Melles et al.

2012, 2013).

Although the AEC is not designed for a particular species, the variables speak to the
general habitat template (Townsend and Hildrew 1994) all biota must face. The mapping
products allow biologists to understand the types of streams in their management area and
infer the distribution of species. For example, brook trout prefer areas with high baseflow
index (BFI) values which is a surrogate for groundwater potential (Neff et al. 2005). It is
known that this landscape feature is a strong indicator of brook trout populations because
of their high reliance on groundwater throughout various life stages (Cunjak and Power

1986; Power et al. 1999). Identifying high quality habitat areas is critical for species
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rehabilitation (Thorn et al. 2016; Fung et al. 2017), translocations (Boothroyd 2018), and

watershed assessments (Thorn et al. 2016; Fung et al. 2017).

Species habitat requirements dictate their residency and life history movement throughout
stream ecosystems (Power et al. 1999). Primary factors influencing brook trout habitat
selection include; flow, pool size, substrate, slope, and water temperature (Adams et al.
2000; Petty et al. 2012, 2014; Ecret and Mihuc 2013; Mollenhauer et al. 2013; Deweber
and Wagner 2015). These variables are accounted for within the AEC through three
primary metrics: channel slope which governs water velocity, Upstream Catchment Area
(UCA) that provides a framework for simulating stream confluences, and BFI, defined as

the groundwater contribution to stream flow (Neff et al. 2005; Jones and Schmidt 2017).

Environmental DNA:

Using eDNA to obtain biodiversity information is a new and evolving method,
developing as a cost effective and efficient management tool (Wilson and Wright 2013;
Wilcox et al. 2018). It has been suggested that eDNA can determine the occupancy of a
species and its habitat usage, its distribution within a given system, and possibly quantify
population sizes (Wilson et al. 2014a; Baldigo et al. 2017). As a result, it has been used
primarily to identify low levels of declining species, invasive species presence, species
difficult to sample via conventional methods, species in habitats difficult to sample, and
endangered species that are sensitive to other sampling methods (Wilcox et al. 2013,
2016; Wilson and Wright 2013; Baldigo et al. 2017). Using this non-invasive, efficient
way to collect broad scale species information could provide many benefits for

management throughout North America.
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Within Ontario eDNA is already being used to detect species occupation (Wilson et al.
2014b; Boothroyd et al. 2016) and is rapidly gaining popularity. If it were to be combined
with a species distribution model, its value for monitoring would increase. For example, if
potential brook trout habitat could be identified by predictive modelling and tested or
verified by eDNA sampling, biologists would have the ability to capture broad scale
occupational data within a relatively short period of time. Future work would then be able
to ascertain the reason for brook trout absences, or presence, and be able to target known
populations for other research. Not only can this be applied to brook trout, but potentially

all fishes within Ontario.

Study Obijectives:

Based on an understanding of brook trout habitat requirements, the AEC and variables
therein might be useful for predicting the distribution of brook trout. Combining eDNA
sampling with indicator variables in the AEC could give biologists the ability to make

informed estimates of brook trout occupation over large spatial scales.

The objective of this study was to use the variables in the AEC and eDNA sampling to
locate brook trout within the landscape and capture their seasonal movements across
watersheds in Haliburton County, ON. It was hypothesized that (1) BFI and brook trout
presence will be positively correlated across stream networks, (2) higher slope and faster
water velocity are negatively associated with brook trout presence, (3) brook trout
presence will vary seasonally within stream networks and (4) the relationship between
UCA and brook trout presence in summer will be negative since smaller streams are

associated with higher BFI value and fish may be using them as refugia in summer
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months, and in winter will be negative as literature suggests they seek out larger pools in

the main river during ice cover.
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Methods

Site Selection:

Haliburton County lies on the southern edge of the Canadian Shield region in South-
Central Ontario, characterized by long, cold winters and short, warm summers. Streams
are dominated by snowmelt, seeing highest flows in spring and spikes during times of
increased precipitation, usually during fall. Within the County, eighteen sites were
identified to test if BFI is a good indicator of brook trout habitat quality and consisted of
six predicted low, moderate, and high habitat quality sites. The base AEC output was
used to locate these sites rather than a modified output since BFI weighed heavily on
stream class designation, a variable that quantifies groundwater contribution to a stream
(Neff et al. 2005) and is important to brook trout in the Canadian Shield (Cunjak and
Power 1986, 1987; Power et al. 1999). | classified high quality sites correspond to
‘purple’ AEC streams listed as clear with a BFI > 0.65, moderate sites are ‘blue’
designated clear streams with a BFI between 0.51 and 0.65, and low sites are ‘yellow’ or
‘brown’ turbid streams with a BFI <0.51 or are semi-moderate clear sites (displayed as
‘green’) with heavy upstream lake influence indicating a poor match for brook trout
ecology. The sites were selected out of all streams in Haliburton County and further
culled (if needed) based upon accessibility. There were vast amounts of semi-moderate
sites and few extremes, and all low and high habitat quality sites in the county were
sampled. Likewise, semi-moderate habitat quality sites were restricted by access issues
and all sites with public access points were selected. A map of all selected sites is shown

in Figure 3.3.
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Figure 3.3. Sampling sites selected based on potential habitat quality, using BFI as a surrogate of quality. The letters ‘L, M, and H’ indicate Low, Moderate,
and High quality.
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Environmental DNA Sampling:

Sampling for eDNA was completed during four seasons from Fall 2018 to Summer 2019.
One sampling round per season was conducted with triplicate water samples taken each
round at all the eighteen sites. Three 1L water samples were collected for eDNA at each
study site, using 1L sample bottles and different nitrile gloves for each sample. Water
samples were taken midstream for higher flow and relative lack of bed material, and were
placed on ice with a cooler control sample until filtering. Sample collection and filtering
followed methods by Wilson et al. (2014a) where all materials were decontaminated for
10 minutes in a 10% bleach solution and rinsed three times with water known to be absent
of brook trout DNA. Bleach decontamination was done on all relevant materials before,
between, and after all triplicate samples. A PALL Corporation®© triple funnel stand and
vacuum pump were used to filter all water samples, and the 1.2um glass microfiber filters
were immersed in ImL of Longmire Buffer solution (Williams et al. 2016) immediately

after filtration for preservation.

Lab procedure began when eDNA was extracted from the filters using MoBio
PowerWater DNA Isolation Kits (MoBio Laboratories, Inc.) following the manufacturer’s
protocols. Following extraction, the creation of a working plate, gel electrophoresis,
inhibition testing, and quantitative PCR (qQPCR) were conducted and followed protocols
outlined in Wilson et al. (2014a). The qPCR reactions used species-specific primers and
probe (BRK2) developed to detect brook trout by Wilcox et al. (2013). Each gPCR
reaction included a multiplexed internal positive control (IPC; TagMan Exogenous
Internal Positive Control from Applied Biosystems) to test for gPCR inhibitors. Any

samples that showed evidence of gPCR inhibition were diluted to a 20% concentration
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using ddH-O and re-analyzed. Only samples with complete inhibition removal were used
for analysis. Reactions for gPCR were carried out in a StepOnePlus thermocycler (Life
Technologies) using triplicate 20ul reactions for each sample under the following
conditions: 50°C/2mins, 95°C/10mins 15s, 60°C/1min for 40 cycles. Reactions were
composed of 10pl TagMan Environmental MasterMix 2.0 (Life Technologies), 0.4ul of
each F-primer, R-primer, and BRK2 Probe (Life Technologies), 3.8ul of ddH20, and 5ul
of DNA. The resulting standard curves were created with a standard dilution series using
105-10° concentrations of brook trout DNA (Wilson et al. 2014a) and used to quantify
starting copy number estimates of template DNA in environmental samples. The average
detection quantities were calculated from the triplicate gPCR runs to be used for data
analysis. To confirm the results as true positive detections, a subset of detections were
sequenced from each site with a true positive result to confirm them as brook trout DNA,

following procedures outlined in Wilson et al. (2014a).

Data Analysis:

Binomial Logistic Regression was used to model seasonal eDNA detections against BFI,
UCA, and channel slope values of the selected sites to determine if there was any relation
between these variables and positive brook trout eDNA detections. Collinearity was
evaluated before modelling, finding BFI and UCA to be correlated. UCA was dropped

from the analysis as BFI was determined to be the better predictor.

