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Abstract Arctic grayling (Thymallus arcticus) is an
iconic fish species that is present across the remote
subarctic Barrenlands, yet our lack of understanding of
their distributional patterns constrains predictions of
anthropogenic effects on Barrenland populations.
These adfluvial fish rely on seasonal lake-stream
connections to migrate, spawn, and rear. We address
knowledge gaps on what Barrenland stream attributes
are suitable for rearing young-of-year Arctic grayling.
Visual surveys of young-of-year Arctic grayling were
conducted in 48 streams near Baker Lake, Nunavut,
Canada. Occupancy modeling was used to relate
stream habitat and landscape variables to fish pres-
ence/absence. The best predictors of occupancy were
total area of contributing upstream lakes and land-
cover (upland/lowland); stream basins with larger
contributing upstream lake area and more lowland
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cover were more likely to be occupied. Results suggest
that occupancy reflects reliability of stream connec-
tivity throughout the open water season and across
years. The occupancy model developed here can
adequately predict stream suitability for young-of-
year Arctic grayling using lake area and land classi-
fication data that are remotely accessed. This may
lessen the considerable financial and logistical con-
straints of conducting field research on Arctic grayling
in the vast Barrenlands and facilitate more directed
field programs to inform conservation and mitigation
plans.

Keywords Arctic grayling - Barrenland tundra -
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Introduction

Basic knowledge of life history and habitat require-
ments are lacking for many fish species in northern
regions, which makes it difficult to develop effective
conservation policies, avoid or mitigate potential
climate- or development-related impacts, and direct
restoration efforts (Jones et al., 2017). Arctic grayling
[Thymallus arcticus (Pallas, 1776)], is a colourful,
iconic salmonid with a Holarctic distribution (Scott &
Crossman, 1973). Valued by many stakeholders,
including sport fishers (Scott & Crossman, 1973;
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Read & Roberge, 1984) and Indigenous communities
(e.g., Kitikmeot Inuit Association, 2006), Arctic
grayling is often a focal species in northern research
studies and in environmental impact statements. In
Arctic Barrenland landscapes, Arctic grayling often
adopt a migratory adfluvial life history (e.g., Jones
et al., 2003a, b; Baker et al., 2017), which makes them
susceptible to habitat fragmentation and alterations in
hydrologic flow and connectivity (Carl et al., 1992;
Northcote, 1995). They also have low tolerance to
increases in turbidity (Birtwell et al., 1984) and
changes in water temperature (Haugen & Vollestad,
2000), which makes them useful as a sentinel species
(e.g., McLeay et al., 1987; Reynolds et al., 1989;
Phibbs et al., 2011; Veldhoen et al., 2014). Despite
their vulnerability, there is a distinct paucity of data for
this species, particularly in more remote parts of their
range. The resulting critical knowledge gaps regarding
ecology and life history of Arctic grayling preclude
accurate or precise predictions regarding potential
impacts of human-induced stressors, particularly in
regions where habitat use is poorly understood, such as
in the Canadian Barrenlands.

In the Barrenlands, life history and habitat use of
Arctic grayling are influenced by the unique geomor-
phology and climate of the region. The Barrenlands
are a vast tundra plain (estimated at over 700,000
km?), stretching from Great Slave and Great Bear
lakes in the Northwest Territories to the western coast
of Hudson Bay in Nunavut, and are characterized by
low elevation gradients, continuous permafrost, and
abundant shallow lakes that are poorly integrated into
large drainage systems (Baki et al., 2012). Many of the
aquatic ecosystems in the Barrenlands are described as
‘chain-lake systems’, where streams can be thought of
as short chains (a few hundred meters to a few
kilometers) that provide critically important connec-
tions between lakes (Jones et al., 2003a). Adfluvial
populations of Arctic grayling rely on the seasonally
connected networks of lakes and streams to migrate,
spawn, and rear (Jones & Tonn, 2004; Baker et al.,
2017). Lakes, which provide foraging habitat for
adults as well as overwintering habitat for all life
stages, become disconnected in winter, when streams
are frozen to the bottom (winter can last more than 8
months on the Barrenlands) (Jones et al., 2003a; Baki
etal., 2012). During spring freshet, the rapidly melting
snowpack recharges lake basins and reconnects lake-
stream-river complexes, and adult adfluvial Arctic
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grayling out-migrate from lakes to spawning habitats
in streams (Jones et al., 2003a). Adults typically
migrate back to lakes shortly after spawning, before
evaporation-induced declines in discharge affect con-
nectivity for larger fish (Jones et al., 2003a). Young-
of-year remain in streams to rear and feed throughout
summer (Jones et al., 2003b, 2009; Baki et al., 2012),
and must migrate from streams to lakes prior to freeze-
up in fall (Jones et al., 2003b). Slow decreases in lake
water levels and stream discharge throughout summer
can lead to discontinuous or dry stream channels
(Jones et al., 2003a; Woo & Mielko, 2007; Baki et al.,
2012), and seasonal conditions can thus limit avail-
ability of suitable rearing habitat for YOY in natal
streams. Understanding conditions and characteristics
of Barrenland streams that support rearing YOY is
critical for predicting recruitment, and can facilitate
sound management of Arctic grayling in the
Barrenlands.

