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Abstract

The spatial and temporal heterogeneity of ecosystems plays an important role in species
distribution and ecosystem dynamics (Kovalenko et al., 2012). The physical and biochemical
properties of the waters of the Mackenzie Shelf in the Beaufort Sea are strongly influenced by
the eponymous river and its discharge plume, occasionally causing strong salinity, temperature,
and turbidity gradients (Brenkman et al., 2007; Swanson & Kidd, 2009; Jensen et al., 2014),
thus affecting the distribution of economically and culturally important organisms, among
others. Clarifying how the physical characteristics of marine habitats influence the relative
abundance and demographic characteristics of anadromous fishes has an important bearing on
management and conservation objectives. The objective of this study was to examine how the
timing and catch of Dolly Varden in the nearshore summer subsistence fishery are affected by
environmental conditions in the Beaufort Sea. In addition, we examined whether there is a
relationship between environmental parameters and the demographic and somatic

characteristics of the Dolly Varden caught.

The study analysed fisheries-dependent data from two different study sites (Herschel Island and
Shingle Point, Yukon Territory, Canada) from 2013 to 2019. Remotely sensed environmental
parameters of temperature, chlorophyll-a, turbidity, and sea ice were derived from Landsat-8
and Sentinel-2 imagery and examined along with wind vectors. To provide information on how

Dolly Varden abundances respond to stochastic environmental events in marine waters.

Measured environmental parameters show that aggregation of Dolly VVarden on Herschel Island
is spatially correlated with increased chlorophyll-a as well as SST. Stochastic turbidity events
showed a negative influence, causing specimens to seek spatial refuge in better water
conditions. Results showed similar correlations for SPT, although the parameters here are much

more difficult to differentiate due to the high suspended sediment concentration (CDOM).

Data obtained from this study indicate that the geographic distribution of Dolly Varden in the
Beaufort Sea is dependent on condition and osmoregulation (age/length). In marine waters,
adult individuals are clearly influenced by stochastic environmental events (temperature and
turbidity), opportunistically seeking out production hotspots for feeding (sea ice and
chlorophyll-a).
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Zusammenfassung

Die raumliche und zeitliche Heterogenitit von Okosystemen spielt eine wichtige Rolle fiir die
Verbreitung von Arten und die Dynamik von Okosystemen (Kovalenko et al., 2012). Die
physikalischen und biochemischen Eigenschaften des Wassers des Mackenzie-Schelfs in der
Beaufortsee werden durch den gleichnamigen Fluss und dessen Abflussfahne stark beeinflusst,
wodurch gelegentlich starke Salz-, Temperatur- und Trilbungsgradienten auftreten (Brenkman
et al., 2007; Swanson & Kidd, 2009; Jensen et al., 2014), und somit die Verbreitung von u. a.
wirtschaftlich und kulturell wichtigen Organismen beeinflussen. Die Klarung der Frage, wie
die physikalischen Eigenschaften mariner Lebensrdume die relative Abundanz und die
demografischen Eigenschaften anadromer Fische beeinflussen, hat einen wichtigen Einfluss auf
die Bewirtschaftungs- und Erhaltungsziele. Ziel dieser Studie war es, zu untersuchen, wie der
Zeitpunkt und die Fange von Dolly Varden in der kiistennahen Sommer-Subsistenzfischerei
von den Umweltbedingungen in der Beaufortsee beeinflusst werden. AuBerdem wurde
untersucht, ob es einen Zusammenhang zwischen Umweltparametern und den demografischen

und somatischen Eigenschaften der gefangenen Dolly Varden gibt.

Im Rahmen der Studie wurden fischereiabhdngige Daten von zwei verschiedenen
Untersuchungsstandorten (Herschel Island und Shingle Point, Yukon Territory, Kanada) von
2013 bis 2019 analysiert. Die fernerkundeten Umweltparameter Temperatur, Chlorophyll-a,
Tribung und Meereis wurden aus Landsat-8- und Sentinel-2-Bildern abgeleitet und zusammen
mit Windvektoren untersucht, um Informationen dartiber zu erhalten, wie Dolly Varden

Abundanzen auf stochastische Umweltereignisse in marinen Gewassern reagieren.

Die gemessenen Umweltparameter zeigen, dass die Aggregation Dolly Varden auf Herschel
Island rdumlich mit erhohtem Chlorophyll-a sowie SST korreliert. Stochastische
Trubungsereignisse zeigten einen negativen Einfluss, wodurch die Exemplare rdumliche
Zuflucht in besseren Wasserbedingungen suchten. Die Ergebnisse zeigten &hnliche
Zusammenhdnge fir SPT, wobei die Parameter hier aufgrund der hohen

Schwebstoffkonzentration (CDOM) deutlich schwerer zu differenzieren sind.

Die aus der Studie gewonnenen Daten zeigen, dass die geographische Verbreitung von Dolly
Varden in der Beaufortsee abhangig von der Kondition und Osmoregulation (Alter/Lange) ist.
In marinen Gewadssern sind erwachsene Exemplare deutlich durch stochastische
Umweltereignisse (Temperatur und Tribheit) beeinflusst, wobei diese opportunistisch

Produktionshotspots zur Nahrungsaufnahme aufsuchen (Meereis und Chlorophyll-a).
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Introduction

1 Introduction

Elucidating how the physical properties of marine habitats influence the relative abundance and
demographic properties of anadromous fishes targeted in marine fisheries is relevant to assess
the productivity of fisheries and has an important bearing on management and conservation
objectives. Habitat complexity is an important driver of faunal abundance and richness, biotic
structure, and ecosystem functioning (Kovalenko et al., 2012). Physical substrate (e.g., coral,
rock formation) or even physiochemical environmental properties and events (e.g. temperature,
salinity, turbidity) (Gouveia et al., 2019) shape a complex three-dimensional environmental
structure by which numerous spatial- and temporal niches arise with which organisms can
directly interact. (Kovalenko et al., 2012).

River deltas are dynamic environments linking freshwater and marine ecosystems, whose
physical, chemical, and biological properties are influenced by seasonal freshwater run off and
high loads of sediments and nutrients and saline sea water (e.g., Carmack et al., 2004; Gouveia
et al., 2019). These environmental systems are known to harbour a great variety of biological
diversity with multiple interlinked trophic connections leading to complex food webs (Sheaves,
2009). Riverine discharges into the coastal ocean often create a thin buoyant plume of fresh,
nutrient rich water over the dense oceanic water (Carmack & Macdonald, 2002). These
emerging, highly productive, and relatively persistent boundaries of estuary areas are rich in
phytoplankton biomass and therefore provide a predictable food source for planktivorous fishes
and the higher trophic levels that rely on them (MacGregor & Houde, 1996).

The Mackenzie River is the largest river draining into the Arctic Ocean in North America and
has a major influence on surface water properties and environmental characteristics of the
Beaufort Sea in the western Canadian Arctic (Carmack & Macdonald, 2002) (Fig. 1). The
physical properties of the coastal waters along the south-eastern Beaufort Sea integrate both the
cooler marine waters of the Beaufort Sea and the warmer freshwater inputs of river systems
(Craig, 1984). The Mackenzie Delta is particularly important as a contributor to estuarine
habitat, functioning as a migration corridor for anadromous fishes (i.e., fish that perform
seasonal migrations between freshwater and marine feeding; Gallagher et al., 2021) during the
summer months. With the Mackenzie Plume extending along 750 km of Beaufort Sea shoreline,
the relatively warm, brackish water band provides habitat for numerous anadromous (e.g.,
Arctic cisco Coregonus autumnalis, Dolly Varden Salvelinus malma) and marine (e.g., Arctic
cod Boreogadus saida) fishes that are not only prey for marine mammal species but also provide

subsistence for Indigenous communities (Craig, 1984).
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Fig. 1, Satellite view of the lower Mackenzie River and discharge plume taken.
Image taken by MODIS, (01/07/2014)

The highly productive Mackenzie Delta is situated in the boundaries of both the Inuvialuit
Settlement Region and the Gwich'in Settlement Area (Gwich'in Tribal Council and Indian and
Northern Affairs Canada 1992). Both communities have occupied the region for centuries by
relying on subsistence fishing, whaling, hunting, and food gathering (Pearce et al., 2010). As a
result, the Gwich’in and Inuvialuit have developed a cultural and socio-economic reliance on
the Mackenzie Delta and Beaufort Sea (Heine et al., 2007; Turner & Lanz, 2018). In Arctic
communities, there is concern regarding changes in the distribution and abundance of the
aquatic species harvested. It is shown that a combination of environmental factors related to the
increases in water temperatures and decreases in sea ice has led to a shift in marine sympagic
fauna (Logerwell et al., 2018). Consequently, this led to a shift in faunal migration routes, which
has resulted in a shift of species composition and harvest timing (AMAP, 2017). For some
coastal communities, subsistence species availability is shifting or is beyond the geographical

reach of harvesters (Loseto et al., 2018).

Marine fishes are widely recognized to play an important role in energy transfer from lower
(e.g., zooplankton, epibenthic invertebrates) to upper trophic levels (e.g., predators) (Loseto et

al., 2009). For many fishes of the Beaufort Sea, drivers of spatial distribution and their
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associated habitat requirements are poorly understood, which can impact conservation and
management of species that important to fisheries. In the Beaufort Sea, an important species
harvested in Indigenous subsistence fisheries is the northern form of Dolly Varden (Salvelinus
malma malma) (Pedersen & Linn, 2005; Magdanz et al., 2010; Lea et al., 2021). In the Canadian
Arctic, subsistence fisheries for Dolly Varden occur along the coast in summer and in the
Mackenzie Delta, Peel River, and Rat River during late summer and fall during the return
migration. Harvesters typically use relatively short single mesh gill nets set perpendicular to
shore. Some aspects of the life history of northern Dolly Varden are described (e.g., McCart,
1980; DeCicco, 1997) However, while it had been assumed that Dolly Varden exclusively
inhabited the warmer, brackish nearshore waters recent satellite telemetry studies demonstrated
they can also reside in more offshore habitat up to 150 km from shore in thermal conditions of
5 - 10°C (Gallagher et al., 2021). Although, Dolly Varden are known to occupy nearshore
marine habitat, the biotic and abiotic factors that influence their use of this habitat have not
been thoroughly investigated. According to Indigenous harvesters, several populations have
experienced declines in abundance, while the geographically limited number of critical habitats,
particularly in freshwater, make the species particularly vulnerable to local (e.g.,
overexploitation, stochastic events) and larger-scale events (e.g., climate change) that can
threaten long-term viability of populations. Dolly Varden is designated as "Special Concern”
under Species at Risk legislation in Canada. Sustainable fisheries and environmental drivers are

of interest to Canadian co-management stakeholders (DFO, 2019).

Research infrastructure in the Arctic however remains sparse and challenging in comparison to
temperate regions. This makes it challenging to detect rapidly occurring environmental changes
and to infer potential impacts on fish population. Remote sensing bears great potential in
overcoming some of these issues. It provides the opportunity to capture a wide range of surface
parameters with a high temporal repeatability and good availability (Braga et al., 2017). It has
been shown in the past to be an important tool for understanding coastal hydrodynamics and
processes and is commonly used for coastal zone management strategies (Giardino et al., 2019).
Challenges in using remote sensing exist. Oscillations in the hydrology or biochemistry can
alter the spectral properties of components in the water column. The spectral properties of water
constituents can be affected by any hydrological, physical, or biochemical change, with
noticeable impacts on chlorophyll-a (Poddar et al., 2019) and turbidity values (Dogliotti, 2015),
as well as brightness temperature (Wukelic et al., 1989). Yet, recent technological progress in
remote sensing, algorithm development and its connection to biological and physical
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monitoring at high enough spatial and temporal resolution has allowed an examination of the
mechanisms of fish distribution (Reese et al., 2011). It is the ambition of this thesis to test
remote the capacity of remote sensing to resolve environmental parameters in the southern
Beaufort Sea and to link it to fish harvesting strategy in order to better characterize these
mechanisms. Over the years, several hypotheses on food availability (Holland et al., 2021),
predation (Pelicice et al., 2014), as well as temperature (Reese et al., 2011) have been proposed
to explain the main mechanisms that determine the variability of distribution. The approach of
this thesis uses new information to test these hypotheses over greater areas using remote

sensing.
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1.1 Aims and objective

The physical and biochemical properties of the waters from the Mackenzie Shelf in the Beaufort
Sea are strongly influenced by the eponymous river through its high loads of freshwater
discharge (Carmack & Macdonald, 2002). As a result, strong saline, thermal, and turbidity
gradients may occasionally occur on the open water (Brenkman et al., 2007; Swanson & Kidd,
2009; Jensen et al., 2014). With the ability to provide broad-scale, real-time data on aquatic
environmental parameters, remote sensing has widely been used in the past for fisheries
exploitation and management strategies (e.g., Andrade, 2003; Zainuddin et al., 2008).
Therefore, approaches provide information on specific spatiotemporal environmental
conditions and processes that are known to affect habitat use fish populations (e.g., temperature,
turbidity, etc.) (Klemas, 2013).

The aim of this study was to investigate how the timing and catches of Dolly Varden in coastal
summer subsistence fisheries were influenced by environmental conditions in the Beaufort Sea.
Furthermore, it was examined whether there was an association between environmental
parameters and the demographic and somatic properties of harvested Dolly Varden. For this
study, fisheries-dependent data from two different study sites (Herschel Island and Shingle
Point, Yukon Territory, Canada) were analysed from 2013 to 2019. Remotely sensed
environmental parameters temperature, chlorophyll-a, turbidity and sea ice were derived from
Landsat-8 and Sentinel-2 images and examined along with wind vectors were also included.
The following specific hypotheses were tested in the thesis:

H1 = Habitat use of anadromous Dolly Varden in terms of spatial distribution, is influenced by

changing environmental drivers in the Beaufort Sea

H2 = Habitat use of anadromous Dolly Varden in terms of somatic fitness is influenced by

changing environmental drivers in the Beaufort Sea.

This thesis is the product of a collaboration between the Alfred Wegener Institute for Polar and
Marine Research in Potsdam, Germany and the Department of Fisheries and Oceans in
Winnipeg, Canada.
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2 Scientific background

2.1 Research area
The study was conducted in the south-eastern Beaufort Sea at two different locations west of

the Mackenzie Delta. The areas of interest, namely Herschel Island Qiqiktaruk (69°36'N;
139°04'W) and Shingle Point Tapqaq (68°59'N; 137°22'W), are located on the coast of the
Yukon Territory, Canada. Both are within the Inuvialuit Settlement Region (Burn, 2012) and
are the traditional hunting and fishing areas principally used by the Inuvialuit from the hamlet

of Aklavik, Northwest Territories.

2.1.1 Beaufort Sea
Being a marginal sea of the Arctic Ocean, the Beaufort Seas coast and shelf extend from Banks

Island (Canada) to Inupiaq (Alaska) and encompasses three distinct shelf environments and two
significant river systems (Harper, 1990). Along the coast (~ <80 km from shore) the waters of
the Beaufort Sea are relatively shallow and rarely exceed 60 m in depth. The depth increases
rapidly northwards (Canada Basin) up to ~3700 m and turn into a massive plateau (Alberta
Society of Petroleum Geologists, 1951). The nearshore bathymetry is an extension of the Yukon
Coastal Plain and is gently sloping towards the North except for a several cross-shelf troughs
and plateaus (Harper, 1990). Several long and narrow barrier-islands are situated along the coast
of the Yukon Coastal Plain. The largest island along the coast is Herschel Island Qigiktaruk (4
km offshore) (Fig 2) (Harper, 1990). The climatic condition in the region is generally
characterized by long and cold winters (October — May), and short moderate temperate
summers (June — September). For the Mackenzie Shelf, strong temperature gradients are
associated with the large extent of the Mackenzie River discharge waters, leading to a general
decrease in thermal properties towards offshore. To the outer parts of the shelf, the water
column exhibits a relatively narrow range of temperature and salinity values as typical of the
Arctic Ocean water mass. Under the surface layer, which is generally limited to depths of 50 m
or less, thermal values range within 1 °C of freezing point and salinity ranges from 31 to 33.5
psu. There is a relatively wide span of temperature-salinity properties at the surface, which is
primarily influenced by the seasonal driven heat exchange at the surface. Over the winter,
surface temperatures drop to a few tenths of a degree below freezing as a result of heat loss to
the atmosphere and the resulting ice formation, with surface salinity rising to levels above 31
psu. During early summer, temperatures are generally high, typically ranging from 5 to 16 °C
because of the Mackenzie River discharge's warm waters and strong solar radiation at this time
of year. The high level of solar radiation in summer, combined with the extensive open water

areas, may results in surfaces temperatures of up to 6 °C and a salinity of up to 25 psu. (Fissel-
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Birch, 1984). With the onset of rising temperatures between mid-May and beginning of June,
the discharge of the river reaches peak values, whereby the estuary is quickly flooded.