To confirm eDNA positive results the Limit of Detection (LOD), described by Klymus et
al. (2019) as the lowest concentration of an analyte that can be detected with a prescribed
level of confidence (95% in this study), was used to determine true positive (TP), false

positive (FP), true negative (TN), and false negative (FN) detections. LOD was calculated
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using R code supplied by Klymus et al. (2019) which uses probit modelling to determine
the LOD based upon the qPCR standards with 95% or greater positive detection. The
sensitivity of eDNA sampling in each season was determined by comparing the number
of true positive detections to false negative detections using the already calculated LOD.
Analysis followed Serrao et al. (2018) with the equation: Sensitivity = TP/(TP+FN). For

output on the sensitivity analysis please see Chapter 2 Results, Table 2.1.
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Results

Seasonal Occupancy and eDNA Detections:

The seasonal LOD for three replicate qPCR assays was 2.84, <1, 2.12, and 1.44 copies
per reaction for fall, winter, spring, and summer respectively. These values and
contamination details of the entire assay are reported in full within Chapter 2 ‘eDNA

Detection Analysis’ results section.

Detection quantity of eDNA in this study was variable and dependent upon season (Table
3.1). Fall and summer had very high detection quantities and were comparable, though
fall had more extremely high detection quantities (>10,000 DNA copies/reaction) and
summer had more zero values. Winter and spring likewise were similar and had much

low detection quantities, with over 95% of detections being <100 DNA copies/reaction.

Local occurrence of brook trout based on eDNA detections across Haliburton County
during 2018-2019 was variable and highly dependent upon season (Table 3.2). Winter
had the highest amount of positive detections (6/15), followed by fall (4/15), while spring
and summer only had three and two respectively. Furthermore, winter also had the
highest amount of negative detections (7), followed by spring (6), fall (4), and summer
(3). This corresponds with Tables 2.1 and 3.1 as winter (0.53) and spring (0.57) had the
lowest detection sensitivities despite similar LOD thresholds, and both seasons had low

overall detection strength.
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Table 3.1. Bin Data for seasonal eDNA detection strength.

Detectlop Strengf[h (DNA Fall Winter | Spring | Summer
copies/reaction)

0 137 144 216 240
1 10 86 20 6

2 16 39 33 11

5 46 50 65 48

10 52 26 39 47

50 153 43 45 91

100 27 1 9 27

500 13 0 2 26
1000 13 0 0 3
10000 13 0 0 2

Brook Trout Predictors:

Using BFI from the AEC to predict brook trout occurrence in Haliburton County was
largely unsuccessful, furthermore channel slope and UCA were likewise unrelated to
positive brook trout detections (Table 3.3). When separating sites based upon class (low,
moderate, and high), there were no detectable differences in preference, having three low
sites with positive eDNA detections, two moderate, and three high across all seasons. Of
the eight total sites that had a positive brook trout detection sometime during the year,

four had positive detections in the fall and six in winter.

There was a large amount of seasonal variation, such that winter had six of all fifteen
positive detections (40%), fall four, spring two, and summer three. These are shown in the
highlighted cells of Table 3.2. The only season in which brook trout presence may be
predicted by BFI is summer, as two high sites and one moderate site had positive

detections, however the sample size is too small to confirm.
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Table 3.2. Seasonal brook trout eDNA detections in 18 sites; ‘L’ indicating low, ‘M’ indicating moderate, and ‘H’ indicating high BFI values. Detection,
highlighted in blue, refers to a positive eDNA detection, Negative Detection to a detection below the LOD, and No Detection means no brook trout DNA was

detected. The LODs were 2.84, 1.00, 2.12, and 1.44 for fall, winter, spring, and summer respectively.

Site Fall Winter Spring Summer
01L No Detection No Detection No Detection No Detection
02L No Detection Negative Detection No Detection No Detection
03 L No Detection No Detection No Detection No Detection
04 L Negative Detection Detection Negative Detection No Detection
05L Detection Detection No Detection No Detection
06 L Negative Detection Detection Negative Detection No Detection
01M Detection No Detection Detection Detection
02M No Detection Negative Detection No Detection Negative Detection
03 M No Detection No Detection No Detection No Detection
04 M No Detection Negative Detection No Detection Negative Detection
05M No Detection Detection Negative Detection No Detection
06 M Negative Detection | Negative Detection No Detection No Detection
01 H No Detection No Detection Negative Detection No Detection
02 H Negative Detection | Negative Detection No Detection No Detection
03 H No Detection Detection Negative Detection | Negative Detection
04 H Detection Detection Detection Detection

05 H No Detection Negative Detection No Detection No Detection
06 H Detection Negative Detection | Negative Detection Detection
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Modelling the effect of BFI, UCA, and Slope on brook trout presence likewise found no
significant effect of these variables on positive brook trout detections in any season. Since
BFI and UCA were correlated, UCA was removed from the analysis, and both BFI and
Slope had non- significant z scores in a binomial logistic regression model (Table 3.3).
Here, z values between -2 and 2 are considered non-significant, meaning BFI and slope
did not have a significant effect on positive brook trout detections at the county scale.
Despite being non-significant, z-scores were furthest from zero during fall and summer;
potentially suggesting that BFI and slope may have some influence, or at least greater

than winter and spring, on the presence of brook trout DNA during these seasons.

Table 3.3. Z Scores for binomial logistic regression models based on BFI and Channel Slope.

Season Fall Winter Spring | Summer
BFI 1.004 0.380 0.088 1.356
Slope 1.553 0.285 0.392 1.239
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Discussion

AEC Variable Predictions:

Brook trout positive eDNA detections in streams of Haliburton County, ON, across
seasons was unrelated to BFI, channel slope, and UCA. Results from eDNA sampling
show that brook trout were detected in few of the selected sample sites for most of the
year, with winter having the highest detection rates. Having high detection rates in the
winter, compared with all other seasons, could suggest that fish are more active during
this season and using habitats they normally would not throughout the rest of the year,
possibly because of they are not limited by water temperatures, or some other reason.
Summer was the only season that appeared to follow predictions, but small sample size
limited the power of the analysis. Subsequently, it is not possible to say if the trend was
representative, but it does give further incentive to investigate using BFI as a predictor of
brook trout presence in summer. It is possible that these variables were most limiting
during summer (Petty et al. 2014), thus making them a better indicator during the season.
Further research using a larger sample size would be able to reveal if this trend was

accurate.

When this study began only one version of Ontario’s AEC was publicly available, since
its completion a second version is now in development (November 2019) by Jones and
Schmidt (N. Jones, OMNREF, personal communication). This second version is only
partially complete, with Southern Ontario streams finished but not those on the Canadian
Shield portion of Ontario, and there have been several changes in the model (N. Jones,
OMNREF, personal communication). The AEC authors found BFI a poor proxy for stream

temperature in the Canadian Shield and Jones hypothesized it was for several reasons,
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including: how lakes, wetlands, air temperature, and shade influence streams differently
in this region, the relatively low amounts of groundwater in most Shield streams
compared to those farther south that can often dry completely during summer, and
differences in baseflow recession between the Canadian Shield and Southern Ontario (N.

Jones, OMNREF, personal communication).

These difficulties in the Canadian Shield may explain why the BFI was a poor indicator
of brook trout occurrence in Haliburton County. Brook trout rely on groundwater in
streams for thermal refugia during summer and winter, and spawning in fall (Curry and
Devito 1996; Power et al. 1999; Petty et al. 2012; Mollenhauer et al. 2013) because of its
consistent water temperature across seasons and the aeration it provides to eggs. If
groundwater is insufficient to influence stream temperature, its potential to provide
refugia and spawning opportunities to brook trout may be moderated. Therefore, since
BFI1 only identifies groundwater contribution and does not account for other drivers of
stream temperature in the Canadian Shield, it is logical that it would be unable to predict

brook trout occurrence if their presence is linked to cold and warm water seasonally.

This also may explain why BFI was more important during summer compared to other
seasons, as groundwater would have comparatively larger contributions to stream
temperature when average air temperatures exceed 20°C (Kanno et al. 2014b). Cold water
is crucial in summer for brook trout as refugia, arguably more so than other seasons
(Curry et al. 1997; Biro 1998). During winter fish can find locations that will not freeze
without groundwater input, such as deep pools in streams or below rocks in substate
(Cunjak and Power 1986), while in spring and fall fish are likewise not limited by water

temperature.
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Other variables that could affect the ability of BFI to predict brook trout detections in
Haliburton County include the lack of headwater tributaries in AEC modelling and the
design of the AEC model itself. The lack of headwater tributaries (those with an UCA of
less than 1km?) in the AEC could greatly influence BFI predictions. These streams, which
can often be intermittent, were excluded from AEC modelling to reduce uncertainty
(Jones and Schmidt 2017) because many are not mapped by the Ontario Hydrology
Network (OHN; data source for the AEC), but when looking for brook trout they can be
key (Curry et al. 1997; B. Wootton, Flemming College, personal communication). In
these small streams’ groundwater can contribute 100% of the flow, making them very
thermally stable, but during the driest part of summer when groundwater recharge and
aquifer levels are low, they can dry completely above ground. Brook trout often will
inhabit such streams for refugia during summer and winter (Power et al. 1999); by
neglecting these streams in the analysis many high brook trout possibility sites may have
been missed. Missing these key streams reduces sample size in the high BFI category and

statistical power of any resulting analysis.

