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Abstract

Northern aquatic ecosystems face increasing pressures from climate change and natural resource
development, raising conservation concerns for species in these vast and remote regions. Arctic Grayling
(Thymallus arcticus) have a Holarctic distribution and are a sensitive freshwater fish that provide a good
indication of general aquatic health. In the Northwest Territories (NWT), there has been little focus on
studying riverine Arctic Grayling populations or their use of stream habitats within mountain river
watersheds. The purpose of my research was to characterize fluvial Arctic Grayling distribution among
mountain streams in the NWT, and to determine habitat characteristics that influence Arctic
Grayling habitat use across life stages. Sampling sites (n=183) were selected in four sub-basins within the
Little Nahanni River watershed in the southwest NWT. In the summer of 2015, each site (100 meters in
length) was electrofished and stream habitat parameters were measured. Arctic Grayling were collected
for analyses of age, size, weight, and reproductive development. Results showed shifts in Arctic Grayling
development by size and age class that corresponded with shifts in distribution observed across the study
streams. From these findings, four post-emergence life stages for Arctic Grayling were assigned: young-
of-year (YOY), juvenile, sub-adult and adult. Step-wise logistic regression was used to explore the
relationship between the occurrence of Arctic Grayling life stages and stream habitat characteristics.
Multivariate regression tree (MRT) analysis was used to identify environmental thresholds and habitat-
based life stage segregation, and redundancy analysis (RDA) was used to determine potential life stage-
specific habitat correlations. Differences emerged in how Arctic Grayling life stages used habitat across a
range of available stream conditions. YOY Arctic Grayling were found exclusively in low elevation, low
gradient habitat dominated by silty-sand substrate with average water temperatures >10°C. Similarly,
juvenile Arctic Grayling occupied low elevation, warm water stream habitat, but associated strongly with
run habitats, as well as showing movement into cooler water temperatures and more riffle dominated
habitats. Sub-adult Arctic Grayling used the widest range of habitats across the study area, being found at

a range of elevations and water temperatures, demonstrating the ability of this life stage to use a diversity
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of available habitats. Sub-adults showed a relationship to in-stream riffle, pool, and cascade-boulder
habitats. Adults had a strong correlation to elevation and water temperature, using habitats with high
elevation (>1200 m) and low temperature (7°C), and increased proportions of pool and boulder habitat.
The four sub-watersheds studied provided distinct stream habitats and Arctic Grayling life stages
separated across the habitat types, advancing our understanding of the life cycle habitat requirements for
fluvial populations in mountain systems. It provides insight on the important and potential limiting
factors, such as availability of warm water habitats, to population success in cold regions. The dynamic
nature of Arctic Grayling summer habitat use in mountain streams highlights the need to consider habitat
complexes at the watershed scale when defining species life stage requirements, managing habitats,
monitoring populations, and assessing potential impacts into the future. Improved understanding of the
distribution, habitat requirements and ecology of different life history types and life stages of Arctic
Grayling in different ecozones is crucial for the effective management and monitoring of this species in

northern environments.
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1.0 Introduction

1.1 Species conservation and habitat relationships

To understand the relationship between a species and its environment, there is a need to identify
the suite of conditions that define the species’ habitat requirements for all life stages (Rosenfeld 2003),
including how habitat use may shift over time, depending on life stage or the life history type. For species
that are broadly distributed across variable landscapes, our incomplete understanding of habitat
requirements and environmental factors remains a fundamental challenge for management and
conservation (Fausch et al. 2002, Rosenfeld 2003). Identifying species habitat requirements at various
spatial scales requires research that spans multiple levels of ecological organization, across different life
history types and landscapes (Frissell et al. 1986; Rosenfeld 2003; Rosenfeld and Hatfield 2006). The
concept of scale is recognized as a fundamental challenge in ecology, where locally measured
environmental variables and patterns cannot be automatically scaled up to understand processes over
larger areas and longer timeframes (Schneider 2001; Peckarsky et al. 1997). Conservation biology
emphasizes the importance of understanding habitat heterogeneity to address ecological problems at
larger spatial and temporal scales. In addition to the general challenges of scale, the nature of rivers and
streams across diverse landscapes makes them challenging to study. Conducting research in streams and
rivers often involves navigating broad and difficult landscapes, working in fast flowing waters, and
attempting to measure and interpret the high variability created by the continuous and active movement of
materials, organisms and energy (Fausch et al. 2002). How the varying aquatic habitats are used by
stream fishes shifts with seasons and resource availability, making research and monitoring programs
susceptible to misrepresent how habitats are used, or the timing and extent of a fishes” movements. Study
at a landscape-scale to capture the heterogeneity of river environments is needed to understand the
ecological processes at play for species, and to set the context for conservation of aquatic biota (Fausch et
al. 2002; Polis et al. 1997). However, there are limitations in the ability of landscape scale research to

identify underlying mechanisms that may drive species-specific habitat associations at watershed and



stream-level scales, making research at finer scales an important and complimentary aspect of landscape-

scale research (Falke et al. 2013; Rosenfeld and Hatfield 2006).

1.2 The nature of stream systems

Climate, geology and topography frame the geomorphic processes that create and maintain
watersheds (Frissell et al. 1986). Within a watershed, stream habitats are hierarchical, that is they are
spatially nested and organized in structural levels, and therefore aquatic species habitat associations can
be evaluated and modeled across different scales (Frissel et al. 1986; Hawkins et al. 1993). The
continuous, hierarchical and heterogeneous nature of linear aquatic habitats has to be considered and
incorporated into both research and conservation (Schlosser 1991; Rosenfeld and Hatfield 2006; Fausch
et al. 2002). Stream ecology recognizes the importance of spatial arrangement of habitats related to each
life stage, and the pivotal role of fish movement in dispersing these life stages across watershed-scales to
occupy critical habitats required to fulfill their life cycle (Schlosser 1991, 1995a, 1995b, Schlosser and

Angermeier 1995; Peckarsky et al. 1997; Rosenfeld and Hatfield 2006).

The relationship of a stream system to the broader watershed makes it sensitive to changes in
surrounding climate and landscape. The stream becomes a receptor for the watershed that concentrates
and transmits environmental changes to rivers as they move through the landscape. Consequently, species
relying on stream habitats have also evolved to be sensitive to changing environmental conditions and
demonstrate a range of adapted responses for survival at each life stage (Bunn and Arthington 2002;
Schlosser 1990; Schlosser 1985). This means that specific or rare habitats or narrow ranges of
environmental conditions may regulate species population-level responses across landscapes (Torgersen

et al. 1999; Pecakrsky et al. 1997).

1.3 Resource development impacts

In Canada’s north, aquatic environments are becoming increasingly vulnerable to multiple

cumulative natural and anthropogenic impacts including resource development and climate change



(Christiansen et al. 2013; Poesch et al. 2016). The Northwest Territories (NWT) continues to experience
new development with road building, mining, seismic exploration, and oil and gas activity over the past
10 years, and the economy continues to depend on the non-renewable resource industry (GNWT 2019).
The construction and extractive-based activities associated with these industries are known to impact
aquatic ecosystems (Cott et al. 2015; Christiansen et al. 2013). Changes to water chemistry and
temperature, sedimentation, underwater noise and pressure impacts, water withdrawals, barriers to stream
flow and fish passage, exploitation and harvest of pristine fish populations, habitat fragmentation, habitat
alteration and destruction, as well as introduction of non-native or invasive species and pathogens are all
examples of known development impacts to freshwater systems (Cott et al 2015; Schindler 2001). Critical
stream habitats, specific to a species life stage or time of year (e.g. spawning and overwintering), can be
limited and isolated from other necessary habitats, making them particularly sensitive to perturbation
(Schlosser 1990 and 1995a; Cunjak 1996; Rosenfeld and Hatfield 2006). Northern fish species that
exhibit habitat specialization and migrate among a wide range of habitats are vulnerable to localized
habitat disturbances which can have disproportionately greater effects at a wider scale for the population
(Rosenfeld and Hatfield 2006; Christiansen et al. 2013). The dendritic nature of stream and river systems
provides a network that collects and transports effects downstream, therefore stressors that may seem

remote spatially on a watershed scale, can act cumulatively to affect stream fish populations.

1.4 Climate change impacts

In addition to direct effects on fish, such as siltation from improper road development, are the
indirect impacts of climate change. Such impacts are complex and difficult to predict and measure in
freshwater ecosystems. Temperatures across the Canadian Arctic are warming at three times the global
rate, because of a combination of climate feedbacks over high-northern latitudes known as “Arctic
amplification” (Bush and Lemmen 2019), and are projected to continue at an increased rate under future
climate scenarios. Annual mean precipitation and daily extreme precipitation are also projected to

increase in the north, impacting stream flows (Cohen et al. 2019). Northern freshwater systems are low



productivity with limited light (e.g. ice free), temperature, nutrient, and food resources (Reist et al. 2006a;
Christiansen 2013). Northern stream fish are adapted to these conditions, so changes in temperature and
precipitation will cause shifts in the timing and range of habitat conditions available to freshwater fish

species (Reist et al. 2006b; Rouse et al. 1997; Mantua et al. 2010; Christiansen et al. 2013).

Water temperature is a defining habitat characteristic for aquatic organisms and can affect the
physiology and behavior of individuals (Reist et al 2006b). Stream fish use both thermal and hydrologic
regimes as behavioral cues to trigger critical life history functions (Schlosser 1985; Taylor and Cooke
2012; Cassie 2006). In watersheds dominated by snowmelt, climate change is expected to alter the
magnitude and timing of low- and peak-flow events, generating hydrographs comparable to regulated
rivers (Adam et al. 2009; Stewart 2009; Mantua et al. 2010). Stream fishes have evolved life history
strategies and habitat relationships linked to seasonal cycles of the natural flow regime (Bunn and
Arthington 2002). Projected changes in temperature, precipitation, and hydrologic cycles may affect
access to stream habitats, and the timing and success of key life functions such as migration and early life

stage survival.

For northern freshwater systems, the potential impacts from climate change at the local habitat
scale may cause a spectrum of effects on fish populations which span a wide range of habitats in the
Arctic and have different life history strategies and sensitivities to biophysical factors (Reist et al. 2006b;
Christiansen et al. 2013). Stream systems may be particularly susceptible because broad-scale changes in
climate variables may become amplified within the stream channels (Reist et al 2006b). The
Intergovernmental Panel on Climate Change (IPCC) concluded that fish populations in headwater streams
and rivers, particularly on the margins of their geographic distributions, will be especially vulnerable to
the effects of climate change because the temperature regimes in these systems are more closely
correlated with air temperatures (Setelle et al. 2014 and Cassie 2006). The realized impacts of climate

change will be species- and ecosystem-specific, making it challenging to predict consequences and assess



both short and long-term trends for northern stream fish populations (Christiansen 2013; Poesch et al.

2016)

The ability of freshwater fish to adapt to changing environments is species-specific. Northern
aquatic ecosystems are influenced by localized conditions, so there is a need to understand the ecological
filters and watershed characteristics that may influence a species’ distribution as aquatic environments
change (Reist et al. 2006a). However, there are many data gaps related to associations between ecological
processes and environmental factors for northern aquatic biota (Reist et al 2006b). Deficiencies in our
basic knowledge of northern fish ecology and habitat interactions limits our ability to predict cumulative
impacts to aquatic systems and prepare for challenges that climate change may present across the Arctic
and Sub-Arctic landscape, from shifting climactic variables to increasing large-scale disturbances (Rouse

et al. 1997; Reist et al 2006b; Poesch et al. 2016;).

An added challenge for assessing and managing northern freshwater ecosystems, alongside
impacts from development and predicted effects of climate change, is the pre-disturbance conditions for
these remote watersheds are often undocumented. Work to establish an environmental baseline and
reference of fish populations in pristine northern aquatic systems can help to improve our understanding
of ecological processes, to put impacted aquatic systems into context, and to inform habitat and species

restoration efforts.

1.5 Northern salmonid fish species

Salmonidae is the most significant family of cold-water fish in the Arctic (Christiansen et al.
2013). Salmonids are widely distributed and abundant in the north, making this family of fish a key
component of cold freshwater ecosystems, and featuring prominently in commercial, recreational and
subsistence fisheries (Reist et al. 2006b; DFO 2012; Christiansen et al. 2013). Being stenothermic,
salmonid species have temperature thresholds that are less variable making them particularly vulnerable

to climate change (Linnansaari and Cunjak 2012).



One such species is the Arctic Grayling (Thymallus arcticus (Pallas 1776)). They are trout-like in
appearance with an elongated oval-shaped body, but are distinguished from other salmonids by their large
scales, large eyes, short heads with small mouths only containing teeth on the maxillary bone. However,
their most striking feature, as shown in Figure 1, is their colourful, sail-like dorsal fin which is dark blue
to black with a narrow orange or pinkish edge with a blue band beneath and has rows of orange-red and
emerald green spots, the pelvic fins are black with wavy orange stripes and the caudal fin can be greyish

to bronze in colour (McPhail and Lindsey 1970; Scott and Crossman 1973).

Figure 1. Arctic Grayling (Thymallus arcticus) 8-year old male in spawning colours taken from Baker Creek,
Yellowknife, NWT. Illustration by Paul Vecsei 2008.

As adults their back is typically dark purple or blue, sides are grey to dark blue with pinkish
iridescence and scattered black spots, and the belly is grey to white. Young Arctic grayling do not have a
pronounced dorsal fin and are silvery grey in colour with par marks along the lateral line and more spots
on their sides than adults. The average length of adult Arctic grayling ranges from 305-38 I mm with
average weights at this size of 225 — 450 grams (Scott and Crossman 1973). The largest documented size
was an Arctic grayling 757mm long and 2.7 kg (5 pounds, 15 ounces), captured in the Katseyedie River,

which flows from the north into Great Bear Lake, NWT (Scott and Crossman 1973).

Arctic Grayling are an iconic northern species and have been described as, “a uniquely attractive

fish, beautiful to look at, sporting to catch and quite palatable” (McPhail and Lindsey 1970). Scott and



Crossman (1973) note that, “the beautiful fish is a joy to behold and one of the few species over much of
the northern part of Canada that will provide fly fishing”. Their dramatic appearance, fighting qualities,
and palatability has made Arctic grayling a highly sought after species by recreational anglers.
Historically, Indigenous peoples in the Canadian north were able to exploit Arctic Grayling during their
post-spawn migrations when other fish were scarce (Miller 1946; Scott and Crossman 1973), and were a
reliable food source during mountain travel (Leon Andrews, Elder, Tulita, NWT, personal

communication).

1.6 Arctic Grayling distribution

The range of graylings, genus Thymallus, extends across Eurasia and North America, giving it a
Holarctic distribution. Based on the results of a recent review of the genus Thymallus, 18 species of
grayling have been recognized using morphometric data and incorporating new data published on
taxonomy, biology, ecology, and genetics (Dyldin et al. 2017). The systematic status of the species
within the genus Thymallus has provided some controversy, as graylings show adaptivity in varying
habitats and high polymorphism, reflecting their wide range of genotype responses (Dyldin et al. 2017).
But, the ongoing identification of differences between individual species and native populations continues

to be important for the understanding and conservation of genetic diversity within the grayling family.

The list of grayling species identified includes: European Grayling (Thymallus thymallus),
Adriatic Grayling (Thymallus aeliani), Baikal Black Grayling (Thymallus baicalensis), Baikal White
Grayling (Thymallus brevipinnis), Baikal-Lena Grayling (Thymallus baicalolenensis), Lake Markakol
Grayling (Thymallus brevicephalus), Mongolian Grayling (Thymallus brevirostris), Bureya River
Grayling (Thymallus burejensis), Yellow-Spotted Grayling (Thymallus flavomaculatus), Amur Grayling
(Thymallus grubii), Lower Amur Grayling (Thymallus tugarinae), Kamchatka Grayling (Thymallus
mertensii), Hovsgol Grayling (Thymallus nigrescens), Upper Ob Grayling (Thymallus nikolskyi), East-
Siberian Grayling (Thymallus pallasii), Upper Yenisei Grayling (Thymallus svetovidovi), Alaska Grayling

(Thymallus signifier), and Arctic Grayling (Thymallus arcticus).



Of all the grayling species, Arctic Grayling have the most extensive distribution, and occur
throughout the northern parts of North America, Russia, Mongolia, China and North Korea, with the most
southerly population being in Montana (Scott and Crossman 1973; Lee et al. 1980). Unfortunately, since
1992, the Montana population has required active stocking and habitat restoration to remain viable
(USFWS 2015). In North America, Arctic Grayling occur in throughout Alaska, Yukon and the mainland
areas of the NWT and Nunavut, and northern areas of Manitoba, Saskatchewan, Alberta and British
Columbia (McPhail and Lindsey 1970: Scott and Crossman 1973; Sawatzky et al. 2007). Research on the
genetic diversity of Arctic Grayling in North America has revealed that today’s grayling descended from
populations that persisted through the Pleistocene in three Arctic glacial refugia (Stamford and Taylor
2004). The results of samples analyzed from 32 different localities identified three separate assemblages
of North American Arctic Grayling: a ‘South Beringia’ lineage, a ‘North Beringia’ lineage, and a distinct

‘Nahanni’ lineage confined to the Nahanni River area of the upper Mackenzie River drainage.

1.7 Life history types

Across diverse northern watersheds, Arctic Grayling populations have developed three main life
history types; fluvial, adfluvial, and lacustrine. Each of these life history types has different patterns of
habitat use (Scott and Crossman 1973; Northcote 1995; Stewart et al. 2007). Fluvial populations utilize
streams and rivers year-round for all life stages, including overwintering, and migrate large distances to
access other lotic habitats used for spawning, feeding or over-wintering (Scott and Crossman 1973;
Armstrong 1986; West et al. 1992; Ford et al. 1995; Evans et al. 2002a; Stewart et al. 2007). Lacustrine
populations utilize lake habitats year-round for all life stages, whereas adfluvial populations migrate from
lakes into rivers and streams seasonally for spawning, feeding and rearing (Scott and Crossman 1973;

Richardson et al. 2001; Stewart et al. 2007; Cabhill et al. 2016).