Barrenland streams have diverse physical charac-
teristics (Jones et al., 2003a), yet data on stream
habitat preferences of Arctic grayling in this region are
limited. To date, two studies have assessed habitat use
of YOY Arctic grayling in Barrenland streams (Jones
& Tonn, 2004; Baker et al., 2017). The authors of these
studies found that water depth, water velocity,
discharge, substrate, slope, amount of detritus, and
cover by instream and overhanging vegetation
affected presence of YOY Arctic grayling. The spatial
scale investigated to date [approximately 120 km* and
a total of 20 streams across four drainage basins in
NWT, Jones & Tonn (2004) and Baker et al. (2017)], is
small, and thus the full range of stream habitat
conditions present in the Barrenlands was not fully
represented. Additionally, studies to date have not
quantified the influence of larger-scale landscape
variables on habitat use by YOY Arctic grayling
within streams. Regional factors, including variables
that reflect climate, geology, and hydrology at scales
larger than individual streams, are known to influence
fish species composition and abundance (Hershey
et al., 2006; Haynes et al., 2014; Laske et al., 2016),
and effects of these factors on distributional patterns of
Arctic grayling deserve further study.

The influence of geomorphic features on dispersal
and habitat use of Arctic grayling has generally
focused on occupancy in tundra lakes in Alaska
(e.g., Hershey et al., 1999, 2006); streams have been
less studied. Streams in the Barrenlands are largely
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colluvial, which means that fluvial processes are
relatively ineffective at moving material and affecting
channel morphology (Jones & Tonn, 2004), and
attributes such as substrate and geomorphology reflect
the immediate surrounding landscape. Soil character-
istics and moisture regimes range from hydric
graminoid peat, to mesic shrub tundra and xeric
boulder lichen tundra (Campbell et al., 2012), which
affect stream conditions. Wet and poorly drained
landscapes may promote hydrologic connectivity and
allow stream flows to persist through summer,
whereas well-drained boulder fields can result in
isolation of streams or subsurface stream flow. This is
most prevalent in late summer, when water levels are
lower (Jones et al., 2003a; Courtice et al., 2014). In a
region where summer evaporation typically exceeds
precipitation, landscape factors that affect stream
connectivity, such as size and composition of con-
tributing catchments, have the potential to influence
suitability and habitat use for YOY Arctic grayling.

Networks of connected lakes and streams typically
cover more than 20% of the Barrenlands (see Jones
et al., 2003a; Campbell et al., 2012), and the impor-
tance of considering how stream-lake connectivity
influences abundance and distribution of fish species is
becoming increasingly evident (e.g., Jones, 2010;
Haynes et al., 2014; Laske et al., 2016; Pépino et al.,
2017; Heim et al., 2019a). Water stored in lakes can
stabilize the flow regime of outlet streams (Dorava &
Milner, 2000; Jones, 2010), with larger upstream lakes
providing a source of water that may sustain
flow throughout the summer (Jones et al., 2003a;
Jones, 2010). Nearly all streams in the Barrenlands
originate as lake outlets (Jones et al., 2003a), and as
such the position of streams within Barrenland chain-
lake systems determines the potential for upstream
lakes to act as stable and moderating sources of flow,
which could in turn influence habitat suitability for
YOY Arctic grayling.

The objective of the study was to relate occupancy
of YOY Arctic grayling to a range of variables that
represent both instream and landscape-level condi-
tions of streams near the Hamlet of Baker Lake, in the
Kivalliq region of Nunavut. Using a single-season,
spatially replicated occupancy modelling approach,
we aimed to identify variables that were best associ-
ated with occupancy of YOY Arctic grayling. The
overarching goal of this work is to generate a more

comprehensive understanding of the distribution of
Arctic grayling in Barrenland streams.

Methods
Study area

Located within the vast, remote ecoregion of the
Wager Bay Plateau Barrenland tundra, the study area
(approximately 1,400 km?), extends north from the
Hamlet of Baker Lake, Nunavut (64.3176° N,
96.0220° W) along a 175 km all-weather access road
that services two gold mines, Meadowbank and
Amaruq (Fig. 1). Access to this region is by air or
sea only; there are no road connections other than
between the hamlet and two mine sites located north of
the hamlet. The study region is characterized by long,
cold, dry winters (— 31.3°C daily average tempera-
ture, 6.2 mm of precipitation in January), cool sum-
mers (11.6°C daily average temperature in July), and
relatively wet autumns (50.2 mm and 48.7 mm of
precipitation in August and September, respectively)
(Environment and Climate Change Canada, 2018).
Study streams were limited to those that were acces-
sible by foot (to a maximum distance of approximately
5 km) from either the all-weather access road or roads
within the Hamlet of Baker Lake. Study streams were
located within three watersheds: two watersheds are
within the Hudson Bay drainage basin, and one is
located within the Arctic Ocean drainage basin
(Fig. 1). Arctic grayling, lake trout [Salvelinus namay-
cush (Walbaum, 1792)], Arctic char [Salvelinus
alpinus (Linnaeus, 1758)], round whitefish [Proso-
pium cylindraceum (Pennant, 1784)], cisco [Core-
gonus artedii (Lesueur, 1818)], burbot [Lota lota
(Linnaeus, 1758)], ninespine stickleback [Pungitius
pungitius (Linnaeus, 1758)], and slimy sculpin [Cottus
cognatus (Richardson, 1836)] are present within the
study area; however, species assemblages vary among
lake/chain-lake complexes (C. Portt and Associates,
2018; J. Ellenor, unpublished data). Robust data on the
use of seasonally available stream habitat are lacking.
Where present, YOY Arctic grayling are the dominant
species within streams, with occasional presence of
ninespine stickleback, slimy sculpin, and juvenile
salmonids  (including  grayling) (Cumberland
Resources Ltd., 2005; J. Ellenor, unpublished data).
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«Fig. 1 Map of the study area, with watersheds delineated. The
48 study streams (identified numerically) were selected ran-
domly from 109 candidate streams that were accessible by foot
(within 5 km) from all-weather roads. In the inset map, the
territory of Nunavut is shaded in grey, and the star indicates the
approximate location of the hamlet of Baker Lake, Nunavut,
Canada and the mine sites of Meadowbank and Amaruq