Finally, the AEC model was intended to be used a predictor of stream type across the
province, what this study has done is use its base output (as it relates to BFI) at a very
limited scale and variables within it in an attempt to predict fish occurrence. This was not
an intended use of the AEC and was outside of its scope, despite the potential utility of
the variables within the AEC modelling software. Performance in this study could be a
result of program design or site selection, and since the AEC model does not attempt to
predict fish occurrence, its variables likewise would poorly reflect their occupation on the

landscape.
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Seasonal eDNA Detections:

Sampling for eDNA in this study provided a novel way to capture seasonal occupancy
information in rivers of the Canadian Shield region of Ontario. To date, most fisheries
assessments in the province have used standard capture techniques during spring,
summer, and fall (but primarily summer) to obtain seasonal information (Cunjak and
Power 1986; Thorn et al. 2016; Fung et al. 2017). Comparatively little research and effort
has gone towards obtaining winter occupancy information of brook trout in streams, and
the studies that have viewed it usually use techniques most will shy away from, like

winter snorkeling (Cunjak and Power 1986).

Sampling for eDNA provides a relatively easy method for obtaining winter occupancy
information, even through ice. Furthermore, it allowed this study to sample streams
inaccessible to other forms of sampling due to access restriction. Many sites were
bordered by private property and the only access was by road allowance as one crossed
the stream, allowing anyone to take a water sample without infringing upon property.
While it is possible to gain access through private property, this is usually a lengthy
process that can require substantial effort to track down owners, especially in cottage
country where owners may only be on the property a handful of times throughout the

year.

Despite the advantages of eDNA sampling, there are some considerations for its use. The
observed seasonal variation in detections and detection efficiency may be influenced by
increased spring flows and decreased metabolic activity in winter which would reduce
eDNA concentration, decrease detection range, and cause false negative detections

(Barnes et al. 2014; Jane et al. 2015; Lacoursiere-Roussel et al. 2016; Feng et al. 2019).
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Due to these considerations, a stronger sampling regime may be called with higher
sample volumes, replicates, and sampling intervals during winter and spring when

detection quantity is low (Table 3.1) and abiotic factors reduce detection potential.

Subsequently, brook trout may have been present during these times, but eDNA was not
present or detectable in sufficient quantities to elicit a true positive detection. Low
detection quantities in winter and spring would suggest that if the goal of a study was to
determine brook trout presence throughout a district, summer or fall may be the best

times to use eDNA sampling.

Both fall and summer may be the optimal times to sample with eDNA for brook trout.
This study found very high DNA concentrations compared to winter and spring, which
would make sense in fall as reproduction and decreasing body condition have been found
to release increased DNA in other aquatic species (Buxton et al. 2017; Bylemans et al.
2019) and higher water temperatures in summer increase shedding rate (Lacoursiére-
Roussel et al. 2016). Interestingly, summer had the highest amount of zero values of any
season, potentially indicating that fish were restricted by water temperatures from some
areas (Petty et al. 2014) or that eDNA degradation rate was rapid enough to reduce signal

distance (Lacoursiére-Roussel et al. 2016).

It is important to note however, sample sites were dominated by lower order streams and
few higher order streams were sampled. Taking samples from a single site in large
streams may be less likely to detect target organisms if they are in low quantities (Carim
et al. 2019) and a greater distance away (Jane et al. 2015). If taking samples from one
location within a stream, a study is limited by the location in which those samples are
taken. While eDNA can detect fish up to 240m downstream of source biomass in some

91



conditions, fish downstream of a sample location will not be detected and those farther

upstream may not be if source biomass is low (Jane et al. 2015). This means that sample
location and source biomass are drivers of detection probability, and if it is only possible
to sample higher or lower within a stream due to access restrictions, the sample may not

be representative of the whole system.

Despite these considerations, in this study eDNA was effective at sampling a large region
over a short period of time guided by using BFI values mapped from the AEC. Sampling
all 18 sites took less time than an 8hr workday and filtering likewise took less than
another workday. To sample all sites with standard capture techniques would undoubtedly
take longer and require more crew, increasing costs. Further advances in eDNA
technology will only increase the speed of sampling, especially new backpack units that
filter water on-site (Thomas et al. 2018). This study shows that gathering large scale

occupancy information with eDNA is possible across all seasons.

Management Implications and Future Research:

The results from this study have large implications for management of brook trout and
other stream fishes in Ontario. High detection strength of eDNA detections in fall and
summer suggest that these seasons may be ideal for eDNA sampling, and that the highest
detections in this study were during fall around spawning time. Due to the invasiveness of
conventional sampling techniques, eDNA is a strong candidate for future fall sampling to

prevent stress during spawning.

Potential seasonal movement and observed seasonal variation in detection rates highlight
the importance of connectivity within stream systems. If fish are unable to access habitats
during different parts of the year, particularly spawning or early rearing habitats, it is
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likely they will experience population declines (Kanno et al. 2014a; Kazyak et al. 2016).
These results show brook trout do not occupy the same habitats year-round — highlighting
that management needs to base decisions not only on summer habitat use, but for habitat

that brook trout may need in all seasons.

There is little evidence that BFI correlated with brook trout positive eDNA detections in
this study, although summer detections of brook trout eDNA mainly occurred in high BFI
reaches. Admittedly, using binomial logistic regression with the current sample size may
be ineffective at finding relationships between variables like BFI and positive brook trout
eDNA detections, despite being the appropriate test to analyze the multiple independent
variables (both categorical and continuous) on the categorical dependent variable of
brook trout detection (Yes/No). Statistical power was lacking, and future work should
ensure that sample size is large enough to generate defensible conclusions. Fall and
summer z scores (>1) may suggest that BFI and slope had a greater influence on brook
trout DNA presence during these seasons, but the effect was non-significant. During
summer and fall fish may be attracted to smaller streams (in this study those with higher
slope) with higher BFI values for both spawning (Curry and Noakes 1995) and refugia
(Petty et al. 2012; Petty et al. 2014). A larger sample size of streams, across several
counties/regions of the Canadian Shield, would enable better assessment of these
relationships. The limited number of sites in Haliburton County within each category
limited the predictive power of the current study and others should use enough to be

statistically significant.

Alternatively, a single system or region could be studied in its entirety (Mc Kenna et al.

2011; Fung et al. 2017; Jones et al. 2020). If a system was known to have brook trout, a
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study could separate segments of the watershed based upon the AEC variables and see
how brook trout occupancy changed across seasons. This would identify habitat necessary
for each season and show range fluctuations within a waterbody, as well as indicate the
travel distance of individuals. Furthermore, if able to predict brook trout occupancy using
these variables after a follow-up study, it may be possible to rank systems, or areas
within, to prioritize protection or rehabilitation areas. This will be important moving
forward with brook trout management in Ontario as the human population continues to

grow, urbanization spreads, and more demand is placed upon natural resources.

The inability of BFI, UCA, and channel slope to correlate with brook trout positive eDNA
detections in this area of the Canadian Shield suggests that an integrative model with
more variables is needed. Other studies (Isaak et al. 2015; Thorn et al. 2016; Wilcox et al.
2018; Jones et al. 2020) have developed species occupancy models (SOM’s) and species
distribution models (SDM’s), and suggest that similar ones could be useful for brook trout
management. Fung et al. (2017) and Jones (OMNREF, personal communication) call for
developing local models, and this study supports their assessment. Furthermore, if a local
model could be combined with eDNA, this study shows managers would be able to

quickly and efficiently collect wide scale occupancy information in a targeted manner.

A current application of modeling software and eDNA sampling is the aquatic eDNAtlas
project based in the western United States. It is an online occurrence database generated
by over 15,000 eDNA samples guided by a sampling grid with points every 1km along
stream and river reaches created with flowing waters data across the United States
(Young et al. 2019). This free to access and contribute project allows biologists and the

general public to access eDNA sample results from across the United States with data on

94



species detections, distributions, and sampling methods (Isaak and Schwartz, 2018). Free
to access crowdsourced data like in the eDNAtlas project could be incredibly useful for
brook trout managers in Ontario if eDNA is adopted as a common sampling method in

the province, and could inform distribution modeling attempts.

Future efforts should focus on developing a brook trout model for Northern Ontario
similar to what has been developed in Southern Ontario (e.g., Thorn et al. 2016; Jones et
al. 2020). Its development should be priority for brook trout management in Ontario as
the species continues to decline. If it is possible to use an occupancy model with eDNA
sampling, fisheries information can be collected at a rapid pace, across a large geographic
scale. Here, all eighteen sites across Haliburton County were sampled in less than a day
and the filtering that followed was likewise short, meaning that after initial assessment
field data can be sent off to a lab within 1-2 days and lab results could follow shortly.
This could have utility not just for brook trout but other declining species or those
endangered and at risk (Schmidt et al. 2013; Hunter et al. 2015; Matter et al. 2018;

Strickland and Roberts 2019).