1.8 Ecology

Regardless of life history type, Arctic Grayling require cold, clear, and well-oxygenated water. A

characteristic that makes them sensitive to changes in water quality and a candidate indicator species



(Dyldin et al. 2017). Patterns of migration and habitat use differ among systems and across the life-stages
of the fish (McPhail and Lindsey 1970; Scott and Crossman 1973; Stewart et al. 2007a; Northcote 1995).
Like other salmonid species, they require different and distinct habitats for spawning, rearing, feeding and
overwintering to complete their lifecycle (Stewart et al. 2007). Arctic Grayling are a typical rheophilous
fish able to actively spread to adjacent stream and river habitats within a river system (Northcote 1995;
Dyldin et al. 2017). Unique among northern salmonid species, Arctic Grayling spawn in the spring.
Large migrations occur in the spring, associated with spawning and feeding, and then again in the fall
with movement to suitable over-wintering habitats. These seasonal movement patterns occur in response
to changes in environmental conditions such as discharge, water temperature or ice-cover, and responses
vary depending on the eco-region, life stage or the life history type of the species (Armstrong 1986;
Northcote 1995; Cahill et al. 2016; Heim et al. 2016). Arctic Grayling spawning can occur anytime from
April to early July, but typically takes place from mid-May to mid-June (Scott and Crossman 1973;
Stewart et al. 2007; Northcote 1995). They require clear, fast-flowing streams with un-embedded gravels
for spawning, typically in riffle-run-pool habitats in tributaries or lake inlet and outlet streams. In general,
spawning begins after ice break-up and when stream water temperatures reach a minimum of 4°C (Reed
1964; Scott and Crossman 1973; Tack 1980; Northcote 1995; Stewart et al. 2007). The majority of
spawning activity has been observed when water temperature daily means average 6-10°C (McPhail and
Lindsey 1970; Scott and Crossman 1973; Stewart et al. 2007; Northcote 1995) and the adult spawning
period lasts for 2-3 weeks (Ford et al. 1995; Northcote 1995). Egg incubation within the interstitial spaces
of stream gravels averages 13-18 days under natural stream conditions with daily water temperature
averaging 8°C (Stewart et al. 2007). The larvae hatch and remain protected in the gravels for a 3 to 4-day
period before emerging approximately 3-4 weeks after fertilization (Scott and Crossman 1973; Northcote
1995). From this point on in the lifecycle, how each life stage of Arctic Grayling uses habitats varies and
shows a range of differences depending on the ecoregion, life history type, and local conditions, with

some life stages having been studied more than others.



1.9 Current understanding and focus

Habitat use by adults and young-of-year Arctic Grayling in spawning streams has been fairly well
documented across life history types and in different ecoregions (Scott and Crossman 1973; Hubert et al.
1985; Armstrong et al. 1986; Ford et al 1995; Northcote 1995; Stewart et al. 2007a; Laroque et al. 2014).
Through to the 1980s, the Government of Alaska focused on studying Arctic Grayling populations in the
interior rivers but, despite that effort, significant gaps in life history information on the species remained
(Armstrong 1986). Over the past two decades, there have been a number of studies in the NWT and
Alaska focused on adfluvial Arctic Grayling populations in tundra streams and sub-Arctic lake systems,
including studies on young-of-year habitat use and growth (Jones et al. 2003a, b, ¢; Jones and Tonn 2004;
Deegan et al. 2005; Luecke and MacKinnon 2008; Heim et al. 2016; Baker et al. 2017) and movements of
adults, juveniles and young-of-year into and out of streams connected to lake systems (West et al. 1992;
Courtice et al. 2014; Cahill et al. 2016; Heim et al. 2016). Many of these studies are associated with
assessing the impacts of mine developments or dam and reservoir creation on river systems like the
Williston in BC, and others focus on evaluating the effectiveness of habitat restoration targeting Arctic
Grayling (Blackman 2002; Clarke et al. 2007; Ballard and Shrimpton 2009; Stamford et al. 2017). The
southernmost limit of the Arctic Grayling range in Canada is Alberta where populations have experienced
declines due to multiple stressors including habitat loss, degradation and fragmentation, and
overexploitation by anglers (Cahill 2015). Cold-water fish species at the southernmost extent of their
range will be most vulnerable to changes in climate parameters, and climate modeling projections indicate
that thermal stress will be a critical threat for suitable Arctic Grayling habitats across Alberta in the future

(McCullough et al. 2009; Williams et al 2009).

1.10 Advancing our understanding across ecoregions

Our current ecological knowledge of Arctic Grayling shows that when and how habitats are used
throughout the life-cycle of the species varies depending on life history type and ecoregion (Scott and

Crossman 1973; Armstrong 1986; Northcote 1995; Stewart et al. 2007; Laroque et al. 2014; Baker et al.
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2017; Lewis 2018). In northern mountain watersheds, Arctic Grayling are an important component of the
food web and play an essential role in transferring energy resources throughout these high elevation, low
productivity watersheds (Armstrong 1986). Stream fishes have evolved under the seasonally changing
flow regimes of natural river systems (Bunn and Arthington 2002), and Arctic Grayling are no exception.
They have adapted in mountain systems by moving within and among the networks of streams, utilizing
different aquatic habitats and resources available to survive. In resource-constrained environments of
northern mountains, a variety of available habitats are used across large areas to complete their life-cycle
(Armstrong 1986). Given their wide range, improving our knowledge of Arctic Grayling distribution, life-
cycle requirements, and essential habitats in mountain watersheds is important to be able to understand
the variety of aquatic habitats and range of environmental conditions used by the species. Insights on
natural baseline for a population of fluvial Arctic Grayling, in a relatively pristine northern mountain
ecosystem, will help to evaluate effects of climate change and development, to assess trends over time,

and to support conservation and restoration actions for the species.

1.11 Advancing our understanding for northern aquatic resource management

Improving baseline information and addressing gaps related to Arctic Grayling populations and
their habitat requirements across life-stages is a priority for resource managers responsible for monitoring
and conserving this species (Cahill 2015; Stamford et al. 2017). Although Arctic Grayling are found in a
wide variety of northern freshwater habitats, they are recognized as a species sensitive to changes in
environmental conditions (McPhail and Lindsey 1970; Scott and Crossman 1973; Northcote 1995;
Stewart et al. 2007), and considered a fitting monitoring species for indicators of aquatic health and
integrity (Cahill 2015; Stamford et al. 2017). Monitoring approaches for species are typically founded in
an understanding of suitable and important habitats based on objective, repeatable and defensible
biophysical criteria (MacKenzie et al. 2006 and Isaak et al. 2009). In the Mackenzie Mountain region of
the western NWT, very little information exists on the aquatic ecosystems or Arctic Grayling distribution

and habitat use in the river watersheds (Evans et al. 2002; Sawatzky et al. 2007; Stewart et al. 2007), and
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continued development of access roads, mines and oil and gas exploration is anticipated (GNWT 2019).
There is a need to improve our understanding of the range of habitats used by fluvial Arctic Grayling
populations in this region to identify, protect and manage important habitats for the species, to mitigate

development impacts, and to effectively monitor the species over time.

1.12 Addressing knowledge gaps

Studies on Arctic Grayling habitat use and life-stage requirements have been summarized to aid
in monitoring and management of the species in different regions (Reed 1964; Tack 1980; Armstrong
1986; Northcote 1995; Roberge et al. 2002; Stewart et al. 2007; AEP 2015; Stamford et al. 2017), and
fish habitat models have been developed to evaluate habitat quality in rivers and lakes. Mathematical
modelling is a common technique used in fisheries biology to analyze study results, interpret observed
patterns and simulate ecological relationships in aquatic ecosystems (de Kerchove et al. 2008). It provides
analytical methods to predict and evaluate the quality of habitats for fish species across different spatial
and temporal scales. Modelling applications are often used by government and industry in the assessment
of impacts to fish and fish habitat from developments, calculation of fish habitat loss, and measurement of
the success of aquatic habitat restoration for species (de Kerchove et al. 2008; Laroque et al. 2014). Ata
landscape scale, occupancy modelling provides a method to assess fish population distribution in suitable
habitats across watersheds (Isaak et al. 2009). By establishing parameters around habitat occupancy and
detection efficiency these models allow for predictions of species presence in suitable habitats at a scale
relevant to land and resource management, along with development of more efficient sampling designs
and monitoring protocols representative of the spatial extent and variability for the species (Isaak et al.
2009; Baker et al. 2017; Lewis 2018). For the vast and remote un-surveyed areas of Canada’s north,
occupancy modelling offers a scientifically defensible approach to predict or infer the presence and
distribution of a fish species within and among watersheds. However, the broad-scale habitat parameters
required to accurately determine distribution, at a watershed level, need to be supported by a clear

understanding of the species habitat requirements across life history types, life stages and ecoregions, as
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demonstrated by Baker et al. (2017) and Lewis (2018) for different Arctic Grayling populations in the
NWT. The coarse level of environmental parameters used in species occupancy models limits the ability
to account for and understand site-specific ecological or biophysical habitat factors that could affect this
species’ occurrence and distribution. Improving our understanding of local or site specific habitats and
life stage specific habitat relationships for Arctic Grayling is needed to support the continued
development and verification of occupancy models and distributional monitoring protocols for different

ecoregions.

A common model used by resource managers for quantifying fish habitat loss or change using
species-specific habitat values is based on Habitat Suitability Indices (HSIs). HSIs combine the resource
selection and habitat preferences of a fish species for different biophysical variables to determine suitable
or optimal habitat specific to that species (de Kerckhove et al. 2008). HSIs have been developed for
Arctic Grayling and include indices specific to life stage or biologically significant periods in their
lifecycle (Hubert et al. 1985; Jones and Tonn 2004; Golder Associates 2008; Laroque et al. 2014; Lewis
2018). However, these indices are based on available data often from different life history types or
ecoregions, limiting the applicability to fluvial populations in northern mountain stream systems. There is
also evidence of gaps and discrepancies in our understanding of juvenile habitat use and life stage
requirements (Armstrong 1986; Northcote 1995; Laroque et al. 2014; Stamford et al. 2017). The variation
in age-size structures and size at maturity reported for the species across life histories, river systems and
regions, makes it difficult to delineate juvenile size-class for a population without previous study (Scott
and Crossman 1973; Armstrong 1986; Stewart et al. 2007). Our limited understanding of the juvenile life
stage has led to the grouping of juvenile life stage requirements with either young-of-year or adult fish
when evaluating habitat, creating inconsistencies in descriptions of habitat needs as these grouping may
be erroneous. Although common practice is to consider Arctic Grayling between young-of-year and
sexually mature adults as juveniles (Hubert et al. 1985; Roberge et al. 2002; Stewart et al. 2007; Laroque

et al. 2014), there are some reports where this phase is separated into juvenile and sub-adults (Tack 1980;
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Armstrong 1986), based on observed differences in habitat use and biological characteristics. Data gaps

related to the early life history of Arctic grayling have been acknowledged as a hindrance to management

of the species for some time (Armstrong 1986). The paucity of data specific to juveniles and sub-adults

has limited the development of comprehensive HSIs for the species (Laroque et al. 2014) and the accurate

delineation of critical habitats (Stamford et al. 2017). Successful recruitment to adults requires survival
through the early life stages, therefore understanding the dynamics of the life stage-specific habitat
relationships and requirements is essential for the conservation and management of Arctic Grayling

populations and its critical habitats.

1.13 Study objectives and hypotheses

Within this context, the objectives of my study are to:

a) improve our understanding of Arctic Grayling ecology and summer habitat use across life
stages in pristine northern mountain streams, with a focus on the juvenile stage;

b) establish an ecological baseline of within-stream characteristics and Arctic Grayling habitat
across sub-watersheds; and,

¢) document Arctic Grayling summer distribution within and among mountain streams of the

Little Nahanni River watershed.

Habitat characteristics - Hypothesis 1. Temperature, flow, and cover are the primary ecological

drivers that determine habitat use for juvenile Arctic Grayling.

d) Prediction - Juvenile Arctic Grayling will use stream habitats with lower gradients, lower
water velocities, and more complex available cover, to reduce the energetic cost of
maintaining station in the current.

e) Prediction - Water temperature affects stream productivity and fish metabolism; therefore,
juvenile Arctic Grayling will use stream habitats with warmer water temperatures that

promote growth.
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Distribution - Hypothesis 2. Due to differing swimming abilities and feeding requirements Arctic

Grayling of different life stages will partition across the available summer stream habitats.

f) Prediction - Juvenile Arctic Grayling will occupy tributaries with lower gradients, water
depths and velocities than those occupied by adults.
g) Prediction — Juvenile Arctic Grayling will occupy habitats within stream reaches that have

more diverse velocities and available cover compared to areas used by young-of-year.

My research will increase our understanding of fluvial Arctic Grayling summer distribution
across sub-watersheds, habitat use by life stage within available stream habitats, and the species lifecycle
dynamics and requirements. At the stream scale, the data can contribute to the enhancement and
validation of fish habitat models and life stage-specific HSIs for the species. At the watershed scale, data
collected on habitat use across undisturbed mountain stream systems can help to better understand
population-level dynamics, limitations and critical habitats. Information on Arctic Grayling life history
requirements in this ecoregion will broaden our understanding of the range and variability of habitats used
by the species in northern mountain systems, and the potential to adapt to changing environmental
conditions. Establishing a baseline or reference habitat conditions for the species in pristine mountain
streams will enhance our ability to monitor trends over time and assess cumulative impacts from climate
change and resource development stressors. The long-term conservation and restoration of essential
habitats for Arctic Grayling, including fluvial populations in pristine northern mountain streams, depends
on our understanding of habitat requirements across life stages and the implications of changing

environmental conditions over time.
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2.0 Methods
2.1 Study area

The study area is located in the Little Nahanni River watershed in the southwest of the NWT,
Canada, along the border of the Yukon Territory where the Sahtu and Dehcho traditional lands meet. The
watershed is centered at approximately 512170 m E, 6897916 m N (UTM), a large portion of which is
located within in the boundaries of the Nahanni and the Naats’ihch’oh National Park Reserves,
respectively (Figure 2 in Results). The watershed of the Little Nahanni River is found within the
Mackenzie and eastern Selwyn mountain ranges, at the northern limit of the Canadian Rocky Mountains
(Ootes et al. 2013). The Little Nahanni River drains an area of approximately 1,670km? and is a branch of
the headwater system for the South Nahanni River, a major tributary entering the Liard River, which
flows into the Mackenzie River system. These watersheds are found within the Lower Mackenzie
freshwater ecoregion and the Western Arctic national freshwater biogeographic zone, that comprise

freshwaters draining into the Arctic Ocean (Mandrak 2003; Abell et al. 2008).

The Little Nahanni River watershed is part of the Greater Nahanni Ecosystem (Parks Canada
2015; Ponomarenko and Quirouette 2015), falling along the edge of the Taiga Cordillera Ecozone (ESRT
Secretariat 2011) and within the Boreal Cordillera (Level II) Mid-Boreal (Level III) Ecoregions of the
NWT (Ecosystem Classification Group 2010). Elevations within the watershed range from 800-2200
meters above sea level (masl) creating a mix of alpine, sub-alpine and boreal (forested) ecozones. Alpine
areas are defined by shale and sandstone peaks, eroded plateaus and, at high elevations, glaciers and some
small glacial lakes, with vegetation characterized by alpine fir-herb meadow and lichen tundra complexes
(Ecosystem Classification Group 2010). Sub-alpine areas are distinguished by stands of stunted white
spruce (Picea glauca), alpine fir (4bies lasiocarpa), willow (Salix sp.) and dwarf birch (Betula nana)
(Ponomarenko and Quirouette 2015). Spruce woodlands and conifer forests are common on the lower
valley slopes and floors, as well as sedge-dominated wetlands scattered within valley floors (Ecosystem

Classification Group 2010).
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The montane climate in this region is defined by short, wet summers and very cold, snowy
winters. The average summer temperature in the region is 9.5°C, July being the warmest summer month
with daily maximums up to 34°C. In winter temperatures average -20°s°C, with January being the coldest
month having recorded a minimum of -59°C (Cantung report EA02-003; Selwyn Chihong Mining Ltd.
2015). The average annual precipitation in the region is 400-600 mm, with snowfall comprising
approximately 50%. The ecoregion of the Little Nahanni River is considered to be one of the wettest in
NWT. The moisture-bearing Pacific systems that approach from the west are forced upward by the high

mountain ranges depositing precipitation to the area year-round (Ecosystem Classification Group 2010).

Stream morphology in the sub-watersheds of the Little Nahanni River is highly variable from low
gradient, low energy systems meandering through organic-rich broad valleys to high gradient, high
energy channels that convey material loads through confined steep valley walls (Selwyn Chihong Mining
Ltd. 2015). The range of stream gradients, channel configurations, streambed materials, bank
characteristics and cover types (riparian and in-stream) creates a diversity of aquatic habitats. The
hydrogeomorphology of this mountainous region provides a combination of lake and bog-fed water
sources in low gradient systems, glacial-fed sources originating at higher elevations, spring-fed sources
throughout the region, including thermal-springs, and precipitation-fed run-off systems that create a range
of stream water temperatures throughout the sub-watersheds (Selwyn Chihong Mining Ltd. 2015).
Annual and summer water temperatures in the streams within Little Nahanni watershed are also variable,
governed by different source water inputs from surface-water, groundwater, glaciers and springs
(Mochnacz et al. 2013), and influenced by summer air temperatures. Stream flows in the Little Nahanni
watershed typically peak May through June, coinciding with snowmelt and rain-on-snow events that drive

freshet (Selwyn Chihong Mining Ltd. 2015).

2.2 Study streams

Documentation of fish species distributions and aquatic habitat conditions in the Little Nahanni

watershed is limited (Babaluk et al. 2015; Lewis 2018) and have focused on mining exploration and
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development activity in the region (Envirocon Ltd. 1976; Triton Environmental Consultants 2014). Fish
species recorded during field sampling in 2014, included Arctic Grayling (Thymallus arcticus), Slimy
Sculpin (Cottus cognatus), Burbot (Lota lota), Lake Trout (Salvelinus namaycush) and Lake Chub
(Couesius plumbeus), with Arctic Grayling being the most commonly encountered species (Lewis 2018).
For this study, Arctic Grayling distribution and habitat use in the Little Nahanni River watershed was
evaluated at the sub-watershed scale across four creeks flowing into the Little Nahanni River: Guthrie,
Fork, March and South Lened-Dozer creeks (Figure 2). These four creeks were selected based on surveys
conducted in the summer of 2014 and were found to be representative of the variety of stream habitats

available within the Little Nahanni River watershed.

Guthrie Creek has an approximate catchment area of 275 km? and flows from the west into the
Little Nahanni River. The main channel of the creek is fed by a shallow lake-bog system creating a low
gradient meandering channel with mid and side channel bars, both vegetated and gravel, conveying a
broad flow pattern across the valley floor of the creek watershed. Several tributaries sourced from higher
elevation alpine lake and run-off systems flow through narrow higher energy channels, from peaks on the
north side, into the main channel, downstream of the lake-bog fed area (Lewis 2018; Selwyn Chihong
Mining Ltd. 2015). Arctic Grayling, Slimy Sculpin and Burbot are known to occupy this sub-watershed

(Triton Environmental Consultants 2014; Lewis 2018).