Ecological land classification data exist for the
region (Campbell et al., 2012). The twelve land classes
present within the study area are defined by moisture
and substrate, and range from moist, organic, grami-
noid tundra to dry, lichen-rock complexes (Fig. 2a).
Logistical constraints on field sampling limited repli-
cation within land classes. Therefore, the twelve land
classes were reduced to two land classes: (1) upland;
and, (2) lowland (Fig. 2b). The ‘lowland’ land class
includes poorly drained substrate dominated by
organic materials, whereas the ‘upland’ land class
includes well-drained inorganic substrates, such as
gravel, boulder, and bedrock (Fig. S1).

General study design

A spatially replicated, single-season occupancy design
was implemented to assess the probability that study
streams were occupied by YOY Arctic grayling during
the 2019 summer rearing period. Forty-eight streams
were randomly selected from one-hundred and nine
candidate streams within the study area. Candidate
streams were identified using watershed shapefiles
(Natural Resources Canada, 2016) and satellite
imagery [either publicly available (Google Earth,
2019a, b, c) or supplied by Agnico Eagle Mines Ltd.].
Study streams ranged in length from 158 m to
2,268 m, with a median length of 461 m. A sample
site was randomly selected within each study stream.
Sample sites were defined as five sequential 30 m
surveys (spatial replicates), resulting in a total
assessed length of 150 m per site (and therefore per
stream). For each spatial replicate, presence or
absence of YOY Arctic grayling was assessed and
covariate data (e.g., habitat, sampling conditions)
were collected.

Presence or absence of YOY Arctic grayling was
assessed using streamside visual surveys, which have
been shown to be an effective and efficient technique
in Barrenland streams (Baker et al., 2017). False

detections of YOY Arctic grayling during visual
surveys were unlikely, as Arctic grayling is the only
salmonid present within the study area that spawns in
the spring, and the only salmonid known to spawn and
rear in Barrenland streams. YOY Arctic grayling also
occupy a unique size class relative to other juvenile
salmonids. They are also distinguishable from small-
bodied fish species, such as ninespine stickleback and
slimy sculpin, based on their size, body shape, and
behaviour. Prior to the onset of the formal study, trial
visual surveys of YOY Arctic grayling in study area
streams was followed by capture of individuals to
confirm identification, and revealed consistent posi-
tive identification of YOY Arctic grayling.

Surveys were completed from July 16 to August 7,
2019. Survey dates were selected based on the
observed timing of spawning, egg incubation, and
YOY rearing in streams within the study area during
summer 2018 (J. Ellenor, unpublished data). Consis-
tent with the assumption of closure in occupancy
modeling, the survey dates also reflect a period when
YOY Arctic grayling have previously been observed
rearing in Barrenland streams (Jones et al., 2003a;
Artym, 2016), and several weeks in advance of
migration to overwintering lakes, which typically
occurs just prior to freeze-up (Jones et al., 2003b;
Driedger et al., 2011).

During visual presence/absence surveys, two sur-
veyors started on opposite ends of the most down-
stream replicate of a site. Surveyors walked towards
each other along the stream bank while visually
searching for YOY Arctic grayling. There were no
restrictions placed on search method, and each team
member was free to move about the replicate as they
deemed fit. This included potentially entering the
stream, a method that was typically only employed
when stream width prevented effective visual surveys
of the entire channel from the bank. After 3 min had
elapsed, surveyors paused to confirm if either had a
positive detection. If both had observed YOY Arctic
grayling, the survey was deemed complete. If only one
observer, or neither observer, had observed YOY, the
survey continued until 8 min had elapsed, at which
point the survey was considered complete, regardless
of detection. A maximum survey duration of 8 min
provided sufficient time to effectively search a 30 m
segment of stream. The process was then repeated at
adjacent upstream replicates. The same two team
members conducted all surveys in 2019.
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«Fig. 2 Moisture regime and substrate characteristics for
a twelve ecological land cover classes identified in Campbell
et al. (2012) and b simplified lowland and upland land cover
classes. The delineation of lowland and upland classes for this
study was based on moisture. Moist vegetation classes (i.e.,
mesic, hygric, and hydric) were classified as lowland, whereas
dry vegetation classes (i.e., xeric) were classified as upland.
Images adapted with permission

The probability of detecting Arctic grayling in a
replicate, given presence, was anticipated to be
influenced by instream (e.g., water depth, substrate,
stream width) and other environmental (e.g., percent-
age of sunlight/cloud cover during the survey) vari-
ables. Similarly, stream habitat and/or landscape level
variables were expected to influence the probability of
occupancy; the relationship between these variables
and probability of occupancy was the primary focus of
this study. To account for heterogeneity in probability
of detection and occupancy, covariate data were

collected and incorporated into candidate models
(Table 1). Consistent with established approaches
(e.g., MacKenzie et al., 2018), variables thought only
to influence probability of detection were collected at
each spatial replicate (site), whereas variables thought
to influence the probability of occupancy were
collected at each stream. Variables that were thought
to influence both probability of detection and proba-
bility of occupancy that are likely to vary by replicate
(e.g., water velocity) were collected at the scale of
30 m replicates to model probability of detection, and
then averaged (arithmetic mean) across all replicates
to model probability of occupancy.