The surface waters of the Yukon coastal plain and Mackenzie Shelf have a distinct estuarine
character as they are strongly influenced by the Mackenzie River, which large freshwater
discharge into the Arctic Ocean (330 km? y!) (Dunton & Carmack, 2006), visually affecting
the physical water properties of the Beaufort Shelf (Macdonald et al., 1998).

The discharge waters characteristically disperse along the nearshore zone, whereas, according
to Giovando and Herlinveaux (1981), the dispersion within the shelf is strongly dependent on
winds and the extent of the surface water. Under the absence of winds, the effluent plume
propagates eastwards along the Tuktoyaktutk Peninsula, with easterly winds carrying the turbid
effluent plume into deep waters. The riverine freshwater mixes with the salty marine water,
resulting in nutrient-rich oceanographic fronts, forming rich feeding grounds for organisms of
different trophic levels, such as anadromous coastal- and euryhaline marine fishes, and marine
ichthyoplankton and zooplankton (Bost et al., 2009). The highly productive Mackenzie Delta
is situated in the boundaries of both the Inuvialuit Settlement Region and the Gwich'in
Settlement Area (Gwich'in Tribal Council and Indian and Northern Affairs Canada 1992). Both
communities have occupied the region for centuries by relying on subsistence fishing, whaling,

hunting, and food gathering. (Turner & Lantz, 2018).
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Fig. 2, Map of the Beaufort Sea in the southwestern Canadian Arctic, illustrating the bathymetry, coastline, and
place names, spanning from Inupiaq to Banks Island. Base map provided by Esri, Garmin, GEBCO, NOAA, NGDC
and other contributors, retrieved from ArcGIS online.
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2.1.1.1 Herschel Island Qigiktaruk

Herschel Island Qigiktaruk (HIQ) is part of the Yukon Coastal Plain physiographic region,
which is a landward extension of the Beaufort Sea shelf (Rampton, 1982). HIQ is located about
70 km east of the Yukon-Alaska border and the southern Beaufort Sea. The island covers an
area of approximately 108 km? (8 x 15 km), with a peak elevation of 185 m above sea level
(Lantuit & Pollard, 2005) (Fig. 3 a). The topography of the island is characterized by rolling
hills and steep cliffs that are up to 50m high (Fritz et al., 2012). Coastal thermokarst can often
be observed on the coastal slopes as retrogressive thaw slumps (Lantuit & Pollard, 2008). The
island is separated from the mainland by the very shallow Workboat Passage (< 3 m deep, about
2 km wide), where longshore currents frequently cause sediment resuspension (Klein et al.,
2018). During the summer months, the north shore is exposed to strong wave energy from the
Beaufort Sea while the east side is relatively sheltered (Hill et al., 1991). To the northeast of
HIQ there is considerable upwelling, enhanced by the Mackenzie Trough, with sea surface
temperatures as low as 1 degree. During westerly winds, down welling is promoted, which
forces the surface water toward the coast. Since 1987, the entire island has been part of the
Herschel Island Territorial Park, whose mandate is to protect and preserve the lands and waters
of the area to sustain Inuvialuit subsistence activities (Burn, 2012). Human presence is generally
limited to the settlement area on Simpson Point next to Pauline Cove llutag (PC). This
settlement has been historically used by Inuit people and greatly increased in size at the turn of
the 19" and 20" century with the rise of the whaling industry (Burn, 2012).

2.1.1.2  Shingle Point Tapgaq

Located approximately 40 km off the mouth of the Mackenzie River, Shingle Point Tapgaq
(SPT) is a 7-10 km long driftwood covered gravel spit that extends into the Beaufort Sea.
(Irrgang et al., 2019) (Fig. 3 b). One side of Shingle Point is shallow and sheltered (harbour
sided), while the other side is turbulent and deep (sea sided), while the shape of the island can
undergo annual changes due to storms and wave action. Because of the high influence of the
Mackenzie River, the water characteristics are distinctly brackish, turbid, and warm. There are
about 20 cabins on the gravel bar, some of which are used year-round by Inuvialuit
communities, while the area is important primarily to Aklavik residents for cultural and
subsistence activities such as camping, fishing, whaling, caribou hunting, travelling and berry
picking. The headland of Shingle Point is generally divided into three camps (Down the Hill,
Middle Camp and The Point). (Loewen et al., 2013)
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Flg 3, Map of the study area in the southwestern Canad/an Arctic of the Beaufort Sea at the boarder of the
Yukon Territory. lllustrating the Mackenzie River Delta and the two respective sampling sites a) Herschel Island
Qigiktaruk and b) Shingle Point Tapqaq. Base map provided by Esri, Garmin, GEBCO, NOAA, NGDC and other
contributors, retrieved from ArcGlIS online.
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2.2 Dolly Varden, Salvelinus malma

The Dolly Varden (Salvelinus malma) belongs to the family of the salmonidae. The species is
distributed in the northern hemisphere and endemic to cold-water streams of the northern
Pacific Ocean, Asia, and North America (Mochnacz et al., 2010). S. malma consists of four
recognized subspecies that are divided into two American and two Asian subspecies. In North
America, the "Southern form™ of Dolly Varden (S. m. lordi) is found in the eastern North Pacific
along and south of the Alaska Peninsula. The "northern form™ of Dolly Varden (S. m. malma)
inhabit areas north of the Alaska Peninsula west to the Chukotka Peninsula and east to the

Mackenzie River in North America.

2.2.1 Morphological description

The Canadian Dolly Varden, Salvelinus malma malma (Walbaum, 1792) populations, hereafter
referred as Dolly Varden, populations encompass three different life history strategies, which
can be either anadromous, resident, or isolated (Gallagher et al., 2019). Such as other species
that undergo partial migration strategies, Dolly Varden are described as polymorphic. Whereas
the general morphological traits of the northern form of Dolly Varden have been described in
detail by COSEWIC (2010), individuals show different traits regarding their life strategy (i.e.,
smaller-sized resident and larger-sized migrant) (Harris et al., 2015). Non-spawning, smoltified
specimens, also called "silvers"”, exhibit a silvery ground colour at the base with pale pink to
orange spots scattered along the sides (> 100 mm). Mature, anadromous individuals can range
in size from approximately 350 to 850 mm and show similar vivid colouration for both sexes.
The species is characterized by a brownish-black dorsal fin and an orange-reddish ventral
surface. The sides and tip of the male’s snout are orange while white leading edges are seen on
the maxilla and pectoral fins (COSEWIC, 2010). Males also exhibit secondary sexual
characteristics such as a pronounced dorsal ridge, a kype on the lower jaw, a notch on the upper

jaw, and enlarged teeth (Fig. 4 & 5).
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Fig. 4, mature anadromous male of S. malma malma (COSEWIC. 2010)
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Fig. 5, mature anadromous female of S. malma malma (COSEWIC, 2010)

2.2.2 Life history and migratory behaviour

Anadromous Dolly Varden populations have been documented for six river systems in the
North Slope (Yukon Territory) as well as in the areas west of the Mackenzie River and Peel
River (Northwest Territories) (Gallagher et al., 2013). Gallagher et al. (2012) emphasized the
different biological characteristics of the various anadromous populations in the area. The
individuals in the Firth River were observed to be larger and older than in other systems, with
males in the Babbage River being larger than females. In all systems, individuals of both sexes
were found to mature at the same age, with the proportion of female fish in the populations
clearly outweighing the males. Life history strategies of individuals often vary between and
within populations. Generally, with warming temperatures and ice cover break up (mid-June),
smoltified (first emergence into the sea), anadromous Dolly Varden migrate annually on a
seasonal basis from freshwater (spawning and overwintering) grounds to marine feeding
habitats (typically at 2-5 years of age) (Gallagher et al., 2018). Freshwater salmonid migratory
behaviour enables animals to exploit the energy resources of highly productive coastal waters,
resulting in pronounced growth and larger body size of animals compared to non-migratory
animals (Jonsson & Jonsson, 1993). Although marine migration has a positive effect on
reproductive performance through size and increased energy reserves, reproductive maturity is
considerably later than in non-migratory conspecifics. Still, migration tactics can vary strongly
between and within populations (Hendry et al., 2004). In previous studies, adult Dolly Varden
were found to spend an average of 6 to 7 weeks in marine waters during the summer. In that
time, they attempted to acquire sufficient energy reserves to survive the winter with little or no
additional feeding (Armstrong & Morrow, 1980). Brown et al. (2018) found that time at sea for
post-spawning was on average 3 weeks longer than for non- spawners, presumably because
they required more time feeding in response to the increased energy demands associated with
spawning (Dutil, 1986).
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Younger individuals tend to inhabit the nearshore, less saline waters given the less developed
osmoregulation (McCormick & Saunders, 1987). Mature individuals on the other hand, occupy
warm, brackish waters in the coastal zone (Bond & Erickson, 1989) along with open waters up
to 100 km offshore, where they inhabit the warmer (2° - 8° C) upper layers (0.1 - 2.2 m)
(Courtney et al., 2018).

Because anadromous individuals rarely feed during spawning and overwintering seasons, the
bulk of energy accumulation for growth and reproduction occurs primarily during the summer
months (Glova & McCart, 1974). In coastal waters, the species mainly feeds on smaller fish,
insects (aquatic and terrestrial; larvae, pupae, adults), crustaceans, molluscs, or annelids
(Stewart et al., 2010). Spawning occurs as early as late August to late October when individuals
have generally returned to overwintering locations upstream. Anadromous adult and juvenile
individuals show marked natal philopatry, with recruitment from other populations rarely
documented. In addition, several studies report that individuals were observed overwintering in
marine waters. Nevertheless, these individuals are believed to be non-spawning specimens
(MccCart, 1980).

2.2.3 Cultural value and trend

In Inuvialuit and Gwich'in culture, subsistence economy (i.e., hunting and fishing) plays an
essential role in their cultural identity and domestic food security (Pearce et al., 2010). In the
coastal and inland sites of Inuvialuit and Gwich'in settlement areas, the Dolly Varden harvest
(2009 - 2014) showed an annual average harvest of between 654 and 1086 fish (Lea et al.,
2021), making the species an essential subsistence fishery resource for indigenous traditional
lifestyle (Magdanz et al., 2010). For many generations, the Inuvialuit have fished Dolly VVarden
along the coast at Herschel Island, Ptarmigan Bay, King Point, and Shingle Point. Generally,
larger fish are caught at Herschel Island, an observation attributed to the less turbid water with
higher salinity (Burn, 2012). Scientific observations (e.g., Bouchard et al., 2017; Ehrlich et al.,
2020) and Indigenous knowledge (e.g., Steiner et al., 2019) found that a combination of
warming temperatures and decreasing sea ice have led to shifts in terrestrial and aquatic
migratory pathways, whose effects led to shifts in the species composition and harvesting
season. According to the Inuvialuit, changing environmental conditions have led to shifts in
marine species distribution and abundance in the coastal zone as well as increasing effort to
access harvesting grounds (Loseto et al., 2018; Steiner et al., 2019). However, geographically

limited number of critical habitats, particularly in freshwater, make the species particularly
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vulnerable to local (e.g., overexploitation, stochastic events) and larger-scale events (e.g.,
climate change) that can threaten long-term viability of populations. Dolly Varden is designated
as "Special Concern™ under Species at Risk legislation in Canada. Sustainable fisheries and

environmental drivers are of interest to Canadian co-management stakeholders (DFO, 2019).

2.3 Remote sensing

Since the 1960s, remote sensing has been increasingly used to collect environmental
information using satellites. The acquisition of data is based on the reflectance and/or
electromagnetic radiation (EMR), which is emitted and/or reflected by a certain object. The
measured radiance results from the flux of electromagnetic energy, which is transmitted from a
surface in direction by a unit angle (o) and is given as (W/m? sr). Consequently, the radiant
energy and target objects can interact in three different ways: 1) Absorption by internal
conversion of rays into energy; 2) Scattering/deflection by particles and molecules; 3)
Transmission by radiation passing through the object or is emitted. (Deschamps et al., 1985)

The characteristics of water in remotely sensed products are determined by complex optical
properties and energy-object interactions. The colour properties of water bodies are strongly
influenced by the particulate and dissolved matter (Dassenakis et al., 2011). Pure water appears
to be colourless because of the low reflectance properties and the high transmission in the
visible spectrum (400 - 760 nm). The reflectance decreases significantly at higher wavelengths
in the visible range. The penetration of blue wavelengths (450 - 495 nm) is highest in pure
water, whereas near infrared radiation (NIR) is completely absorbed by it. A yellow-brown
colouration of the water body can be attributed to the presence of dissolved organic and/or
particulate matter (SPM) as well as chlorophyll-a (Chl-a), which absorb the blue rays in the
visible spectrum. (Mather & Koch, 2011).

Chl-a absorbs waves of different length spectra, which are mostly below 500 nm, between 640
and 690 nm and can even reach peak values around 560 and 710 nm. For this reason, sensors
with a high spectral resolution are required for its detection (Ruddick et al., 2016). The
reflection of wavelengths in the green range can be relatively high due to absorption and
backscattering of dissolved organic and particulate matter in the water body. At high
concentration, the signals in longer wavelengths increase due to the scattering of light. (Chen
etal., 2014).
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2.3.1 Satellite platforms

In this thesis, remotely sensed imagery from the Landsat 8 and Sentinel-2 platforms was used.
The current generation of multispectral sensors aboard these satellites offers opportunities for
synoptic and detailed surveillance applications in aquatic environments. Due to the improved
(i) radiometric sensitivity (ii) spatial resolution (iii) overflight cycles as well as (iv) improved
spectral configuration in the NIR range, satellites have been shown to be a particularly suitable

tool for water resources surveillance (Gernez et al., 2017; Pahlevan et al., 2019).

Landsat 8 (L8) was launched on 11 February 2013, with normal operations starting on 30 May
2013. The repeat cycle of the ground orbit of L8 spans 16 days with an equatorial crossing time
at 10:00 a.m. Scenes with three paths (66; 67; 68) cover the study area, with a repetition time
of seven to nine days. The platform has two sensors: 1) Operational Land Imager (OLI) that
measures eight multispectral bands in the visible, NIR and short-wave infrared (SWIR), which
have a resolution of 30 m, and a panchromatic band with a resolution of 15 m; and 2) Thermal
Infrared Radiometer Sensor (TIRS) that measures two bands with a spatial resolution of 100 m
(Table 1) (USGS 2016). TIRS is sensitive to thermal infrared wavelengths and allows the

separation of atmospheric and land surface temperature.

Table 1, Landsat 8 spectral bands, wavelengths, and spatial resolution.

Searoton Spal ot
Band 1 - Ultra Blue (coastal / aerosol) 0.435-0.451 30
Band 2 - Blue 0.452 - 0.512 30
Band 3 - Green 0.533-0.590 30
Band 4 - Red 0.636-0.673 30
Band 5 - NIR 0.851-0.879 30
Band 6 - Shortwave Infrared (SWIR)1 1.566 - 1.651 30
Band 7 - Shortwave Infrared (SWIR)2 2.107 - 2.294 30
Band 8 - Panchromatic 0.503-0.676 15
Band 9 - Cirrus 1.363-1.384 30
Band 10 - Thermal Infrared (TIRS) 1 10.60- 11.19 100
Band 11 - Thermal Infrared (TIRS) 2 11.50-12.51 100
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Sentinel 2 satellites (S2) encompass Sentinel 2A and 2B, which move in a sun-synchronous
orbit. The satellites support the monitoring of various environmental parameters. Sentinel-2A
and 2B were launched in 2015 and 2017, respectively by the European Space Agency (ESA).
Both satellites have a 10-day repetition cycle and are equipped with a Multispectral Instrument
(MSI) sensor, which covers 13 spectral bands from blue to shortwave infrared and thus
complements Landsat-8's OLI data (Table 2). Sentinel-2A and 2B include three bands in the
visible- and one in the near infrared (NIR) spectrum with a spatial resolution of 10 m. The Red-
Edge and SWIR bands have a resolution of 20 m. Water vapour, cirrus bands and aerosol have
a spatial resolution of 60 m (USGS, 2017).