Fork Creek has an approximate catchment area of 341 km? and flows from the west into the Little
Nahanni River. It is a higher gradient, higher energy system fed by several tributaries draining glaciers,
alpine lakes and ridges. Its main channel and tributaries are characterized by high valley walls, and areas
of confined channels with steep banks, narrow bedrock canyons and fans of alluvial outwash. The creek
conveys high energy flows with active channel erosion contributing to large amounts of bed load material
and substrate movement (Lewis 2018; Selwyn Chihong Mining Ltd. 2015). Arctic Grayling and Lake

Trout are known to occupy this sub-watershed (Lewis 2018; Triton Environmental Consultants 2014).
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March Creek has an approximate catchment area of 263 km? and flows from the west into the
Little Nahanni River. It is also a higher gradient, higher energy system fed by tributaries draining from
densely forested sub-alpine and boggy alpine areas. The creek is characterized by narrow, high valley
walls confining the main channel into a relatively straight configuration. The prominent boulder substrate
and absence of active erosion and deposition of channel materials are indicative of naturally high
hydraulic conductance able to convey high volumes of water quickly (Selwyn Chihong Mining Ltd.

2015). Arctic Grayling have been documented in this sub-watershed (Lewis 2018)

South Lened-Dozer Creek (hereafter “Lened-Dozer”) has a catchment area of approximately 497

km?, flows from the south into the Little Nahanni River, and is comprised of three tributaries, one of
which is Dozer, converging into a main stem channel. Lened-Dozer the most downstream sub-watershed
draining into the Little Nahanni River prior to its confluence with the South Nahanni River. It is the
largest of the four sub-watersheds studied and has a moderate gradient, lengthy and relatively confined
main channel (South Lened) characterized by well vegetated narrow steep valley walls. Three tributaries
converge and flow into the South Lened main channel at about the half-way point of the total creek
length. Two are lengthy confined stream segments draining steep high elevation peaks from the north and
east; the other tributary (Dozer) is a shorter segment of low gradient stream draining an organic rich lake-
bog system confined by steep valley walls. Arctic Grayling and Lake Chub are known to occupy this sub-

watershed (Lewis 2018).

2.3 Study design

The sampling design for this study was based on the watershed-scale distributional monitoring
protocol developed by Isaak et al. (2009) to monitor bull trout (Salvelinus confluentus) occupancy in
mountain streams in the northwestern United States. Distributional monitoring provides a means of
monitoring or assessing a species distribution, or spatial patterns of occurrence, across a vast landscape by
using less intensive sampling at each site and covering a larger spatial area (Isaak et al. 2009). Sampling

at a watershed-scale allows for improved understanding of the important biophysical and habitat
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parameters needed to delineate suitable habitat patches for a species that is more representative and
relevant to both the life history of fluvial fishes and the management of lands (Mackenzie et al. 2006;
Guisan et al. 2006; Isaak et al. 2009). For this study, areas of suitable Arctic Grayling habitat (hereafter
“habitat patches”) across the four study streams were selected using pre-defined environmental criteria
based on current understanding of salmonid habitat requirements in mountain systems. The criteria
included catchment area >400ha, stream Strahler Order <4, stream gradient < 15%, and elevation <1600m
above sea level (masl). Specifically, a habitat patch was defined as a continuous section of stream channel
with similar environmental characteristics (elevation, grade, channel structure, hydrology, substrates, etc.)
that was delineated using stream-specific conditions such as in-flows and out-flows of other tributaries or
presence of physical channel barriers. Sampling sites were identified within the habitat patches using GIS
and Generalized Random Tessellation Stratified design (GRTS; Stevens and Olsen 2004), a means of

randomly selecting sample sites that are hierarchically and spatially represented (Isaak et al. 2009).

A total of 183 sites were identified within 35 habitat patches across the four sub-watersheds of the
Little Nahanni River (Figure 2). Guthrie Creek had 64 sites within 14 patches. Fork Creek had 47 sites
within 9 patches. March Creek had 36 sites within 6 habitat patches and Lened-Dozer Creek was the
same, with 36 sample sites within 6 habitat patches (Table 2). Spatial replication was used (vs. temporal
replication) where multiple sites along a continuous section of stream with comparable habitat patches are
sampled to allow for more sites to be covered at a broader spatial scale across a watershed (MacKenzie
and Royle 2005; Charbonnel et al. 2014). A recent study by Baker et al. (2017) on Arctic Grayling
distribution in tundra streams showed that spatial replicates outperformed temporal replicates in
estimating young-of-year (YOY) Arctic Grayling occupancy. For this study, each habitat patch had on
average 4.6 to 6.0 sites that were sampled once to evaluate fish presence and habitat characteristics across
the four study creeks (Table 2). Field sampling was conducted over three periods during the summer of

2015, from 5-10 July, 27 July—5 August, and 27 August-1 September. An a priori assumption was made
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that all sites within the habitat patches surveyed in the four sub-watersheds had equal probability of Arctic

Grayling presence during the summer period.

2.4 Arctic Grayling occurrence and biological data

All sites across the four study creeks were surveyed to detect fish species and identify Arctic
Grayling presence, as well as characterize important stream habitats at the watershed scale. Each site was
100m in length and was sampled for fish presence using a single-pass electrofishing survey (downstream
to upstream) recommended by Isaak et al. (2009). Single-pass sampling was used to optimize sampling
effort allowing more sites to be sampled over a larger scale and reduce potential harm to sensitive species
and life stages (Bohlin et al. 1989; Meador et al. 2003; Poos et al. 2007; MacPherson et al. 2012;
Reynolds and Kolz 2012). MacPherson et al. (2012) evaluated sampling techniques for low-density Arctic
Grayling populations and, due to catch efficiency of different-sized grayling, recommended using angling
for juvenile and adult fish in conjunction with electrofishing to target young-of-year. As such, angling
was opportunistically used where adult Arctic Grayling were observed or where deep water precluded the

safe use of electrofishing gear (e.g. patches in Fork and Dozer creeks).

Each site was electrofished by two personnel, wearing polarized sunglasses, moving from
downstream to upstream in a zig-zap pattern from bank to bank, giving equal sampling effort to all habitat
types (e.g. riftles, pools, insides and outsides of bends) as outlined in Meador et al. (2003) and Bonar and
Willis (2009), with an average of 411 seconds of shock time per site. Fishes that were observed but not
captured were recorded as a detection if both survey personnel positively identified the fish to species.
Sampling was conducted with Smith-Root Inc. LR-24 Electrofishers using standard 11" anode rings and
16” x 16” dipnets. The units were set to a pulsed DC waveform with a frequency of 30Hz and 12% duty
cycle. Before sampling each site, the quickset function was used to measure water conductivity and adjust
the voltage, ranging from 185 to 475 volts across the sites. Fishes awaiting sampling were carried in
buckets and then kept in holding bags, which allowed free flow of stream water. All fish species captured

during the surveys were identified to species and measured to fork or total length (mm). Once biological
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data was recorded on each fish, it was released back into the stream in the same site where it was

captured.

A sub-sample of fish captured were sacrificed to collect additional biological information or, in
some instances, to confirm species identification. All sacrificed fish were frozen whole using a portable

electric Engel™

freezer powered by a generator at the field camp location, then transported to freezers at
DFO in Yellowknife and shipped to the University of Alberta for subsequent analysis. Sacrificed Arctic
Grayling (n=174) were photographed and measured for fork length (mm) and weight (nearest 0.1g). Sex,
maturity, and gonad weight (nearest 0.1g) were recorded where possible to evaluate size at maturity.
Sexual maturity was determined by internal examination of gonads and each fish was assigned a maturity
level (Table 1b). Otoliths were extracted for aging purposes. Scales, pectoral fin rays and caudal fin rays
were collected and preserved for potential future analysis. Stomach and liver weight were recorded

(nearest 0.1g) and samples preserved frozen. The gills, adipose fin, dorsal muscle and ventral muscle

tissue samples were collected and archived frozen for potential future analysis.

Estimated ages for Arctic Grayling from whole otoliths have been found to be the most precise
when compared to other aging methods (Sikstrom 1983; Merritt and Fleming 1991). Otoliths from a
selection of 75 Arctic grayling samples covering the range of sizes captured were submitted to AAE Tech
Services Inc. in La Salle, MB. Ages were determined using the read whole method, with a subset of 11
randomly selected otoliths sectioned and read again after being read whole to confirm age estimates. All
otoliths were photographed using a microscope mounted camera system and reference markers were

provided to highlight annuli and depicted age.

2.5 Site habitat characterization

Stream characteristics and habitat types for each sample site were documented using rapid habitat
assessment field methods which provide broad characterization of stream environments (Bain and

Stevenson 1999; Gordon et al. 2004; Environment Canada 2012). For each sample site, GPS coordinates
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were recorded at both the downstream and upstream locations of the 100m site. After the electrofishing
survey was conducted, one transect (stream bank to stream bank, perpendicular to the flow) was selected
at the upstream extent of the site to record habitat data representative of the entire site. Site photographs
were taken looking downstream, upstream, left bank, right bank and underwater substrate at the transect
location. At four equidistant points across the transect, water depth and velocity was measured with a
meter stick (nearest 0.5cm) using the indirect surface water velocity-head rod method (Wilm and Storey
1944; Carufel 1980; Fonstad et al. 2005; Environment Canada 2012). The mean depth and velocity was

d™ pocket closed

determined for each site. Air and water temperature were recorded using a Fisherbran
metal case liquid-in-glass thermometer. Stream water parameters (temperature, dissolved oxygen (DO),
pH) were measured using a YSI™ ProDSS Multimeter with a 6000MS V2 sonde. The stream substrates,
habitat types, riparian area and stream cover at each site were estimated visually as composition out of
100% for the site. Substrate types were estimated using particle size ranges (mm) from the modified
Wentworth classification scale (Cummins 1962), documenting proportion of boulder, cobble, gravel, and
silt/sand present using an area approximately two mean stream widths upstream and downstream of the
transect location. Evaluation of stream habitat-types included estimation of the proportion of cascade,
riffle, run and pool habitats out of 100% for the site. Similarly, riparian composition was documented by
estimating the proportion of grass/moss, shrubs, and trees out of 100% for the site. Stream cover at the

site was estimated as an area percentage of the total site and included aquatic vegetation, overhanging

vegetation, boulder refuge, woody debris, undercut banks and eddies.

Water samples from each sub-watershed were collected during the second sampling period and
submitted to Maxxam Analytics in Yellowknife, NWT for water quality analysis, including the standard

suite of water quality parameters, nutrients and metals (total and dissolved).

2.6 Statistical analysis

Statistical analyses were undertaken to draw results related to Arctic Grayling habitat use at the

watershed scale across the four study creeks. A variety of statistical tests were used to explore and
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analyze the data. Additional tests were performed as a redundant measure to confirm concurrence among
tests and increase my confidence level in the subsequent interpretations. All statistical analyses were
conducted using the open-source R software version 2.15.3 (R Core Team 2013). The project data was
collected over three sampling periods during the summer of 2015 from July 5 to September 1. To account
for these differences, the sampling dates were converted to Julian days (using the 2015 Julian calendar)

and added as a conditional variable to the analyses.

2.6.1 Arctic Grayling habitat relationships

Distribution models relate the occurrence of an organism to habitat characteristics, identifying
habitat preferences that can help predict species presence for monitoring and management (Guisan and
Zimmermann 2000). It is recognized that these models are limited by their inability to account for
imperfect detection, that is assuming that if a species is present it will be detected 100% of the time,
which can limit inferences on true habitat use (Kery and Schmidt 2008). However, despite this limitation
which occupancy modelling addresses, distributional models have proved valuable in predicting and
assessing species habitat use in vast and remote areas (Jones and Tonn 2004). For my study, a step-wise
logistic regression based on a logit model was used to analyze the relationship between the presence or
absence of Arctic Grayling (binomial response variable) and the stream habitat characteristics
(predictor variables) to find the probability of presence based on the combination of predictors. Using
these relationships, probabilities were developed for predicting Arctic Grayling presence based on the

habitat variables collected across sample sites.

Logistic regressions were run and probabilities plotted for each individual habitat variable to
evaluate the strength of the potential relationship and its influence on the presence of Arctic grayling
(Table 4). The significance factor (p<0.05) for each variable was used to identify those best suited to
continue in model evaluation. Step-wise multiple logistic regressions based on a logit model were run on
an a priori model set to select the best fit model for each life stage based on Akaike’s Information

Criterion (AIC) (Burnham and Anderson 2004). Step-wise logistic regression automatically tests
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variables by adding and eliminating forward selection, backward elimination, and bidirectional
elimination approaches, all three of which were tested to examine outputs and select the best fit model.
Additional model combinations of variables selected based on the variable significance factors from the
individual regressions, the step-wise regression AIC outputs, and an understanding of ecologically
important variables, were run and the results compared to select the top ranked model (lowest AIC value)

for each life stage.

A binomial ANOVA was run on the output of each model to evaluate the variance and
significance of the environmental variables used in the models. The predicted probabilities of Arctic
Grayling presence from the model outputs were plotted against the most significant habitat variable
influencing the model results. The relationship between that habitat variable and the probability of Arctic
Grayling occurrence was plotted to determine thresholds related to the presence of grayling in varying
habitat conditions found across the mountain watersheds. Logistic regression was used as a method to
predict the probability of Arctic Grayling presence based on habitat variables by estimating maximum
likelihoods. The logistic regression analysis was conducted broadly, using all Arctic Grayling detections
together across the four sub-watersheds, but the focus of analyses was on the probability of predicting

each life stage to evaluate habitat relationships across the sites occupied by Arctic Grayling.

2.6.2 Habitat use across life stages

Multivariate Regression Tree (MRT) method, using the 'mvpart' package in R (Therneau et al.
2013), was used as an additional method to understand what drives the relationships among the life stages
of Arctic Grayling captured and the habitat variables in more detail. MRT was selected to better
understand variation and identify environmental thresholds that separate the Arctic Grayling life stages
and their use of available habitats across the sub-watersheds, therefore providing insight on causal
relationships within the measured habitat variables. MRT provides a decision tree-type analysis that
identifies specific thresholds within the habitat variables at the sample sites that may drive relationships

between Arctic Grayling occupancy and stream characteristics, to predict distribution and suitable
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habitats for all life stages. MRT allows for the use of both categorical and continuous numeric response

variables with bimodal distributions.

A redundancy analysis (RDA), using the 'vegan' package in R (Oksanen et al. 2013), was also
conducted to identify which habitat variables are most important in structuring the response of the four
life stages of Arctic Grayling across the sample sites. This rotation-based technique for constrained
gradient analyses integrates ordination and multiple regression. RDA was selected as a multivariate
approach to better understand the life stage-specific habitat associations by analyzing which linear
combinations of environmental (predictor) variables represent the most variance in the relative abundance
of life-stages, allowing for the interpretation of patterns in Arctic Grayling life stage occurrence from
patterns in the habitat variables across the sample sites. It was used as an additional layer of information
to try to garner a better understanding of the relationship between habitat variables and how Arctic

Grayling life stages vary along key habitat gradients.

For the multivariate statistical analyses, Arctic Grayling abundances (response variables) per life
stage were calculated as Catch Per Unit Effort (CPUE) by taking the total number of grayling per life
stage at each site divided by the electrofishing effort (measured in seconds). The abundance values were

then normalized using a Hellinger transformation.
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3.0 Results

3.1 Fluvial Arctic Grayling life stages

Based on the analysis of fork lengths, weights, gonad development, and aging results, and guided
by the size ranges and observations reported on fluvial Arctic Grayling populations in northern mountain
systems (e.g. Armstrong 1986; Mochnacz and Reist 2007a), four life stages of Arctic Grayling were
assigned: young-of-year, juvenile, sub-adult, and adult (Tables 1a and 1b). Differences in habitat
distribution by size were observed across the four sub-watersheds (Figure 2). Although, as expected there
is variation in individual fish sizes between ages, and therefore some overlap, it appears that fish < 80 mm
in length, and age 0+ are YOY, and those > 80 mm and age 1 + are juveniles. In the fourth summer they
move to the sub-adult stage (age 3+ or > 170 mm or >50 g) where the growth curve steepens and gonadal
development begins, and in the seventh summer (age 6+ or > 250 mm or > 200 g) sexual maturity is
reached as adults (Tables 1a and 1b). Only one fish was aged at 5 years and no fish at age 6, so there
remains some uncertainty on the range of growth and reproductive development at age 5. The age 5
individual was smaller than some age 4 fish, but had greater gonadal development. It has been assumed,
based on the annual growth and weights measured between age 5 and older fish, that age 6 fish would

reach full maturity.

This age-size structure and evaluation of maturity provides a biological and physiological
understanding of the developmental differences and demographic structure within this fluvial Arctic
Grayling population. For the purposes of this study, the data was categorized using the four life stages for

subsequent analyses of Arctic Grayling habitat use.
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Figure 1 (a, b, and c¢). Plots of Age, length and weight results from a sub-set of Arctic Grayling collected in the
four sub-watersheds of the Little Nahanni River, NWT (n=75). Plot a (top) is age-length, Plot b (middle) is age-
weight, and Plot ¢ (bottom) is length-weight.

Table 1a. Summary statistics of Arctic Grayling collected in the Little Nahanni watershed, NWT separated by sub-
watershed. Age, fork length, weight, sexual maturity and gonad weight. Fork length and weight data are presented as
mean =+ standard deviation and range in parentheses.

Sub- Age n Fork Length Weight (g) Sex Maturity*  Gonad Weight Life stage
watershed (yrs) (mm) (2)
Dozer 0+ 18 41£8 0.61+0.36 UNK UND NA YOY
(30-54) (0.17-1.26)
| 9 96. £18 10.46+5.65 UNK UND NA Juvenile
(62-120) (1.98-18.63)
2 5 147+15 36.43+9.29 UNK UND NA Juvenile
(127-161) (23.69-45.91)
3 | 186 74.52 F IMM 0.32 Sub-adult
1 173 57.45 F IMM 0.35 Sub-adult
Guthrie 0+ 13 56+10 1.78+1.22 UNK UND NA YOY
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(39-76) (0.55-4.68)

1 7 80435 8.58+8.94 UNK UND NA Juvenile
(47-122) (1.03-21.54)
2 3 150+£15 37.80+16.0) UNK UND NA Juvenile
(136-165) (23.64-55.15)
4 1 210 119.36 F IMM 0.59 Sub-adult
Fork 1 1 115 19.25 UNK UND NA Juvenile
2 2 149+1 37.24+2.29 UNK UND NA Juvenile
(148-149) (35.62-38.86)
3 4 184410 79.03+£11.50 IMM 0.22 Sub-adult
(172-195) (67.72-91.86)
4 3 214413 120.98+27.47 IMM 0.42 Sub-adult
(200-226) (97-150.95)
8 1 291 281.00 MAT 3.15 Adult
March 10 1 312 382 F MAT 6.63 Adult
Lened 5 1 211 128.98 F IMM 1.37 Sub-adult
Mac Creek 7 1 358 510 M MAT NA Adult
Little 8 1 353 550 F MAT NA Adult
Nahanni 9 1 369 585 F MAT NA Adult
River 10 1 368 610 M MAT NA Adult

*UND=undeveloped, no gonad development; IMM=reproductively immature; MAT=reproductively mature

Table 1b. Characterization of four life stages of fluvial Arctic Grayling from the Little Nahanni River watershed,
NWT based on results of age (from otoliths), length, weight, and developmental data.