Depth and velocity measurements were collected
using a topset rod mounted to a HACH FH950
handheld flowmeter (HACH, Loveland, CO). Read-
ings were taken at five points per 30 m replicate along
a transect that ran perpendicular to the stream flow.
Transect and measurement locations were selected to
capture representative depth/velocity conditions. This

Table 1 Summary of covariates, including collection methods, that were collected to account for potential heterogeneity in prob-
ability of detection (30 m replicate; site) and probability of occupancy (stream)

Probability affected Collection scale

Covariate

Collection method

Detection 30 m Replicate

Survey date -

Time of day -

Survey technician -

Cloud cover

Visual estimate (%)

Precipitation Type/intensity category
Detection and occupancy 30 m Replicate Depth Wading rod (m)

Velocity Flow meter (m/s)

Substrate Estimate (%, per size class)

Instream vegetation
Overhanging vegetation
Undercut bank

Wetted width

Estimate (%)
Estimate (%)
Estimate (%)

Tape measure/range finder (m)

Number of channels/braids Count

Slope

Stream

Stream temperature

pH

Dissolved oxygen

Specific conductivity

Discharge

Inclinometer (%)

Flow meter (m>/s)

Temperature logger (°C)

In situ meter

In situ meter (mg/L, % saturation)

In situ meter (LS/cm)

Land classification GIS
Cumulative upstream lake area GIS

@ Springer
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transect was also used to measure total stream width
(wetted edge to wetted edge, while removing the width
of any mid-channel bars). Locations selected for
discharge measurements had laminar flow that was
perpendicular to the streambank. Discharge readings
followed methods outlined by the Water Survey of
Canada (Lane, 1999).

Water temperature data were collected at each
stream using a single TidbiT® V2 temperature logger
set to record at 10-min intervals (Onset Computer
Corporation, Bourne, MA). Each temperature logger
was placed in a solar shield, attached to a weight, and
placed at the bottom of the stream. Temperature data
are available for all streams from June 27, 2019 to
August 29, 2019. Summary statistics were calculated
for each stream, including daily mean, mean mini-
mum, mean maximum, and mean daily coefficient of
variation (CV), as well as accumulated thermal units
(ATU). Temperature data preparation and analysis
were completed in R (R Core Team, 2019).

In situ water quality data were collected using
calibrated hand-held meters. Dissolved oxygen (mg/L
and % saturation) data were collected using an
OxyGuard Handy Polaris (OxyGaurd International
A/S, Farum, Denmark). Specific conductivity (uS/cm)
and pH data were collected using a YSI Pro Plus (YSI
Incorporated, Yellow Springs, OH). Meters were
allowed sufficient time to equilibrate in the stream
prior to recording measurements.

Substrate was estimated visually, and recorded as
relative percentages of streambed material. Streambed
material was categorized as organic material, or size
class of inorganic material [bedrock, boulder, cobble,
etc.; (Bain et al., 1985)]. In-stream vegetation was
estimated visually as the percentage of in-stream cover
provided by emergent/submerged vegetation, whereas
overhanging vegetation was estimated visually as the
percentage of the streambank with overhanging veg-
etation. Stream slope was calculated using an incli-
nometer along a straight portion of stream that had
representative slope.

Ecological land classification data for the study area
were provided as a raster dataset (25 m x 25 m
resolution) by the Nunavut Department of Environ-
ment and Caslys Consulting (Campbell et al., 2012),
imported into QGIS (QGIS Development Team,
2020), and simplified into two classes (Fig. 2). Study
streams were digitized as linear segments, and a 10 m
buffer (total width of 20 m) was applied to each
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stream. Percentages of upland and lowland land
classes within the buffer areas were then calculated
for each stream.

Lake polygon and watercourse data used to calcu-
late the surface area of contributing upstream lakes
were obtained from the National Hydro Network
(Natural Resources Canada, 2016). Surface areas of
lakes within the study region were calculated using
QGIS (QGIS Development Team, 2020). The con-
tributing upstream lake surface area for each stream
was calculated as the sum of all upstream lake surface
areas (i.e., surface area of all upstream lakes that are
connected by a watercourse, as identified by the
National Hydrology Network shapefile).

Statistical analysis

R version 3.6.2 (R Core Team, 2019) was used for data
visualization using packages ggplot2 (Wickham,
2016), see (Liidecke et al., 2020), and patchwork
(Lin Pederson, 2020). Construction of occupancy
models was achieved using the RPresence package
(MacKenzie & Hines, 2019). Prior to the construction
of occupancy models that incorporated covariates, a
comparison was made between static single-season
and single-season correlated detection null models as
recommended by MacKenzie et al. (2018). This
comparison assessed the need to account for autocor-
related data, which could occur if the presence/
absence of YOY in a downstream replicate was
influenced by the presence/absence of YOY in the
replicate immediately upstream.

The construction of single-season occupancy mod-
els was divided into two components: (1) modeling
variables that affected the probability that YOY were
present at a site (stream); and (2) modeling variables
that affected the probability that YOY were detected at
a 30 m replicate. While initially modeling for stream
occupancy, the probability of detection was held
constant at p(-). Covariates of probability of detection
were then incorporated into top candidate occupancy
models.

Due to the small number of study streams (n = 48),
a maximum of three occupancy covariates were
included in any one a priori model to avoid overpa-
rameterization (Anderson, 2008). Data transforma-
tions for continuous occupancy covariates were
assessed prior to model construction. A transformation
was applied if the covariate clearly had a large
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influence on the probability of occupancy within a
small range of its total observed range, and a reduced
influence for the remainder of the observed range (see
MacKenzie et al., 2018). Continuous covariates in
detection and occupancy datasets were also standard-
ized (z-score) prior to model construction and assessed
for collinearity using Pearson correlation coefficients
(pair-wise comparisons). Covariates with a correlation
coefficient with an absolute value greater than 0.5
were not included in the same model.