95



References

Adams, S. B., C. A. Frissell, B. E. Rieman, S. B. Adams, C. A. Frissell, and B. E. Rieman. 2000.
Movements of nonnative brook trout in relation to stream channel slope. Transactions of
the American Fisheries Society 129:623-638.

Baldigo, B. P, L. A. Sporn, S. D. George, and J. A. Ball. 2017. Efficacy of environmental DNA
to detect and quantify Brook Trout populations in headwater streams of the Adirondack
Mountains, New York. Transactions of the American Fisheries Society 146:99-111.

Barnes, M. A,, C. R. Turner, C. L. Jerde, M. A. Renshaw, W. L. Chadderton, and D. M. Lodge.
2014. Environmental conditions influence eDNA persistence in aquatic systems.
Environmental Science and Technology 48:1819-1827.

Biro, P. A. 1998. Staying cool: behavioral thermoregulation during summer by young-of-year
brook trout in a lake. Transactions of the American Fisheries Society 127:212-222.

Boothroyd, M. 2018. Assessment of an adult lake sturgeon translocation (Acipenser fulvescens)
reintroduction effort in a fragmented river system (Master's thesis, Trent University,
Peterborough, Canada). Retrieved from: http://digitalcollections.trentu.ca/objects/etd-601

Boothroyd, M., N. E. Mandrak, M. Fox, and C. C. Wilson. 2016. Environmental DNA (eDNA)
detection and habitat occupancy of threatened spotted gar (Lepisosteus oculatus). Aquatic
Conservation: Marine and Freshwater Ecosystems 26:1107-1119.

Buttle, J. M., P. J. Dillon, and G. R. Eerkes. 2004. Hydrologic coupling of slopes, riparian zones
and streams: an example from the Canadian Shield. Journal of Hydrology 287:161-177.

Buxton, A. S., J. J. Groombridge, N. B. Zakaria, and R. A. Griffiths. 2017. Seasonal variation in
environmental DNA in relation to population size and environmental factors. Scientific
Reports 7:1-9.

Bylemans, J., D. M. Gleeson, R. P. Duncan, C. M. Hardy, and E. M. Furlan. 2019. A
performance evaluation of targeted eDNA and eDNA metabarcoding analyses for
freshwater fishes. Environmental DNA 1:402-414.

Carim, K. J., J. Caleb Dysthe, H. McLellan, M. K. Young, K. S. McKelvey, and M. K. Schwartz.
2019. Using environmental DNA sampling to monitor the invasion of nonnative Esox
lucius (northern pike) in the Columbia River basin, USA. Environmental DNA 1:215-
226.

Chu, C., N. E. Jones, and L. Allin. 2010. Linking the thermal regimes of streams in the Great
Lakes basin, Ontario, to landscape and climate variables. River Research and
Applications 26:221-241.

Cunjak, R. A., and G. Power. 1986. Winter habitat utilization by stream resident brook trout
(Salvelinus fontinalis) and brown trout (Salmo trutta). Canadian Journal of Fisheries and
Aquatic Sciences 43:1970-1981.

Cunjak, R. A., and G. Power. 1987. The feeding and energetics of stream-resident trout in winter.
Journal of Fish Biology 31:493-511.

96



Curry, R. A, C. Brady, D. L. G. Noakes, and R. G. Danzmann. 1997. Use of small streams by
young brook trout spawned in a lake. Transactions of the American Fisheries Society
126:77-83.

Curry, R. A, and J. K. Devito. 1996. Hydrogeology of brook trout (Salvelinus fontinalis)
spawning and incubation habitats: implications for forestry and land use development.
Canadian Journal of Forestry Research 26:767-72.

Curry, R. A., and D. L. G. Noakes. 1995. Groundwater and the selection of spawning sites by
brook trout (Salvelinus fontinalis). Canadian Journal of Fisheries and Aquatic Sciences
52:1733-1740.

Deweber, J. T., and T. Wagner. 2015. Predicting Brook Trout occurrence in stream reaches
throughout their native range in the eastern United States. Transactions of the American
Fisheries Society 144:11-24.

Ecret, J., and T. B. Mihuc. 2013. Brook trout (Salvelinus fontinalis) habitat use and dispersal
patterns in New York Adirondack Mountain headwater streams. Northeastern Naturalist
20:19-36.

Fausch, K. D., C. E. Torgersen, C. V Baxter, and H. W. Li. 2002. Landscapes to riverscapes:
bridging the gap between research and conservation of stream fishes 52:483-498.

Feng, W., G. Bulté, and S. C. Lougheed. 2019. Environmental DNA surveys help to identify
winter hibernacula of a temperate freshwater turtle. Environmental DNA 2:200-209.

Fung, S., N. Jones, and C. Chu. 2017. Brook trout monitoring and habitat connectivity in the
Lake Simcoe watershed. Ontario Ministry of Natural Resources and Forestry, Science and
Research Branch, Peterborough, ON. Science and Technical Report TR-19. 27 p. +
appendices.

Giberson, D. J., and R. J. Hall. 1988. Seasonal variation in faunal distribution within the
sediments of a Canadian Shield stream, with emphasis on responses to spring floods.
Canadian Journal of Fisheries and Aquatic Sciences 45:1994-2002.

Hunter, M. E., S. J. Oyler-McCance, R. M. Dorazio, J. A. Fike, B. J. Smith, C. T. Hunter, R. N.
Reed, and K. M. Hart. 2015. Environmental DNA (eDNA) sampling improves occurrence
and detection estimates of invasive burmese pythons. PLOS ONE 10:e0121655.

Isaak, D.J., and M. K. Swartz. 2018. From expensive to efficient: new eDNAtlas shares
nationwide aquatic species information. Fort Collins, CO: Forest Service Research Data
Archive. Updated 08 November 2019. https://doi.org/10.2737/RDS-2018-0010.

Isaak, D. J., M. K. Young, D. E. Nagel, D. L. Horan, and M. C. Groce. 2015. The cold-water
climate shield: delineating refugia for preserving salmonid fishes through the 21st
century. Global Change Biology 21:2540-2553.

Jane, S. F., T. M. Wilcox, K. S. Mckelvey, M. K. Young, M. K. Schwartz, W. H. Lowe, B. H.
Letcher, and A. R. Whiteley. 2015. Distance, flow and PCR inhibition: eDNA dynamics
in two headwater streams. Molecular Ecology Resources 15:216-227.

97



Jones, N. 2018. Ontario Ministry of Natural Resources and Forestry. Peterborough, ON. Personal
Communication.

Jones, N. E., and B. J. Schmidt. 2017. Aquatic Ecosystem Classification for Ontario’s rivers and
streams: Version 1. Ontario Ministry of Natural Resources and Forestry, Aquatic
Research and Monitoring Section, Peterborough, ON. Science and Research Technical
Note TN-04. 23 p.

Jones, N. E., I. A. Sutton, B. J. Schmidt, and K. Ghunowa. 2020. Occupancy of brook trout and
brown trout in streams of the Mixedwood Plains Ecozone. Ontario Ministry of Natural
Resources and Forestry, Science and Research Branch, Peterborough, ON. Science and
Research Technical Report TR-34. 18 p. + appendices.

Kanno, Y., B. H. Letcher, J. A. Coombs, K. H. Nislow, and A. R. Whiteley. 2014a. Linking
movement and reproductive history of brook trout to assess habitat connectivity in a
heterogeneous stream network. Freshwater Biology 59:142—-154.

Kanno, Y., J. C. Vokoun, and B. H. Letcher. 2014b. Paired Stream-Air Temperature
measurements reveal fine-scale thermal heterogeneity within headwater brook trout
stream networks. River Research and Applications 30:745-755.

Kazyak, D. C., R. H. Hilderbrand, T. L. King, S. R. Keller, and V. E. Chhatre. 2016. Hiding in

plain sight: a case for cryptic metapopulations in brook trout (Salvelinus fontinalis). PLoS
ONE 11:1-18.

Klymus, K. E., C. M. Merkes, M. J. Allison, C. S. Goldberg, C. C. Helbing, M. E. Hunter, C. A.
Jackson, R. F. Lance, A. M. Mangan, E. M. Monroe, A. J. Piaggio, J. P. Stokdyk, C. C.
Wilson, and C. A. Richter. 2019. Reporting the limits of detection and quantification for
environmental DNA assays. Environmental DNA 00:1-12.