Fork Length Age Weight Gonad Life stage
(mm) (yrs) (2) development

0-80 0+ <5 Undeveloped  YOY
80-170 1-2 >5-50 Undeveloped  Juvenile
170-250 3-5 >50-200  Immature Sub-adult
>250 6+ >200 Mature Adult
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3.2 Fluvial Arctic Grayling distribution across sub-watersheds

Over three sampling periods between July 5 and September 1, 2015, a total of 183 sites were
surveyed across four sub-watersheds, of which 57 sites had Arctic Grayling present (~31%) (Figure 2). In
general, adult Arctic Grayling were found further upstream in the tributaries of the sub-watersheds,
particularly in Fork Creek, while primarily sub-adult Arctic Grayling occupied the further downstream
habitat patches in the main stems of the sub-watersheds where they were present. Juvenile Arctic
Grayling were detected in the fewest number of sampling sites (n = 11) compared to YOY (n = 21), sub-
adult (n = 22) and adults (n = 22) (Table 2). Across the sample sites, there was separation in the
distribution of Arctic Grayling by size both within and among the sub-watersheds (Figure 3). Sub-adult
and adult Arctic Grayling occupied 27 (~57%) of the sites in the Fork Creek sub-watershed, whereas
YOY and juvenile Arctic Grayling occupied 21 (~33%) of the sites in the Guthrie Creek sub-watershed.
In the Lened-Dozer sub-watershed, YOY and juvenile Arctic Grayling used all five (100%) of the sites
sampled within the Dozer Creek tributary, where as the sub-adults and adults occupied three out of 31
(~10%) of the sites sampled in Lened Creek proper. YOY Arctic Grayling were found in a total of 21
sites in seven patches between Guthrie and Lened-Dozer Creeks, all of which were in low elevation and
low gradient channels downstream of lake and ponded marsh habitat. In March Creek, there was only one
detection of a single adult Arctic Grayling, 310 mm in length, out of the 36 sites sampled in the sub-

watershed.
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Figure 2. The Little Nahanni River watershed, NWT, Canada, showing the four sub-watersheds studied (Guthrie,
Fork, March and South Lened-Dozer). Each sub-watershed contains sample sites selected using GIS and
Generalized Random Tessellation Stratified Design (GRTS). The circles indicate sites that were sampled in the
summer of 2015. Colored circles represent sites with Arctic Grayling occupancy by life stage: young-of-year

(YOY), juvenile, sub-adult, and adult.

Table 2. The four sub-watersheds of Little Nahanni River, NWT sampled in 2015 for Arctic grayling occupancy.
Sampling effort and occupancy per life stage is shown (modified from Lewis 2018).

Sub- Patches Sites Mean Sites Patches Sites Sites  Sites  Sites Sites
watershed per Patch Occupied  Occupied YOY JUV  SUB-AD ADULT
Guthrie 14 64 4.6 7 21 16 7 3 1

Fork 9 47 5.2 8 27 1 16 19
Dozer/Lened 6 36 6.0 2 8 5 3 3 1

March 6 36 6.0 1 0 0 0 1

Total 35 183 5.45 18 57 21 11 22 22
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3.3 General characteristics of fluvial Arctic Grayling habitat

Data on a total of 19 stream habitat parameters was collected across all the sample sites (n =
183) (Table 3). When compared to the mean values and ranges of habitat parameters across all sample
sites, the sites occupied by Arctic Grayling were similar in that they had water velocities < 0.8 m/s and
water temperatures > 8 °C. Sites occupied by YOY and juvenile Arctic Grayling had elevations < 1050
masl, water velocities < 0.7 m/s, water temperatures > 9 °C, substrates with greater proportions of gravel
and silt/sand (> 25%), and dominated by run habitat (> 50%). Sites occupied by sub-adult and adult
Arctic Grayling had elevations > 1200 masl, water velocities > 0.75 m/s, water temperatures < 7.5 °C,
substrates with greater proportions of boulder (> 25%) and cobble (> 45%), and characterized by riffle (>

45%) and cascade (> 10%) stream habitats.

Table 3. Habitat variables (n = 19) measured at sampling sites across the four sub-watersheds of Little Nahanni
River, NWT. Values in the ALL column are from all sample sites used in the analyses (n=180); ARGR values are
from all sites with Arctic grayling present (n=58); YOY results are from sites with Arctic Grayling fork length 0-80
mm present (n=22); juvenile results are from sites with Arctic Grayling fork length 80-170 mm present (n=11); sub-
adult results are from sites with Arctic Grayling fork length 170-250 mm present (n=22); and adult results are from

sites with Arctic Grayling fork length >250 mm present (n=22). Data are presented as mean =+ standard deviation
and range in parentheses.

VARIABLE ALL ARGR YOY Juvenile Sub-adult Adult
Elevation (m) | 1195 +138 1153 £ 140 1043 £49 1040 + 57 1211 £ 142 1280 + 125
(914-1478) (939-1429) (965-1103) (965-1117) (965-1416) (939-1429)
Velocity 0.81+0.3 0.73+£0.26 0.65+0.29 0.68 £0.29 0.77+0.22  0.77+£0.24
(m/s) (0-1.93) (0-1.28) (0-1.12) (0.23-1.12) (0.32-1.12) (0.33-1.28)
Water Temp 7.18+£2.19 8.20+2.38 9.82+2.51 9.22+2.23 7.24 +£1.83 691£1.6
(°C) (2.48-17.00) (4.32-17.00) (6.0-17.00) (6.6-13.00) (4.32-10.5) (4.32-10.6)
Depth (cm) 29.8+11.2 34+12 39.3+14.5 39.6 £ 16 30.4+9.9 28.9+8.3
(0-68.5) (11.6-68.5) (20.2-68.5) (19.1-68.5) (11.6-50.3) (16.3-42.3)
Width (cm) 436.3+219.1 4753+268.1 413.6+258.1 424.4+350.8 499.4+280  477.1+138.3
(77-1432) (77-1432) (132-998) (77-1190) (180-1432) (290-860)
Boulder (%) 26 +£20 21+ 19 5+7 10£10 29 +21 25+17
(0-78) (0-70) (0-25) (0-25) (0-70) (3-70)
Cobble (%) 48 £20 43 £20 33+23 35+22 46 £ 19 51+ 14
(0-85) (0-85 (0-80) (0-60) (0-85) (15-70)
Gravel (%) 19+14 24+ 17 35+£20 29 £17 18 £11 20£10
(1-70) (1-70) (1-70) (1-65) (5-40) (10-40)
Silt-Sand (%) | 8+ 13 13+19 27 +£26 27 +30 7+16 5+£3
(0-89) (0-89) (0-89) (0-84) (0-10) (0-10)
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VARIABLE ALL ARGR YOY Juvenile Sub-adult Adult
Run (%) 19 £26 33 £33 62 £ 31 54 £35 23 £25 18+19
(0-100) (0-100) (0-100) (0-95) (0-95) (0-60)
Riffle (%) 52+£28 42 +30 23 +£30 29 +£31 49 £28 51+£19
(0-100) (0-100) (0-90) (0-90) (0-100) (25-80)
Pool (%) 13+8 15+8 15+11 15+8 14+6 1745
(0-60) (0-40) (0-40) (5-30) (0-30) (10-30)
Cascade (%) 16 +22 8+ 14 03«1 3£6 11+17 13+13
(0-100) (0-75) (0-5) (0-20) (0-75) (0-50)
Aquatic veg 5+10 9+13 9+ 14 7+10 10+13 1013
(%) (0-50) (0-50) (0-50) (0-30) (0-50) (0-50
Overhanging | 22 +£20 16 + 14 19 +20 20+ 19 13+£7 14+9
veg (%) (0-90) (0-70) (1-70) (5-70) (0-25) (5-35)
Woody debris | 7+ 10 6+6 7+7 9+7 55 3+£2
(%) (0-60) (0-20) (0-20) (0-20) (0-20) (0-5)
Undercut bank | 30 =25 37+30 56 +35 53+30 22415 26+ 19
(%) (0-95) (0-95) (0-95) (10-95) (0-70) (0-70)
Boulder cover | 9£9 10+10 1+4 7+11 13+9 13+10
(%) (0-40) (0-40) (0-15) (0-35) (0-30) (3-40)
Eddies (%) 6+5 7£5 6+6 5+4 7£5 7£5
(0-25) (0-20) (0-20) (0-10) (0-20) (0-20)

Supplementary data on water quality parameters and mean values and ranges of habitat
conditions by sub-watershed are presented in the Appendix, Tables A-1 and A-2. Dozer tributary and
Guthrie Creek, where YOY and juvenile Arctic Grayling were present, provided the warmest mean water
temperatures at 10.8 °C + 0.85 (9.7-12.0°C) and 7.9 °C £ 2.19 (3.9-17.0°C), the highest proportions of
gravel substrates at 30% + 19 (10-60%) and 24% +18 (1-70%), and run habitat at 83% + 15 (65-100%)
and 24% + 29 (0-100%) respectively (Table A-2). Fork Creek, which had the highest occupancy of sub-
adult and adult Arctic Grayling, provided the highest proportion of boulder substrate at 34% + 19 (3-78%)
and cascade habitat at 24% =+ (0-100%), of the sub-watersheds sampled (Table A-2). From a watershed
perspective, March and Lened creeks, which had the lowest occupancies of Arctic Grayling, also had the
lowest mean water temperatures at 6.4 °C = 1.6 (4-10°C) and 5.8 °C £ 1.5 (2.5-8 °C), the highest mean
velocities at 0.97 m/s + 0.25 (0.58-1.59 m/s) and 1.08 m/s £+ 0.34 (0-1.93 m/s), and most abundant riffle
habitat at 59%=+ 26 (0-95%) and 66% =+ 21 (25-100%), respectively, compared to the other sub-

watersheds (Table A-2). Across life stages, Arctic Grayling occupied sites that spanned a large range of
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the available stream elevations, water temperatures, velocities, widths and habitat types (Table 3).

However, no Arctic Grayling were detected in sites with water temperatures < 4.3 °C or water velocities

>1.28 m/s (Table 3).

3.4 Predicting fluvial Arctic Grayling occupancy — life stage habitat relationships

Of the 183 sites and 19 habitat variables, 176 sites and 13 habitat variables were included in the

analyses and modelling of Arctic Grayling habitat relationships. Logistic regressions were run and

probabilities plotted for each habitat variable individually to evaluate the strength of the potential

relationship and its influence on the presence of Arctic Grayling life stages (Table 4). Step-wise multiple

logistic regressions (backward, forward and both), and additional model combinations, were tested, and

the results of the top five ranked models, based on lowest AIC values for each life stage, are presented in

Table 5.

Table 4. Results of logistic regressions on individual variables for presence of each life stage of fluvial Arctic
Grayling used to build factors into the step-wise regression models tested and compared. Significance codes: 0
“¥*%2.0.001 “**0.01 “*20.05°°0.1 <’ 1

YOY Juvenile Sub-adult Adult

Variable P(>z) AIC P(>z) AIC P(>z) AIC P(>z) AIC

ELEVATION 0.000%*** 84.77 0.001** 62.15 0.590 84.77 0.002%** 111.58
WATER TEMP 0.000%** 91.64 0.002%** 69.08 0.947 91.64 0.628 122.82
VELOCITY 0.011* 111.25 0.173 77.87 0.467 111.25 | 0.347 117.50
WIDTH 0.495 118.14 0.785 79.87 0.089 118.14 | 0.469 118.13
DEPTH 0.000%** 102.38 0.002** 68.94 0.767 102.38 | 0.557 118.28
GRAVEL 0.000%** 96.73 0.009** 74.13 0.889 96.73 0.723 122.94
SILTY SAND 0.001** 90.66 0.001** 68.57 0.882 90.66 0.323 121.60
COBBLE 0.001** 106.18 0.030* 75.09 0.816 106.18 | 0.576 122.75
BOULDER 0.000** 82.25 0.011* 67.59 0.846 82.25 0.896 123.05
POOL 0.456 118.34 0.632 79.85 0.509 118.34 | 0.073. 120.03
RUN 0.000%** 69.18 0.000%** 61.80 0.385 77.91 0.692 122.91
RIFFLE 0.000%** 95.29 0.006** 71.12 0.525 95.29 0.835 123.02
CASCADE 0.062 . 79.75 0.074 . 70.71 0.248 79.75 0.385 122.19
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Table 5. Top five logistic regression models evaluated to predict occupancy of YOY, juvenile, sub-adult and adult

Arctic Grayling in the Little Nahanni River, NWT during summer 2015. Models included had A AIC< 3.

Life Rank  Model Variables k AIC AAIC
stage
YOY 1 Elevation, Width, Velocity, Silt Sand, 5 2872 0
Cascade
2 Elevation, Width, Velocity, Gravel, Silt 6 28.96 0.24
Sand, Cascade
3 Elevation, Water Temp, Width, Gravel, 6 29.73 1.01
Silt Sand, Cascade
4 Elevation, Width, Silt Sand, Cascade 4 2999 1.27
5 Elevation, Water Temp, Width, Velocity, 7 30.07 1.35
Gravel, Silt Sand, Cascade
Juv 1 Elevation, Run 2 52.08 0
2 Elevation, Depth, Run, Boulder 4 5241 0.33
3 Elevation, Depth, Run 3 5251 0.43
4 Elevation, Water Temp, Depth, Cascade 4 526 0.52
5 Elevation, Depth, Run, Cascade 4  52.69 0.61
SUB- 1 Run, Riffle, Pool, Cascade, Boulder 5 124.15 0
ADULT
2 Run, Riffle, Pool, Cascade 4 12453 0.38
3 Elevation, Riffle, Run, Pool, Cascade, 6 125.38 1.23
Boulder
4 Cobble, Run, Riffle, Pool, Cascade 5 126.13 1.98
5 Velocity, Width, Run, Riffle, Pool, 6 126.54 2.39
Cascade
ADULT 1 Elevation, Width, Depth, Silt Sand, Run, 6 110.92 0
Pool
2 Elevation, Width, Depth, Silt Sand, Run, 7 112.07 1.15
Riffle, Pool
3 Elevation, Width, Pool, Silt Sand 4 1125 1.58
4 Elevation, Width, Depth, Silt Sand, 113.82 2.9
Cobble, Run, Riffle, Pool
5 Elevation, Width, Depth, Pool 4 113.96 3.04

3.4.1 Logistic regression results for YOY Arctic Grayling

The top ranked logistic regression model for predicting YOY Arctic Grayling occurrence

included: elevation, wetted width, velocity, percent silt-sand substrate, and percent cascade (Table 5). All

five habitat variables showed significant results from the binomial ANOVA on the model outputs.

However, elevation, cascade habitat, and silt-sand substrate came out as the most significant (p = 0)
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(Table 6). From the model outputs, the predicted probabilities of YOY Arctic Grayling presence were
plotted against habitat variables to show the nature of the relationship between habitat conditions and
probability of occurrence. Figure 3 illustrates the relationship of YOY Arctic Grayling presence to

elevation and water velocity, with maximum probabilities (100%) of occurrence at elevations < 1100

masl and velocities between 0.3-0.7 m/s.
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Figure 3 (a and b). Plots of the relationships between a) elevation and b) water velocity and the probability of YOY
Arctic Grayling (0-80 mm) presence, Little Nahanni River watershed, NWT, 2015.

3.4.2 Logistic regression results for juvenile Arctic Grayling

The top ranked logistic regression model for predicting the occurrence of juvenile Arctic
Grayling included: elevation and percent run habitat (Table 5). Both elevation and run habitat showed
significant results (p = 0) from the binomial ANOVA on the model outputs explaining the probability of
presence (Table 6). The predicted probabilities were plotted against elevation and run variables to show
the influence of each habitat variable on the presence of juvenile Arctic Grayling (Figure 4). Maximum
probabilities of 80% for the presence of juvenile size class were reached at sites with elevations < 1000

masl and proportion of run habitat > 90%.
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Figure 4 (a and b). Plot of relationship between a) elevation and b) run habitat and probability of juvenile Arctic
Grayling (80-170 mm) presence, Little Nahanni River watershed, NWT, 2015.

3.4.3 Logistic regression results for sub-adult Arctic Grayling

The top ranked logistic regression model for predicting the occurrence of sub-adult Arctic

Grayling included: percent run, riffle, pool, cascade, and boulder habitat (Table 5). The results of the

binomial ANOVA run on the output of the model to evaluate the variance and significance of the selected

predictor variables showed that the only significant habitat variable influencing the model results for
presence of sub-adult Arctic Grayling was percent cascade habitat (p = 0) (Table 6). The predicted
probabilities for occurrence of sub-adult Arctic Grayling from the model outputs were plotted against
each habitat variable. Figure 5 illustrates the relationship between the presence of sub-adults and the
proportion of cascade and run habitat. Probabilities reached 60% and greater for the presence of sub-
adult Arctic Grayling at sites where the proportion of run habitat was < 50% and cascade habitat was

20%.
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adult Arctic Grayling (170-250 mm) presence, Little Nahanni River watershed, NWT, 2015.

3.4.4 Logistic regression results for adult Arctic Grayling

elevation, wetted width, water depth, percent silt-sand substrate, percent run habitat, and percent pool

habitat (Table 5). A binomial ANOVA run on the output of the model to evaluate the variance and

significance of the selected predictor variables showed that the most significant habitat variable

The top logistic regression model for predicting the occurrence of adult Arctic Grayling included:

influencing the model results for the presence of Arctic Grayling adult was elevation (p = 0), followed by

pool habitat (p = 0.001), and wetted width (p = 0.01) (Table 6). The predicted probabilities of occurrence

of adult Arctic Grayling from the model outputs were plotted against elevation, and percent pool habitat

(Figure 6). Probabilities of occurrence reached 50% at sites with elevations > 1200 masl and sites where

the proportion of pool habitat was 20%.
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Figure 6 (a and b). Plot of relationship between a) elevation and b) pool habitat and the probability of adult Arctic
Grayling (>250mm) presence, Little Nahanni River watershed, NWT, 2015.