Table 2, Sentinel -2 spectral bands, wavelengths, and spatial resolution

Sentinel-2 Bands Spect_ral resolution Spatial resolution
(Micrometers) (Meters)
Band 1 - Coastal / aerosol 0.0443 60
Band 2 - Blue 0.490 10
Band 3 - Green 0.560 10
Band 4 - Red 0.665 10
Band 5 - Vegetation Red Edge 0.705 20
Band 6 - Vegetation Red Edge 0.740 20
Band 7 - Vegetation Red Edge2 0.783 20
Band 8 - NIR 0.842 10
Band 8A - Vegetation Red Edge 0.865 20
Band 9 - Water vapor 0.945 60
Band 10 - SWIR- Cirrus 1.375 60
Band 11 - SWIR 1.610 20
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3 Methods

Harvest and biological data were collected from Dolly Varden subsistence fisheries along the
Yukon coast (HIQ and SPT). Parameters derived from satellite imagery and climatic records
on temperature, turbidity, chl-a concentration, and wind were then combined with harvesting

data to explore statistical relationships.

3.1 Dolly Varden catches and biological sampling
Data on the Dolly Varden harvest and biology were collected during the summer season from

2013 to 2019 (see Gallagher et al., 2013). Both harvest locations differed in the length of
summer fishing seasons, with June — August on HIQ; and July to August on SPT respectively.
On HIQ, the total harvest of Dolly Varden was conducted by rangers from Herschel Island
Territorial Park located in Pauline Cove, (PC). On SPT, members from the Aklavik community
spent the summer at the site to record the number of harvested Dolly Varden. Daily harvest
numbers (count) as well as fork length (mm) and body weight (gram) per specimen were
recorded by the harvesters at PC on HIQ (Fig. 6 a) and SPT (Fig. 6 b) respectively. (Fig. 6 b).

a) Herschel Island b) Shingle Point
Qikigtaruk Tapgaq

O %

N N

e Kilometers A s Kilometers A
0 10 20 0 35 7

Fig. 6, Map of harvesting areas at both study sites a) Herschel Island Qigiktaruk, b) Shingle Point Tapgaq. Red
rectangles represent the harvesting areas both respective study sites. Base map provided by Esri, Garmin,
GEBCO, NOAA, NGDC and other contributors, retrieved from ArcGIS online.

To capture Dolly Varden, the harvesters used 25 m long gillnets with a mesh size of 3.5 - 4
inches (8.89 - 10.16 cm) for HIQ and 3 — 3.5 inches (7.62 — 8.89 cm) for SPT. Yet, as harvesting
fell under the scope of the subsistence fishing culture of the rangers, it was primarily
opportunistic and did not follow a systematic sampling strategy. This resulted in sampling times
changing substantially from one day to the other. This also meant that harvesting did not occur
on some days or that the duration of the net deployment could vary substantially from one day

to another.
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3.1.1 Fork length and weight

Subsistence fishers of the Inuvialuit communities in the region, have a great interest in
understanding how environmental conditions affect the prevalence of large or small catches.
The spatial distribution of Dolly Varden in marine waters strongly depends on the body size of
the specimens, since a minimum size is required to cope with certain environmental fluctuations
(i.e., salinity through osmoregulation, predation). To provide information on how
environmental conditions might influence the size related distribution of Dolly Varden in the
Beaufort Sea, the information on the fork length of harvested individuals was measured from
the tip of the snout to the end of the middle caudal fin ray. Length was measured to the nearest
mm (£ 5 mm), round weight to the nearest 1 g. In situ, all biological measurements and samples

were obtained from dead fish.

3.1.2 Condition factor

In fish, the relative fitness of a specimen can be described using the condition factor (K), as it
reflects the extent of sexual maturity and the degree of nutrition (Sarkar et al., 2017). Being
derived from the body weight of a fish specimen, K is a non-lethal morphometric index for
estimating the physical fitness of fish specimens. Therefore, K assumes that larger individuals
with higher body weights have better condition (Robinson et al., 2008), whereas male and
female individuals peak at the onset of the spawning stage (Sarkar et al., 2017). In fact, a variety
of factors can influence K values, including stress, sex, time of year, nutritional resource
availability, and water quality (Ferdaushy & Alam, 2015). Being a quantitative parameter of
ontogenetic well-being, it can provide insight into reproduction and survival, with the potential
to be used to determine the current and future success of a population (Hossain et al., 2012).

According to Anderson and Gutreuter (1983), the K value of a fish is determined as follows
(Eq. 1):

_ Wx10°
=

K

(1)

where W equals to weight and L is length
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3.2 Wind speed and - direction

Wind data was gathered from two different weather stations (Herschel Island; Komakuk Beach)
and were acquired from the climate archive of the Canadian government
(http://climate.weather.gc.ca). Data from Komakuk Beach were used when the station on
Herschel Island failed (July 2013 and 2015). The weather is monitored on an hourly basis at
both stations, thereby providing 24 data points per day. Hourly wind speed and direction were
acquired for the entire summer (June — August) 2013 — 2019 apart from July 2018, as for that
time no data was retrievable. Since wind direction, unlike wind speed, is not continuous data, a
vector function was used to average the daily direction. Each data point is then transformed
into a sine (Equ. 2 & 3) and cosine (Equ. 4 & 5) vector value, according to Grange (2014):

ui=—ui*sm[2n*$ 2)

= _ 1 n —

U= - Zi=14 3
v; = —u-*cos[Zn*i] (4)
L L 360

5 1on =

V=T Li=1Vi (5)

Where ; and v;are the respective wind components for the x and y axis, u;is the point specific
wind speed while the negative sign negates the direction from where the wind is blowing.
;account for the point specific wind direction in degrees, being transformed into radians. u

and ¥ are the respective mean values of the 24 daily data point.

To calculate the resultant vector average wind speed (| Vv |) and meteorological -direction

angle (®) Equ. 6 and Equ. 7 were applied:

|V | =Vu? + u? (6)
® = arctan (%) + windflow (7)

u
windflow = +180 for arctan <5> < 180

—

u
windflow = —180 for arctan (5> > 180
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3.2.1 Seaice coverage

Both, traditional knowledge of the Inuvialuit and previous studies document a correlation
between sea ice and fish harvest (Byers et al., 2019; Gallagher et al., 2021). The interest was
focused on the effect of drifting sea ice on the summer distribution of marine fish. After the
breakup of the ice cover in spring, the sea remained ice-free in summer, except for singular
events of drift ice in July and August. Accordingly June was neglected from the analysis. The
sea-ice concentration (SIC) estimates were derived from satellite images. As ice cover varied
between locations, areas were divided into four subareas (SIC-N, SIC-E, SIC-S, and SIC-W).
Each of the respective subareas had different marine surface areas given differences in their
overlap with the land (Table 3). To determine the average abundance of sea ice cover, a circular

area of interest with a radius of 20 km was drawn around HIQ and SPT (Fig. 7).

Table 3, Surface size (m?) of the four respective sampling areas at HIQ and SPT. The sampling areas are listed in
the respective to clockwise ordination.

Shingle Point Herschel Island
Area - )
size (km?) size (km?)
SIC-N 302 258
SIC-E 123 331
SIC-S 1.7 142
SIC-W 214 153

The percent coverage of ice was determined visually for each of the four subareas according to
the methods of Timco and Johnston (2003). In contrast to a relatively temporally homogeneous

ice cover in June among sampling years, notable differences were apparent for the months of

July and August.
N N
a) Al b) A
SIC-W SIC-N
SIC-W SIC-N
SIc-S SIC-E SIC-S SIC-E
BN kiometers B <iometers
0 5 10 20 Esn. Ga GEBCO. NOAA NGDC. and other contntulors 0 5 10 20 E

Fig. 7, Sampling areas on sea ice abundance (%) at the two-harvesting sites a) Herschel Island Qikitaruk and b)
Shingle Point Tapgag. .
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3.3 Remote sensing

3.3.1 Image selection

Orthorectified OLI  data  (Levell) were retrieved from Earth  Explorer
(https://earthexplorer.usgs.gov/) provided by the United States Geological Survey USGS and
MSI data (Level-1C) were retrieved from the Copernicus Open Access Hub
(https://scihub.copernicus.eu) provided by the European Space Agency (ESA) Copernicus. The
imagery was obtained in the Level 1 Product Generation and provided in Georeferenced Tagged
Image File Format (GeoTIFF) with UTM projection and WGS84 datum. For the summer season
(2013 —2019), a total of 94 scenes were available with a cloud cover < 30% (Appendix I). It is
important to note that based on the harvest months, satellite images for HIQ span the months
of June - August whereas SPT only covers the months of July and August.

3.3.2 Radiometric Calibration and Atmospheric Correction
Satellite products (L8 and S2) were provided as calibrated top-of-atmosphere reflectance. As

satellite sensors record the electromagnetic radiation of every pixel as a digital number (DN),
these numbers are converted into units such as radiance, reflectance, or brightness temperature.
The calibration is executed regarding factors such as sensor noise, brightness of pixels and
geometric features (view- and zenith angle). According to Nazeer et al. (2014) the conversion

is expressed as the following (Equ. 8):

Mp Qcal+Ap

pA= —— — (8)

cos (0gz)

Where pA is the top of atmosphere (TOA)-reflectance, Os; is the local zenith angle; 0sz = 90°-
Ose, Ose is the local sun elevation (given in the metadata), M, stands for the Band-specific
multiplicative rescaling factor while A, is the Band-specific additive rescaling factor which both

are taken from the metadata. Qca is the quantized and calibrated standard product pixel value.

Spectral remote sensing reflectance (Rrs (X)) is primarily used to generate higher level products
over open water and can be derived from TOA and water leaving reflectance (pw).
Measurements in the ocean colour spectrum can be used to characterize water quality such as
turbidity and chl-a (Chl-a) concentration (O'Reilly et al., 1998). Reflectance in the blue and
green wavelength spectrum are used to estimate the Chl-a concentration (Franz et al., 2015)
while reflectance in the red wavelength estimates suspended particulate matter (\Vanhellemont
& Ruddick, 2014). Therefore, according to Mobley (1999), Rrs (1) can be defined as pw(d),
which is corrected for bidirectional effects and normalized by downwelling solar irradiance (Eq

(1)) above the sea surface (Equ. 9).
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w(0,DA wX
Rrs(0, ®,1) =2 E(dm ) = Bl )

Where Rrs(2) is the remote sensing reflectance (srl), pw (A) accounts to the water leaving
reflectance; Ed()) is the downwelling irradiance occurring on the sea surface and © = 3.142. 0

and @ specify the polar and azimuthal directions.

The satellite sensors that record the electromagnetic radiation also measure the reflection of the
object of interest as well as the effects of the atmosphere. Therefore, to measure the surface
reflectance of an object of interest, atmospheric correction (AC) is necessary as it removes the

effects of scattering and absorption.

ACOLITE is a freely available software which was developed by the Royal Belgian Institute
of Natural Sciences (RBINS). It was designed to process Landsat (5/7/8) and Sentinel-2 (A/B)
imagery data primarily. The software encompasses preconfigured atmospheric correction
algorithms. It was designed for the purpose of quantifying inland and marine water properties,
making it applicable to study sediment fluxes or algal blooms in the water body (Davis et al.,
2016). The downloaded files were the acquired Level 1 L8/S2 images that included the
calibrated TOA reflectance of all spectral bands (Pahlevan et al., 2017).

AC for remote sensing reflectance (Rrs 1) was performed with the ACOLITE software (version
20190326.0). In this thesis, Dark Spectrum Fitting (DSF) was executed as a standard AC-
method in Acolite. DSF is specifically developed for aquatic applications of Landsat and
Sentiel-2 imagery (Vanhellemont & Ruddick, 2018). The DSF method on L8 and S2 imagery
is an adapted method for aquatic applications, which encompasses an automated tiled
procession for the complete satellite scene and an optional scene-based glint correction
(Vanhellemont, 2019). The approach of the AC is that it uses various dark targets in the
subscene to create a "dark spectrum™ that is then used to derive the atmospheric path reflectance
(ppath) according to the best-fitting aerosol model. The best-fitting band which yields the lowest

Ppath In then chosen automatically (Vanhellemont, 2019).
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3.3.3 Retrieval of Chlorophyll- a

Chl-a concentration (ug/l) was retrieved by applying the widely tested Ocean Chlorophyll
algorithm at three Rrs (A) (OC 3) by O'Reilly et al. (1998). The ratios of the maximum of the
two blue bands (Rrs A 443 or 490 nm) and the green bands (Rrs A 560 nm) are related to Chl-a
concentration (ug/1) with a fourth-order polynomial relationship. Alternatively, the red and NIR
bands are applied over highly turbid waters to estimate Chlorophyll (Franz et al., 2014) (Equ.
10):

i
Rrs (A blue)
logio(chla) = a, 2?:1 a; (logm (M(A—gr:;) )) (10)

Where a, and a; are sensor specific coefficients, and Rrs (A blue) and Rrs (A green) are the
greatest of values from 443 > 483 and 555 nm, respectively, on the OLI/ MSI sensors aboard
Landsat 8 and Sentinel-2

3.3.4 Turbidity

The atmospheric corrected water-leaving reflectance (pw) was transformed into turbidity as
Formazin Nephelometric Unit (FNU) by ACOLITE using the algorithm of Dogliotti et al.
(2015). Being an inherent optical property, with no response to the ambient light field, FNU is
better attributed to the bio-optical models that underlie many remote sensing approaches
(Dogliotti et al., 2015) whereby it is measured with an infrared light source. Since the algorithm
is primarily based on the approach that water surface reflectance increases with greater particle
load in the water column which shifts to the red or near-infrared range (Giardino et al., 2017)

so the purpose particle load can be estimated (Ruddick et al., 2006).

The algorithm assumes that particulate backscattering is equivalent to turbidity. Turbidity is the
measure of the proportion of the scattered light at a 90° angle to forward transmitted light at
860 nm in comparison to the equivalent proportion of the Formazin suspension (Nechad et al.,
2010). The pw is associated with optical properties such as the reflection and refraction of the
water surface, and the proportion between the water-leaving and down welling radiance. These
properties are related to absorption and backscattering of radiation, which are expressed by
particulate and non-particulate contribution. Since the non-particulate backscatter in turbid
water is negligible, the turbidity specific absorption and backscatter results in the ratio between
particulate contribution and turbidity (Nechad et al., 2009). The relationship between turbidity

(T) and water reflectance (wp) is established according to Dogliotti et al. (2015) (Equ. 11):
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_ Apw®)
= ey LENU] (11)

Where the Ar and C are two wavelengths that are dependent to calibration coefficients, C is
determined by applying inherent optical properties, and At is in situ measurements of turbidity
derived from a non-linear regression. When the reflectance pw is less than 0.05, which equals a
turbidity < 15 FNU, the red band is used. For reflectance >0.07 and turbidity >45 FNU, the NIR
band is applied (Dogliotti et al., 2015).

3.3.5 Retrieval of suspended particulate matter (SPM)

To convert pw (L) into suspended particulate matter (SPM), ACOLITE applies bio-optical
algorithms that are subject to the NIR spectral range according to Nechad et al. (2010). As the
reflectance increases with growing SPM concentration, longer wavelengths are applied for high
concentrations and shorter wavelengths for low or moderate concentrations (Nechad et al.,
2010). The particulate backscattering is predicted to be equivalent to the SPM aggregation with
an additional fixed specific particulate backscattering coefficient. The coefficients demonstrate
a spectral magnitude of variation that is subject to the size and composition of the particles.
Therefore, backscattering in the green, red, and NIR spectrum is influenced by particulates
(Nechad et al., 2010). Two wavelengths depending on calibration (Equation 12 and 13)
coefficients are part of the formula, which are derived from inherent optical properties:

A= 2 (12)

bpp
Where A is the ratio of non-particulate absorption (a,,) to the particulate backscattering

(byp) coefficient

¢ = Db (13)

"
ap

C is the ratio of particulate backscattering coefficient (b,,) to the particulate absorption

coefficient (a;).