Lacoursiere-Roussel, A., M. Rosabal, L. Bernatchez, A. Lacoursiere-Roussel, M. Rosabal, and L.
Bernatchez. 2016. Estimating fish abundance and biomass from eDNA concentrations:
variability among capture methods and environmental conditions. Molecular Ecology
Resources 16:1401-1414.

Matter, A. N., J. A. Falke, J. A. Lopez, and J. W. Savereide. 2018. A rapid-assessment method to
estimate the distribution of juvenile chinook salmon in tributary habitats using eDNA and
occupancy estimation. North American Journal of Fisheries Management 38:223-236.

McKenna, J. E., and J. H. Johnson. 2011. Landscape models of brook trout abundance and
distribution in lotic habitat with field validation. North American Journal of Fisheries
Management 31:742-756.

Melles, S. J., N. E. Jones, B. Schmidt, and S. Review. 2012. Review of theoretical developments
in stream ecology and their influence on stream classification and conservation planning.
Freshwater Biology 57:415-434.

Melles, S., N. Jones, and B. Schmidt. 2013. Aquatic Research Series 2013-04: Aquatic
Ecosystem Classifications for Ontario: a technical proposal. Ontario Ministry of Natural
Resources. 52p.

98



Mollenhauer, R., T. Wagner, M. V Kepler, and J. A. Sweka. 2013. Fall and early winter
movement and habitat use of wild Brook Trout. Transactions of the American Fisheries
Society 142:1167-1178.

Neff, B. P., S. M. Day, A. R. Piggott, L. M. Fuller, and U. S. Da. 2005. Base flow in the Great
Lakes basin: U.S. Geological Survey Scientific Investigations Report 2005-5217, 23 p.

Petty, J. T., D. Thorne, and P. M. Mazik. 2014. The temperature — productivity squeeze:
constraints on brook trout growth along an Appalachian river continuum. Hydrobiologia
727:151-166.

Petty, T. J., J. L. Hansbarger, B. M. Huntsman, and P. M. Mazik. 2012. Brook trout movement in
response to temperature, flow, and thermal refugia within a complex Appalachian
riverscape. Transactions of the American Fisheries Society 141:1060-1073.

Power, G., R. S. Brown, and J. G. Imhof. 1999. Groundwater and fish - insights from northern
North America. Hydrological Processes 13:401-422.

Ridgway, M. S., and P. J. Blanchfield. 1998. Brook trout spawning areas in lakes. Ecology of
Freshwater Fish 7:140-145.

Schmidt, B. R., M. Kéry, S. Ursenbacher, O. J. Hyman, and J. P. Collins. 2013. Site occupancy
models in the analysis of environmental DNA presence/absence surveys: a case study of
an emerging amphibian pathogen. Methods in Ecology and Evolution 4:646-653.

Serrao, N. R., S. M. Reid, and C. C. Wilson. 2018. Establishing detection thresholds for
environmental DNA using receiver operator characteristic (ROC) curves. Conservation
Genetics Resources 10:555-562.

Snook, E. L., B. H. Letcher, T. L. Dubreuil, J. Zydlewski, M. J. O’Donnell, A. R. Whiteley, S. T.
Hurley, and A. J. Danylchuk. 2016. Movement patterns of brook trout in a restored
coastal stream system in southern Massachusetts. Ecology of Freshwater Fish 25:360—
375.

Species at Risk Act. 2002. SC, ¢29, <http://canlii.ca/t/544lv> retrieved on 2020-01-05.

Strickland, G. J., and J. H. Roberts. 2019. Utility of eDNA and occupancy models for monitoring
an endangered fish across diverse riverine habitats. Hydrobiologia 826:129-144.

Thomas, A. C., J. Howard, P. L. Nguyen, T. A. Seimon, and C. S. Goldberg. 2018. ANDe™ : a
fully integrated environmental DNA sampling system. Methods in Ecology and Evolution
9:1379-1385.

Thorn, M. W., C. Chu, and N. E. Jones. 2016. Influence of environmental variables on the
occurrence of brook trout (Salvelinus fontinalis) within streams of the Lake Simcoe
watershed. Ontario Ministry of Natural Resources and Forestry, Science and Research
Branch, Peterborough, Ontario. Science and Research Technical Report TR-09. 58 p.

Thorp, J. H., M. C. Thoms, and M. D. Delong. 2006. The riverine ecosystem synthesis:
biocomplexity in river networks across space and time. River Research and Applications
22:123-147.

99



Tinkler, K., and E. E. Wohl. 1998. A primer on bedrock channels. Rivers over Rock: Fluvial
Process in Bedrock Channels, Geophysical Monograph 07.

Townsend, C. R., and A. G. Hildrew. 1994. Species traits in relation to a habitat templet for river
systems. Freshwater Biology 31:265-275.

Vannote, R. L., G. W. Minshall, K. W. Cummins, J. R. Sedell, and C. E. Cushing. 1980. The
river continuum concept. Canadian Journal of Fisheries and Aquatic Sciences 37:130-
137.

Wiens, J. A. 2002. Riverine landscapes: taking landscape ecology into the water. Freshwater
Biology 47:501-515.

Wilcox, T. M., K. S. McKelvey, M. K. Young, S. F. Jane, W. H. Lowe, A. R. Whiteley, and M.
K. Schwartz. 2013. Robust detection of rare species using environmental DNA: the
importance of primer specificity. PLoS ONE 8:€59520.

Wilcox, T. M., K. S. McKelvey, M. K. Young, A. J. Sepulveda, B. B. Shepard, S. F. Jane, A. R.
Whiteley, W. H. Lowe, and M. K. Schwartz. 2016. Understanding environmental DNA
detection probabilities: a case study using a stream-dwelling char Salvelinus fontinalis.
Biological Conservation 194:209-216.

Wilcox, T. M., M. K. Young, K. S. Mckelvey, D. J. Isaak, D. L. Horan, and M. K. Schwartz.
2018. Fine-scale environmental DNA sampling reveals climate-mediated interactions
between native and invasive trout species. Ecosphere 9:e02500.

Williams, K. E., K. P. Huyvaert, and A. J. Piaggio. 2016. No filters, no fridges: a method for
preservation of water samples for eDNA analysis. BMC Research Notes 9:298.

Wilson, C., J. Bronnenhuber, M. Boothroyd, C. Smith, and K. Wozney. 2014a. Environmental
DNA (eDNA) monitoring and surveillance: field and laboratory standard operating
procedures. OMNRF Aquatic Research Series 2014-05.

Wilson, C., and E. Wright. 2013. Using environmental DNA (eDNA) as a tool in risk-based
decision-making. Ontario Ministry of Natural Resources Aquatic Research and
Development Section, Aquatic Research Series 2013-01.

Wilson, C., E. Wright, J. Bronnenhuber, F. Macdonald, M. Belore, and B. Locke. 2014b.
Tracking ghosts: combined electrofishing and environmental DNA surveillance efforts
for Asian carps in Ontario waters of Lake Erie. Management of Biological Invasions
5:225-231.

Wohl, E. E., and D. M. Merritt. 2001. Bedrock channel morphology. GSA Bulletin 113:1205—
1212.

Wootton, B. 2017. Sir Sandford Fleming College. Lindsay, ON. Personal Communication.

Young, M. K., D. J. Isaak, M. K. Schwartz, K. S. McKelvey, D. E. Nagel, T. W. Franklin, S. E.
Greaves, J. C. Dysthe, K. L. Pilgrim, G. L. Chandler, S. P. Wollrab, K. J. Carim, T. M.
Wilcox, S. L. Parkes-Payne, and D. L. Horan. 2018. Species occurrence data from the
aquatic eDNAtlas database. Fort Collins, CO: Forest Service Research Data Archive.
Updated 08 November 2019. https://doi.org/10.2737/RDS-2018-0010.

100



Chapter 4: General Discussion

Study Findings:

This study found that brook trout exhibit seasonal movement and use different locations
within watersheds at different times of the year, and that eDNA sampling was successful
at detecting brook trout throughout the year in stream ecosystems. These findings have
important implications for fisheries management and research, as eDNA provides a novel
way to study species occupancy at a large scale with relatively low effort. Further, it
shows by focusing on summer habitat use, current brook trout management decisions are
missing critical information for species persistence, potentially hampering protection and

rehabilitation efforts.

In chapter 2, eDNA sampling detected brook trout at more of the studied rivers in the
Canadian Shield than single pass backpack electrofishing, and brook trout occupation
within rivers systems varied seasonally. Chapter 3 further investigated the seasonal use of
eDNA and showed it can be used over a large geographic range in all seasons, finding
that fall and summer had high detection quantities compared to winter and spring, but that
large amounts of positive detections were made in winter. Spring opposingly had high
negative detection rates, perhaps suggesting dilution by increases in flow. Additionally,
the chapter tested the concept of using a predictive model with eDNA sampling to capture
large scale occupancy information. The model lacked predictive power but eDNA

sampling was effective, suggesting the concept itself has merit.