Candidate models were assessed using Akaike’s
Information Criterion, incorporating an additional bias
correction term (AICc) for small sample sizes (An-
derson, 2008). Following Baker et al. (2017), the
number of streams (n = 48) was selected as the
‘effective’ sample size for the AICc correction term.
Constructed models were compared based on their
relative difference in AICc values (AAICc), model
weights, and evidence ratios (Anderson, 2008). Model
fit was assessed using the methods outlined in
MacKenzie & Bailey (2004). Pearson’s chi-squared
(%) test statistics for observed and parametric boot-
strapped data were compared to determine the prob-
ability of obtaining the observed detection history at
each stream, assuming the model was correct
(MacKenzie et al., 2018). Additionally, an indepen-
dent test data set of seven streams located along the
all-weather access road from Meadowbank to Amaruq
(Fig. 1) were used to assess model fit. These streams
were electrofished between 25 June and 02 September,
2014-2015, prior to road construction and prior to
design and implementation of this study (C. Portt and
Associates, 2015).

Results

Young-of-year Arctic grayling were detected in 32 of
48 surveyed streams, resulting in a naive occupancy
estimate of 0.67 (naive occupancy assumes perfect
detection). In the 32 streams occupied by YOY, they
were detected in 130 of 160 replicates, resulting in an
overall detection probability of 0.81. YOY were
detected in all five replicates (i.e., perfect detection)
in twenty of the thirty-two occupied streams (63.5%).
They were detected in four of five replicates in two
streams (6.3%), in three of five replicates in four
streams (12.5%), in two of five replicates in four

streams (12.5%), and in one of five replicates in two
streams (6.3%) (Fig. S2).

Occupancy
Type of occupancy model

A correlated detection null model was run to assess the
need to account for autocorrelated data (i.e., the
presence/absence of YOY in a downstream replicate
was influenced by the presence/absence of YOY in the
replicate immediately upstream). The correlated
detection null model failed to converge. Lack of
convergence could mean that sequential spatial repli-
cates were not correlated, or result from other factors,
including: (i) an insufficient number of sites or
replicates to accurately model autocorrelation; and/
or, (ii) an overall high detection rate, and a low number
of sites with imperfect detection. In a similar study of
YOY Arctic grayling occupancy in Barrenland
streams, Baker et al. (2017) found clear evidence of
spatial dependency with fewer sites and replicates (9
streams, 67 replicates), and a lower, more variable
detection rate. In this study, the start location of a site
was randomly selected in each stream, and the mean
percentage of total stream length that was surveyed
was 34% (range of 7-96%). A high overall detection
probability (0.81) and high percentage of sites with
perfect detection (63.5%), suggests that YOY were
present throughout the occupied streams. Further,
detection histories for the limited number of streams
with imperfect detection showed no clear upstream to
downstream relationship with presence/absence
(Fig. S2). Given that occupancy was assessed at the
stream level, it is anticipated that randomly selected
replicates within a stream would produce similar
results. Because the correlated detection model did not
converge, all candidate models were constructed using
the static single-season occupancy equation.

Occupancy covariates

Investigative plots revealed that several variables
potentially influenced the probability of a stream
being occupied by YOY Arctic grayling (Fig. 3):
substrate, slope, water temperature, discharge, low-
land cover, and contributing upstream lake area.
Most study streams were dominated by inorganic
substrates, primarily boulder and/or cobble. No
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Fig. 3 Relationships between stream occupancy of young-of-
year Arctic grayling and select stream- and landscape-level
covariates. Individual study streams are represented by open

individual size class (e.g., boulder, cobble, or gravel)
of inorganic substrate was related to stream occupancy
(Fig. 3a). The sum of all sizes classes of inorganic
substrate [i.e., % inorganic substrate (Fig. 3a)] was,
however, positively and non-linearly related to occu-
pancy. Increases in % inorganic substrate had a greater
effect on the probability of occupancy when %
inorganic substrate was low, and a lesser effect when
% inorganic substrate was high (Fig. 3a).

The percentage of inorganic substrate was corre-
lated with various water temperature covariates,
suggesting that water temperature may also influence
stream occupancy. There was a strong, negative
correlation between % inorganic substrate and mean
daily temperature range (r = — 0.74; Fig. 3b) and
mean daily max temperature (r = — 0.65) (Table S1).
Other temperature metrics, such as ATU, provided
little explanation for the observed distribution of YOY
among streams (Fig. 3c).
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circles. Distribution curves for each covariate for occupied and
unoccupied streams are kernel density estimations. Data were
collected near Baker Lake, Nunavut, Canada in 2019

The cumulative surface area of lakes upstream
varied considerably among study streams (0.01 km’—
26.5 km?). YOY were not detected in any of the ten
streams with upstream contributing lake area less than
0.3 km® (Fig. 3d). The likelihood that a stream was
occupied increased considerably when upstream con-
tributing lake area exceeded ~ 0.3 km?. Contributing
upstream lake area was positively and significantly
correlated with stream discharge (r = 0.87, Table S1,
Fig. S3). The pattern of stream occupancy for
upstream lake area and discharge were nearly identical
(Fig. 3d, e), suggesting that upstream lakes provide an
important source of water for streams. Although not
strongly correlated, many of the streams with low
contributions of upstream lake area also had high %
organic substrate (r = — 0.28, Table S1), and the six
streams with the highest % organic substrate all had
contributing upstream lake areas < 0.33 km”.
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The dominant land cover for most study streams
was lowland (i.e., moist, organic substrate). Of the 41
streams with > 65% lowland land cover, 32 (78%)
contained YOY. Streams with < 65% lowland land
cover (> 35% upland land cover), did not contain
YOY grayling (Fig. 3f). The relationship between
YOY grayling occupancy and land classification was
similar to the relationship between YOY grayling
occupancy and substrate—small increases in % low-
land land cover had a greater effect on the probability
of occupancy when % lowland land cover was low to
moderate (i.e., < 65%) (Fig. 3f).