SPM concentration (g/m?3) can then be calculated according to the following equation of
Nechad et al. (2010) (Equ. 14):
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— _APow@o0) | pp
SPM = ooy ey T8 (14)

Where pw (Ao) is the water leaving reflectance and AP is the ratio of non-algal particulate
absorption to the specific particulate backscattering coefficient (bwp/SPM). C is the ratio of
bbp/SPM to the specific particulate absorption, (a,/SPM) AP (g/m3) and CP (dimensionless) are
related to the inherent optical property (I0OP). BP describes uncertainties in the measurements.

3.3.6 Retrieval of brightness Temperature
There is a strong positive correlation between the extent of radiant flux radiated by an object

and its true kinetic temperature. Accordingly, the radiant temperature of an object can easily be
determined by remotely placed radiometers. Yet, there are stray light issues associated with the
two TIRS bands (Band 10 and Band 11) due to the curvature of the optical lens (Montanaro et
al., 2014). Thermal Infrared Sensor (TIRS) Band 10 was used given its higher accuracy
compared to band 11(Barsi et al., 2014). Thermal infrared image data from Landsat satellites
are only available as L1T data product, as they are not provided with AC by USGS. Therefore,
according to Wukelic et al. (1989), the conversion from digital numbers (DN) to spectral
radiance (LX) (Equ. 15) was computed beforehand executing the calculation of brightness
temperature (BT, [K]) (Equ. 16):

BT[°C] =K, * [In (%) +1]-273,15 (16)

Where Lmv and La are the radiance multiplier and radiance add, K> = 774.89 [W/ (m2*sr* um)]
and Ky = 1321.08° K are thermal constants provided by Landsat Metafile (MTL), and L, is the
spectral radiance exiting the top of the atmosphere. To retrieve brightness temperature as °C,

273.15 units were subtracted.
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3.3.7 Sample design at study site

The remote sensing images were obtained from the area where harvesting occurred. To examine
the influence of marine habitat properties on Dolly Varden (e.g., influence of the Mackenzie
River plume and upwelling areas), areas of interest (AOI) were delineated in the vicinity of the

harvesting locations.

For both study sites, the AOIs were divided into Near (N-area) and Far (F-area) subclasses,
with the subclasses distinguished in their surface area and distance from the sampling site.
There is evidence from previous studies that hydrodynamic variability is greater in the coastal
zone than in open waters, (e.g., Klein et al., 2019; Asplin et al., 2020), thus the N- and F-areas
differed in shape and size in order to be able to record the best possible signal in the coastal-
and offshore areas. In total, 10 AOIs (1 harvesting site; 4 N-area; 5 F-Area) were selected
randomly location-based around HIQ and SPT (Fig. 8). The AOIs varied in their area size and
distance from shore, respective to their subclass. Regarding the resolution of Landsat 8 (30 m)
and Sentinel 2 (10 m), the AOIs were drawn at a distance of at least 7 (L8) and 20 (S2) pixels
(200 m) off the coastline to avoid mixing of terrestrial and aquatic pixels (Klein et al., 2019).
Overall, N- areas were drawn in distance to coast of at least 150 - 500 m (HIQ) and 500 - 1500
m (SPT), while the F-areas were drawn to extract offshore information (distance > 10 km; < 30

km).
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Fig. 8, Areas of interest (AQIs) divided into Near (N-area) and Far (F-area) subclasses for both research locations Whereas a)
and b) illustrate the the F-Area subclasses (F1 — F5) for both research areas c) and d) depict the N-Area (N1 — N4 plus PC/
SPT) subclasses of HIQ and SPT respectively
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Each AOI contained randomly distributed sampling points to extract pixel values of
environmental parameters (Table 4). The random point function in the spatial analyst toolbox
in ArcMap 10.7.1 was used to draw random sampling points within the areas of interest. To
ensure that the sampling points were homogeneously distributed in the respective AOls, a
minimum distance (F-areas (200 m), N-areas (100 m) and harvesting area (50 m)) was set for
the sub-categorical areas between the individual points.

Subsequently, the multi-value to point function in ArcMap was used to extract parameter values
at each sampling point. The attribute tables were then exported as .txt and processed in RStudio
(1.4.1103) for statistical analysis.

Table 4, Areas of interest size (m?) of HIQ and SPT (Near vs. Far). The subareas are listed in the respective category in the
numbers from 1 to 5, additionally the number of extraction points per area is listed.

Shingle Herschel

Area Point Island No. of sampled
size (km?)  size (km?) points
1 8.25 8.25 100
2 8.25 8.25 100
Near 3 8.25 8.25 100
4 8.25 8.25 100
Harvest site 1.75 0.27 75
1 76.5 76.5 250
2 76.5 76.5 250
Far 3 76.5 76.5 250
4 76.5 76.5 250
5 76.5 76.5 250
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3.4 Data transformation and statistical analysis

Dolly Varden harvest, condition, and length were examined for inter-annual variation among
months (June - August) and between sampling sites. In addition, factors were analysed for
relationships with environmental parameters wind and ice cover and remote sensing data BT,
Chl-a, turbidity, and SPM.

Data were tested for deviation from normality using a Shapiro-Wilk test and variance of
homogeneity using Levene’s test. Differences were accepted as statistically significant on an a
level of 0.05. The results were reported as mean * standard deviation (SD). All statistical
analyses and tests were performed according to (Zar, 1999) and using Microsoft Office Excel
365 and RStudio (1.4.1103).

3.4.1 Testing Dolly Varden parameters

Given the residuals were normally distributed, Dolly Varden variables condition factor and fork
length were tested on statistical inter-annual differences using a One Factorial Variance
Analysis (ANOVA). In case where the assumption of normal distribution was violated, a
Kruskal-Wallis test was used instead. The temporal scale uses the number of calendar days in
the summer season from June to August where the 1st of June corresponds to "day 1" and the

31st of August corresponds to "day 92".
3.4.2 Regression Analysis (Wind and Ice)

A multiple linear regression (MLR) analyses was applied to test the assumption that Dolly
Varden harvest, fork length and condition at both harvesting sites were affected by wind vectors
(direction and speed) and ice coverage. All variables were range-transformed to normalize the
data. To remove wind-days that did not significantly explain residuals of the response variables,
an automatic stepwise selection procedure was applied This procedure yielded an analysis
encompassing wind speed and direction 0,24 and 48 hours prior to harvest day at both points
(HIQ and SPT). Selection of explanatory variables was based on an a level of 0.05 (two-sided

tests). Non-significant interaction terms were removed before testing.

3.4.3 Environmental remote sensing parameters

The values of the environmental parameters of the satellite images were extracted for each AOI.
The centred and scaled environmental variables of each AOI were compared then intra- and
inter-annually. Additionally, environmental parameters were tested on the area subclasses

between geographical harvest site locations (HIQ vs. SPT) by applying an independent samples
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T-test. In cases when the assumption of normal distribution was violated, a Mann-Whitney-U-

Test was used.

3.4.4 Redundancy Analysis (RDA)

A redundancy analysis (RDA) was performed for both harvesting sites (HIQ and SPT)
separately to assess which environmental factors significantly explained variations in Dolly
Varden harvesting numbers, somatic condition, and size. Prior to the analysis, all variables were
range-transformed to normalize the data. The main axes (components) were constrained to be
linear for the best combinations of the environmental variables (Ramette & Tiedje, 2007), and
multiple regressions were used to model variations between environmental- (explanatory) and
Dolly Varden (response) variables. The statistical significance of the RDA was tested with 1000
permutations (o level 0.05). The environmental data used for the RDA were a combination of
wind, sea ice cover as well as AOI respective remote sensing derived parameters (BT, Chl-a,
turbidity, and SPM). To remove environmental variables that did not significantly explain
residuals variations of the response variables, an automatic stepwise selection procedure was
applied (Legendre & Legendre, 2012). This approach resulted in a reduced RDA, containing of
the environmental variables with the strongest statistical influence on the variance of the Dolly
Varden parameters. Statistical analyses were executed using the vegan packages of the RStudio
(1.4.1103).
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4 Results

The results for HIQ and SPT are presented separately where | report on sampling areas first,
followed by the results of the fish parameters and the influence of wind and ice cover. Finally,

the environmental parameters derived from the remote sensing presented.

4.1 Harvesting numbers
4.1.1 Herschel Island

A total of 2107 Dolly Varden were caught among 644 harvesting days over the summers of
2013 - 2019 (210 days in June; 217 days each in July and August). The numbers were highly
variable among summer months. A peak in harvest numbers was observed between mid- and
end of July (day 30 — 60) with a total number of 1168 fish harvested during this month. The
total numbers for June and August were 344 and 605 Dolly Varden, respectively (Fig. 9). The
annual harvest numbers were highest in 2018 (n = 619 fish) and lowest in 2013 (n = 188 fish)
and 2014 (n = 189 fish).
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Fig. 9, Seasonal harvesting numbers of Dolly Varden (S. malma malma) at Herschel Island Qigiktaruk (HIQ) in
dependence of the calendar day (starting 1% of June) throughout sampling years (2013 — 2019).)
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4.1.2 Shingle Point

A total 1433 Dolly Varden were caught on 109 harvesting days among the summers of 2013 -
2019 (82 days in July and 27 days in August). The numbers were highly variable between
months. A peak in harvesting numbers was typical between mid- and late-July (day 30 — 60)
with a total number of 1207 fish harvested during this month. The harvest in August was 226
fish (Fig. 10).

The annual harvest was highest in 2014 (n = 419) whereas the lowest was in 2018 (n = 47).
Years 2017 and 2019 had a total reported harvest of 147 Dolly Varden.
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Fig. 10, Seasonal harvesting numbers of Dolly Varden (S. malma malma) at Shingle Point Tapgaq (SPT) in
dependence of the calendar day (starting 1° of June) throughout sampling years (2013 — 2019).
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Results

4.2 Forklength
4.2.1 Herschel Island

The size of Dolly Varden at HIQ was highly variable over the summer. On average, greater
lengths were recorded in June (579.56 = 83.66 mm), followed by August (565.34 + 90.79 mm)
and July (559.05 + 86.01 mm). The average fork length was significantly different among
months (F2,1433=4.49, p = 0.01). The Tukey HSD post-hoc test showed a statistically significant
difference between June and July. Annually, the greatest length observed in June (day 1 — 30)
was in 2018 (609.55 + 42.65 mm) whereas the lowest values were in 2019 (565.49 + 100.18
mm). However, no statistically significant difference was found among the sampling years
(Fe,183=1.36, p = 0.232) (Fig. 11).

In July (day 31 - 62), the greatest lengths were in 2013 (586.67 + 59.9 mm) and 2017 (584.14
+ 74.81 mm) while 2014 had the lowest mean values for July (525.16 £ 89 mm). The Tukey
HSD post-hoc test revealed that the year 2013 and 2017 were statistically significant different
to 2014 (Feg22= 4.71 p<0.001).

In August (day 63 — 94), the highest mean value was in 2017 (584.54 + 89.37 mm) and 2019
(582.61 + 81.88 mm) whereas the lowest mean values were in 2014 (510 + 79.29 mm) and 2013
(512.89 + 78.6 mm).
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Fig. 11, Average fork length (mm) of Dolly Varden (S. malma malma) throughout the summer season among
sampling years at Herschel Island Qigiktaruk (HIQ). The dots represent individual samples, whereas the coloured
line represents the mean value trend throughout the season.
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Results

4.2.2 Shingle Point

Similar to HIQ, the fork length of Dolly Varden harvested at SPT fluctuated over the sampling
months. Dolly Varden harvested in July (497.52 + 70.93 mm) had a greater average length than
the ones harvested in August (475.87 + 68.89). Accordingly, a statistically significant difference
was found in the fork length between both sampling months (t 1411y = 4.32, p < 0.001).

A peak in distribution of fork length is typically reached in mid-July (day 40 — 50), with a
decreasing trend towards the end of the season (day 65 - 70) (Fig. 12).

In July (day 31 - 62), the highest length values were in 2013 (586.67 + 59.9 mm) and 2017
(584.14 + 74.81 mm) while 2014 had the lowest mean values for July (525.16 + 89 mm). The
Tukey post-hoc test revealed that the year 2013 and 2017 were statistically significant different
compared to 2014 (Feg22= 4.71 p<0.001).

In August (day 63 — 94), the highest mean length value was in 2017 (584.54 + 89.37 mm) and
2019 (582.61 + 81.88 mm) whereas the lowest mean values were in 2014 (510 £ 79.29 mm)
and 2013 (512.89 + 78.6 mm).
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Fig. 12, Average fork length (mm) of Dolly Varden (S. malma malma) throughout the summer season at Shingle
Point Tapqagq (SPT) per sampling year (2013 — 2019). The dots represent the length of individual fish, whereas
the coloured line represents the mean value trend throughout the fishing season.
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4.3 Condition factor
4.3.1 Herschel Island

The condition factor of Dolly Varden harvested at HIQ demonstrated a steady increase over the
summer. Whereas in June (day 0-30) fishes had an average K of 0.87 + 0.16, in July (day 31-
62) the K rose to 1.07 = 0.18 and reached highest recorded values in August (1.17 £ 0.27).
However, the different sampling years had differences in their respective monthly average
values.

For June, the highest values were recorded in 2016 (1.01 + 0.12) while 2014 (0.77 + 0.6) had
the lowest K. The Tukey Post-hoc test showed a significant difference between years 2014 and
2016 (Fs,183 = 8.95, p < 0.001).

For July, the highest values were recorded in 2015 (1.15 + 0.18) while 2013 (0.94 + 0.08) and
2018 (0.99 £ 0.18) had the lowest K values. Comparing the entire sampling years, the post hoc
showed a significant difference between the years 2015 as well as 2013 and 2018 (Fs,822 = 15.08,
p <0.001).

For August, the highest mean value was in 2015 (1.35 + 0.16) whereas the lowest was in 2014
(1.14 £ 0.08). Regarding the Tukey Post-hoc the only statistically significant difference
between the 2015 and 2014 (Fa,346 = 2.68, p = 0.03) (Fig. 13).
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Fig. 13, Average condition factor of Dolly Varden (S. malma malma) throughout the summer season among
sampling years at Herschel Island Qigiktaruk (HIQ). The dots represent taken samples, whereas the coloured line
represents the mean value trend throughout the season.
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Results

4.3.2 Shingle Point

Similar to HIQ, fish condition at SPT increased over the summer season. In July (day 31 - 62)
the K had a mean (xSD) value of 1.07 = 0.18 and increased to 1.17 £ 0.27 in August. The
sampling years however showed differences in their monthly average values (Fig. 14).

For July, the highest average values were recorded in 2018 (1.07 + 0.09) while 2014 (0.72 +
0.27) had the lowest K. Sampling year demonstrated a significant difference in Dolly Varden
K. As a result of the strongest deviation from the interannual mean values, the post-hoc test
revealed a significant difference in July values between the years 2014 and 2018 (Fs, 64 = 3.35,
p = 0.009).

For August, the highest mean value was in 2016 (1.19 + 0.06) whereas the lowest mean value
was in 2014 (0.73 £ 0.4). The Tukey Post-hoc Test found no interannual statistically significant
difference in the fork length of Dolly Varden caught in August at SPT (Fs19=1.98, p = 0.15).
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Fig. 14, Average condition factor of Dolly Varden (S. malma malma) throughout the summer season around
Shingle Point Tapgaq (SPT). The dots represent individual fish, whereas the coloured line represents the mean
value trend throughout the fishing season. The seasonal trends in the fork length are sorted by the individual

sampling years (2013 - 2019).

Page | 48



Results

4.4 Wind directions and speed for HIQ and SPT

A total of 610 data points (June n= 207, July n= 187, August n= 216) during the study period
(2013 - 2019) was included to the analysis (Fig. 15).