Obtaining seasonal occupancy information is critical for brook trout management in
Ontario since the species is undergoing declines across much of its native range (Hudy et
al. 2008; Bobrowski et al. 2011; Eastern Brook Trout Joint Venture 2011; Haxton et al.
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2019) and their seasonal habitat use is not well understood (Thorn et al. 2016; Fung et al.
2017). Using eDNA can help determine this critical habitat during all times of the year

and provide a new method for obtaining species information with different fish species.

Brook Trout Seasonal Movement:

Brook trout demonstrate seasonal movement across a wide array of locations (Ecret and
Mihuc 2013; Mollenhauer et al. 2013) but management within Ontario still primarily
considers only summer habitat use in management decisions. Personal communication
with members of the provincial management organization (A. Challice; N. Jones; C.
Wilson, OMNREF, personal communication) in Ontario suggest that the province is
looking to improve strategies to more effectively protect the species. This study provides
novel information on brook trout occupation across several watersheds within Haliburton
County, ON and shows that different populations have different movement

characteristics.

For example, when viewing the Burnt and Black River systems in Chapter 2, the Black
River fish were present in nearly all studied locations at all times of the year, while the
Burnt River fish were present at most sites during all seasons other than winter, where
they vacated the study area nearly entirely. These differences in movement patterns and
seasonal habitat use raise questions as to why their movement differs and how it
compares to other watersheds across the province. Furthermore, Chapter 3 highlights that
brook trout DNA presence varies dramatically across seasons. If brook trout habitat is
protected solely based upon their summer occupation, it is unlikely all locations occupied

throughout the year would be encompassed, potentially failing to protect the population.
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These findings are important when viewing brook trout from a metapopulation
perspective. It is understood that metapopulations are composed of distinct population
groups (Hanski and Gilpin 1991) but recent work suggests that these groups can be
separated by very small distances, or may even mingle (Wootton 2006; Kazyak et al.
2016). Subsequently, it is possible that the study sites in Chapter 2 could be composed of
one population, multiple distinct populations within one metapopulation, or distinct
groups without exchange between (though this seems unlikely due to a lack of barriers
and the nearness of sites). If the population structure between the two systems was

different, it could influence movement dynamics (Fraser and Bernatchez 2008).

Recent literature is showing distinct population groups of salmon and trout in spatially
close, linked river systems, river-lake linked systems, and ocean-river linked systems.
These populations are titled “sympatric populations” and can show little to no
interbreeding, despite a lack of physical barriers between them (Wootton 2006; Fraser
and Bernatchez 2008; Vincent et al. 2013; Bradbury et al. 2014; Kazyak et al. 2016;
Salisbury et al. 2018). Brook trout in the Black River were present in nearly all studied
areas year-round, with very few absences, in both main channel and tributary areas. It was
not within the scope of this study to determine if they belonged to distinct population

groups, but nearby studies suggest it is possible.

Previous work in the Burnt River system (Wootton 2006) showed that sample sites from
this study (Bt1, Bt2, and Bt3) had sympatric populations, with little interbreeding
between, despite being separated by short distances. Seasonal occupation differences
between the two river systems may undermine attempts to make inferences between the

two, as they had very different winter use. Furthermore, age class distribution was
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unknown for this study, but it would be interesting to see if fish life stage (YOY, juvenile,
or adult) composition in the study areas affected movement during winter opposed to
population / metapopulation composition. Past research has shown that brook trout life
stage affects their seasonal movement (Ecret and Mihuc 2013). Future research should
investigate these questions, to determine if metapopulation structure and age class

distribution can affect seasonal movement of brook trout.

Several studies are now linking fish movement and habitat occupation to food availability
(Petty et al. 2014, Stanford 2019) across the world. Food availability may be a significant
driver of changing resident trout populations to partial resident, partial anadromous
populations, and to fully anadromous populations (Stanford 2019). Brook trout likewise
have been shown to choose summer habitat based upon food availability (Petty et al.
2014) and it is logical that similar drivers could influence their winter habitat use. Brook
trout in the Canadian Shield will feed over winter (Cunjak and Power 1987) making food

availability a consideration.

Further differences between the two systems that could drive winter occupation include
river species composition and watershed characteristics. The Black River species
composition is simple, with brook trout and some dace and shiner species (Appendix,
Section 1) while the Burnt River system is known to have larger predatory species like
brown trout and smallmouth bass (A. Challice, OMNRF, personal communication). The
studied Black River reach is also high in the watershed, with no larger confluences

nearby, while the Burnt River reach has several nearby and one within.

Fish move for many reasons, including to reduce predation risk and competition, and
increase the potential for survival, growth, and food availability (Railsback et al. 1999;
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Bryer et al. 2001; Bie et al. 2012; Rasmussen and Belk 2017). The presence of brown
trout and smallmouth bass within the Burnt River may influence local site occupation and
movement of brook trout in the system. There have been many demonstrated effects of
brown trout (Fausch and White 1981; Cunjak and Power 1986; Dewald and Wilzbach
1992; Ohlund et al. 2008) and smallmouth bass (Martin and Fry 1972; McNeill 1995;
Brown et al. 2000; Weidel et al. 2000) on brook trout, most of which being negative.
Brown trout in particular have been shown to force brook trout higher within river

systems through predation and competition (Hitt et al. 2017).

Additionally, large confluences nearby to the studied reach may influence brook trout
winter occupation as there is more habitat nearby that could act as refugia during winter,
while fish in the Black River are restricted to what is in the studied reach. Brook trout are
known to move up to 5km’s through telemetry (Mollenhauer et al. 2013) and it is feasible
that fish community and habitat drivers could influence them to move out of the studied
Burnt River reach. More needs to be understood about brook trout winter habitat (Fung et

al. 2017) and this study provides a captivating glimpse of its complexity.

The large change in seasonal occupation shown in the Burnt River system, and across
watersheds in Chapter 3, highlights the importance of connectivity within systems. Brook
trout and other stream fish were originally thought to move very short distances
throughout their life (Gerking 1959) but advances in movement analysis has proven this
false (Radinger and Wolter 2014; Comte and Olden 2018). This understanding of stream
fish movement illustrates that barriers can have severely detrimental effects on fish
populations, particularly highly mobile species like brook trout (Thorn et al. 2016; Fung

et al. 2017), or other migratory groups of trout and salmon (Levin and Tolimieri 2001). In
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the Great Lakes watershed, particularly in Lake Superior, brook trout can have ‘coaster’
populations that primarily reside in the lake but migrate up tributaries to spawn (Mucha
and Mackereth 2008; Bobrowski et al. 2011). While the current study system does not
have these coaster fish, they illustrate the importance of barrier free watersheds for brook
trout persistence (Fraser and Bernatchez 2008). Moving forward management should be
aware of these characteristics in brook trout and protect movement corridors as well as

necessary habitat.

Results from this study show that relying on current knowledge of summer habitat is
insufficient to accurately describe brook trout in their native range. To rely upon this
information can lead to deficient management decisions that may fail to protect and
rehabilitate populations. Future research should actively work to quantify and model
seasonal habitat use and changes, and the drivers of each. This could lead to new findings
on how much habitat a population needs to persist and where to prioritize rehabilitation

strategies, including restoration work.

Using eDNA at all Times of the Year:

Seasonally sampling for eDNA provides new opportunities for research during all times
of the year with this low cost, low effort, and non-invasive technique. Chapter 2
demonstrated that eDNA sampling can be more effective than single pass backpack
electrofishing during summer months and that eDNA can collect distribution information
of brook trout within a watershed across all seasons. Chapter 3 likewise showed that
brook trout occupancy information can be collected in all seasons across a large spatial
scale. Many studies are now using eDNA sampling to collect a wide range of fisheries

information (Wilson et al. 2014b; Wilcox et al. 2018; Harrison et al. 2019) and some
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management organizations are starting to involve it with projects (Wilson et al. 2014b),
but few have focused on winter use of eDNA, particularly in lotic environments

(Minamoto et al. 2019).

Results show that eDNA was most effective during summer and fall months, and that
spring and winter had a higher rate of negative detections (Tables 2.1, 2.2, 2.3, 3.2), and
likely FN detections as well. As discussed in Chapter 2, it is hard to distinguish between
FNs and TNs, but non-zero detections below the LOD suggest the possibility of a FN
opposed to a TN. For accurate determination, higher sample and gPCR replicates would
be needed (Ficetola et al. 2015). The sensitivity analysis (Table 2.1) was based on the
LOD for each season, being less than three copies per reaction in all seasons. Meaning
that winter and spring had many samples with low brook trout eDNA concentrations that
resulted in the negative detections. Low eDNA quantity in samples could be the result of
several factors, including DNA shedding rates, degradation rates, environmental retention
and mixing rates (Barnes et al. 2014; Jane et al. 2015; Lacoursiéere-Roussel et al. 2016;
Minamoto et al. 2019), and lab contamination (Lahoz-Monfort et al. 2016). Lab
contamination is controlled for using quality control checks and the LOD analysis, it is
unlikely that contamination would affect the negative detection quantity only during
winter and not the other seasons and lab procedure did not change over the course of the

study.