Table 6. Analysis of deviance table - results of a binomial ANOVAs on logistic model outputs for presence of
Arctic Grayling life stages. Significance codes =

0 "**#'°0.001 "**',0.01 '*",0.05".",0.1""

Life stage ~ Model Df  Deviance Df  Resid. Dev  Pr(>Chi)
Resid.
YOY NULL 173 120.001
ELEVATION 1 35.720 172 84.281 0.000 *kx
WIDTH 1 8.716 171 75.565 0.003 *
VELOCITY 1 9.212 170  66.354 0.002 *
SILT SAND 1 19.343 169 47.010 0.000 *kx
CASCADE 1 30.292 168 16.7193 0.000 *kx
Juv NULL 172 76.425
ELEVATION 1 17.837 171  58.586 0.000 *kx
RUN 1 12.506 170 51.435 0.000 *kx
SUB- NULL 172 12791
ADULT
RUN 1 0.833 171  127.08 0.361
RIFFLE 1 0.000 170  127.08 0.999
POOL 1 0.254 169 126.82 0.614
CASCADE 1 12.291 168 114.53 0.000 *okx
BOULDER 1 2.380 167 112.15 0.123
ADULT NULL 172 12791
ELEVATION 1 11.331 171  116.58 0.000 *okx
WIDTH 1 3.999 170 112.58 0.046 *
DEPTH | 3.598 169 108.98 0.058
SILT SAND | 1.974 168 107.01 0.160
RUN | 2218 167 104.79 0.136
POOL | 7.873 166 96.918 0.005 ok
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3.4.5 Summary of logistic regression results

The results of the logistic regressions indicate that determining response thresholds for Arctic
Grayling, related to consistent environmental variables at the watershed and sub-watershed scale, may be
difficult because of the range of summer habitats that fluvial Arctic Grayling occupy. Figures 3-6 show
the probability of fluvial Arctic Grayling occupancy for given stream habitat variables and demonstrate
the different responses to different environmental conditions dependent on life stage. Stream elevation is
an important predictor for Arctic Grayling presence, except for sub-adults. The proportion of run habitat
factored into the top models, but only showed significance for predicting juvenile Arctic Grayling. The
proportion of cascade habitat has a strong influence on predicting presence or absence of YOY and sub-
adult Arctic Grayling, and the proportion of pool habitat plays a role in predicting adult Arctic Grayling.
There are a number of stream habitat variables across a range of conditions that influence fluvial Arctic
Grayling presence in summer mountain stream habitats throughout its lifecycle. The nature of the
relationships between life stage and stream habitats was further explored through multivariate analyses,

presented below.

3.5 Arctic Grayling habitat relationships

3.5.1 Multivariate Regression Tree (MRT)

The MRT (decision tree) method was used to analyze the relationships between the life-stages of
Arctic Grayling and the various habitat conditions found across the sample sites in more detail. The
analysis was conducted using 13 of the 19 habitat variables using 176 sample sites across the four sub-
watersheds to understand which habitat parameters may drive or influence the relationships between
Arctic Grayling size and habitat use. Julian days were not considered as a variable in this analysis along
with the six cover variables (aquatic vegetation, overhanging vegetation, woody debris, undercut banks,
boulder cover and eddies). A regression tree size of seven was selected, as no tree sizes below showed

lower CV Error values (summarized relative error for all predictors), and the additional branches allowed
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further breakdown of the data to provide additional information on the habitat thresholds that explain

smaller portions of the overall variation (Figure 7).
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Figure 7. MRT results showing relationships between thresholds in habitat parameters and sites occupied by Arctic
Grayling life stages from data collected on 176 sample sites, Little Nahanni River watershed, NWT, 2015. Bar
graphs from left to right represent YOY, juvenile, sub-adult, then adult. Bars on the left side of the branch are YOY
and juvenile and on the right side are sub-adult and adult.

The reported CV Error of 0.968 is high, indicating that the model is not a strong predictor for
explaining the variation in the responses of fluvial Arctic Grayling life-stages to the stream habitat
variables measured across the study sub-watersheds. The Error value of 0.641 (residual error) indicates
that 64% of the variation is not explained by the MRT. But, it does provide a picture of which
environmental thresholds, within the range of stream habitat data collected, explain up to 36% of the
variation observed in habitat use across the life-stages of fluvial Arctic Grayling (Table 7). The first split
in the regression tree (run habitat < or > 64.5%) identified 14 sites that had a high frequency of YOY and
juvenile Arctic Grayling, and explained 12% of the variance. The second, third, and fourth splits (gravel,

run habitat and elevation) together accounted for 15% of the variation, and identified an elevation
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threshold of 1297 masl, above which only sub-adult and adult Arctic Grayling were found. The fifth and
sixth splits in the regression tree (water temperature and pool habitat) explained 9% of the variation, and
indicate that colder water and pool habitats may distinguish the higher elevation sites where sub-adult and
adults occur. Sub-adult Arctic Grayling were found in 22 sample sites across the four sub-watersheds
(Table 2). The MRT result shows that these sites appear to span a range of habitat conditions compared
to the sites of other life-stages, as sites with sub-adults found in all branches of the regression tree,

indicating that this life-stage can make use of a broad variety of habitats.

Table 7. Variance output for each split (n=6) in the multivariate regression tree (MRT) explaining responses of
Arctic Grayling size classes to stream habitat parameters (n=13) measured across sample sites (n=176).

CP nsplit  rel error p error xerror xstd
1 0123 0 1.000 0 1.014 0.113
2 0049 1 0.877 0.123 1.033 0.112
3 0044 4 0.730 0.147 0.985 0.106
4 0.041 6 0.641 0.089 0.968 0.107

3.5.2 Redundancy Analysis (RDA)

RDA analysis was conducted to evaluate the variance observed between the abundance of each
Arctic Grayling life stage and the associated habitat measurements across the 167 sample sites and within
the 46 occupied sites. The analysis was conducted using 13 of the 19 habitat variables collected at 167
sampling sites across the four sub-watersheds to draw correlations between Arctic Grayling life-stage and
habitat variables. The six cover variables (aquatic vegetation, overhanging vegetation, woody debris,
undercut banks, boulder cover and eddies) were not included in the analyses due to inconsistent data
collection. To optimize the model parameters, the two RDA models were run using a step-wise process to
remove variables showing linear dependencies among constraints and conditions, which reduced the 13
habitat variables down to a group of 10 variables (run, elevation, width, water temperature, depth,

velocity, cascade, riffle, pool, silt sand) for Model 1 using all sample sites (n=167) and down to a group
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of three variables (elevation, boulder, cobble) for Model 2 using only the Arctic Grayling occupied sites

(n=46) (Tables 8 and 9).

For Model 1, the constrained variance (how much of the variance in life stage response/presence
is explained by the habitat variables) for RDA 1 was 20.5% and RDA 2 was 6%, indicating that this
model using all sampling sites across the four sub-watersheds explained 20.5% of the variance observed
in the presence of the fluvial Arctic Grayling by life-stage. For Model 2, the constrained variance for
RDA 1 was 44% and RDA 2 was 5.7%, indicating that this model, looking within the 46 occupied sites
across the four sub-watersheds, explained 44% of the variance observed among the Arctic Grayling life-

stage.

ANOVAs on the model outputs were performed to evaluate whether a significant relationship
exists between the presence of size classes (response) and the habitat variables. For the RDA Model 1
(n=167), all variables showed significance except for cascade habitat and silt-sand substrate, with run
habitat and elevation having the most significant values (p<<0.001) (Table 8). The RDA Model 2 (n=46),
all three habitat variables (elevation, boulder, cobble) were significant (Table 9), with elevation and

boulder habitat showing the strongest significance (p<<0.001).

Table 8. Results of a binomial ANOVA on the RDA Model 1 output for all sample sites (n=167) using 10 optimized
habitat variables, Significance codes = 0 ***'/0.001 "**', 0.01 '*', 0.05".",0.1""

Model Df Var F N.Perm Pr(>F)

RUN 1 0.029067 29.2575 999 0.001 HoHk
ELEVATION 1 0.007057 7.1036 999 0.001 HoHk
WIDTH 1 0.004964 4.9969 999 0.007 *E
WATER _TEMP 1 0.004678 4.7087 999 0.010 *E
DEPTH 1 0.003244 3.2649 999 0.033 *
VELOCITY 1 0.003687 3.7111 999 0.017 *
CASCADE 1 0.002652 2.6695 999 0.055 .
RIFFLE 1 0.003449 3.4719 999 0.027 *
POOL 1 0.003671 3.6951 999 0.037 *
SILTY_SAND 1 0.002248 2.2630 999 0.107

Residual 155  0.15398
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Table 9. Results of a binomial ANOVA on the optimized RDA Model 2 output for the Arctic Grayling occupied
sites (n=46) and three optimized habitat variables, Significance codes = 0 "***'/0.001 "**', 0.01 "*', 0.05".", 0.1 "'

Model Df Var F N.Perm Pr(>F)
ELEVATION 1 0.123692 30.6020 999 0.001 ok
BOULDER 1 0.033542 8.2985 999 0.001 ok
COBBLE 1 0.015332 3.7931 999 0.016 *
Residual 42 0.169762

The RDA biplot, using all sample sites, shows a shift in habitat association from the smaller
Arctic Grayling to the largest across environmental gradients (Figure 8). YOY Arctic Grayling associated
with stream environments that had a greater proportion of silt-sand substrate, run habitat and warm water
temperatures, and were in low elevation stream environments. Juvenile Arctic Grayling did not show
strong directional positive or negative correlations, but did associate with greater water depths than YOY.
This life-stage appears to associate with environmental characteristics similar to the YOY, such as
warmer water temperature and run habitat, as compared to the larger fish, but not as positively to silt
sand. Sub-adult and adult Arctic Grayling showed almost equal associations to higher elevation stream
habitats with colder water, greater wetted widths and larger proportions of pool habitat. Sub-adults
showed a slightly greater association to increased width and pool habitats, and the adults to slightly higher

elevation.
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Figure 8. Biplot of RDA scores showing the correlations between the four life stages of Arctic Grayling and the 10
habitat variables selected in the model for xxx sample sites, Little Nahanni River watershed, NWT, 2015.This model
explained 20% of the variance observed in the response of the life-stages.

From the RDA biplot focusing on the 46 sites with Arctic Grayling present (Figure 9), the
strength of correlations driving differences among the size class habitat associations within the occupied
sites can be seen. YOY have a clear negative correlation to elevation and stream habitats with greater
proportions of cobble and boulder substrate. Similar to Figure 8, juveniles did not show a clear positive or
negative correlations; however, like the smaller size class, they did not associate with higher elevations or
cobble and boulder habitats. Sub-adult Arctic Grayling showed a stronger association to sites with greater
proportions of cobble and boulder substrate than the larger Arctic Grayling. The clear distinction in these

results for adults, compared to the other life stages, are higher elevation sites used as summer habitat.
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Figure 9. Biplot of RDA scores showing the correlations between the four life stages of Arctic Grayling and the
three habitat variables selected in the model for the 46 Arctic Grayling occupied sites, Little Nahanni River
watershed, NWT, 2015. This model explained 44% of the variance observed in the response of the size-classes
within the occupied sites.
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4.0 Discussion
4.1 Fluvial Arctic Grayling size classes and life stages

To better understand habitat requirements of fluvial Arctic Grayling in northern mountain
ecosystems, the population demographics in the sub-watersheds of the Little Nahanni River needed to be
understood to evaluate habitat relationships at each stage of the species lifecycle. Arctic Grayling growth
differs between regions and habitats (Scott and Crossman 1973; Armstrong 1986) and they reach sexual
maturity at different ages, showing a general trend of slower growth, later maturity, longer life span, and
larger size at the northern limit of their range (Reed 1964; Northcote 1995). Studies in Alaska have
shown that there is considerable variation in size at age and age at first maturity in different stream
systems. The maturity of Arctic Grayling is thought to be more closely related to size than to age
(Armstrong 1986; Northcote 1995). This can lead to incorrect assumptions of age class and maturity,
based on size alone, when comparing between populations in different regions. Accordingly, the age
composition, size at age, and size at maturity of the Arctic Grayling captured in this study were evaluated
to better understand the size classes of this fluvial population to assess life stage-specific distribution and
habitat associations. Based on biological data, distribution patterns across the study area, I identified four
post-emergence life stages for Arctic Grayling in the Little Nahanni study area: young-of-year, juvenile,
sub-adult and adult (Tablel; Figure 10). The results of the distributional data and the analyses of habitat
associations by life stage indicate that there are not only biological but ecological differences across the
life stages of fluvial Arctic Grayling. During the summer, they used different habitats within a range of

habitat conditions that separated the life stages across available stream habitats.
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Figure 10. Life stages of Arctic Grayling with representative habitats, Little Nahanni River watershed, NWT, 2015.
Left to right: YOY Dozer Creek (tributary of South Lened Creek), juvenile Guthrie Creek (main stem), sub-adult
Guthrie Creek (tributary) and adult Fork Creek (main stem).

My findings are supported by several Alaskan studies. Reporting on size at age for fluvial Arctic
Grayling in northern regions has primarily come from Alaska, using scales to determine fish age.
Hallberg (1982) reported on the age-length composition of 384 grayling from the Tanana River drainage
in interior Alaska. The mean fork length and ranges for age 1 were 112 mm (80-149 mm), age 2 was 162
mm (130-199 mm), age 3 was 187 mm (160-219 mm), age 4 was 215 mm (190-239 mm), age 5 was 239
mm (220-279 mm), and age 6+ had fork lengths > 250 mm. Almost identical age-length compositions for
Arctic Grayling from the Tanana River was also reported by Tack (1973) and Holmes (1983), with the
exception of age 5 fish having a larger mean fork length of > 250 mm. Population structure in these

reports was presented in terms of age classes only, with no discussion of life stages.

The 1985 U.S Fish and Wildlife habitat suitability indices for riverine populations of Arctic
Grayling in Alaska outlines young-of-year fish having fork lengths of 45-70 mm, and calculates an annual
growth rate of 40 mm up to age 6; juveniles were considered 50-250mm and adults >250mm (Hubert et
al. 1985). The report indicates that most fish mature at lengths 200-380mm, demonstrating how

delineation of either juvenile or mature adult life stage, between the sizes of 200-250 mm, may become
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unclear. The habitat requirements for fluvial Arctic Grayling described in the report are provided in four
stages, outlined as embryo, fry, juvenile, and adult. In the Stewart et al. (2007a) report on life history and
habitat use of Arctic Grayling in the NWT, mean lengths for young-of-year were reported at 75-114 mm,
juveniles ranged from 80-157 mm, and adults were identified by sexual maturity, anywhere from ages 2-
6. The Arctic Grayling life history stages were also described in this report using four life stages of egg,
young-of-year, juvenile, and adult. These summaries on habitat requirements for egg development and
embryo survival are useful for describing essential spawning and incubation habitat for fluvial Arctic
Grayling; however, there remain discrepancies in the information presented on fork lengths, ages and
sexual maturity between juvenile and adult life stages, which creates uncertainty in deciphering the

specific habitat requirements across life stages.

Mochnacz and Reist (2007b) reported data on fork lengths, weights, and otolith ages from fluvial
Arctic Grayling collected during mountain stream surveys in the Sahtu region of the NWT. The age-size
class ranges found were similar to my study results, where young-of-year captured were <80 mm, age 1
fish ranged from 85-120 mm, age 2 fish ranged from 123-170 mm, age 3 and 4 fish were >175 mm. Three
life stages were used to group the Arctic Grayling into either young-of-year, juvenile, or adult, based on
measures of sexual maturity. All fish reported between 80-277 mm in length (ages 1-4) were considered
juveniles. Gonadal development and weight was recorded on fish >170 mm, similar to the findings of

reproductive development in Arctic Grayling from the Little Nahanni watershed.

Designating the juvenile life stage for fluvial Arctic Grayling using broad size classes alone, such
as 80-250 mm (Hubert et al. 1985; Mochnacz and Reist 2007b), becomes incongruous with age and
developmental data used to identify sexually mature individuals. For example, mean lengths of age 4 fish
can be 215 mm (Hallberg 1982), gonadal development can start at ages 2-3 or fish > 170 mm (Mochnacz
and Reist 2007b), and sexually mature adults can be identified anywhere from ages 2-6 (Hubert et al.
1985; Stuart et al. 2007a). This issue of life stage designation between the juvenile and adult phase for

Arctic Grayling ages 2-5 (170-250 mm) was identified by Tack (1980) as an important consideration in

49



the management of fluvial populations in the interior of Alaska. He found that shifts in reproductive
development during the life cycle between the juvenile and adult phase, coincided with shifts in the
summer feeding distribution, leading to the designation of four life stages for these fluvial populations.
Tack (1980) described four life stages, using size, age, maturity, and summer distribution data, identified
as young-of-year (age 0+), juvenile (ages 1, 2, 3), sub-adult (ages 4,5) and adult (age 6+). Armstrong’s
1986 review of Arctic Graying studies in Alaska also adopted these four life stages, and found that the
age at maturity was typically at age 4, and they identified mature fish as >270mm (age 4-6), which is

similar to the size at maturity results I found for the Little Nahanni Arctic Grayling.

More recently, life history characteristics of fluvial Arctic Grayling populations were compiled
by Ballard and Shrimpton (2009) for the Omineca region in northern British Columbia from 1956 to
2007. A considerable range of sizes for each age class was determined, with substantial overlap in size
between age classes. Size at age for this population appears to be larger than the Little Nahanni River
fluvial population, with age 1 fish ranging up to 150mm, age 2 up to 250mm and age 3 up to 350mm.
This aligns with our understanding that growth rates slow for fish further north in latitude, and this
watershed may be more productive because it’s in a reservoir system. But, it may also be an artifact of
the discrepancies found in using scales to age Arctic Grayling compared to otoliths. Evidence shows that
age determination from otoliths is more accurate for Arctic Grayling, and that age estimates from scales
tend to underestimate age compared to results from otoliths (Silkstrom 1983, DeCicco and Brown 2006).
Growth rates were not developed as part of this study, but size at age ranges suggest an annual growth
rate for young-of-year, juvenile and sub-adult fish similar to the 40mm/yr used by Hubert et al. (1985) for
riverine Arctic Grayling in Alaska, with growth leveling out at approximately 300-350mm once full
sexual maturity is reached (age 6). Studies are limited on age and growth of fluvial Arctic Grayling
populations across size classes using otoliths. Information collected in this study on the relationship
between size and maturity by specific age groups using otoliths improves our baseline understanding of

the demographics for a pristine northern fluvial population. Such information can help improve the
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accuracy of life stage-specific habitat suitability evaluations, population monitoring, and bioenergetics

modelling for the species (Laroque et al. 2014; Hartman and Jensen 2017).