For all three months, winds were primarily blowing from E-SE and W - NWN cardinal
direction. The average wind speed was considered moderate (17.02 + 7.6 km/h). June had an
average wind speed of 16.39 = 7.02 km/h, primarily from the E - ESE cardinal direction. The
highest speed values (38.26 km/h) blew from W - NW, with minimum values (3.88 km/h)
recorded from all directions. July had an average wind speed of 17.44 + 7.14 km/h typically
from NW and ESE. The maximum speed was 39.16 km/h while the lowest was 4.33 km/h.
Like June, the highest speed values blew from the NW in July, with the low values showing no
specific direction. August showed an average wind speed of 17.26 + 8.46 km/h primarily from
E - SE, WSW - W and NW. The highest speeds reached values up to 48.42 km/h, which blew
from WSW - W direction. The lowest values had speeds up to 5.67 km/h.
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Fig. 15, Windrose diagram showing wind direction and speed frequency for the summer months June, July and
August. Data was acquired for 2013 - 2019 from the weather station at Simpson Point, HIQ. Diagram is based on
acquired satellite data in scope of the thesis and does not cover wind data of the whole respective month.
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Results

4.4.1 Herschel Island
The multiple linear regression used to predict Dolly VVarden parameters demonstrated that wind

speend and direction were poor explanatory varialbles based on the very R? explained by the
wind factors (Table 5). No significant linear correlation was found on dispersal mechanisms in
terms of condition and length. Harvest numbers had a significant negative linear relationship
with wind speed and direction on harvest day and 48 hours beforehand. The results show that
most of the Dolly Varden were caught in moderate wind speed (20 - 28 km/h) in June and July
and in fresh breezes (28 - 38 km/) in August. The wind direction on HIQ was clearly dominated
by SE (2 radians) as well as NW (5 - 6 radians) (Fig. 16).

Table 5, Multiple regression predicting Dolly Varden parameters by explanatory wind variables.

Day Parameter Wind speed Wind direction (sin) Wind direction (cos)
Harvest number -0.13** -0.25 -1.55%*
Harvest day Condition factor <0.01 0.02 0.02
Fork length 1.04 -5.11 -11.55
Harvest number -0.41 -0.55 -1.09
24 h prior Condition factor <0.01 -0.1 0.01
Fork length 1.08 -8.39 -13.17
Harvest number -0.12 * -0.99 * -0.8
48 h prior Condition factor <0.01 <0.01 0.03
Fork length 1.04 -6.59 -0.39
Significant explanatory variables are indicated with the following symbols.
*P < 0.05.
**p <0.01.
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Fig. 16, Number of harvested Dolly Varden at Herschel Island Qikigtaruk (HIQ), depending on wind direction
(radians). With the different symbols representing the month of the annual sample period while the symbols
size illustrates the magnitude of wind speed at the data point.

Page | 50



Results

4.4.2 Shingle Point
The models show for all three response variables a very low proportion of variance (adj R?) that

is explained by both wind factors (Table 6). The regression analysis found no statistically
significant linear relationship between the windspeed, direction and Dolly Varden parameters.
Nevertheless, harvest numbers were highest at SE and NW cardinal directions (Fig. 17).

Whereas the highest rates were obtained at wind speeds of 10 - 20 km/h on the day of harvest.

Table 6, Multiple regression predicting Dolly Varden parameters by explanatory wind variables.

Day Parameter Wind speed  Wind direction Wind direction Adj. R?
(sin) (cos)
Harvest number -0.79 -1.17 -1.97 0.03
Harvestday  Condition factor 0.05 0.01 <0.01 0.02
Fork length 0.51 1.35 3.227 0.01
Harvest number -0.66 -0.23 -1.55 0.01
24 h prior Condition factor <0.01 0.02 0.03 <0.01
Fork length 0.26 -0.53 -1.46 0.02
Harvest number -0.24 0.22 -1.08 0.01
48 h prior Condition factor <0.01 -0.01 <0.01 0.01
Fork length 0.36 -1.71 --6.23 0.02
Significant explanatory variables are indicated with the following symbols.
*P <0.05.
**p <0.01.
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Fig. 17, Number of harvested Dolly Varden at Shingle Point Tapgaq (SPT) depending on wind direction (radians).
With the different symbols representing the month of the annual sample period while the symbols size
illustrates the magnitude of wind speed at the data point
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Results

45 Seaice

Among study years there was no ice cover within a 2 km radius from PC. Within the 20 km
radius, ice cover was present in 4 scenes in 2013, with an overall average (mean + SD) of 6.87
* 6.88 % cover, and in 2018 (6 scenes) with 34.58 + 22.77 % cover. A significant albeit weak
relationship (R? of 0.18) was found (F1, 30 = 6.65, p = 0.01) between ice cover and harvest
numbers. No significant relationship was found between ice and condition factor (F1, 10 = 0.447,
p = 0.51) and fork length (Fz,19 = 0.163, p = 0.69) with an R? of 0.02 and 0.01 respectively.

The four areas demonstrated different percentage of ice cover. The western area (SIC-W)
showed the highest values on average (12.5 £ 27.71 %) whereas the southern area recorded the
lowest values (3.44 + 12.6 %). The northern (SIC-N) and eastern (SIC-E) areas showed an
average sea ice coverage of 9.69 + 22.84 % and 5 £ 12.75 % respectively (Fig. 18).

A simple linear regression was calculated to predict the harvest number based on the sea ice
coverage (%). A significant regression equation was only found for SIC-E (F1,30=4.89, p =
0.03) and SIC-N (F1,30=5.98, p = 0.02) with an R2 of 0.14 and .012 respectively.
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Fig. 18, Number of harvested Dolly Varden specimens at Herschel Island Qigiktaruk (HIQ), in dependence to Sea
ice coverage (%) of the respective sampling. Whereas the black point represent the sample size at the respective
ice coverage, linear regression is represented by the red line.

Page | 52



Results

4.6 Remote sensing (Sentinel 2 and Landsat 8)
4.6.1 Herschel Island
4.6.1.1 Brightness Temperature

June displayed the lowest average BT values among the three months (275.97 £ 4.14 K). The
highest average values were observed in July (281.82 + 2.92 K), whereas August was in
between June and July with average BT values of 279.89 + 3.54 K (Fig. 19).
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Fig. 19, Average monthly brightness temperature (BT) values for Herschel Island Qigiktaruk (HIQ) representing
the sampling period 2013 - 2019. Data was derived from Landsat 8 thermal infrared channels (Band 10). Values
were measured in Kelvin (K)

The mean BT pixel values in June were marginally higher in the F-areas (276.21 + 4.75 K) than
the N-areas (275.74 £ 3.53 K). In July, both F- (281.88 + 3.05 K) and N-areas (281.77 + 2.82
K) had similar mean values. In August, higher pixel means were observed in the N-areas (280.3
+ 3.25 K) compared to F-areas (279.48 + 3.81 K) (Fig. 20 a & b).

The highest annual average BT for the summer months were recorded in 2016 (281.57 + 4.27
K) while the lowest was in 2015 (278.32 = 3.87 K). The annual average BT value across all
years for the summer months was 279.36 + 4.04 K. This number, however, was strongly

influenced by values in July due to the high amount of data available for that month.

The AOIs displayed different average BT values for the summer months, which appeared
related to the geographical proximity to the Mackenzie Delta and influence of the Mackenzie
River plume. The highest average BT values were observed in F3 (280.49 + 3.9 K) and PC
(280.38 £ 4.22 K), while the lowest mean values were detected in N1 (277.7 £ 3.79 K) and F4
(278.15 + 3.64 K).
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Fig. 20 Monthly (June — August) mean brightness temperatures (BT) values around Herschel Island Qigiktaruk in

dependence of the sampling year (2013 — 2019). Whereas a) illustrates mean values for the N-Areas, b) shows
mean values for the F-Areas. Values were measured in Kelvin (K)
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4.6.1.2 Chlorophyll-a

The average monthly chl-a concentrations in the upper water column demonstrated similar

temporal patterns to BT. The lowest average values were observed in June (2.83 + 1.49 pug/l)

and the highest in July (5.32 + 3.2 pg/l) with August’s average in between (3.47 + 1.23 pg/l)
(Fig. 21).

Chlorophyll-a (pg/l)
Value
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Fig. 21, Mean monthly Chlorophyll-a (Chl-a) values for Herschel Island Qigiktaruk (HIQ) representing the
sampling period 2013 - 2019. Data was derived Landsat 8 and Sentinel 2 satellite imagery. Values were
measured in microgram per litre (ug/l)

The average (xSD) chl-a concentrations in June were marginally higher in the F-areas (3.06 +
1.88 pg/l) compared to the N-areas (2.62 + 0.94 pg/l), July had similar average values for both
sub-areas with 5.39 + 3.3 pg/l and 5.25 £ 3.09 pg/l for N- and F-areas respectively. In August,
higher concentrations were observed in the N-areas (4.09 + 1.13 pg/l) than in the F-areas (2.82+
0.97 ug/) (Fig. 22 a & b).

The highest annual chl-a values for the summer months were recorded in 2013 (6.62 + 3.98
ug/l), whereas the lowest annual average was in 2019 (2.53 £ 0.79 pg/l). The average annual
chl-a values for summer months among years was 4.16 + 2.69 pg/l, which was strongly

influenced by values in July due to the high data availability for that month.

The AOIs displayed different average chl-a concentrations, which appeared to be related to
geographical location and exposure to the Mackenzie River plume. The highest chl-a values
were observed in F3 (5.44 +3.43 pg/l) and PC (4.73 £+ 3.17 pg/1) while the lowest were observed
in N1 (3.63+ 1.93 pg/l) and F4 (2.95 + 2.32 pg/l).
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Fig. 22, Monthly (June — August) mean logarithmic chlorophyll-a (Chl-a) concentration around Herschel Island
Qigiktaruk in dependence of the sampling year (2013 — 2019). Whereas a) illustrates mean values for the N-
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4.6.1.3 Suspended particulate matter (SPM)

The highest average values of SPM on the sea surface were observed in June (14.35 + 9.87
g/m3), while the lowest values, unlike the other parameters, were observed in August (11.81 +
7.35 g/m3). SPM in July were between the other two months and showed an average of 13.34 +
7.29 g/m?3 (Fig. 23).

SPM (g/m?)

Value

o High : 35
- Low : 0
Fig. 23, Average monthly suspended particulate matter (SPM) values for Herschel Island Qigiktaruk (HIQ),
representing the sampling period 2013 - 2019. Data was derived Landsat 8 and Sentinel 2 satellite imagery.
Values were measured in grams per cubic metre (g/m?3)

The SPM values in June were higher in the F-areas (22.11 + 29.79 g/m?3) compared to N-areas
(15.58 = 14.1 g/m3). Average July values in N-areas (14.15 + 5.91 g/m3) were marginally higher
than F-areas (12.36 + 8.6 g/mq). In August, higher concentrations were detected in N-areas
(15.04 + 7.17 g/m?3) than F-areas (8.42 + 5.92 g/m?3) (Fig. 24 a & b).

The annual average SPM for the summer months showed minor inter-annual fluctuations with
an average value of 12.08 + 6.53 g/m3. An outlier was observed in 2013, which had the highest
average value of particulate matter (23.71 £ 12.19). Alternatively, the lowest average values
were detected in 2016 (8.64 + 5.47).

As for BT and Chl-a, the AOIs displayed different average SPM values for the summer months
based on their geographical position and proximity to the Mackenzie River plume. Whereas the
highest SPM values were observed in F3 (16.77 + 15.55 g/m?3) and PC (17.94 £ 13.61 g/md),
the lowest average values were in N4 (13.97 + 7.28 g/m3).
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Fig. 24 Monthly (June — August) mean logarithmic suspended particulate matter (SPM) concentration around
Herschel Island Qigiktaruk in dependence of the sampling year (2013 — 2019). Whereas a) illustrates mean
values for the N-Areas, b) shows mean values for the F-Areas. Values were measured in grams per cubic meter

(9/ m3)
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4.6.1.4  Turbidity

The patterns observed for turbidity were similar to those of SPM. In the upper water column,

the highest average turbidity values were in June (24.45 + 49.3 FNU), while the lowest was
observed in August (9.32 + 6.48 FNU). July (12.66 + 13.39 FNU) was slightly above the general

seasonal average and thus between the two other months (Fig. 25).

Turbidity (FNU)
Value
- High : 55
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Fig. 25, Average monthly turbidity (FNU) values for Herschel Island Qigiktaruk (HIQ), representing the sampling
period 2013 - 2019. Data was derived from Landsat 8 and Sentinel 2 satellite imagery. Values were measured in
Formazin Nephelometric Units (FNU)

The turbidity values in June were higher in F-areas (22.11 £ 29.79 FNU) compared to N-areas
(15.58 + 14.1 FNU). July had similar average values for both sub-areas, although N-areas
(11.49 £ 6.56 FNU) were marginally higher than F-areas (11.03 + 14.86). In August, higher
turbidity values were detected in the N-areas (15.04 £ 7.17 FNU) compared to F-areas (8.42 +
5.92 FNU).

Turbidity displayed similar interannual patterns to SPM, with an average turbidity value for the
summer months of 15.95 + 30.5 FNU and small inter-annual fluctuations. One outlier was the
year 2013, which had the highest turbidity concentration (54.47 £ 82.46 FNU). Similar to SPM,
this outlier was a result of high readings in June and was considerably different to other years.
Alternatively, the lowest values were observed in 2016 (9.74 + 5.57 FNU).

Like the other parameters, the AOIs displayed different average values based on their
geographical position and exposure to the Mackenzie River plume (Fig. 26 a & b). Whereas the
highest average turbidity values for the summer months were observed in F3 (18.4 + 39.37
FNU) and PC (18.5 + 33.78 FNU), the lowest average values were in N4 (14.49 + 17.06 FNU).
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Fig. 26, Monthly (June — August) mean logarithmic turbidity (FNU) concentration around Herschel Island
Qigiktaruk in dependence of the sampling year (2013 — 2019). Whereas a) illustrates mean values for the N-
Areas, b) shows mean values for the F-Areas. Formazin Nephelometric Units (FNU)
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4.6.2 Shingle Point
4.6.2.1 Brightness temperature

With the decreasing ice cover at the beginning of summer, the temperature values for the two
sampled summer months at SPT showed little difference in their averages. Nevertheless, the
maximum average values were in July (284.73 + 3.53 K) while August was slightly below
(283.74 + 4.56 K) (Fig. 27).
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Fig. 27, Average monthly brightness temperature (BT) values for Shingle Point Tapqagq, representing the
sampling period 2013 - 2019. Data was derived from Landsat 8 thermal infrared channels (Band 10). Values
were measured in Kelvin (K)

The values of BT pixel values in July in F-areas (285.12 + 3.22 K) were marginally higher than
N-areas (284.34 + 3.8 K) while means in both sub-areas were similar in August (282.51 +5.01
K) (Fig. 28 a & b).

The highest annual average BT values among summer months were recorded in 2016 (286.12
+ 3.44 K) while the lowest was in 2019 (280.57 £ 5.1 K). The annual average BT value among
all years for the summer months was 286.12 + 3.44 K. This number, however, was strongly

influenced by values in July due to the high data availability during that month.

The AOIs displayed different average BT values for the summer months, which seem to be
related to the location and proximity of the Mackenzie River plume. The highest average BT
values were observed in F2 (285.37 £ 3.39 K) and F1 (284.45 £ 3.94 K) while the lowest mean
values were detected in N4 (281.9 £ 6.99 K).
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Fig. 28, Monthly (July — August) mean brightness temperature (BT) values around Herschel Island Qiqgiktaruk in
dependence of the sampling year (2013 — 2019). Whereas a) illustrates mean values for the N-Areas, b) shows
mean values for the F-Areas. Values were measured in Kelvin (K)
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4.6.2.2 Chlorophyll-a

Similar to HIQ, average monthly chl-a concentrations in the upper water column at SPT
demonstrated similar temporal patterns to BT. The highest average values were observed in
July (6.16 +2.77 pg/l). The values in August were lower than those in July, showing an average
of 5.75 £ 2.72 ng/1 (Fig. 29).
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Fig. 29, Average monthly chlorophyll-a (Chl-a) values for Shingle Point Tapgagq, representing the sampling
period 2013 - 2019. Data was derived from Landsat 8 and Sentinel 2 satellite imagery. Values were measured in
microgram per litre (ug/l).

The average chl-a values in July values were 6.59 + 3.1 pg/l in F-areas and 5.25 + 3.09 ug/l in
the N-areas. Higher pixel values were observed in the N-areas (6.2 + 2.82 ng/1) than in the F-
areas (5.16 = 2.53 pg/l) in August (Fig. 30 a & b).

The highest annual chl-a values for the summer months were recorded in 2014 (7.57 £ 2.4 ug/l)
whereas the year with the lowest average was in 2019 (3.6 = 1.43 pg/l). The average annual
chlorophyll-a values for the summer months across all years was 5.75 + 2.69 pg/l, although this
was strongly influenced by values in July due to the high data availability during that month.