The average slope of surveyed streams varied from
0.7% t0 6.6%. YOY Arctic grayling were not detected
in the six streams where average slopes exceeded 4.1%
(Fig. 3g), suggesting that as stream slope increases,
the probability that the stream is occupied decreases.
YOY grayling were found within streams with a range
of average depths, and velocities (Fig. 3h, i, Table S2),
and these variables did not appear to be strong
predictors of occupancy.

Occupancy model results

Covariates included in candidate models for occu-
pancy were limited to five variables: % lowland,
% inorganic substrate, slope, mean daily water tem-
perature range, and upstream lake area. A comparison
of the AAICc values shows a clear top model (Table 2).
Land classification (% lowland) and contributing
upstream lake area were the best predictors of
occupancy of YOY Arctic grayling in streams.
Regression coefficients (on the logit scale) show the
magnitude and direction of the covariate on the

~

probability of occupancy, () (MacKenzie et al.,
2018). For the top model, this can be written as:

logit(¥) = Po + By x VLowland% + B,
x log,o(UpstreamLakeArea)

where B-coefficients (standard errors) are, B = 2.02
(0.82), By = 1.97 (0.74), and B, = 4.10 (1.44).
Estimates of B-coefficients indicated that increases
in lowland land cover and increases in contributing
upstream lake surface area both increased the proba-
bility that a stream was occupied by YOY Arctic
grayling. Streams with larger contributing upstream
lake area and more lowland cover were more likely to
be occupied. Probability of occupancy was calculated

for % lowland values ranging from 0% to 100%, while
contributing upstream lake area was held constant at
the median observed value (1.43 kmz) (Fig. 4a).
Streams surrounded exclusively by lowland land
cover had a high likelihood of containing YOY
grayling. The probably of occupancy decreased as
lowland land cover decreased. Confidence intervals
(95% CI) around the probability of occupancy,
calculated using the delta method (MacKenzie et al.,
2018), indicated higher confidence in predicting
occupancy at high percentages of lowland land cover
(i.e., > 85%) (Fig. 4a). When examining the relation-
ship between contributing upstream lake area and
occupancy [while holding % lowland land cover
constant at the median study stream value (94.5%)],
the probability that a stream was occupied increased
sharply from O to 0.8 as contributing upstream lake
area increased from 0 km? to 1 km? (Fig. 4b). As
contributing upstream lake area increased beyond
1 km?, the 95% confidence interval narrowed, sug-
gesting increasing confidence that a stream was
occupied as upstream lake surface area increased.

Occupancy was highest when contributing
upstream lake area and percent lowland land cover
were both high (Fig. 5a). Some combinations of
percent lowland land cover and contributing upstream
lake area were not represented within the study. Given
the random sampling design, it is likely these condi-
tions are rare within the study area.

When the 16 unoccupied streams were examined, it
was evident that absence of YOY Arctic grayling in 10
of these streams was explained by insufficient con-
tributing upstream lake area (Fig. 5b). In four of the
unoccupied  streams, insufficient contributing
upstream lake area did not appear to be an explanation.
These four streams had the lowest percentages of
lowland land cover of any of the study streams. These
results suggest that streams located in landscapes with
more uplands require more upstream lake area to be
suitable for YOY. Absence of YOY Arctic grayling in
two streams was not explained by either land cover or
contributing upstream lake area (Fig. 5b).

The model predicted both presence and absence of
YOY Arctic grayling with confidence (i.e., small
confidence interval range) under certain combinations
of upstream lake area and land cover (Fig. 5c). There
was high confidence that streams with low % lowland
land cover and small contributing upstream lake areas
were unoccupied. Similarly, there was high confidence
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that streams with high % lowland land cover and large
contributing upstream lake areas were occupied
(Fig. 5¢). Uncertainty was greatest where the two
covariates had an opposing influence on occupancy.
For instance, if a stream with a low percentage of
lowland land cover also had a large contributing
upstream lake area, there was increased uncertainty in
the model result (Fig. 5c). This was particularly true
for conditions that were under-sampled (and/or less
common) in the study area.

Detection

Each of the covariates for probability of detection was
individually considered for inclusion in candidate

models. A summary of the observed range of each
variable, and the ranges of covariates for replicates
where YOY Arctic grayling were and were not
detected are provided in Table S3. Depth and velocity
were the only two detection variables with a lower
AICc score than the null model, indicating that depth
and velocity provided some explanation for imperfect
detection (Table 3). The highest ranked model
included an interaction between depth and velocity,
but there was also support for an additive model
(Table 3). An examination of regression coefficients
(Table 3) revealed that increases in depth and/or
velocity decreased the likelihood of YOY being
detected, which is intuitive given that surveys were
conducted visually and fish are more difficult to see at
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«Fig. 5 Bivariate plots of contributing upstream lake area and %
lowland land cover showing a probability of occupancy of
young of year Arctic grayling for the full range of stream
conditions observed, b estimated occupancy of YOY for the
range of contributing upstream lake area where probability of
occupancy transitioned from low to high (note different Y axis
compared to a), and ¢ the range of 95% confidence intervals for
the occupancy estimate, calculated as the upper limit minus the
lower limit. The contour lines identify occupancy probabilities
(a and b) and confidence interval ranges (c) of 0.25, 0.50, and
0.75. Combined, these variables explained the occupancy results
for 46 of the 48 streams included in the model. The 95%
confidence interval ranges show that the model predicted both
presence and absence with confidence (i.e., CI < 0.25), under
certain combinations of upstream lake area and land cover. Data
were collected near Baker Lake, Nunavut, Canada in 2019

greater depths or with greater disturbance (higher
velocity). The interaction term suggests that detection
probability remained high in deep water with low
velocity, or in shallow water with high velocity.
However, detection probability decreased rapidly in
deep, high velocity water.