4.2 Juvenile ecology

Our incomplete understanding of different life stages of fluvial Arctic Grayling may also be
attributed to the difficulty of capturing juvenile fish. Arctic Grayling in northern regions are found in
relatively low densities and, based on the available literature, fish between 100-200 mm are the least
captured size class. Length-frequency histograms reported in other studies on fluvial Arctic Grayling
populations show a bimodal distribution, similar to the results of this study, with young-of-year (<80 mm)
Arctic Grayling having the highest frequency, a very low or zero frequency of juveniles and then
increased frequency of sub-adults and adults (>200 mm) (Ballard and Shrimpton 2009). Results presented
on the fork length and distribution in the Tanana River drainage in interior Alaska showed very few
juvenile fish captured <200 mm and none <150 mm (Reed 1964), and no fish <170 mm (Tack 1980).
Liknes and Gould (1987) found that age 1 (mean length 116 mm) fish made up only 12.2% of the total
sample of Arctic Grayling in the upper Big Hole River in Montana. Baccante (2010) summarized results
of size class distribution from studies on fluvial Arctic Grayling watersheds in Alaska, BC and Alberta,
but had few data points for fish <200 mm. The small sample sizes of juveniles captured, measured and

aged has hampered our understanding of this early life stage.

The low capture numbers and limited data on age-stage determinations for juvenile fish may be a
direct result of our poor understanding of the summer distribution and movements of juvenile Arctic
Grayling in fluvial populations. The potential for temporal and spatial variation in summer movements
and distribution of juveniles may make them more elusive in these fluvial systems. MacPherson et al.
(2012b) evaluated sampling techniques for low-density Arctic Grayling in wadeable streams in the
watershed of the Athabasca River in Alberta. Their study compared backpack electrofishing and angling,
and found that both gear type and timing of sampling influenced the size of Arctic Grayling captured.

Juveniles were captured with some efficiency using electrofishing, whereas the number of Arctic
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Grayling >110 mm captured/km was 3.1 times greater using angling. These results led them to
recommend using both gear types over a wide sampling period to effectively sample for all life stages of
Arctic Grayling. In a recent study by Bentley et al. (2015), inter-tributary movements and habitat use by
adfluvial Arctic Grayling were monitored in the Wood River basin in Alaska. Fish were collected in four
tributary creeks using a fine-meshed stick seine, with results showing >87% of Arctic Grayling captured
between 100-300 mm. The large proportion of fish between 100-200 mm collected in this study,
compared to others, demonstrates the need to include various sampling methods to increase the
probability of capturing juveniles and sub-adults in smaller tributary creeks. Ballard and Shrimpton
(2009) analyzed data from 1956-2007 on fluvial Arctic Grayling in the Omineca Region of BC and
presented the combined length-frequency results, as well as results separated by sampling methods. Their
results showed a bimodal distribution of lengths, similar to my results in the Little Nahanni watershed,
with the lowest frequency of Arctic Grayling captured between 150-250 mm. However, when separated
by sampling method, the highest frequency of fish captured between 100-200 mm were from studies
where seining was used, and fish between 200-300mm where angling was used. These studies
demonstrate that in Arctic Grayling surveys, neither electrofishing nor angling were effective for
capturing juveniles. Again, the use of multiple gear types, and those appropriate for the life-stage of

interest, will increase the capture of Arctic Grayling across life stages.

In addition to sampling bias, juvenile grayling may have been missed due to the study design
itself and the criteria used to select suitable stream habitats for sampling. The seasonal migrations and
summer distribution of fluvial Arctic Grayling in the Tanana River drainage in Alaska were described
where juvenile and sub-adult fish followed the adult fish in pre-spawn migrations to spawning habitats
and post-spawn migrations to summer feeding areas. Summer feeding distribution for fluvial Arctic
Grayling changed during the life cycle, with juvenile fish (age 1-3) occupying the lower portions of rivers
and tributaries compared to sub-adults in mid-reaches and adults in the upper reaches (Tack 1980). This

size and age gradient along river and stream habitats created a summer feeding distribution pattern of
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increasingly larger, older fish as you move upstream. The size gradient pattern of summer distribution
along stream lengths has been supported in further studies of fluvial Arctic Grayling populations (Hughes
1999; Baccante 2010). While Tack (1980) observed that juvenile Arctic Grayling followed the
movements of adult fish into spawning and feeding areas in lower portions of stream, he speculated that
smaller tributary streams may be important rearing habitats for juvenile fish. Arctic Grayling in the
Kuparuk River of northern Alaska have been studied for decades, where juvenile fish are more often
observed in smaller streams (Buzby and Deegan 2000). Additional study on the juvenile Arctic Grayling
life stage to improve our understanding of habitat use in small tributaries connected to mainstem river
habitats, was identified as a need for assessing impacts within BC’s Williston Reservoir and Upper Peace
River watershed (Stamford et al. 2017). In a more recent study, juvenile and sub-adult Arctic Grayling
(100-300mm) were observed to conduct inter-tributary movements across a network of four small
tributaries in the Wood River basin in Alaska (Bentley et al. 2015). They found that, within a summer,
juvenile Arctic Grayling undertook large-scale movements, and that approximately 50% of individual fish
moved among two or more tributaries separated by seven km or more. Although these Arctic Grayling are
using tributary streams that flow into a larger lake within a river system, this inter-stream movement
indicates that juvenile fish may use and move between numerous small tributary streams within a single
summer season. Large-scale movements using multiple streams throughout a single season suggests that
juvenile grayling may have habitat requirements with greater temporal and spatial variation than
previously thought. Over the summer, changes in foraging opportunities and temperature resources
among tributaries may drive juvenile grayling movement to different habitats to maximize growth
(Werner and Gilliam 1984; Gowan and Fausch 2002; Armstrong et al. 2013). Summer movement among
tributaries by juvenile Arctic Grayling suggests that these fish may have been missed in my study, where
criteria used to identify suitable habitat patches (e.g. catchment area or stream order) did not included
sampling of multiple smaller tributary habitats connected to the Little Nahanni River. As we continue to
learn more about capture efficiency, summer distribution, movement, and behavior of juvenile Arctic

Grayling, sampling designs and methods targeting this life stage can be adapted and refined.
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The paucity of data on juveniles is a likely result of the lack of emphasis put on this life stage in
Arctic Grayling studies, compared to adults, spawning requirements, and YOY development, so it is
underrepresented in the literature. Study designs and sampling gear may unintentionally exclude
juveniles. Similar to taxonomic bias that occurs for select species in ecological studies (Link, 2007; Pysek
et al. 2008), the interpretation of information for a species can be biased towards the specific life stage
that has been emphasized in the research. Consequently, for Arctic Grayling, the importance of the
juvenile life stage may be understated and the distinction of a sub-adult life stage may be absent,
misrepresenting and misinforming our understanding of habitat and ecology for the lifecycle of the
species. Identifying a shift in reproductive development and habitat use from juvenile to sub-adult within
the life cycle has implications for other salmonids and fish species, as it likely occurs in others.
Ontogenetic dietary shifts over the life span of individual fish are recognized as providing key insights
into the biological and ecological processes at play for individuals, populations, and communities

(Sanchez-Hernandez et al. 2019).

4.3 Distribution of Arctic Grayling life stages across sub-watersheds

Differences in summer habitat distribution and habitat use of the Arctic Grayling life stages were
apparent in my study results, where different life stages used separate sub-watersheds (Figure 3). The
Guthrie sub-watershed and Dozer tributary provided suitable spawning habitat, rearing areas for YOY,
and juvenile habitat. Both of these systems are distinct from other sub-watersheds in that they are fed by
small lake and bog areas, rich in organic matter, with low elevation and gentle gradient stream habitats.
Both streams provided warmer water temperatures, and an abundance of gravel substrate and run habitat
required for Arctic Grayling spawning and rearing. Juveniles were found in the fewest number of sites
across the four sub-watersheds (n=11), indicating that they may have been missed in the study design. Of
the sites occupied by juveniles, they were found primarily in the spawning tributaries, but also utilized
lower portions of creeks and tributaries near the confluences of colder tributaries in Guthrie Creek and

into lower Fork Creek. The presence of juveniles in the lower reaches of the sub-watersheds agrees with
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the findings of other researchers on size-gradients of larger fish upstream in Arctic Grayling distribution
along stream lengths (Tack 1980; Hughes 1999; and Baccante 2010). Fork and Lened sub-watersheds
provided suitable summer habitat for sub-adult and adult grayling. Both are high energy stream systems
characterized by high elevation and cold water, and dominated by cobble-riffle and boulder-pool habitats.
Sub-adults occupied sites with all other life stages indicating that habitat use during this developmental
stage is dynamic and variable. But, they were found in highest abundance in the same systems as adult
fish, occupying sites along with adults, but also using a broader range of downstream sites. The presence
of sub-adults across the sub-watersheds provides some additional insight into movement of Arctic
Grayling across life stages, and supports observations that sub-adults follow the movements of adult fish
as a potential mechanism for imprinting to both spawning and summer feeding habitats (Tack 1980;

Armstrong 1986).

The nature of the stream habitats in the four sub-watersheds studied along the Little Nahanni
River, and the distribution of Arctic Grayling life stages across these systems, follows a similar pattern to
what has been documented in other mountain river systems (Wojcik 1955; Reed 1964; and Tack 1980).
The importance of relating observed Arctic Grayling migrations and distribution to functional stream
types, has long been recognized. For example, Wojcik (1955) proposed four different stream types for
interior Alaskan river systems: bog-fed streams, spring-fed streams, rapid runoff streams and glacier-fed
streams. Other researchers consistently found that most bog-fed streams of interior Alaska are used for
spawning by Arctic Grayling, as they are the warmest part of the system. Juvenile and sub-adult fish
followed the spawning migration of adult fish into the bog-fed streams. Post-spawn, most adult and sub-
adult fish left the bog-fed streams and migrated to either the parent river or moved into spring-fed or un-
silted rapid runoff streams for summer feeding (Tack 1980; Armstrong 1986). Tagging studies on
Alaskan Arctic Grayling populations showed a pattern of adult and sub-adult fish returning to the same
un-silted rapid runoff streams for summer feeding over successive years, with larger fish dominating the

further upstream reaches and sub-adults typically in mid to lower reaches of the stream (Schallock and
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Roguski 1967; Pearse 1974; Tack 1975). Juveniles were almost exclusively in the lower stream sections,
and the numerous tiny tributary streams were noted to likely be important for juvenile rearing (Tack
1980). The results of my study provide additional insight on the nature of fluvial Arctic Grayling summer
habitat use in mountain watersheds throughout their life cycle. My findings are supported by other Arctic
Grayling studies, particularly those from Alaska, related to the spatial extent of migrations undertaken
from the main stem river system into tributary streams, and the diversity of stream habitats used

throughout its life history.

4.4 Characteristics of sub-watersheds and patterns of stream types

Viewing the broader watershed of the Little Nahanni, the patterns of Arctic Grayling occupancy
in relation to stream types available in the four study systems raises interesting questions regarding why
certain tributaries are occupied with higher abundance, and others are not. The low elevation, gentle
gradient, lake and bog-fed streams found in valleys provided warm water spawning and nursery habitat
for Arctic Grayling, however it is not as clear for adults. At the watershed scale, the course-level
environmental criteria used to develop this study design do not appear to capture the variation among the
sub-watersheds that separates suitable summer habitats for adult Arctic Grayling. Much time and effort

was spent sampling March and Lened Creeks with low success.

The majority of adult Arctic Grayling were captured in Fork Creek. When the results of adult
Arctic Grayling occupancy of Fork, March and Lened Creeks are compared to the stream pattern
morphologies and site-specific data on each sub-watershed, differences emerge between the physical
characteristics of the channels and the abundances of adult fish. The drainage basin of Fork Creek is
spread across a wider area with longer tributary patches, that are more frequent along the length of the
creek, dividing up the main channel. The valley walls of the March Creek drainage basin are narrow
having a steeper relief, with three shorter tributaries all converging in close proximity at a higher
elevation in the headwaters, confining the creek to one long straight main channel (Figure 3). The

characteristics of the Lened Creek sub-watershed are similar to those of March Creek, with the drainage
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system being confined within narrow steep valley walls, having two long straight tributaries without any
other major tributaries converging along their lengths. Hydraulically, the drainage configuration of Fork
Creek offers more diversity because of the substantial tributary inputs along its length and a broader basin
for the channels to move within. This complexity was observed from the site-specific data collected on
Fork Creek where eroding banks contributed to the active movement of materials into the channel
creating areas of alluvial outwashes, riffles and boulder-pool cascades. The hydraulic characteristics of
Fork Creek may offer greater velocity refugia, allowing fish to move upstream in the system, and more
opportunity to hold and feed in cascade pools. The dynamic erosion and deposition in Fork Creek opens
the active channel offering substrate types, hydraulic conditions, and light environment that may allow for
slightly warmer water and greater macroinvertebrate productivity, which was supported by field
observations of higher biomass of mayfly larvae captured in the nets while electrofishing (Figure 11). In
contrast, March and Lened Creeks had straight channel configurations, showed no evidence of active
erosion and deposition along the stream banks, indicating that the channels likely have high conductance
that can move water quickly downstream. These two creeks had higher mean velocities, colder mean

water temperatures, and contained few Arctic Grayling compared to Fork Creek.

Figure 11. Mayfly larvae captured in electrofishing nets during fish survey in Fork Creek, Little Nahanni River
watershed, NWT, July 2015. Photos taken by Dr. Pete Cott.

Identifying natural habitat variability across lotic systems and linking those variables to the

various life-cycle requirements of fish, is a challenge (Schlosser 1991), but is needed for the effective
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monitoring and assessment of stream-dwelling species. Spatial criteria for evaluating watersheds can be
useful indices of stream habitat subsystems, natural variability in a stream, and the potential capacity for
suitable fish habitats (Frissell et al. (1986). However, this approach is not without its difficulties. For
example, stream size estimated by catchment area can overestimate the actual surface area inhabited by
fish; whereas, evaluating the potential for habitat heterogeneity and diversity available in a watershed can
help to better predict the possible resources and niches available (Hugueny et al. 2010). Broad
morphological characterization of a watershed, such as valley morphology, channel longitudinal profile,
dimensions and patterns of channel networks, evaluates variables that help to identify stream types and
physical habitat features (Davies et al. 2000). These spatial criteria for evaluating watersheds can be
useful indices of stream habitat subsystems, natural variability in a stream, and the potential capacity for
suitable fish habitats (Frissell et al. (1986). Discharge has been found to provide a better surrogate of the
surface area of habitat available for fishes than catchment area (de Wit and Stankiewicz 2006). Looking at
the watershed to stream relationship, and the stream to channel relationship, across these Little Nahanni
study creeks, may help to identify the potential suitability of habitat patches, at a broad scale, for different
life stages of Arctic Grayling within sub-watersheds with greater accuracy. Distinguishing habitats at a
watershed-scale and relating those to the different life stage requirements of Arctic Grayling would lead
to more effective methods of evaluating stream ecosystems, improved accuracy for targeted fish
assessments in un-surveyed mountain regions, and ecologically relevant criteria for distributional

monitoring of fluvial Arctic Grayling.

4.5 Landscape influence on fish population dynamics

Large-scale spatial relationships between different stream types within a watershed is also
recognized as having an effect on resource use and movement of fluvial fish populations (Schlosser
1995a). The patch dynamics concept in stream community ecology and the landscape ecology view of
rivers as a mosaic of habitat patches that can determine ecological processes across multiple spatial

scales, were put forward as frameworks to enhance the understanding lotic systems (Pringle et al. 1988
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and Townsend 1989). Various life stages of stream fish require different kinds of physical habitat,
therefore spatial heterogeneity and connectivity between habitat patches are recognized as critical
components for reproduction and survival of fish (Schlosser 1991). The spatial arrangement of habitats
within the landscape or riverscape can influence the persistence of populations, where different habitat
patches required by a species that are closer together will support more stable populations, therefore
increasing the population size in that region of the watershed (Dunning et al. 1992). In my study area, this
could provide additional explanation for the greater occupancy and abundance of Arctic Grayling in Fork

Creek, because of its proximity to different stream habitats provided by Guthrie Creek.

The concept of optimal habitat ratios has been used to assess habitat requirements of stream
fishes. It evaluates not only the abundance of different habitat types (e.g. riffle and pools) within a stream,
but the proportional abundance of essential and potentially limiting habitats (e.g. spawning, rearing,
overwintering) required for different life stages over a broader watershed-scale (Rosenfeld 2003). For
fluvial Arctic Grayling, with life stages occupying different habitats and sub-watersheds across lotic
systems, the concept of optimal habitat ratios or configurations may be useful to identify suitable habitat
patches across a broad watershed. The results of my study perhaps shed some light on the potential scale
of fluvial Arctic Grayling migration and ranging behaviour, and distances moved among sub-watersheds
to reach suitable habitats required throughout their lifecycle. It may help to understand potential limiting
habitat factors, such as proximity and connectivity of suitable spawning and rearing habitat to suitable
streams with summer habitat for adults. Informed species management requires knowledge of which
habitat factors may limit a population, and how these factors vary over space and time within a species
range (Schlosser 1995a). My study has provided an opportunity to look at correlations between different
life stages of Arctic Grayling and stream habitat types within the context of intact mountain watersheds. It
also provides a natural reference or baseline to evaluate habitat requirements and identify suitable habitats

required for fluvial populations in northern mountain regions.
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4.6 Fluvial Arctic Graying habitat use across life stages

Similar to what has been found at larger spatial scales, habitat use within streams can be dynamic
and have strong associations to particular in-stream habitat types throughout the life cycle of the fish
(Schlosser 1991). By sampling entire sub-watersheds and ground-truthing stream characteristics, my
study has provided an intermediate level to evaluate habitat use. From stream sub-watershed to reach
scale, | was able to identify patterns of in-stream habitat use and garner information on the relationships

between Arctic Grayling life stages and habitat variables.