The AQIs had different average chl-a values, with the highest observed at SPT (5.44 + 3.43
ug/l) and N1 (6.69 + 3.72 ug/l) while the lowest values were recorded in F2 (4.67+ 1.73 ug/l).
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Fig. 30, Monthly (July — August) mean chlorophyll-a (Chl-a) concentration around Shingle Point Tapqaq (SPT) in
dependence of the sampling year (2013 — 2019). Whereas a) illustrates mean values for the N-Areas, b) shows

mean values for the F-Areas. Values were measured in microgram per litre (ug/l).
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4.6.2.3 Suspended particulate matter (SPM)

The monthly average values of SPM in the upper water column had higher average values in
July (52.44 * 26.56 g/m?3), while the lowest values were recorded in August (42.09 + 23.17
g/m3) (Fig. 31).
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Fig. 31, Average monthly suspended particulate matter (SPM) values for Shingle Point Tapqagq, representing the
sampling period 2013 - 2019. Data was derived from Landsat 8 and Sentinel 2 satellite imagery. Values were
measured in grams per cubic metre (g/m?3)

The SPM values in July had high concentrations of SPM in the N-areas (59.88 + 31.78 g/m3),
whereas the F-areas during that month had lower concentration (45.36 £ 17.82 g/m3). In August,
values decreased although N-areas (48.43 + 28.7 g/m?d) still had a greater SPM accumulation
than F-areas (36.19 + 15.98 g/m?) (Fig. 32 a & b).

The annual average SPM values for the summer months had relatively minor fluctuations with
an average of 52.14 + 29.65 g/m3. The year 2019 had the highest particulate matter average (64
+ 35.27 g/m3). The lowest average values were recorded in 2016 (40 £ 23.47 g/m3).

Like the other parameters, the AOIs displayed different average SPM values for the summer
months based on their geographical position and proximity to the Mackenzie River plume. The
highest average SPM values were in F6 (16.77 £ 15.55 g/m3) and F2 (17.94 £ 13.61 g/m3),
while F4 (36.14 £ 29.97 g/m3) and N1(36.89 + 23.13 g/m?) had the lowest concentrations.
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Fig. 32, Monthly (July — August) mean suspended particulate matter (SPM) concentration around Shingle Point
Tapgaq (SPT) in dependence of the sampling year (2013 — 2019). Whereas a) illustrates mean values for the N-
Areas, b) shows mean values for the F-Areas. Values were measured in microgram grams per cubic meter

(g/m>).
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4.6.2.4  Turbidity

The patterns of the results for turbidity had strong similarities to SPM. At the sea surface, the
highest average turbidity values were in July (156.22 + 143.08 FNU) while slightly lower values
were observed in August (141.8 £ 138.49 FNU) (Fig. 33).

Turbidity (FNVU)

Value
memr High : 200

-Low 0

Fig. 33, Average monthly turbidity values for Shingle Point Tapqaq, representing the sampling period 2013 -
2019. Data was derived from Landsat 8 and Sentinel 2 satellite imagery. Values were measured in Formazin
Nephelometric Units (FNU)

The average July turbidity values were higher in the N-areas (189.3 + 169.76 FNU) than the F-
areas (124.71 £ 103.14 FNU). In August, average turbidity had decreased although the N-areas
(174.6 £ 166.63 FNU) still demonstrated higher average values than the F-areas (109.55 + 94.57
FNU) (Fig. 34 a & b).

The interannual average turbidity values around SPT had an average of 158.56 + 147.67 FNU.
Similar to SPM, the highest concentration for turbidity was in 2019 (230 + 189.9 FNU) while
the lowest was in 2015 (84.52 + 52.84 FNU).

Like the other parameters, the AOIs displayed different average values based on their
geographical position and exposure to the Mackenzie River plume. The highest average SPM
were in F2 (302.15 + 154.69 FNU) and F6 (294.45 + 159.37 FNU), while F3 (68.33 + 95.05
FNU) and F4 (75.58 + 99.96 FNU) had the lowest turbidity concentration.
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Fig. 34, Monthly (July — August) mean turbidity concentration around Shingle Point Tapqaq (SPT) in dependence
of the sampling year (2013 — 2019). Whereas a) illustrates mean values for the N-Areas, b) shows mean values

for the F-Areas. Values were measured in Formazin Nephelometric Units (FNU)

Page | 68



Results

4.6.3 Overview of remote sensing Parameters

The environmental parameters derived from the satellite imagery demonstrated significant
differences between HIQ and SPT (Table 7). All parameters showed significantly higher values
in both area groups on SPT. While SPM and turbidity were five and ten times higher than the
values at SPT, temperature showed a difference of approximately 3 Kelvin between the two
points. Although a difference in chl-a concentration of N-areas of about 2 pg/l was observed,

no statistically significant difference in F-areas between locations was detected.

Table 7, Overview of satellite imagery derived environmental parameters according to both respective sampling
points HIQ and SPT). For each value the mean value (mean) and standard deviation (SD) are given according to
N- and F-Areas at both respective sampling sates. Both sampling sites were tested with an independent samples
t-test. Results are shown on last column

Parameters SPT (n =45) HIQ (n =49) Lavene's Test t-test

Mean SD Mean SD F p t df p
Chl -a
Near Areas 6.48 3.02 4.52 2.86 0.09 0.76 -5.84 313.00 il
Far Areas 5.54 2.38 5.03 2.93 4.12 0.43 -1.73 331 n.s.
Brightness Temp
Near Areas 283.87 4.19 280.97 3.37 1.87 0.17 -5.28 188 il
Far Areas 284.55 3.66 281.30 3.20 0.86 0.36 -6.44 183 rrx
Turbidity
Near Areas 119.88 100.48 9.57 13.00 | 137.43 0.07 | -12.72 319 il
Far Areas 184.51 168.41 12.89 9.52 27097 0.13 | -12.75 333 Fohk
SPM
Near Areas 42.43 17.73 11.17 8.07 76.61 0.11 | -19.15 319 il
Far Areas 56.28 31.22 14.40 6.27 210.48 0.06 | -16.51 330 Hhk

Significant explanatory variables are indicated with the
following symbols.

***p = 0.001.

n.s. = not statistically significant
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4.7 Redundancy Analysis
4.7.1 Herschel Island
4.7.1.1 Selection of parameters

As an explanation of the response of Dolly VVarden parameter on HIQ, the outcome of the step
wise selection revealed a number of 19 explanatory environmental variables for best fit model
out of the initial 47 (40 remote sensing-, 3 wind- and 4 ice variables) (Table 8).

Table 8, RDA result for each response variable (harvest number, body weight, fork length) in relation to the

explanatory variables included in the model. Parameters to explain the response variable were chosen based on
the stepwise selection. Asterisks symbolise the degree of significant linear correlation.

Response variable Parameter Estimate p value Adj R? p model
‘F2-Chl’ -0.47 o
Windspd48 -0.43 oxk
"N4-FNU® -0.23 *
"PC-ChI’ 0.75 ok
Harvest number . . 0.64 Hokk
N1-Chl -0.49 *
"F4-FNU” 0.26
“SIC-E° 0.17
Windspd -0.2
"N4-Chl 1.19 ok
‘F4-Chl® -0.21 oxk
"F2-Chl’ -0.13
"N1-FNU® -0.53 ok
"N4-FNU® 0.57 oxk
Condition factor ‘PC-FNU -0.55 oxk 0.87 *kx
"N1-Chl’ -0.69 ok
‘F4-BT -0.14 *
"F1-Chl’ -0.28 *
"F5-Chl’ 0.16
"PC-ChI’ -0.09
“SIC-N" -0.40 ok
"PC-ChI’ 0.41 oxk
‘F2-Chl’ -0.41 o
Fork length ‘PC-FNU" -0.57 o 0.49 *xk
'F5-Chl® 0.38 o
'F3-BT -0.59 *
'F1-BT 0.29
Significant explanatory variables are indicated with the following symbols.
*P <0.05.
**p <0.01.
*%%p = 0,001
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4.7.1.2 Redundancy Analysis on selected parameters

The RDA analysis for HIQ (Fig. 35) indicated a statistically significant relationship between
selected environmental parameters and the and the characteristics of Dolly Varden harvesting
numbers and somatic factors. According to the permutation test, the ordination of the vectors
between the canonical axes in the RDA model was statistically significant (p < 0.05) and

revealed an adjusted coefficient of determination (adj. R?) of 0.51.
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Fig. 35, Redundancy Analysis (RDA) of the biological parameters of Dolly Varden (S. malma malma). RDA 1 (40.1
%) and RDA2 (30.13 %) show the relation of the response varibles (red arrows) on the environmental parameters
of the different AOIS as explanatory variables (blue arrows). The length of an arrow reflects the contribution to
explain the total variance while a small angle between two arrows represents the strength of the correlation
between the two corresponding parameters. The RDA was significant (p < 0.05) and revealed an adjusted
coefficient of determination of 0.51.
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The first two axes explained 70.23 % of the variance in Dolly Varden indices. The first RDA
axis (RDA1,; 40.1% of the explained variability) was associated with harvest numbers while the
second RDA axis (RDAZ2; 30,13 % of the explained variability) was correlated with the somatic
parameters (Fig. 35). The ordination of the vectors in the RDA can be defined in two groups

with each drawing a correlation towards the response variables.

The highest contribution for the explanation on the variance of the response variables (indicated
by the arrow length) was provided by sea ice (N and E), FNU (F4) and Chl-a (F2, N4 and PC).
The environmental parameter values of east and south facing AOls, however, showed a stronger

influence on the Dolly VVarden parameters than the north and west facing AOIs.

The small angle between arrows of the response and explanatory variables in the triplot suggest
a positive linear correlation of harvest with BT (F4, F3 and F1), FNU (F4), sea ice coverage
(SIC-N and SIC-E) and chl-a concentration in Pauline Cove (PC-Chl). A negative correlation
was evident between harvest numbers and increasing concentration of turbidity (PC, N1 and
N4), chl-a (F4, F2, F1 and N1) as well as windspeed (harvest day and 48h prior).

Both, fork length and condition factor were strongly correlated with RDA2. The triplot
illustrates the two factors are positively correlated with chl-a concentration around HIQ (PC,
N4, F5, N1 and F1). Additionally, FNU (N4) and windspeed (48 hours prior) also display an
angle < 90° towards both response variables, suggesting a positive correlation towards the
response variables. Arrows of the turbidity in AOIs F4 and N1 as well as chl-a of F4 and F2
point both in the opposite direction, indicating a negative relationship with the somatic factors
of Dolly Varden harvested at HIQ.

The outcome RDA should be interpreted with caution, as the limited number of data may cause

unwanted effects and spurious interactions.
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4.7.2 Shingle Point
4.7.2.1 Selection of parameters

As an explanation of the response of Dolly VVarden parameter on SPT, the outcome of the step
wise selection revealed a number of 17 explanatory environmental variables for best fit model
out of the initial 43 (40 remote sensing-, 3 wind variables) (Table 9).

Table 9, RDA result for each response variable (harvest number, body weight, fork length) in relation to the

explanatory variables included in the model. Parameters to explain the response variable were chosen based on
the stepwise selection. Asterisks symbolise the degree of significant linear correlation.

Response Parameter Estimate p value AdjR?  p model
variable
Windspd24 -0.15
‘N1-SPM® 0.61 Hkx
"N3-FNU® -0.86 o
SPT-SPM® 0.50
‘N3-BT" -1.20 o
SPT-BT” 1.08 Hkx
'F3-Chl’ -0.21
Windspd48 -0.26 *x
Harvest number  ‘F4-SPM® -0.18 0.76 *Ex
‘N2-BT 0.89 *k
'F1-BT -2.08 Hokk
‘F4-BT" 0.63 *k
'F3-SPM® -1.26
'F5-SPM® 0.47 *ox
‘F2-SPM® -0.43 *
‘N1-BT 1.14 *
‘N4-BT" -0.59
'F1-BT -1.28 HEkx
'F2-BT 0.83 Hokk
Condition factor N2-FNU 0.32 " 0.63 *okok
‘N3-BT" 0.43 *
"F1-FNU 0.22 *
'F5-BT -0.32
‘N4-FNU® -0.68 ok
‘N1-Chl’ 0.46 *
Fork length *N3-Chl’ -1.01 ok 0.46 rokx
‘N2-Chl’ 0.34
‘F4-Chl’ 0.17
Significant explanatory variables are indicated with the following symbols.
*P <0.05.
**p <0.01.
***p =0.001.
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4.7.3 Redundancy Analysis on selected parameters

The RDA analysis for SPT (Fig. 36) indicated a statistically significant relationship between
the environmental parameters and the and the characteristics of Dolly Varden harvesting
numbers and somatic factors for SPT. According to the permutation test, the ordination of the
vectors between the canonical axes in the RDA model was statistically significant (p < 0.05)

and revealed an adjusted coefficient of determination (adj. R2) of 0.49.
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Fig. 36, Redundancy Analysis (RDA) of the biological parameters of Dolly Varden (S. malma malma). RDA 1 (44.3
%) and RDA2 (29.42 %) show the relation of the response varibles (red arrows) on the environmental parameters
of the different AOIS as explanatory variables (blue arrows). The length of an arrow reflects the contribution to
explain the total variance while a small angle between two arrows represents the strength of the correlation
between the two corresponding parameters. The RDA was significant (p < 0.05) and revealed an adjusted
coefficient of determination of 0.49.
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The first two axes explained 73.72% of the variability of the Dolly Varden indices. Whereas
the first RDA axis (RDAL; 44.3% of the explained variability) showed a strong association with
Dolly Varden harvest number, the second axis (RDA2; 29.42% of the explained variability)

was correlated with the somatic parameters.

Other than on HIQ, the contribution for the explanation on the variance of the response variables
was primarily provided by the parameter and with no clear distinction on the geographical
position of the different AOIs. The arrow length shows that FNU (N4, F2), BT (F1, F4, N1,
N4) and SPT (F2, F5) and wind speed (24 before) reflect the highest contribution to explain the
variance of the model.

According to the triplot (Fig. 36), the harvest number at SPT was positively correlated with
brightness temperature (F4, N1, N4, SPT and N1) as well as SPM in AOI N1. On the other
hand, the arrows of the environmental parameter turbidity (F3, N3, N2, F1, F2), SPM (F3, F4,
F2, F5), and wind speed direction (day of harvest and 48 hours prior) pointed in the opposite
direction. Consequently, a negative relationship is observed with respect to these parameters

and harvest number.

The somatic factors (condition and fork length) were strongly correlated with RDA axis 2. The
arrows of both response variables revealed an association with chl-a concentration (N1, N2,
N3), SPM (SPT, F2, F2, N3) and BT (F2, F5, N2). Additionally, turbidity values (N4- and F3-
FNU) as well as concentration of SPM in the AOI F3 suggest a negative relationship with both

somatic response variables.

Similar to HIQ, the outcome of the RDA should be interpreted with caution, as the limited

number of data may cause unwanted effects and spurious interactions.
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5 Discussion

The present study used remote sensing (L8 and S2) derived environmental parameters to
describe the habitat use patterns of anadromous Dolly Varden during the summer months in the
western Canadian Arctic, Beaufort Sea. Overall, the results provided a valuable source of
information on the habitat use and distribution of the species under fluctuating environmental
conditions. During ocean residence in summer, the species utilizes productive, and warmer,
habitats under less turbid conditions. The Mackenzie River plume influences the physico-
chemical conditions in the coastal and offshore region and spatially impacts the distribution of

Dolly Varden in the Beaufort Sea depending on wind conditions.

5.1 Dolly Varden Parameters
5.1.1 Harvesting Rate

For both sites (HIQ and SPT), harvest numbers showed strong intra- and interannual
fluctuations between the respective fishing days. These findings were to be expected, however,
since the species is extremely mobile and experiences dynamic environmental factors (Park et
al., 2020). Accordingly, spatial, and temporal distribution of ichthyofauna underlies a variety
of factors, such as seasonal variation in spawning and feeding migrations (Peer & Miller, 2014),
changes in food availability (e.g., Mackinson et al., 1999), inter- and intraspecific competition
and predation (Ciannelli et al., 2008), and shifts of environmental factors (i.e., temperature,
turbidity, and salinity) (Pennino et al., 2020). The habitat use of Dolly Varden in marine waters
is subject to physical and ecological conditions (Park et al., 2020). As environmental
physicochemical conditions in the Beaufort Sea fluctuate, specimens move between areas to
maximize their ontogenetic fitness, leading to distinct fluctuations of spatial aggregation of

individuals.