During winter low water temperatures decrease fish metabolic activity (Cunjak and
Power 1986) and by extension their eDNA shedding rate (Feng et al. 2019); if fish are
excreting less detectable material average detection quantity will logically be decreased,

especially if fish are similar distances away from the sample source. If fish are farther
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from the sample source this likewise would induce lower detection quantities as less
eDNA will reach the sample location. Degradation rates on the other hand may be slower,
as DNA is known to degrade slower as temperature decreases (Barnes et al. 2014;
Lacoursiére-Roussel et al. 2016), meaning that eDNA could have the potential to travel
further from source individuals and still be detectable. The largest unknown in eDNA
sampling, particularly in lotic environments, is how environmental conditions will affect
eDNA transport, mixing, and retention within a system (Harrison et al. 2019). This is not
well understood and many variables can influence it, making predictions on how eDNA
detection quantities will change difficult. Furthermore, variability in flow has had
demonstrated effects on eDNA quantity (Jane et al. 2015; Harrison et al. 2019) but it is
unknown how this translates into the field where streams differ in magnitude, order, and
number of confluences that all contribute to flow dynamics. Flow dynamics will also
change seasonally, further complicating the issue. It is possible that during winter these
environmental dynamics have a larger effect on eDNA quantity than other seasons, but

this study was not structured to evaluate that.

Alternatively, these high negative detection rates during winter and spring could be a
result of brook trout occupancy changes. This is certainly possible during winter months,
when fish can congregate in large, deep pools within a river (Cunjak and Power 1986). If
these areas are not close to the sample location, slower degradation rates retain eDNA
within the system longer, or fish are shedding less detectable material (Feng et al. 2019;
Minamoto et al. 2019), it would result in lower detection quantities. Spring negative
detections could also be a result of higher flow rates, diluting eDNA in samples or

decreasing retention time in an area. A best practice for sampling in winter and spring
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may be to collect more sample replicates as sampling design can influence survey results
(Barnes et al. 2014), this would give a broader range of detection values and may give a
better estimate of eDNA quantity per location if values are small. Alternatively, it may be
prudent to collect larger samples to increase DNA concentration and detect target
organisms with during times of low shedding rate or high dilution (Minamoto et al. 2019;
Schabacker et al. 2020). Sampling design changes would not solve the issue of low
detection quantity during these seasons, but rather give a better estimate of actual quantity

and give more statistical power for determining TP, TN, and FN values.

It is important to note with eDNA that even though a site had a positive detection, it
doesn’t necessarily mean fish reside in the location (Wilson and Wright 2013). A positive
detection merely means that DNA from the species was present at the time of the sample,
subsequently detections could be from fish recently residing in the area or fish moving
through. This is important for seasonal occupation work since all areas sampled with
positive detections may not be habitat for the species but could rather be movement
corridors, areas downstream of critical habitat, or areas fish found unsuitable through

natural dispersal and eventually vacated.

This is especially important when viewing Chapter 2 findings as there will be different
detection likelihoods for main channel and tributary sites. Main channel sites will likely
see more fish movement up and downstream since there could be populations at both ends
of the site, increasing the number of dispersing individuals. Tributary sites were (in this
study) significantly smaller than the main channel and there would be no population
group downstream of the sample unless fish are moving from the main channel into the

tributary. Further, since eDNA positive detections do not necessarily mean fish are
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present (Wilson and Wright 2013), it could be that a high number of detections means

fish are travelling a lot within a system rather than residing in nearby locations.

Recent advances in stream residency theory (Gerking 1959; Gowan et al. 1994) and
movement tracking (Radinger and Wolter 2014; Comte and Olden 2018) suggest that
brook trout can be highly mobile in stream environments (Mollenhauer et al. 2013).
Telemetry now allows for detailed seasonal movement studies (e.g. Mollenhauer et al.
2013) and it could be possible to determine if movement rather than residency influenced
positive detections at sample times. This study was limited by one sample date each

season, so it is unknown if fish resided in these locations for long periods of time.

Similar to residency, another unknown with eDNA sampling is the relationship between
detection quantity and fish biomass or population size. Studies have tried to link eDNA
detection quantity to biomass in the past (Jane et al. 2015; Lacoursiere-Roussel et al.
2016; Baldigo et al. 2017; Kamoroff and Goldberg 2018; Yates et al. 2019) but many
uncertainties remain. For example, it is known that many different variables affect the
shedding rate and degradation of DNA in aquatic environments, but currently it is
unknown how those variables differ between systems and conditions (Harrison et al.
2019). Lotic and lentic environments are very different, and variation within the two
system types can be pronounced, making comparing eDNA degradation or shedding rate
from one study to another in a different environment questionable. Samples from this
study could not be used to determine abundance, or the extent to which fish were present

at the sample location as a result of this.
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Predictive Models in Fisheries Management:

Many different models are used to predict species occurrence across fish and wildlife
study (Thorn et al. 2016), they are used to determine the chance that one individual of a
species is present (occupying) a site is related to environmental and biological variables
(Efford and Dawson 2012). This study attempted to use variables within the AEC to
predict brook trout occupation within Haliburton County, ON and found they were
insufficient to accurately show brook trout DNA presence in any season. Similar models
have been used to predict trout (Isaak et al. 2015), and brook trout (Deweber and Wagner
2015; Thorn et al. 2016; Fung et al. 2017; Wilcox et al. 2018) presence in the past with
success, suggesting that the variables used were either not good choices, or that more

factors influence brook trout presence in the Canadian Shield.

Groundwater is a strong requirement for brook trout in the Canadian Shield (Curry and
Noakes 1995; Curry and Devito 1996) and is likely not a poor choice in habitat
modelling, however BFI may have inaccurately captured groundwater dynamics on the
Canadian Shield. As discussed in Chapter 3, BFI was a poor proxy for stream temperature
in the Canadian Shield (N. Jones, OMNREF, personal communication) when generating
the second version of the AEC and it may be that lakes, wetlands, stream shading, and
other variables may need to be included in any predictive model for brook trout in this

region.

Trout occupation and distribution has been modelled using many different metrics,
including bioenergetics (Baker and Coon 1997; Urabe et al. 2010), flow dynamics (Baker
and Coon 1997; Vadas and Orth 2001; Kozarek et al. 2010), depth, food availability

(Baker and Coon 1997; Clarke and Scruton 1999; Vadas and Orth 2001), substrate size,
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percent cover (Vadas and Orth 2001; Curry et al. 2002), and many others. The AEC and
its variables were even used by Thorn et al. (2016), Fung et al. (2017), and Jones et al.
(2020) to model brook trout presence in the Lake Simcoe watershed and Mixedwood
Plains Ecozone, albeit farther south and below the Canadian Shield. HSI’s have likewise
been used for decades to predict the suitability of an area for fish species, though the lack
of food availability, dispersal ability, and habitat area as metrics could be limiting
(Raleigh 1982). The abundance of literature on this topic displays the need for accurate

depictions of a species distribution, and their habitat occupation within.

This study takes a step towards creating a predictive model for brook trout in Ontario’s
Canadian Shield and uses it with field assessment to validate and refine predictive
variables, at the same time gaining large scale population information. A Brook Trout
Shield Occupancy Model incorporating variables like connectivity, seasonal habitat
occupation shifts, groundwater influence, stream size, and more, would be beneficial for
the province to protect declining brook trout stocks. Combining this model with eDNA
sampling, and further conventional sampling techniques, could be the beginning of a

large-scale assessment protocol for management within the province.

Studies are beginning to use eDNA sampling with habitat occupancy models, but it is a
relatively new concept. Site occupancy or habitat occupancy models account for
imperfect detection methods like eDNA sampling by estimating the proportion of sites a
species occurs from presence/absence data (Schmidt et al. 2013). Schmidt et al. (2013), in
one of the first studies focusing on the combination, found that when using site
occupancy modelling fewer samples may be needed to confirm presence or absence.

Strickland and Roberts (2019) later found that the approach had high detection rates and
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lower sensitivity to sampling conditions than standard fisheries assessments. Combining a
habitat occupancy model for brook trout on the Canadian Shield with eDNA could
therefore provide a more accurate and efficient process to locating fish across the

landscape than standard assessments or using each tool separately.

Using these tools together with conventional sampling techniques could be a simple
procedure that moves from large spatial scale forecasting using a computer model, to a
smaller detection program using eDNA to ascertain occupation, and conventional
sampling techniques like backpack electrofishing to gain precise, detailed population

information on a species (Figure 4.1).