4.6.1 YOY

My results on YOY habitat use support the findings of Lewis (2018) where water temperature
and elevation were the most important drivers of YOY presence across the sub-watersheds. YOY were
not found in any sites were water temperatures were <6 °C and showed the highest probability of
occupancy at water temperatures >8 °C. The mean water temperature was 7 °C across all sites sampled in
the sub-watersheds of the Little Nahanni, demonstrating that these northern mountain systems are warm
water limited, and highlighting the different conditions facing northern versus southern Arctic Grayling
populations. The importance of warm water temperatures in the spring for Arctic Grayling spawning has
be documented across northern regions for both fluvial and adfluvial populations (Scott and Crossman
1973; Northcote 1995; Stewart et al. 2007a). Spawning areas also provide important nursery habitat
required to rear YOY fish after emergence. In my study, YOY fish were only found in habitat patches in
Guthrie and Dozer creeks, which were the only two sub-watersheds sampled that provided suitable
spawning habitat conditions, based on our current understanding of fluvial Arctic Grayling habitat
requirements. Temperature and elevation, along with the increased probability of YOY presence
associated with run habitat and gravel substrate, indicate that Guthrie and Dozer creeks likely provide
critical spawning and rearing habitat. In this study, the correlation of YOY to silt-sand substrate, and their
absence in cobble and boulder habitats, provides data that can be used to refine life stage-specific habitat

suitability indices (HSIs) for the Arctic Grayling fluvial life history. Arctic Grayling HSIs have been
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developed to provide indices of suitability to different substrates for each life stage, where YOY are given
a relatively high suitability (i.e. 0.6+) to boulder, cobble and rubble substrate (Laroque et al. 2014).
However, my findings indicate that for YOY in northern mountain fluvial populations, the suitability of
stream habitats with boulder and cobble substrate may be much lower. Existing HSIs specific to Arctic
Grayling riverine populations identify important habitat variables associated with spawning success and
embryo survival, where the percentage of silt-sand substrate (fines) is negatively correlated with embryo
survival prior to emergence, and the percentage of pool habitat downstream from spawning areas is
important as nursery habitat (Hubert et al. 1985). However, my results did not show a strong relationship
between YOY and pool habitat in the streams studied, rather the proportion of silt-sand substrate

consistently arose as an important variable for YOY presence.

Guthrie and Dozer Creeks are both located in wide, low gradient, organic rich mountain valleys
fed by lake and bog systems that are heavily influenced by beaver (Castor canadensis) (pers. obs.). Both
creeks had the highest mean water temperatures and the most abundant run habitat available across the
sub-watersheds studied. The open flat nature of these streams, with dark organic substrates, would allow
for greater light and heat absorption, warming the water faster than the other study streams. These factors
indicate that low-lying, organic-rich systems provide important warm water, hydraulic conditions, and
substrates suitable for spawning and rearing, and may be key limiting habitats for the production of Arctic
Grayling and success of local fluvial populations. Similar results from studies conducted in interior
Alaskan watersheds, found that lake and bog-fed systems were used predominantly as spawning and
rearing habitat by Arctic Grayling (Tack 1980; Armstrong et al. 1986). The results of my study show that
northern mountain watersheds are likely warm water limited, therefore stream habitats that warm first in
the spring, providing stable warm water temperatures and low-gradient flow, likely provide critical

habitat for reproduction.
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4.6.2 Juveniles

Juvenile Arctic Grayling were not found in water temperatures <6 °C. Similar to YOY fish,
juvenile presence showed a strong response to elevation, indicating that lower elevation stream habitats
provide important summer habitat for the juvenile life stage. Interestingly, and contrary to what I had
predicted, run habitat came out as a significant factor for juveniles. Cover variables and substrate did not
show a strong influence on the presence of juvenile Arctic Grayling in available stream habitats across the
four sub-watersheds. They primarily used the same tributaries as YOY, suggesting that putative spawning
streams are important for juveniles, as well as YOY. The value of run habitat for juveniles, versus water
velocity or cover, may be an indicator of the productivity of run habitat in these warmer spawning
streams. The energetic cost of holding in run habitat may be outweighed by increased food availability
required for growth of early life stages. These findings for juvenile Arctic Grayling provides support for
the recommendation that HSI models be refined to fit local conditions (USFWS 1981). As an example,
HSIs based on existing data for juveniles in other regions provide very low suitability values (<0.3) to run
habitat for juveniles and YOY (Laroque et al. 2014), in contrast, I determined the probability of juvenile

presence >60% when the proportion of run habitat exceeds 50%.

The results of my analyses also show that within the juvenile life stage there appears to be
movement towards cooler water temperatures and wider more riffle dominated habitats relative to those
used by YOY, which may be the first signs of ontogenetic separation. In Guthrie Creek, juveniles were
captured in the same patches as YOY fish, with the exception of a small colder tributary draining to the
main channel. One juvenile Arctic Grayling was captured in a downstream site in the main channel of
Fork Creek. It is likely that this juvenile moved into Fork Creek from the Little Nahanni River, as the
results of sampling in the Fork Creek sub-watershed did not find habitat patches with typical or suitable
Arctic Grayling spawning or rearing habitat, based on our current understanding, and no other juvenile
fish were captured in the upstream habitats sampled in Fork Creek. Although these data are from only one

sample site, it provides some indication of the movement and swimming ability of juvenile Arctic
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Grayling, and similar to other observations, the immature fish may be following the spring and summer

migrations of mature fish to find suitable feeding habitats (Tack 1980; Hughes 1999; Baccante 2010).

It should be noted that there may be a diurnal aspect to juvenile habitat use that was undetected.
Sampling was conducted between 9:00-19:00h, so there may be other suitable habitats that are used by
juveniles at other times of the day, as movement by juveniles has been observed in Arctic Grayling
populations and other salmonid species. For example, in tundra streams the majority of Arctic Grayling
movements between suitable habitats occurred at night (Cahill et al. 2016). Although in northern latitudes
there isn’t full darkness during summer months, the sun is at a lower angle providing less light. In
addition to Arctic Grayling, other salmonids are known move daily or seasonally. Juvenile Arctic
Grayling and Rainbow Trout have been shown to make kilometer-scale movements within and between
different tributary streams to take advantage of summer foraging opportunities (Bentley et al. 2015).
Juvenile Coho Salmon were found to make diel horizontal migrations of 350-1300m to exploit different

thermal and trophic resources within a stream (Armstrong et al. 2013).

4.6.3 Sub-adults

Sub-adult Arctic Grayling showed a wider distribution among the sub-watersheds than other life
stages. They were most frequently captured in cold, cascading boulder-pool habitats along with adult fish
in Fork and Lened creeks. However, they were also captured in smaller tributary streams feeding into
Guthrie Creek, warm run habitats with YOY and juvenile fish in Dozer Creek, and wide riffle-dominated
areas further downstream in Fork Creek. Evidence of the dynamic nature of the sub-adult habitat use is
clear, with their presence detected in a wide range of elevations and stream widths and in each habitat
type. Sub-adult Arctic Grayling are large enough to move into a variety of habitats, but small enough that
factors such as competition with adult fish for food resources, and avoidance of predators may play an
important role in determining which stream habitats they use. Dominant feeding behavior based on size
has been documented for riverine Arctic Grayling and is thought to drive both within-pool distribution

patterns and upstream to downstream size gradients, where larger fish have a competitive advantage over
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smaller fish for the most desirable upstream feeding positions (Hughes 1992; Hughes 1999; Baccante

2010). Smaller Arctic Grayling have been found to colonize downstream areas because of exclusion from

upstream habitats by larger Arctic Grayling (Hughes and Reynold 1994). As with other animals, territorial

adults force the sub-adults to roam into different habitats to find sufficient resources. In this study, sub-
adults occupied the widest range of habitats of the Arctic Grayling life stages, demonstrating a stronger
swimming ability than juveniles allowing them to cover more territory and tolerate higher velocities,

lending itself to the evidence that sub-adults are a distinct life stage.

Elevation and temperature were not factors influencing the probability of sub-adult presence, as
they were for the other life stages; however, on average, sub-adults were found in sites >1200 masl and
<8°C. Sub-adult Arctic Grayling showed similar correlations to habitats used by adults, indicating that
during this stage of growth and reproductive development, they likely move with adult fish on pre-and
post-spawn migrations to summer habitats, similar to what has been observed by others in other fluvial
Arctic Grayling populations (Armstrong 1986). My study demonstrated that sub-adults can take
advantage of a diversity of available stream habitat conditions, as they mature and move to seek out
suitable habitats. A recent example of this includes a study by Heim et al. 2016 on Arctic Grayling
seasonal migrations between habitats along the coastal plains of Alaska, where fish with fork lengths up
to 279 mm were classified as juveniles, but the juveniles were found to have two distinct migrations: on

of larger juveniles in the spring coinciding with adults, and another of smaller juveniles in September.

(&

Both groups of juveniles, considered the same life stage in this study, are using different summer habitats

making it difficult to identify and describe distinct summer habitat requirements for the juvenile life stage

when defined this broadly. However, results from my study indicate that the sub-adults, which likely

composed the first migration of larger juveniles, represent a distinct life stage with its own suite of habitat

requirements. Understanding these distinctions between life stages has important implications for
management of the species, and ensuring the conservation and restoration of appropriate habitats to

support population success.
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4.6.4 Adults

Adult Arctic Grayling found in my study occupied specific streams in high elevation habitats
during the summer, similar to those reported for fluvial populations in interior Alaska (Tack 1980;
Armstrong 1986). No adult Arctic Grayling were observed or captured in either Guthrie or Dozer creeks,
even during the first week of July, where spawning had taken place and YOY had emerged. Adult fish are
known to move into warm water, low gradient streams in early spring to feed prior to spawning, and may
remain to feed post-spawn. In my study area, spawning likely takes place in early June, so adults would
be present in warmer, low elevation, low gradient spawning streams through May and June prior to
migrating to summer habitats, such as Fork and Lened creeks. Adult Arctic Grayling had more specific
habitat associations than sub-adults, occupying sites with elevations >1200 masl, water temperatures
averaging 7°C, and higher proportions of pool and boulder habitat. The mean water velocity at sites where
adults were observed was 0.8 m/s. Water velocity is recognized as an important habitat variable for
stream fish, and is often evaluated in terms of both habitat suitability for species and life stages, as well as
in-stream flow requirements for impact assessments. Adult Arctic Grayling in the Little Nahanni area
were captured in sites with water velocities up to 1.3m/s, but were more abundant in sites with water
velocities <0.9m/s during the summer, similar to what is reported from other studies (e.g. Laroque et al.
2014). Fork Creek offered a wide active channel with a variety of substrates, and more tributary habitat
contributing to diverse hydraulic conditions. It supported the highest abundance of adult Arctic Grayling
and can serve as a template to identify adult summer habitats for other fluvial populations in northern

mountain regions.

4.7 Management implications

Studying Arctic Graying habitat use in regions across its range continues to provide new insights
on how different life stages and life history types use their environment. By better understanding the
relationship of size-age-life stage for these populations it enables more accurate interpretation of

population data. Evaluation of watershed-scale characteristics of Arctic Grayling distribution is important
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to determine patterns at broader spatial scales to improve our ability to identify suitable habitat, to design
more efficient monitoring programs, and to develop ecologically relevant occupancy models for fluvial
populations in northern watersheds. From the watershed to the sub-watershed to the stream-scale, it is
important to understand how each life stage of Arctic Grayling uses the available stream habitats and
what habitat conditions are required to complete its lifecycle. Identifying upper and lower bounds and
thresholds within the stream habitat variables for each Arctic Grayling life stages will help to refine life
stage-specific models, therefore improving our ability to support decisions by land and resource managers

that make ecological sense for the species.

4.8 Conservation and protection of fluvial Arctic Grayling

The Little Nahanni watershed, like other northern ecosystems, is experiencing the realities of
multiple stressors. New access routes are opening up the Little Nahanni area to increased resource
development and recreational activity. Seismic exploration for shale oil in the mountain ranges of the
Sahtu Settlement Area, north of the Little Nahanni watershed, has been ongoing for years. Impacts of
climate change in the north are affecting permafrost at the landscape-scale with megaslumps impacting
watersheds and the having dramatic effects on the aquatic life within (Kokelj et al. 2013, Chin et al. 2016,
Kokelj et al. 2017), temperature and hydrologic regimes are shifting, and increased forest fire activity is
changing landscapes (Box et al. 2019; Bush and Lemmen 2019). At the circumpolar level, government
agencies, Indigenous organizations, non-government organizations, and academia across the Arctic have
worked to coordinate efforts for the long-term monitoring of Arctic freshwater biodiversity to effectively
measure and compare biodiversity status and trends (Culp et al. 2011). Frameworks for the approaches,
spatial scales, metrics and standardized methods for freshwater biodiversity monitoring have been
proposed, including linking population and ecosystem approaches to understand effects to freshwater

biota in a changing environment.

Mpyers et al. (2017) conducted an extensive review of existing studies on documented and

projected effects of climate change on inland fish. They identified a discrepancy between the focus of
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research on projected effects of climate change (being primarily on predicting distributional shifts species
range and community assemblage) and the focus of studies that documented effects on individuals
(emphasizing phenological changes, such as migration, spawning, emergence). They identified a need for
future research that includes long-term studies and monitoring networks to supply data that documents
effects, both distributional and phenological. In response to a changing climate, salmonids are predicted
to exhibit increased growth, yet results to date have found a greater decrease in abundance for salmonids
than what was projected (Myers et al. 2017). My study provides useful information on the dynamics of
fluvial Arctic Grayling summer habitat use both within and across mountain watersheds. The data on fish
distribution and abundance, along with stream habitat evaluations provide an environmental baseline

reference from which to monitor change.

The spatial extent of the sampling design implemented in my study, allowed for the collection of
spatially continuous data on fish distributions and stream habitats across four sub-watersheds, providing a
broader picture of Arctic Grayling habitat use across the Little Nahanni watershed. This helped to identify
summer habitats important to different life-stages of Arctic Grayling at a scale at that reflects their life-
history, and a scale relevant to decision-making by resource managers and future monitoring programs in
this area and elsewhere fluvial Arctic Grayling occur. Improved understanding of the different and
shifting habitat requirements throughout its fluvial life history, at a broad watershed scale, may allow
resource management, land use planning and habitat protection decisions to be more effective in meeting

conservation objectives for this species.

4.9 Environmental assessment, regulatory review, and monitoring

The Little Nahanni River and its tributaries are located in a region that has become a patchwork
of jurisdictional boundaries and competing land use interests. The traditional territories of the Dehcho and
Kaska Dena, and the Sahtu Settlement Area converge in the Little Nahanni River watershed. In 2008, the
Nahanni National Park Reserve was expanded and the Naats’ihch’oh National Park Reserve was

established to protect the headwaters of the South Nahanni River, including areas of the Little Nahanni
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River watershed. However, historic winter access road easements for mineral exploration and existing
mining lease areas have been grandfathered in, leaving the majority of the tributary systems within the

watershed, including Guthrie, Fork, Dozer and Lened creeks outside of the park boundaries.

The Little Nahanni is located in the Selwyn Mountains where there are extensive lead-zinc
deposits. In 2014 and 2015, the Howard’s Pass Access Road (HPAR) was built, of which 48km (of the
79km long all-season road) runs along the southwest side of the Little Nahanni River, to access the
Selwyn Project, a proposed lead-zinc mine located on the Yukon side of Howard’s Pass. There are plans
to upgrade the Nahannni Range Road to improve access to the Little Nahanni River area from the Yukon.
A proposal to expand the HPAR is currently undergoing environmental assessment and regulatory review
in the NWT (MVRB EA-1516-01, MV2015F0012, and MV2015L8-0005). The proposed upgrade to
HPAR includes 32 watercourse crossings (8 bridges and 24 culverts) and will require widening of the
right-of-way, upgrading of crossings, development of borrow sources along the route, as well as camps
and staging areas along the length of the Little Nahanni River. Linear developments in northern areas
have documented affects on sensitive aquatic ecosystems and important fish habitat (Cott et al. 2015).
The current regulatory framework used to assess watercourse crossing requirements for roads does not
focus on the smaller drainages when evaluating potential impacts to fish and aquatic habitat. Spring
freshet high water flows and aquatic assessments have not been conducted for all small tributaries flowing
into the Little Nahanni that are crossed by HPAR (Selwyn Chihong Mining Ltd. 2015). The potential
importance of small tributary streams to the juvenile life stage of Arctic Grayling, and the need to
understand both spring and summer flows in the small drainages is of immediate relevance to the
evaluation of watercourse crossings for continued road development. The baseline information collected
in my study, and the results presented, will have direct application to the evaluation of potential impacts
to fish and aquatic resources, and mitigation and monitoring requirements for the expansion of HPAR and

other development projects in the watershed.
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In 2017, mining exploration activity began on a mine lease area located in the Guthrie Creek sub-
watershed (MV2017C0021). The exploration work is taking place in the headwater cirques that feed
multiple tributaries flowing into the main channel of Guthrie Creek. The downstream areas of Guthrie
Creek are known fish habitat. Arctic Grayling and Slimy Sculpin were captured in the tributaries
immediately downstream of the mine exploration activity. My study demonstrates that Guthrie Creek
provides an important Arctic Grayling spawning area, and summer habitat for YOY, juvenile and sub-
adult life stages. The ecological baseline I have established can be used by resource management agencies
for evidence-based decision making and enable monitoring for change over time. Improved understanding
of fish species present, Arctic Grayling distribution, and fish habitat use in creeks that overlap with the
Howard Pass Access Road and mine lease areas can inform current and future assessments of northern

mountain watersheds.

4.10 Fluvial Arctic Grayling habitat restoration

There have been a number of fish habitat compensation and restoration projects in the north
focused on Arctic Grayling, primarily related to habitat loss from the impacts of diamond mines to
adfluvial populations in the barrenland regions of the NWT (Jones et al. 2003¢; Jones and Tonn 2004;
Courtice et al. 2014; Baker et al. 2017). As development continues, the need to offset Arctic Grayling
habitat losses and to restore impacted habitats will also continue. Large-scale mine remediation projects
in Canada’s north, like Giant and Faro mines, must manage previously impacted aquatic habitats, and
consider ways to protect and restore Arctic Grayling habitats. The results of my study provide additional
insights, at a watershed-scale, on important habitat relationships and requirements for fluvial Arctic
Grayling that can inform the evaluation of restoration needs and habitat suitability for various life stages

of the species.

4.11 Southern population habitat impacts

My study of a fluvial population, in nearly un-impacted habitats, provides insight on the

challenges faced in trying to manage, protect and restore essential stream habitats and habitat complexes

69



at watershed-scales that are required by Arctic Grayling to complete its lifecycle. This information helps
to identify potentially limiting habitats for life stages that could be restricting the success and stability of

populations in other regions (e.g., the Williston Reservoir in northern BC).