On average, higher catch numbers were recorded on HIQ, while numbers on SPT were
considerably lower. Being an opportunist feeder, Dolly Varden moves spatially in the marine
environment between different areas to maximize its ontological fitness (McCart, 1980). While
previous studies have suggested that species inhabits milder, brackish waters nearshore and
forego temporal migrations into deep, colder waters with higher salinity (Craig, 1989),
Gallagher et al. (2021) showed that the marine habitat use of the species is primarily determined
by foraging behaviour and physical oceanography. Furthermore, the authors hypnotize, that the

warmer, brackish water plume of the Mackenzie River extends the suitable habitat to the species
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and thus open the possibility to exploit a larger foraging area of higher productivity (Gallagher
et al., 2021). Therefore, with the potential to maximize ontogenetic fitness in offshore areas,
the results suggest that fewer specimens reside in waters in close proximity to the river delta
(i.e.,, SPT).

Overall, month-to-month catch numbers fluctuated considerably, with the most fish harvested
in July, with the lowest numbers shown for June. With the onset of ice sheet breakup in fresh
and marine waters during late spring and summer, species of anadromous fish migrate to marine
areas to take advantage of the increased productivity (Gross et al., 1988). However, Jonsson et
al. (1997) found, that during migration- and spawning phases, absolute and relative energy
losses of Atlantic salmon (Salmo salar) positively correlated with the individual’s body length.
Therefore, anadromous individuals would require a minimum level of somatic reserves to
ensure downstream migration (Jonsson & Jonsson, 2002), leading to specimens with greater
somatic reserves are the first to undertake the ocean migration, whereas weaker specimens need
to regain energy reserves first. Furthermore, it has been documented, that the distinct
populations of the different natal streams vary in their migration times by a few weeks
(Kowalchuk et al., 2010). Accordingly, a reduced number of fish catches in June would be
attributed to a lower abundance Dolly Varden in the Beaufort Sea in June.

However, differences in the monthly catch of Dolly Varden between sampling points also
reflect differences in sampling periods and methodologies. While the catches on HIQ were
documented from June to August, the records for SPT only showed catches in July and August.
At Herschel Island, the total Dolly Varden catch was consistently recorded by Herschel Island
Territorial Park rangers, who are stationed on the island annually by mid-June till September
(Gallagher et al., 2013). The sampling on SPT was conducted by subsistence fishers, who are
only present on the headland from mid-July onwards (Lowewen et al., 2019), thus resulting in
a shortened sampling season at the site. The data show that fishing at both sites did not occur
daily, but was heterogeneously distributed over time, with several gaps between days. On
Herschel Island, fishing days in June were often recorded very infrequently. Accordingly,
higher quantities of Dolly Varden may have been present at the respective sites but were not

recorded due to the absence of harvest numbers.
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5.1.2 Fork length and Condition factor

In terms of fork length, the comparison of the two study points showed evident differences.
Considering the recordings at both sampling points in July and August, the average length of
the fish caught at HIQ was 73.42 £ 21.88 mm greater. The Inuvialuit have found pronounced
differences in Dolly Varden size between Herschel Island and Shingle Point, which they
attribute to the different water characteristics of the two sites (Byers et al., 2010).
Spatiotemporal distribution of fish populations may be influenced by ontogenetic aspects,
among other factors, as individual’s age and size (Gratwicke, et al., 2006). The colder and less
saline waters around Herschel Island may thus not only provide suboptimal habitat conditions
for smaller specimens but also may provide less shelter from predators due to less turbidity.
With the proximity of SPT to the Mackenzie River, we would hypothesize that due to the strong
freshwater outflow, the warmer and less saline water conditions would provide preferential
habitat for younger/smaller specimens (Gadomski & Cadell, 1991). However, given the
different mesh sizes of the fishing nets which have been applied at the two sampling points
(SPT 3 - 3.5 inches; and HIQ 3.5 - 4 inches), it is likely that this has resulted in a bias in the
length data. Mesh sizes in gill nets have been shown to act relatively selective regarding the
fish size (Rudstam et al., 1984)

Dolly Varden captured in June had the longest average fork lengths which then decreased
towards mid-July. As the ice cover retreats in June, anadromous individuals begin to migrate to
coastal waters. Smaller individuals are at a distinct fitness disadvantage relative to their larger
conspecifics because of energy-consuming migration routes which translates into increased
mortality or predation (Hendry et al., 2004). Therefore, after the overwintering phase in spring,
anadromous individuals would require a minimum level of somatic reserves to ensure
downstream migration (Jonsson & Jonsson, 2002). Early migrating fish can thus be expected
to be individuals with sufficient somatic energy reserves, osmoregulatory capabilities, and
growth rates, which seek out the highly productive coastal waters for early migration to cover
metabolic needs.

Furthermore, it was found that caught specimens increased in fork lengths again from mid-July
toward the middle and end of August. Dutil (1986) described that time at sea for post-spawning
individuals was found to be on average 3 weeks longer than for non- spawners, presumably
because they required more time feeding in response to the increased energy demands
associated with spawning. However, in ectotherms warming temperatures and rich feeding lead

to an increase in metabolism and growth rate (POrtner et al., 2008). Nevertheless, the exact
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number of animals as well as the behavioural age distribution in marine waters at this time was
not known. Whether the increased fork length in late summers can be attributed to migration

patterns or somatic changes (summer growth) remains unclear in the context of this study.

Feeding during the summer season is essential for anadromous species to build up energy
reserves for the winter months, which are consumed during this time for spawning and survival
without replenishing reserves until the next summer (Dutil, 1986). With progression of the
summer season, K showed growing values at both harvesting sites, with lowest recorded values
in June and highest in August. Energy reserves are nearly depleted at this time as fish usually
do not feed during the winter months due to resource scarcity, resulting in relatively low K
during the early summer months (Gross et al., 1988). Summer feeding in marine waters occurs
for two months and ensures that Dolly Varden increase their somatic condition and gain enough
reserved for overwintering period, during which they do not feed (Gyselman, 1994).
Accordingly, the findings that K increases during the summer season were expected whereby
no evident atypical patterns were observed.

For July and August, the results revealed distinct differences in average condition and length
between the two sampling sites (HIQ and SPT). However, both sites exhibit different
physicochemical water characteristics, most likely to affect the spatial distribution of the
species respective to the individual’s size, somatic robustness and well-being (e.g., Hicks et al.,
2014). Yet, K and length of Dolly Varden are most likely be influenced by ontogenetic changes
associated with the age, size, and competitive ability of individuals (e.g., Hicks et al., 2014).
However, similar to fork length such results may be related to different mesh sizes by the
harvesters, as K is being derived from the specimen’s fork length. Consequently, based on

selective harvesting by the smaller mesh size a bias on K values for SPT cannot be ruled out.

5.1.3 Limitations
At both sampling locations, harvesting and biological sampling was primarily opportunistic and

did not follow a systematic strategy. Therefore, sampling times varied widely from one day to
the next mainly due to weather conditions that impacted the ability to fish. In addition, no
records of fishing time and number of harvesters were available, which could provide
information on CPUE (catch per unit effort), serving as a more precise metric to determine fish
abundance in a given area. Furthermore, the assumption of the study was, that catches reflect
the marine summer distribution of Dolly Varden in the Beaufort Sea. However, under certain

atmospheric and environmental conditions (e.g., bad weather), the gear may experience a
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reduced effectiveness. As a result, fewer or no fish were caught in the nets, although large

quantities of fish were present.

5.2 Environmental Parameters
5.2.1 Wind speed and direction

Wind directions of moderate to fresh breezes appeared to originate from W to WNW and E to
ES directions and is consistent with Hill et al. (1991) who reported that winds were
predominantly from ESE and NW directions in the Beaufort Sea. In August, storms became
more frequent, blowing predominantly from W to WSW at increased speeds up to 48 km/h and
were similar to observations by Solomon (2005).

The wind intensity on the day of harvest as well as 48 hours prior showed a significant effect
on the number of fish captured at HIQ. The influence of wind on harvest rates has been
examined in other fisheries such as European plaice (Pleuronectes platessa) in the southern
North Sea whose catches were negatively correlated with increasing northerly winds (Harden
Jones et al., 1979). Alternatively, Atlantic cod (Gadus morhua) were found to increase under
increased winds (Scholes, 1982). Wind-driven waves and associated currents can affect the
distribution of fish in shallow waters (Bentounsi et al., 2018). Such atmospheric events are
known to influence the physicochemical properties of aquatic ecosystems, i.e., through
upwelling events, thermal changes (Williams & Carmack, 2008) and redistribution of
planktonic larvae as well as phyto- and zooplankton (Sobral & Widdows 2000; Walkusz et al.,
2010).

Gallagher et al. (2021) emphasise the influence of the Mackenzie plume on the summer
distribution of Dolly Varden in the Beaufort Sea. The influence of wind vectors on the spread
of the plume has been described by Carmack and Macdonald (2002), whereas easterly winds
favour upwelling and spread the plume into the offshore regions, westerly winds push the plume
against the coast towards Amundsen Gulf. Mulligan and Perrie (2019) describe that under
strong winds, the Mackenzie River plume can spread up to 30 km per day into offshore waters.
Furthermore, the coastal plume responds to wind events in less than a day, leading to the
development of intense currents and large fluctuations in water mass properties throughout the
shallow zone of the submarine delta (Mulligan & Perrie, 2019). The approximate distance of
100 km between the HIQ and the river mouth suggests that a time lag between the intensity of
atmospheric forcing and the accumulation of Dolly Varden in PC is to be expected. However,
the magnitude of the time lag between the occurrence of the atmospheric event and the response

of the Dolly Varden relies on the initial position of the plume.
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5.2.2 Sealce Concentration

Sea ice abundance was only observed at Herschel Island in July 2013 and 2018. During this
time, the harvest rate of Herschel increased noticeably within the 20 km radius. The fork length
and condition factor on these events did not show atypical patterns. The influence of the
Mackenzie discharge of relatively warmer water at SPT, in general, results in earlier ice breakup
in the area and a substantially longer ice-free season (Carmack & Macdonald, 2002) that likely

influenced the lack of ice observed in the area among study years.

The results show that summer sea ice in the northern as well as eastern positions to Herschel
Island has a significant, but weak, influence on the aggregation of Dolly Varden in PC. The
impact of sea ice on the habitat use of Dolly Varden is a long-standing knowledge to indigenous
subsistence fisheries. Traditional Inuvialuit knowledge documents that Dolly Varden become
more easily trapped in fishing nets when sea ice moves shoreward (Harwood et al., 2012).
Whereas under ice free conditions Dolly Varden disperses in greater distance to the shore
(Courtney et al., 2018), previous research has shown that Dolly VVarden moves on and off the
coast according to sea ice movements, while feeding on pagophilic invertebrates (Benson,
2010). While this supports the suggestion that the animals reside close to sea ice for foraging,
there has been further evidence to suggest that sea ice acts as a barrier to the species, which
pushes specimens onshore when ice is in close proximity to the coast (Gallagher et al., 2021).
Nevertheless, unlike the study by Gallagher et al. (2021), results of this study showed a very
patchy ice density with a maximum areal coverage of 50 - 80%. Therefore, it cannot be said
with certainty whether ice may have functioned primarily as a food source or as a migratory
barrier to the species in this study.

However, further studies should be undertaken to fully understand the relationship between
drifting sea ice and the distribution of Dolly Varden off the ice edge, which may help to better
understand the ecology and distribution mechanisms of the species in the future.
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5.3 Environmental parameters (L8 and S2)

Remote sensing derived parameters (i.e., BT, Chl-a, turbidity and SPM) showed strong
differences between the sites (SPT and HIQ), with spatial and monthly variations evident
throughout the sampling period. In general, most parameters showed significantly greater
values for SPT than for HIQ. Such variations are primarily linked to the distance between our
two study locations in the Mackenzie River Delta. The river is known for its high sediment
(127x 108 tons per year; O'Brien et al. 2006) and high nitrate load (5.3 zmol per litre; Emmerton
et al., 2008). According to Walkusz et al. (2009), the surface water characteristics transition
from warm (temperatures of 10 and 12 °C), fresh (salinities of 15 and 6 psu), and highly turbid
Mackenzie River waters to a relatively clear, cooler (4 - 9 °C), surface layer of higher salinity
(14 to 28 psu) as it traverses from near- to offshore regions. In the absence of winds or under
NW winds, incoming water masses from the Mackenzie Delta are pushed eastward along the
Tuktoyaktuk Peninsula toward the Amundsen Gulf (Mcdonald & Yu, 2006). Under easterly
wind conditions, the Mackenzie River plume extends much further west on the Canadian
Beaufort Shelf (Carmack & Macdonald, 2002). It is well known that seasonal time and intensity
of Mackenzie River outflow strongly influence the biochemistry of the nearshore areas
(Carmack et al., 2004). The phytoplankton bloom directly relies on the influx of nutrients,
sediments, and other plankton organisms, while it indirectly underlies the regulation of vertical
and horizontal density gradients and the light climate (i.e., turbidity) (Carmack et al., 2004).
Nevertheless, due to sufficient nutrient supply and better light climate, it becomes clear that

Chl-a concentrations are higher under lower influence of the Mackenzie in the offshore regions.

The satellite-derived parameters also vary strongly from month to month. The highest values
for SPM and turbidity were recorded in June with the melting of the snow and ice masses, which
consistently decreased towards the end of the summer season. As inland temperatures increase
starting in mid-May and June, freshwater stream discharge peaks because of melting snow in
the catchments (Carmack & Macdonald, 2002). As the snow and ice melt, the high amounts of
sediment and particulate matter enter the Canadian Beaufort Sea. Consequently, the particulate
matter and turbidity of the plume increases during this period (Carmack & Macdonald, 2002).
As summer progresses, the discharge of sediments and particulate matter decreases, resulting
in substantial lower values of the parameters in July and August.

The seasonal maximum values for BT and Chl-a, unlike for SPM and turbidity, were observed
in July and August. The lowest average values were recorded in June. This is expected as the

highest values of solar radiation occur in June (Carmack & Macdonald, 2002) while the
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maximum air temperatures are measured in July and August (Burn & Zhang, 2008). With the
discharge of the Mackenzie River, high quantities of nutrients also are released into the sea. As
the ice cover breaks up, the light climate at the water surface intensifies, leading to a pronounced
bloom of primary production (Carmack & Macdonald, 2002). As a result of summer
stratification, nutrients in the photic layer are depleted, which leads to a decline in pelagic algal

production (Tremblay et al., 2008) and lower August Chl-a concentration at both study sites.

5.3.1 Limitations

A satellite image is an instantaneous representation of dynamics of the study area and is thus
showing a snapshot of environmental forces at work immediately prior to the image acquisition.
The combined use of Landsat-8 (16-day repeat cycle) and Sentinel-2 (10-day repeat cycle; 5-
day repeat cycle with S2B satellite) provides a reasonable temporal coverage of the study
period. The entire sampling period spans 630 days, and a total of 94 images were retrieved for
that period. The images are therefore scattered in time and separated by varying timespans
which resulted in substantial time gaps. Discrete environmental events (e.g., plankton bloom)
may not have been recorded by our time series even though they might have substantial impacts
on fish behaviour. Some sensors (e.g., SeaWiFS, MODIS) can overcome this issue by providing
imagery on a much more frequent basis, but they are characterized by a considerably coarser
resolution (~1 km/pixel). This resolution is often too coarse to resolve small-scale
environmental features relevant to coastal ecology (Chen et al., 2007).