Current applications using modeling and eDNA together include the eDNALtlas project
(Young et al. 2019), bull trout climate refugia projects (Isaak et al. 2015), and invasive
species monitoring programs (Wilcox et al. 2018). Taking these initiatives one step
further and gaining detailed population information with standard fish sampling
techniques like backpack electrofishing, would provide additional population information

integral for many management actions.
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Figure 4.1. Conceptual model of sampling protocol.
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Appendix

Section 1: Electrofishing data from the Black and Burnt River Systems

Table A.1. Known fish species in the Black and Burnt River study areas

Fish Species . )
Common Name : Scientific Name Black River Burnt River

Brook Trout Salvelinus fontinalis Present Present
Brown Trout Salmo trutta Present
Blacknose Dace Rhinichthys atratulus Present Present
Longnose Dace Rhinichthys cataractae Present Present
Northern Pearl Dace | Margariscus nachtriebi Present Present
Creek Chub Semotilus atromaculatus Present Present
Common Shiner Luxilus cornutus Present Present
Blacknose Shiner Notropis heterolepis Present
White Sucker Catostomus commersonii Present
Central Mudminnow | Umbra limi Present Present
Brook Stickleback Culaea inconstans Present Present
Smallmouth Bass Micropterus dolomieu Present
Logperch Percina caprodes Present

Section 2: eDNA Limit of Detections

R Studio Output using Klymus et al. (2019) code for LOD and LOQ Calculations:

For Fall, the lowest standard with 95% or greater detection is: 10 copies/reaction.

For Winter, the lowest standard with 95% or greater detection is: 1 copies/reaction.

WARNING: LoD cannot be determined for Winter, because it is lower than the lowest

standard you tested.

Report as <1 copies/reaction, or retest with lower concentrations.

For Spring, the lowest standard with 95% or greater detection is: 10 copies/reaction.

For Summer, the lowest standard with 95% or greater detection is: 10 copies/reaction.
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Standard Curves with LOD and LOQ Thresholds:
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Figure A.1. Output from Klymus et al. (2019) R code showing LOD and LOQ thresholds: a) Fall, b) Winter, c) Spring, d) Summer. The x-axis is
standard copies/reaction and the y-axis is Cg-value, the red line represents the LOD for one qPCR replicate, the black dotted line represents the
LOQ, the black dots are standards included in the analysis, and the blue crosses are excluded standards outside of the set 0.35 coefficient of
variation threshold.
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LOD Values from Klymus et al. (2019) R Code:

Table A.2. Assay summary from Klymus et al. (2019) R code showing the LOD determined through probit modeling.

RZ

Assay Slope | Intercept | Low.95 | LOD | LOQ | rep2.LOD | rep3.LOD | rep4.LOD | rep5.LOD | rep8.LOD
Fall 0.98 -3.53 41.00 10 6.00 6.00 3.74 2.84 2.33 2.00 1.45
Winter 0.98 -3.22 37.25 1 NA 2 NA NA NA NA NA
Spring 0.97 -3.53 38.99 10 5.33 Inf 2.98 2.12 1.67 1.39 0.94
Summer 0.97 -3.32 38.89 10 4.32 5.00 2.16 1.44 1.08 0.86 0.54
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Section 3: Sequencing eDNA Results

All positive eDNA detections from each site, during each season were sequenced. Only
one extracted filter sample per site per season (the highest average detection) was used.
The samples were first amplified on a qPCR run without the probe and then the amplified
product was run through gel electrophoresis to ensure samples amplified correctly. An
exX0SAP cleanup was run on the amplified product to remove excess primers and dNTPs

from the gPCR run.

Following, the product was reamplified twice using a Big Dye 3.1 Terminator kit with
forward and reverse primers for two sequences. An ethanol precipitation was then used to
clean the product before it was sequenced. Samples were manually analyzed to determine

species and all samples contained brook trout DNA.

Section 4: Testing AEC Variables

Normality Testing:
Baseflow Index: Using a shapiro-wilk normality test low sites had a p-value of 0.118,

moderate sites 0.6449, and high sites 0.08073.

Upstream Catchment Area: Using a shapiro-wilk normality test low sites had a p-value of
0.2447, moderate sites 0.003062*, and high sites 0.001582*. Moderate and high sites

were not normal.

Slope: Using a shapiro-wilk normality test low sites had a p-value of 0.3292, moderate

sites 0.05408, and high sites 0.1162.
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Testing for Correlations:
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Figure A.2. Correlation plot for the AEC variables of BFI, UCA, and Slope. Increasing ellipse
size indicates a stronger relationship and colour indicates trajectory. Positive relationships are
shown in blue and negative in red.
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Histograms used for testing normality:

a)
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Figure A.3. Histograms of a) BFI, b) UCA, and c) Slope data from the AEC showing kernel density and normal curve.
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Code for the Binomial Logistic Regression Models:

> Fall <- gIm(Fall ~ BFI + Slope + BFI*Slope, data = AEC_AIC_Modelling_Binomial, f
amily = binomial)
> summary(Fall)

Call:
glm(formula = Fall ~ BFI + Slope + BFI * Slope, family = binomial,
data = AEC_AIC_Modelling_Binomial)

Deviance Residuals:
Min 1Q Median 3Q Max
-1.1219 -0.7298 -0.5801 0.2246 2.0663

Coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) -9.469 8.075 -1.173 0.241
BFI 13.431 13.382 1.004 0.316
Slope 5804 3.738 1.553 0.121
BFI:Slope -9.134 5.973 -1.529 0.126

(Dispersion parameter for binomial family taken to be 1)

Null deviance: 21.270 on 17 degrees of freedom
Residual deviance: 17.255 on 14 degrees of freedom
AIC: 25.255

Number of Fisher Scoring iterations: 4

Winter <- gim(Winter ~ BFI + Slope + BFI*Slope, data = AEC_AIC_Modelling_Binomi
al, family = binomial)
> summary(Winter)

Call:
glm(formula = Winter ~ BFI + Slope + BFI * Slope, family = binomial,
data = AEC_Modelling_Binomial)

Deviance Residuals:
Min 1Q Median 3Q Max
-1.2244 -1.0942 -0.9385 1.2265 1.3739

Coefficients:

Estimate Std. Error z value Pr(>[z|)
(Intercept) -2.1837 5.4088 -0.404 0.686
BFI 3.5338 9.3088 0.380 0.704
Slope 0.6799 2.3824 0.285 0.775
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BFI:Slope -1.2014 3.8469 -0.312 0.755
(Dispersion parameter for binomial family taken to be 1)

Null deviance: 24.731 on 17 degrees of freedom
Residual deviance: 24.552 on 14 degrees of freedom
AIC: 32.552

Number of Fisher Scoring iterations: 4

Spring <- gim(Spring ~ BFI + Slope + BFI*Slope, data = AEC_AIC_Modelling_Binomia
I, family = binomial)
> summary(Spring)

Call:
glm(formula = Spring ~ BFI + Slope + BFI * Slope, family = binomial,
data = AEC_Modelling_Binomial)

Deviance Residuals:
Min 1Q Median 3Q Max
-0.8612 -0.6347 -0.6135 -0.3843 1.9000

Coefficients:

Estimate Std. Error z value Pr(>[z|)
(Intercept) -2.114 7.265 -0.291 0.771
BFI 1.124 12.754 0.088 0.930
Slope 1.238 3.157 0.392 0.695
BFI:Slope -2.316 5.462 -0.424 0.672

(Dispersion parameter for binomial family taken to be 1)
Null deviance: 16.220 on 17 degrees of freedom
Residual deviance: 15.739 on 14 degrees of freedom

AIC: 23.739

Number of Fisher Scoring iterations: 5

Summer <- glm(Summer ~ BFI + Slope + BFI*Slope, data = AEC_AIC_Modelling_Bino
mial, family = binomial)
> summary(Summer)

Call:

glm(formula = Summer ~ BFI + Slope + BFI * Slope, family = binomial,
data = AEC_Modelling_Binomial)
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Deviance Residuals:
Min 1Q Median 30Q Max
-1.32168 -0.46954 -0.20630 -0.03236 1.51937

Coefficients:

Estimate Std. Error z value Pr(>|z|)
(Intercept) -27.568 19.715 -1.398 0.162
BFI 41.279 30.440 1.356 0.175
Slope 8.228 6.643 1.239 0.215
BFI:Slope -12.433 10.222 -1.216 0.224

(Dispersion parameter for binomial family taken to be 1)
Null deviance: 19.069 on 17 degrees of freedom
Residual deviance: 13.510 on 14 degrees of freedom

AIC: 2151

Number of Fisher Scoring iterations: 7
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