Of particular interest is the importance of cold-water resources to adult Arctic Grayling. The
adults (and most of the sub-adults) were found in separate tributaries using high elevation cold water
habitats. Northern river systems are warm-water limited and southern rivers are becoming increasingly
cold-water limited. The mean water temperature for all sites sampled across the Little Nahanni between
July-August was 7°C. The only sub-watersheds within the study area that reached mean temperatures >8
°C were the low elevation bog and lake fed systems. These areas were used as spawning habitat and
rearing areas for early life stages, highlighting the importance of warm water resources for the
reproductive success of these northern populations. In contrast, no sub-adult or adult Arctic Grayling were
captured in any sites with measured water temperatures >11°C, as they selected sites with mean water
temperatures of about 7 °C. So, although warmer water was available within the study sub-watersheds,
sub-adult and adult Arctic Grayling were not found to use them over the summer. The selection of colder
stream habitats in the summer by sub-adults and adults, in a cold northern watershed, adds evidence to the

importance of cold-water resources to the fitness of later life stages of fluvial Arctic Grayling.

In Alberta, the loss of access to higher elevation stream habitats and land use disturbance that
changes temperature regimes in tributaries and watersheds that support Arctic Grayling populations, may
affect the overall fitness, survival and reproductive capacity of adult fish. Compounded with the
projection of continued warming from climate change, cold water is likely to become a significant
limiting habitat for Arctic Grayling populations in the southern portions of their range (Cahill 2015).
Conservation and protection of existing summer cold water resources for sub-adult and adult Arctic
Grayling, restoring connectivity to high elevation habitats, and restoration of areas that can help to
naturally cool streams (e.g. those with groundwater inputs and riparian cover) may become increasingly

important for southern populations.
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4.12 Recovery and re-establishment of populations

Populations of Arctic Grayling in Michigan were extirpated in 1936, primarily due to overfishing,
introductions of non-native fish, and large-scale habitat loss (Vincent 1962). Recently, interest by
Indigenous groups in the potential re-establishment of fluvial Arctic Grayling to the Big Manistee River
has led to abiotic assessments of suitable stream habitats and evaluation of methods for re-introduction of
the species within the watershed (Danhoff et al. 2017, Wilson 2017). The upper Big Hole River drainage
in Montana hosts the last remaining population of native Arctic Grayling in the USA, outside of Alaska.
The historic range of Arctic Grayling in Montana has been significantly reduced the current population
has required active management and restoration efforts for over 20 years, including re-introduction
attempts using brood stock (USFW 2015). Understanding of the watershed-scale distribution for fluvial
Arctic Grayling in the Little Nahanni River, as well as population structure and life stage specific habitat
use, can provide a natural reference for comparison. It provides an important picture of a population that
has evolved in the absence of non-native species competition, fishing pressures, and habitat disturbance.
My study provides insights on the intraspecific variation between northern and southern fluvial

populations, and can help with the active management of populations at the limits of the species range.
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5.0 Conclusions

My study advances what we know about the summer distribution and habitat use of fluvial Arctic
Grayling, specifically those living in northern mountain streams. The results present evidence of the range
of stream systems and habitat types used throughout the species’ life cycle, including the potential niche

breadth of life stages.

A key finding of this study was the identification of four distinct post-emergence life stages for
Arctic Grayling in the Little Nahanni watershed. Specifically, the establishment of a sub-adult life stage
and documenting the differences between the juvenile, sub-adult, and adult life stages based on biological
data, distribution patterns, and habitat use. The results provide additional data on the relationship between
size, age, and maturity, improving our understanding of the demographics of a fluvial population in
northern mountain systems. Demographic information is important to not only to fisheries management
and population monitoring, but can improve our evaluation of life stage-specific habitat requirements and
understanding of the ecology of the species throughout its lifecycle. This can lead to refinements and
adaptations of sampling designs and methods to target understudied life stages, like juveniles, so we can

continue to learn more about their distribution, behaviour, and ecology.

The four life stages of Arctic Grayling used the available summer habitat differently within the
study area, distributing into separate sub-watersheds. The YOY and juveniles primarily used warm water
stream systems that meandered through low elevation, gentle gradient valleys fed by small lake and bog
areas, rich in organic matter. The sub-adults and adults used high elevation, cold water stream systems,
characterized by cobble-riffle and boulder-pool habitats. The distribution of the life stages across the
different stream types in the study area of the Little Nahanni River followed similar patterns to what has
been documented in other northern mountain river systems in Alaska. The nature of the Fork Creek
drainage basin, the variety of habitat patches provided within it, and its hydraulic conditions, supported
the highest abundance of sub-adult and adult Arctic Grayling of the sub-watersheds studied. The large-

scale spatial arrangement of the different streams used by the life stages within the Little Nahanni
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watershed lends itself to the patch dynamic and optimal habitat ratio concepts of landscape ecology,
where the connectivity and proximity of different habitats required by the species, across its life stages,
may play an important role in predicting and identifying occupancy and abundance of Arctic Grayling in
these systems. These results provide insight on watershed-scale characteristics that could help to develop
ecologically relevant criteria to improve how we evaluate stream systems for Arctic Grayling occupancy

and distributional monitoring in un-surveyed regions.

My results indicate that, similar to at the landscape-scale, habitat use within the study streams
was dynamic and life stages showed associations to particular in-stream habitats. Arctic Grayling YOY
were only found in low elevation, warm water streams, and showed a correlation to silt-sand substrate.
Similarly, juvenile Arctic Grayling occupied low elevation, warm water stream habitat, but associated
strongly with run habitats, as well as showing movement towards cooler water temperatures and more
riffle dominated habitats. Sub-adult Arctic Grayling showed the widest range of habitat use across the
sub-watersheds, being found at different elevations and water temperatures, demonstrating the dynamics
of the life stage and its ability to take advantage of a diversity of stream habitat types and conditions. This
life stage showed the strongest correlation to in-stream habitat types, primarily to riffle, pool, cascade-
boulder habitats. For adult Arctic Grayling, there was a strong correlation to elevation and water
temperature, and in this study, adults were only found in high elevation and cold water stream sections,

with high proportions of pool and boulder habitat.

My study has provided additional information on the juvenile and sub-adult life stages, furthering
our knowledge of early Arctic Grayling development and habitat use. It provided evidence that sub-adults
can use a wide variety of available summer habitats, and it brings attention to the need to refine data
collection specific to these early life stages, particularly for juveniles, so we can improve our
understanding and interpretation of the life cycle of fluvial Arctic Grayling. Our limited understanding of
these life stages may be hindering the ability of study designs to accurately evaluate juvenile ecology and

habitat use, such as the use of smaller drainages within broader watersheds.
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Of the sub-watersheds studied in the Little Nahanni River watershed, 35% of the total sites
sampled had water temperatures above 8°C, and only 15% had water temperatures above 10°C, indicating
that these northern mountain watersheds are warm-water limited, unlike watersheds in the southern
portion Arctic Grayling range. The use of high elevation areas and cold water by adult Arctic Grayling
during the summer months, when relatively warmer water was available, demonstrates the importance of

cold water habitats to mature fish, even in cold water systems.

In addition to providing some insights on Arctic Grayling distribution and life stage-habitat
relationships in a northern mountain river system, this study has established an ecological baseline in a
relatively un-impacted watershed. The Little Nahanni River watershed continues to draw attention as it is
recognized for both its ecological and mineral resource wealth. This baseline can be used to monitor
aquatic health and assess potential impacts from a changing climate and expanding development in the
watershed. The uncertainty related to the effects of climate change, the deficiency in basic knowledge on
fish ecology and habitat requirements, and the lack of watershed baseline or reference conditions in a
rapidly changing north, reinforces the need for improved monitoring of freshwater fish populations to
understand their vulnerability to environmental variability and assess ongoing development impacts

(Reist et al. 2006b; Culp et al. 2011; Christiansen et al. 2013; Poesch et al. 2016).
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6.0 Research directions

Studies of fluvial Arctic Grayling populations that focus on improving our basic ecological
understanding of life histories and life stages are needed. With the differing habitat requirements of
different life history types and life stages, there is much to learn about this dynamic and sensitive cold-
water species. Continued research on fluvial Arctic Grayling distribution and habitat use in other northern
mountain watersheds may reveal patterns of summer habitat use similar to what was found in my study,
and improve our understanding of the relationships between stream type, habitat characteristics, and
distribution of fluvial Arctic Grayling life stages within watersheds. Relationships between environmental
heterogeneity and fish behaviour are complex, requiring additional research focused on understanding
differences between individuals and ontogenetic shifts within a species life cycle (Sanchez-Hernandez et
al. 2019). I have summarized research questions identified through this study in Table 10, that I feel
should be addressed in future studies on fluvial Arctic Grayling habitat use and distribution in northern

mountain watersheds.

Table 10. Opportunities and questions for future research on fluvial Arctic Grayling in northern mountain
watersheds.

Topic Research Question Source

Fluvial Arctic Do springs or ground-water inputs provide important Tack 1980; Mochnacz

Grayling — adult temperature and habitat conditions within the streams selected | et al. 2013; Dunmall et

habitat use by adult Arctic Grayling over other tributaries in the Little al. 2016; Lewis 2018;
Nahanni watershed? Is this true for adult Arctic Grayling McPherson 2020

habitat use in other northern mountain watersheds?

How does the aquatic productivity compare between the
different sub-watersheds of the Little Nahanni River,
specifically Fork, Lened, and March creeks? Do differences in
productivity between tributaries influence summer occupancy
by adult Arctic Grayling?

Fluvial Arctic Is there a shift in reproductive development and habitat use for | Tack 1980; Sanchez-
Grayling — sub-adult | Arctic Grayling approximately 170mm in length in other Hernandez et al. 2019;
life stage northern fluvial populations? What are the age ranges where McPherson 2020

this shift is found?

Is the variability of stream habitats used by the sub-adult life
stage found in other northern mountain populations?

Is there a trophic difference or ontogenetic shift between
juvenile and sub-adult life stages and sub-adult and adult life
stages that could provide an additional line of evidence to
evaluate the distinctiveness of the sub-adult life stage for
fluvial Arctic Grayling?
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Topic

Research Question

Source

Fluvial Arctic
Grayling — juvenile
habitat use

Do juvenile Arctic Grayling use smaller first or second order
tributaries draining directly into the Little Nahanni River as
spring and summer habitat? How are the smaller drainages
being impacted by road crossings and mining development in
the Little Nahanni watershed?

Does the inclusion of angling and seining in the sampling
techniques improve the capture efficiency for juvenile Arctic
Grayling in these fluvial mountain systems? Is it feasible and
effective to include seining as a sampling method in lower
portions of tributary systems or smaller drainages?

Tack 1980; Bentley et
al 2015; Stamford et
al. 2017; McPherson
2020

MacPherson et al.
2012; Bentley et al.
2015; McPherson 2020

Fluvial Arctic
Grayling — spawning
and YOY habitat

How important are low-gradient lake and bog-fed sub-
watersheds to fluvial Arctic Grayling spawning and YOY
rearing in northern mountain watersheds?

Do they provide the only available spring habitat in these
watersheds with warm enough water for spawning? Does
spawning occur in other habitats?

Is this pattern or link between lake and bog-fed tributaries and
Arctic Grayling spawning also found in other northern
mountain watersheds?

Tack 1980; Lewis
2018; McPherson 2020

Fluvial Arctic
Grayling occupancy
and distribution in
northern watersheds

Are the patterns of fluvial Arctic Grayling summer occupancy
and distribution observed in the sub-watersheds of the Little
Nahanni River also found in other northern watersheds with
similar properties?

What are the relationships between drainage basin
characteristics, stream habitat types and fluvial Arctic
Grayling occupancy, distribution, and habitat use? Do these
watershed-scale indices influence the probability of Arctic
Grayling presence in other northern mountain watersheds?

Are the relationships between life stages and habitat types
across sub-watersheds in other river drainage systems similar
to the Little Nahanni River?

Is there a relationship between low elevation warm water bog-
fed streams and the proximity of high elevation cold water
run-off streams to the patterns of occupancy and habitat use by
Arctic Grayling life stages within a watershed?

Brown 1995; Hugueny
et al. 2010; McPherson
2020

Tack 1980; McPherson
2020

Fluvial Arctic
Grayling - occupancy
models and
distributional
monitoring

Can the inclusion of drainage dimensions, channel
configuration, and spatial analyses across sub-watersheds
improve the criteria used for identifying suitable habitats for
fluvial Arctic Grayling in northern watersheds? Does it
improve our ability to accurately predict the occupancy and
distribution of populations in un-surveyed watersheds? Can
these indices or criteria be incorporated into life-stage specific
occupancy modelling and distributional monitoring for the
species?

Schlosser and
Angermeier (1995);
Faucsh et al. 2002;
Falke et al. 2013;
Kirsch and Peterson
2014; McPherson 2020
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Appendix — Supplementary Data

Table A-1 Mean values for habitat variables measured at sites sampled in Fork Creek (n = 47), March Creek (n =
36), Lened Creek (n = 31), Dozer Creek (n =5), and Guthrie Creek (n = 64).

VARIABLE FORK MARCH LENED DOZER GUTHRIE
Elevation (m) | 1270 + 132 1132 £ 126 1168 £101 965 +0.89 1196 £ 131
(989-1478) (914-1361) (986-1342) (965-967) (1020-1463)
Velocity 0.75+0.25 0.97£0.25 1.08 £0.34 0.59+0.41 0.69 +0.22
(m/s) (0.33-1.45) (0.58-1.59) (0-1.93) (0.23-1.12) (0-1.35)
Water Temp 7.21+2.19 6.36 £1.60 5.76 £1.49 10.83 +0.85 7.86+2.19
(°C) (3.87-13.00) (4.00-10.00) (2.48-8.00) (9.66-12.00) (3.94-17.00)
Depth (cm) 28 +£8.90 30 +£8.80 34+10.5 33.24+£17.75 2896+ 13.1
(11.75-51.25)  (12.75-51) (0-51.25) (20.2-62.75) (9.25-68.5)
Width (cm) 480.8 £250 445.7+202.3  505.7£155.8  478.2+£250.7 363.9+207.2
(130-1432) (150-870) (270-890) (291-910) (77-998)
Boulder (%) 34+ 19 26+ 18 23+15 1+£2 22 +£22
(3-78) (1-70) (2-55) (0-5) (0-75)
Cobble (%) 46 +£15 53+18 60 £ 14 30 +34 43 +£22
(15-75) (10-85) (25-80) (0-80) (0-85)
Gravel (%) 16+9 16+8 13+6 30+19 24 £ 18
(1-45) (5-40) (3-20) (10-60) (1-70)
Silt-Sand (%) | 5+3 5+4 4+3 39 +£27 11+17
(0-15) (0-15) (0-10) (10-80) (0-89)
Run (%) 16 £26 13+18 18 £22 83+15 24 +£29
(0-60) (0-80) (0-65) (65-100) (0-100)
Riffle (%) 51+24 59 £26 66 +21 4+4 45 +30
(0-100) (0-95) (25-100) (0-10) (0-100)
Pool (%) 13+7 12+7 11+£5 14+12 15 £10
(0-30) (3-30) (0-17) (0-30) (0-60)
Cascade (%) 24 £25 16 £22 5+7 0+0 16 £23
(0-100) (0-95) (0-20) (0-1) (0-100)
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Table A-2. Water quality - Results of chemical analyses of water samples taken from the downstream main channel
of the four sub-watersheds. Values with < in front of them are below reportable detection limits.

PARAMETERS UNITS | GUTHRIE FORK MARCH DOZER
Hardness (CaCOs3) mg/L 150 120 150 300

N (Nitrate + Nitrite) mg/L 0.043 0.023 0.045 <0.02
TDS mg/L 160 130 200 320
TSS mg/L <1.0 <1.0 2.7 33
Conductivity uS/em | 270 230 280 500
pH) pH 7.90 7.86 7.89 8.03
Dissolved Cadmium (Cd) ug/L <0.02 <0.02 0.048 <0.02
Total Cadmium (Cd) ug/L 0.027 <0.02 0.079 0.067
Dissolved Sulphate (SO4) mg/L 42 37 90 110
Elements

Total Aluminum (Al) mg/L 0.014 0.016 0.88 0.026
Total Arsenic (As) mg/L 0.00094 0.00021 0.0007 0.00031
Total Barium (Ba) mg/L <0.010 <0.01 0.024 0.082
Total Calcium (Ca) mg/L 56 43 43 85
Total Cobalt (Co) mg/L <0.0003 <0.0003 0.019 <0.0003
Total Copper (Cu) mg/L <0.0002 <0.0002 0.0054 <0.0002
Total Iron (Fe) mg/L <0.06 <0.06 0.37 0.1
Total Lithium (Li) mg/L <0.02 <0.02 0.021 <0.02
Total Magnesium (Mg) mg/L 4.1 2.8 10 23
Total Manganese (Mn) mg/L <0.004 <0.004 0.59 0.027
Total Molybdenum (Mo) mg/L 0.0002 0.00025 0.00026 0.0017
Total Nickel (Ni) mg/L <0.0005 0.00079 0.12 0.0079
Total Potassium (K) mg/L 1.1 0.93 0.9 0.68
Total Selenium (Se) mg/L <0.0002 0.00023 0.00042 0.00053
Total Silicon (Si) mg/L 2.7 2.5 2.9 2.0
Total Sodium (Na) mg/L 1.1 1.1 1.2 0.98
Total Strontium (Sr) mg/L 0.2 0.15 0.17 0.16
Total Sulphur (S) mg/L 14 13 31 36
Total Uranium (U) mg/L 0.00089 0.00063 0.0005 0.0036
Total Vanadium (V) mg/L <0.001 0.0011 <0.001 0.0012
Total Zinc (Zn) mg/L <0.003 <0.003 0.053 0.013
Lab Filtered Elements

Dissolved Aluminum (Al) mg/L <0.003 <0.003 0.048 <0.003
Dissolved Arsenic (As) mg/L 0.00061 <0.0002 0.00039 <0.0002
Dissolved Barium (Ba) mg/L <0.01 <0.01 0.023 0.071
Dissolved Calcium (Ca) mg/L 53 42 42 83
Dissolved Cobalt (Co) mg/L <0.0003 <0.0003 0.017 <0.0003
Dissolved Copper (Cu) mg/L <0.0002 <0.0002 0.00087 <0.0002
Dissolved Magnesium (Mg) mg/L 4.0 2.9 10 23
Dissolved Molybdenum (Mo) | mg/L 0.0003 0.00035 0.00021 0.0018
Dissolved Nickel (Ni) mg/L <0.0005 0.00065 0.1 0.0061
Dissolved Potassium (K) mg/L 1.1 0.93 0.9 0.68
Dissolved Silicon (Si) mg/L 2.6 2.5 2.6 1.9
Dissolved Sodium (Na) mg/L 1.0 1.1 1.2 0.97
Dissolved Strontium (Sr) mg/L 0.2 0.15 0.17 0.16
Dissolved Sulphur (S) mg/L 13 13 31 36
Dissolved Uranium (U) mg/L 0.00081 0.00055 0.00031 0.0031
Dissolved Zinc (Zn) mg/L <0.003 <0.003 0.027 0.0076
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