The determination of specific environmental parameters is also challenging and is highly
dependent on the relevance and accuracy of the algorithms used in the process. Chl-a
determination, for instance, is known to be plagued with important limitations. Because of the
limited light intensity in polar waters, phytoplankton organisms have increased their cellular
pigment concentration to absorb sufficient light for net growth. As a result, the organisms form
dense concentrations which forces them to absorb less light per pigment unit than their
counterparts in mid- low latitudes (Matsuoka et al., 2007). On the other hand, accumulation of
chromophoric dissolved organic matter (CDOM) in the nearshore zones of the study area may
occur because of the input from the Mackenzie River (Retamal et al., 2008; Hessen et al., 2010).
Generally, CDOM compounds show similar properties to the Chl-a molecule of phytoplankton
(Mitchell & Holm-Hansen, 1991) due to the strong absorption properties of the blue and
reduced green wavelengths. Hence, based on satellite imagery, waters with high CDOM
concentrations misleadingly appear to contain large amounts of phytoplankton (Matsuoka et

al., 2007), which could have led to a bias in the results, especially for SPT.
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5.4 Redundancy Analysis and Synopsis

Dolly Varden coastal fisheries are influenced by various environmental factors (temperature,
turbidity, and Chl-a, wind, and ice), whereby the spatial position (AOI) of the environmental

event showed different impacts on harvest number and fork length at both sites.

For both study sites (HIQ and SPT), temperature (BT) showed a positive correlation with the
harvesting numbers. For instance, BT data for July showed that temperature values increased
by 7 to 11 °C when influenced by the Mackenzie plume, depending on geographic location.
Accordingly, SPT (measured 10 - 14°C) and HIQ (measured 8 - 10°C) were shown to have
considerably higher values under plume influence compared to the rest of the western Canadian
Beaufort Sea (measured 1 - 3°C). In ectotherms, ambient temperature largely determines
physiological processes (e.g., metabolic- and growth rates), which are limited by optimal
thermal conditions (Mark et al., 2002; Farrell et al., 2009). In the marine environment,
anadromous Dolly Varden are described to inhabit waters with a salinity of < 32% and a
temperature ranging from 0.5 to 14 °C (COSEWIC, 2010). Gallagher et al. (2021) support the
results of this study by stating that Dolly Varden use the Mackenzie warmer, less saline water
properties of the plume to migrate offshore, whereby the authors emphasize that preferably
occupied areas showed thermal ranges from 5 - 8°C. Consequently, under the influence of the
Mackenzie plume, warmer, less saline waters indicate favourable habitat conditions for this
species. Relative to both fishing areas, HIQ indicates better thermal conditions for the species,

suggesting higher catch rates under thermal influence of the Mackenzie plume.

Chl-a concentrations appeared to have both positive and negative effects on Dolly Varden catch
rates sites. High Chl-a values in PC showed a significant positive correlation to the harvest
numbers on HIQ. On the other hand, elevated Chl-a concentrations in the surrounding AOIs
(F4, N1, F5, N4, and F1) had a negative effect on the harvest number. Bellido et al. (2008)
found a weak but positive correlation between indicators of primary productivity (i.e., Chl-a)
and abundance of pelagic primary and secondary consumers, which supports the assumption
that areas with higher primary productivity are preferred by fish of higher trophic levels, such
as Dolly Varden. Accordingly, anadromous salmonids aim to maximize their energetic and
physiological fitness during the summer open water season (McCart, 1980). Therefore, spatial
distribution of Dolly Varden in offshore region of the Beaufort is likely related to the high
abundance of epipelagic zooplankton and forage fishes (Smith, 2010), which consequently

would result in higher aggregations of the species in areas of increased productivity.
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Additionally, a significant positive correlation between fork length of caught individuals and
chl-a concentrations at fishing points and AOIs in close proximity site was found at HIQ and
SPT. It can be hypothesized, that the increased prey density may have attracted specimens of
greater fork length (McCart, 1980), which migrate to nearshore waters to exploit high resource

availability.

Nevertheless, while primary production (Chl-a) can be derived directly from satellite imagery,
there have been mixed results from extrapolating such information to secondary or tertiary
trophic levels, or from deriving both spatial and temporal variability to biological activity in the
given regions (Suryan et al., 2006; Block et al., 2011). However, the satellite images are an
instantaneous representation of the environment, because of the heterogeneously scattered
imagery, peaks in productive algal bloom may have been missed. Consequently, an apparent
spatial and temporal discrepancy between secondary and tertiary consumers in response to Chl-

a peaks could potentially have been overlooked in scope of this thesis (Suryan et al., 2012).

Increasing turbidity and SPM levels were found to negatively affect catches, size, and condition
of Dolly Varden. While SPT had relatively constant turbidity values, increasing FNU values at
PC and the nearby eastern AOIs (N4) were found to negatively influence the catches. On the
other hand it can be hypothesized, that elevated turbidity in the far NE (F4) region of Herschel
Island, pushed the animals to the nearshore areas, as it significantly positively correlated with
in harvesting numbers on the island. Similar results were found by Gallagher et al. (2021) who
state, turbid plume of the Mackenzie River strongly influences the offshore movements of Dolly
Varden, as the species was suggested to avoid increased turbidity concentrations. Turbidity is
well known to affect the physicochemical properties of aquatic ecosystems through shading,
scattering and absorption of light, resulting in reduced dissolved oxygen and increased
temperature (Bruton, 1985) or reduced light levels (Donohue & Garcia Molinos, 2009). The
extent of turbidity has been found to have differential effects on marine fish communities, with
respect to feeding guilds and environmental conditions (Bowmaker, 1995). Being a visual
forager, light and turbidity have a strong influence on the detection of prey as well as the
temporal-spatial foraging success of Dolly Varden (Henderson & Northcote, 1985; Guthrie &
Muntz 1993). However, the species is described as capable of using habitat with turbidity of 1
— 146 FNU (Craig et al., 1984). Yet, values > 55 FNU have rarely been recorded around HIQ.

Gallagher et al. (2021) describe clear differences in habitat use of the offshore and nearshore
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areas with respect to turbidity. Although fish in the nearshore zone appear to tolerate higher

levels of turbidity, catch rates decrease significantly under increasing FNU values.

While SPM was excluded for HIQ for the best fitting model, the results on SPT suggest a mixed
relationship between both SPM and turbidity on catch rates, fork length and condition factor.
Because of their strong absorption properties in the blue and reduced green wavelength range,
CDOM particles show similar properties to the Chl-a molecule of phytoplankton. As SPT
experiences more of the effects of the Mackenzie Delta plume (including e.g. a high loading of
fine and coarse particles) that produce a continuous exposure to CDOM. However, in
comparison to HIQ, Dolly Varden harvested in the vicinity of SPT typically exhibited reduced
conditions and lengths values: With the RDA, it is clearly implied that both these factors
experience an influenced by the environmental parameters. Yet the influence is very small and

should be taken with caution since a smaller mesh size of the fishing nets was used at SPT.

5.4.1 Limitations
The outputs of the RDA illustrate the relationships among data derived from fisheries-

dependent harvest monitoring and satellite imagery. Regarding data collection, there were
considerable limitations in methodology from harvest monitoring and remote sensing. There
were frequent inconsistencies between day of harvest and satellite imagery. While the method
of using the average harvest number + 2 days of the satellite image may provide an estimate of
the distribution and relative abundance of fish and their response to environmental conditions,
it should still be considered cautiously. As a highly mobile species, Dolly Varden uses coastal
areas in response to changing biological and physical environmental conditions. Although
strong fluctuations were occasionally observed between fishing days, for most of the sampling
period there was little variation between the individual days used for the satellite images.
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6 Conclusion and Recommendation

As a species of cultural and nutritional importance of the indigenous communities residing the
North American Arctic regions, findings of the study on the habitat use mechanisms of the
Dolly Varden are of great importance for future management and impact assessment in the
Beaufort Sea. Although numerous studies in the past have examined population dynamics of
the Dolly Varden in Arctic marine waters, important details of marine distribution and

influencing environmental factors remains not fully understood.

The objective of the study was to examine how the timing and harvest of Dolly Varden in the
nearshore summer subsistence fishery are influenced by environmental conditions in the
Beaufort Sea. In addition, it was investigated whether there was a relationship between
environmental parameters and the demographic and somatic characteristics of the captured
Dolly Varden. In situ biological data (catch numbers, fork length and condition) combined with
satellite imagery (Landsat 8 and Sentinel 2), sea ice and wind were analysed under seasonal
summer conditions (2013 — 2019) with a focus on Chl-a, SPM, turbidity and BT.

Results of the study clearly support tradition knowledge of the indigenous communities as they
revealed that animal dispersal is subject to a variety of environmental mechanisms. The most
important environmental drivers in dispersal mechanisms were apparently turbidity and chl-a
(primary production) and temperature/salinity, which affected the accumulation of animals at
the two sampling sites differently, depending on the geographical location of the respective

environmental event.
According to the findings of the study, the following conclusions can be drawn:

— The environmental conditions of warmer water temperatures around HIQ and increased
production levels in PC showed a significant correlation with numbers of harvested fish,
suggesting increased aggregation of animals in the cove. Additionally, the presence of
the plume related turbid front in the northern offshore areas (F4) was found to increase
harvest. Therefore, we suggest that under exposure of increased plume related turbidity,
the species seeks out for clearer water properties, including bays and coves in near shore
areas. Increase in fork length under higher Chl-a concentration in PC suggest a higher
concentration of lager/ older specimens to exploit the highly productive foraging ground

in the area.
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The presence of sea ice in close proximity to the fishing site had a positive effect on
harvest numbers as well. While Inuvialuit traditional knowledge associates this
phenomenon with increased prey abundance of sympagic fauna, other studies suggest
that the ice acts as a barrier and retains fish in coastal areas. Throughout this study,
however, sea ice was very infrequent during the summer season, thus the driving forces
causing Dolly Varden to aggregate in PC under the presence of sea ice were not clear

and remains to be investigated for future studies.

Higher chlorophyll-a levels in surrounding areas had a negative effect on aggregation
of animals in Pauline Cove, apparently causing fish to migrate to more productive
waters. So did an increase of turbidity levels in the cove. The results support common
theories, that Dolly Varden seeks to maximize its ontogenetical fitness by occupies areas

to support conditions to support the strategy in a best possible way.

Winds appear to be major an indirect factor, as it is the primary influence
physicochemical properties due to upwelling and distribution of the Mackenzie Plume
in the Beaufort Sea.

Although similar influences were found on SPT, the area is strongly influenced by
Mackenzie River runoff. The high turbidity levels and concentrations of suspended
particles in the water column had a visible impact on the remote sensing method
readings. Whether the occupancy of smaller/ younger specimens at SPT is related to the
physicochemical water properties or relies on selective harvesting methods remains to

be open.

For the purpose of improving the results of this study and to be able to draw valid conclusions
in the long term, greater precision in situ measurements are needed from the area under study
to determine the population distribution of the animals on the best possible daily basis. It is
recommended to implement standardised sampling methods, from which higher values can be
derived (i.e., catch per unit effort), thereby providing more precise information on the
population dynamics of Dolly Varden in the Beaufort Sea. For the future, environmental-based
distribution mechanisms of the animals could be better understood thus help to design

management- and conservation strategies of the species.
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Appendix I, Date acquisition and sensors of images obtained

Appendix |, Date acquisition and sensors of images obtained

Date Area Sensor
27.06.2013 Herschel Island L8 OLI /TIRS
01.07.2013 Shingle Point L8 OLI /TIRS
06.07.2013 Herschel Island L8 OLI /TIRS
13.07.2013 Herschel Island L8 OLI /TIRS
15.07.2013 Shingle Point L8 OLI /TIRS
15.07.2013 Herschel Island L8 OLI /TIRS
07.08.2013 Shingle Point L8 OLI /TIRS
07.08.2013 Herschel Island L8 OLI /TIRS
09.08.2013 Shingle Point L8 OLI /TIRS
16.06.2014 Herschel Island L8 OLI /TIRS
23.06.2014 Herschel Island L8 OLI /TIRS
30.06.2014 Herschel Island L8 OLI /TIRS
02.07.2014 Shingle Point L8 OLI /TIRS
02.07.2014 Herschel Island L8 OLI /TIRS
11.07.2014 Shingle Point L8 OLI /TIRS
28.08.2014 Shingle Point L8 OLI /TIRS
10.06.2015 Shingle Point L8 OLI /TIRS
10.06.2015 Herschel Island L8 OLI /TIRS
05.07.2015 Shingle Point L8 OLI /TIRS
05.07.2015 Herschel Island L8 OLI /TIRS
12.07.2015 Herschel Island L8 OLI /TIRS
14.07.2015 Shingle Point L8 OLI /TIRS
21.07.2015 Shingle Point L8 OLI /TIRS
21.07.2015 Herschel Island L8 OLI /TIRS
13.08.2015 Herschel Island L8 OLI /TIRS
22.08.2015 Shingle Point L8 OLI /TIRS
25.08.2015 Shingle Point L8 OLI /TIRS
29.08.2015 Herschel Island L8 OLI /TIRS
28.06.2016 Shingle Point L8 OLI /TIRS
28.06.2016 Herschel Island L8 OLI /TIRS
13.07.2016 Shingle Point L8 OLI /TIRS
13.07.2016 Herschel Island S2 MSI
14.07.2016 Shingle Point L8 OLI /TIRS
14.07.2016 Herschel Island L8 OLI /TIRS
05.08.2016 Herschel Island S2 MSI
06.08.2016 Herschel Island L8 OLI /TIRS
08.08.2016 Shingle Point L8 OLI /TIRS
08.08.2016 Herschel Island L8 OLI /TIRS
18.08.2016 Shingle Point L8 OLI /TIRS
14.06.2017 Herschel Island S2 MSI
22.06.2017 Herschel Island L8 OLI /TIRS
24.06.2017 Shingle Point L8 OLI /TIRS
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24.06.2017
01.07.2017
01.07.2017
04.07.2017
08.07.2017
17.07.2017
17.07.2017
18.07.2017
19.07.2017
27.07.2017
28.07.2017
28.07.2017
02.08.2017
07.08.2017
04.06.2018
12.06.2018
18.06.2018
21.06.2018
02.07.2018
12.07.2018
14.07.2018
14.07.2018
15.07.2018
18.07.2018
18.07.2018
20.07.2018
22.07.2018
22.07.2018
23.07.2018
23.07.2018
24.07.2018
26.07.2018
04.08.2018
12.08.2018
18.08.2018
23.08.2018
24.08.2018
29.08.2018
05.06.2019
06.06.2019
19.06.2019
21.06.2019
23.06.2019
09.07.2019
13.07.2019
13.07.2019
25.07.2019

Herschel Island
Shingle Point
Herschel Island
Shingle Point
Herschel Island
Shingle Point
Herschel Island
Shingle Point
Shingle Point
Herschel Island
Shingle Point
Herschel Island
Herschel Island
Herschel Island
Herschel Island
Herschel Island
Herschel Island
Shingle Point
Herschel Island
Herschel Island
Shingle Point
Herschel Island
Shingle Point
Shingle Point
Herschel Island
Shingle Point
Shingle Point
Herschel Island
Shingle Point
Herschel Island
Shingle Point
Shingle Point
Shingle Point
Shingle Point
Shingle Point
Shingle Point
Shingle Point
Shingle Point
Herschel Island
Herschel Island
Herschel Island
Herschel Island
Shingle Point
Shingle Point
Shingle Point
Herschel Island
Shingle Point

L8 OLI /TIRS
S2 MSI
L8 OLI /TIRS
S2 MSI
L8 OLI /TIRS
S2 MSI
L8 OLI /TIRS
S2 MSI
L8 OLI /TIRS
L8 OLI /TIRS
L8 OLI /TIRS
S2 MSI
L8 OLI /TIRS
L8 OLI /TIRS
S2 MSI
S2 MSI
L8 OLI /TIRS
L8 OLI /TIRS
S2 MSI
S2 MSI
L8 OLI /TIRS
S2 MSI
L8 OLI /TIRS
S2 MSI
S2 MSI
S2 MSI
L8 OLI /TIRS
S2 MSI
S2 MSI
S2 MSI
S2 MSI
S2 MSI
S2 MSI
S2 MSI
S2 MSI
S2 MSI
S2 MSI
S2 MSI
L8 OLI /TIRS
S2 MSI
S2 MSI
L8 OLI /TIRS
L8 OLI /TIRS
L8 OLI /TIRS
S2 MSI
S2 MSI
S2 MSI
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29.07.2019
30.07.2019
30.07.2019
05.08.2019
08.08.2019
20.08.2019
29.08.2019

Herschel Island
Shingle Point
Herschel Island
Shingle Point
Herschel Island
Shingle Point
Shingle Point

S2 MSI
S2 MSI
L8 OLI /TIRS
S2 MSI
S2 MSI
S2 MSI
S2 MSI
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