Assessment of model fit
Occupancy

Model fit was evaluated using independent presence/
absence data that were collected several years prior to
the study, and from additional streams within the study
area (C. Portt and Associates, 2015). Land classifica-
tion and contributing upstream lake area were

Table 3 Summary of detection models for visual surveys of Arctic

calculated for the seven streams in the test data set,
and were used to estimate probability of occupancy.
No Arctic grayling of any life stage were detected in
the seven streams and the absence of YOY in these
streams was well-predicted by the model (Fig. S4a);
probability of occupancy was < 0.20 for six streams,
whereas probability of occupancy was 0.66 for one
stream. The estimated occupancy probability of 0.66
for the one unoccupied stream was associated with a
large 95% CI (0.08-0.98; Fig. S4b).

Detection

A comparison of y? test statistics between observed
and parametric bootstrapped data yielded a ¢ value of
3.4, suggesting the model is overdispersed. Overdis-
persion can reflect non-independent observations
(e.g., detection in replicate B is dependent on detection
in replicate A) or structural inadequacies, such as
unmodeled heterogeneity in detection. A model
structure that included spatial dependency failed to
converge (see above). We suggest that unmodeled
heterogeneity in detection probability was due to
relative differences in abundance of YOY among
streams, which in turn affected detection probabilities.
If abundance was not correlated with any detection
covariates that were collected, then heterogeneity
remains unmodeled. A comparison of the observation
rate (number of YOY observed per minute) among
replicates during presence/absence surveys at each
stream suggests that detection efficiency is related to

grayling young-of-year in Barrenland streams

Model AAICc — 21 [0 Coefficient estimates (& standard error)
Depth Velocity Depth x velocity
p (Depth x velocity) 0.00 158.74 0.43 —0.42 (0.22) —0.32 (0.22) — 0.31 (0.20)
p (Depth + velocity) 0.37 161.85 0.36 — 0.42 (0.22) — 0.44 (0.19) -
p (Velocity) 2.75 166.86 0.11 - — 0.51 (0.19) -
p (Depth) 3.02 167.13 0.09 — 0.48 (0.18) - -
p () 7.68 174.28 0.01 - - -

To allow for a direct comparison, the same model for occupancy probability was used for all candidate detection models

AAICc, difference in AICc value between a particular model compared to the top ranked model; — 2/, twice the negative log-

likelihood value; ®, AIC model weight

Occupancy probability was modeled as (//( Lowland% + log(UpslreamLakeArea)) for all models, with the exception of the null,

¥()
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abundance. Observation rate within a replicate (where
YOY were detected) was lower in streams with
imperfect detection, and decreased as detection effi-
ciency decreased (Fig. S5); high observation rates (up
to 7.33 YOY/minute) occurred at streams with perfect
detection, and low observation rates (as low as 0.13
YOY/minute) occurred at streams with imperfect
detection. A higher observation rate is likely the result
of an increased number of YOY within the stream,
suggesting that relative differences in abundance
among streams, which are unaccounted for in the
model, led to higher than expected variance (i.e.,
overdispersion) (Royle & Nichols, 2003). Since
overdispersion was not attributed to non-independent
observations, a correction to the AIC scores (QAIC)
was not applied (as per MacKenzie et al., 2018).

Discussion
Occupancy

The suitability of Barrenland streams for YOY Arctic
grayling was strongly influenced by the surrounding
landscape. Two landscape-level variables, land clas-
sification (upland vs. lowland) and contributing
upstream lake area, were better predictors of YOY
grayling occupancy than any combination of the
within-stream habitat variables that were collected.
By considering how landscape-level variables affect
stream habitat, particularly during the summer rearing
period, critical habitat for YOY Arctic grayling in
Barrenlands landscapes can be better understood and
predicted. This will allow for more effective and
efficient monitoring, mitigation, and conservation in
this vast, remote, and understudied ecoregion.
Sixteen of 48 surveyed streams were unoccupied,
and absence of Arctic grayling YOY in 10 of the
unoccupied streams was explained by having fewer or
smaller lakes upstream, providing less contribution to
base flow. Headwater streams, and those that were
located further upstream within a chain-lake system,
had a lower probability of containing YOY Arctic
grayling. Lakes are known to moderate and improve
the reliability of source flow (Jones, 2010), and the
degree to which an upstream catchment contributes to
downstream flow is dependent on antecedent lake
storage, rainfall, and evaporative losses (Baki et al.,
2012; Baker et al., 2016). In a landscape where

@ Springer

summer evaporation typically exceeds precipitation,
an increase in the number and/or size of upstream
lakes may increase the likelihood that streamflow and
connectivity for migratory fishes will be sustained
throughout the ice-free season. For YOY Arctic
grayling, sustained flow is crucial, as habitat connec-
tivity is required for migration to overwintering lakes
prior to freeze-up (Jones et al., 2003a; Heim et al.,
2016). The importance of stream connectivity for
Arctic grayling distribution has also been noted in the
Arctic Coastal Plains of Alaska, where a sustained
stream connection during the open water season
(rather than an ephemeral connection) is a strong
predictor of Arctic grayling occupancy in lakes
(Haynes et al., 2014; Laske et al.,, 2016). In the
Barrenlands, Arctic grayling use of chain-lake habitat,
particularly lakes with inconsistent connectivity, war-
rants investigation and may help to further explain
YOY stream occupancy.

Further evidence of the influence of upstream lakes
on stream flow was demonstrated by the significant
and positive correlation between contributing
upstream lake area and stream discharge (Pearson’s
rof 0.87). This suggests that upstream lakes contribute
to maintaining baseflow in Barrenland streams in the
study area throughout the open water season, and
among years. Unoccupied streams with low contribut-
ing upstream lake area were likely unsuitable for YOY
Arctic grayling due to insufficient discharge. Con-
tributing upstream lake area may, in fact, be used as a
reliable surrogate for discharge in Barrenlands land-
scapes, and allow for comparisons among streams
when discharge measurements cannot be taken within
a short temporal window. Stream discharge measure-
ments for this study were collected under a wide range
of weather conditions, including periods of dry
weather followed by heavy rain events. These events,
including one when 48 mm of rain fell in less than
72 h, influenced discharge and confounded compar-
isons among streams (Fig. S3). Incorporating con-
tributing upstream lake area into models in place of
discharge allowed for a comparison among streams
that was more representative of longer-term hydro-
logical conditions. Barrenland streams with reliable
flow during the open water season, or a predictable,
sustained discharge across years are more likely to be
used by Arctic grayling (see Heim et al., 2019b).
Given that Arctic grayling show strong site fidelity to
spawning and summer feeding sites (Northcote, 1995;
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Deegan et al., 1999; Buzby & Deegan, 2000), the
absence of YOY in streams may be a result of an
unpredictable base flow across years, which can be
assessed more accurately in the Barrenlands by
calculating upstream lake area rather than by collect-
ing a single discharge measurement in a given year.

Streams with small contributing upstream lake area
(and correlated lower discharge) had additional habitat
features that were likely unsuitable for YOY Arctic
grayling. Many of these small streams were dominated
by organic substrates and instream vegetation, likely
because there was insufficient flow to mobilize even
fine substrates. The six streams with highest % organic
substrate were a subset of the 10 streams where YOY
absence was explained by low contributing upstream
lake area. Arctic grayling prefer gravel for spawning
(Stewart et al., 2007). High relative % organic material
within streams that have small upstream lake area and
low discharge may be unsuitable for spawning adults,
leading to absence of YOY. Organic substrate was also
highly correlated with several stream temperature
metrics. Streams dominated by organic substrate had
less stable temperature profiles, as daily temperature
fluctuated up to 8°C, and maximum temperatures
sometimes exceeded 20°C. This is likely because dark
organic substrate absorbs more solar energy relative to
the lighter coloured inorganic substrates. Data on the
upper range of stream temperature used by YOY
Arctic grayling is lacking (Stewart et al., 2007),
although the thermal tolerance of YOY grayling has
been found to exceed 24°C (LaPerriere & Carlson,
1973). Deegan et al. (1999) and Luecke & MacKinnon
(2008) found that growth of YOY Arctic grayling in
Alaskan streams was positively correlated with water
temperature; however, the effects of large, daily water
temperature fluctuations on YOY habitat suitability
are unknown, and requires further study.

Although low contributing upstream lake area
explained absence of YOY in 10 of 16 unoccupied
streams, YOY Arctic grayling were absent in six
streams that appeared to have sufficient streamflow.
Four of six of these absences were explained by land
classification. Most streams included in this study
were situated within lowland-dominated landscapes;
however, four study streams where YOY were absent
had upland land cover that exceeded 50%. Since
Barrenland streams are colluvial, upland streams are
dominated by unconfined boulder channels with large
interstitial spaces (Fig. S6). Reductions in flow and

loss of surface connectivity in Barrenland streams
over the course of the summer (Jones et al., 2003a)
may be especially prevalent in upland landscapes,
where interstitial spaces around boulders and uncon-
fined channel structures promote subsurface flow at
low discharges. Indeed, this was directly observed at
several upland study streams in late summer (Fig. S6),
and suggests that a larger contributing upstream lake
area is required to maintain connectivity throughout
summer for streams in upland-dominated landscapes.
Power & Barton (1987) describe stream conditions in
Ungava Bay, Quebec, where diffuse and subsurface
flow through boulder-dominated streams prevented
upstream migration of Arctic char, particularly in dry
years. Reduced stream flow in the fall as a result of
climate change is expected to affect connectivity of
Arctic aquatic habitats, with particularly large effects
on migratory fishes (Reist et al., 2006; Betts & Kane,
2015).

Authors of previous studies conducted in the
Barrenlands found that several habitat variables influ-
enced the presence of YOY Arctic grayling, including
water depth, water velocity, discharge, substrate,
slope, detritus, and instream and overhanging vegeta-
tion (Jones & Tonn, 2004; Artym, 2016; Baker et al.,
2017). Of these variables, discharge, slope, and
substrate (expressed as % inorganic) provided some
explanation of stream occupancy in our study. We
sampled a wider range of stream conditions than
previous studies, and it is possible that instream
variables (e.g., water depth, water velocity) are less
important when predicting occupancy over a larger
spatial scale or more diverse landscape. Our measure-
ments of instream habitat variables under sometimes
extreme conditions, such as during heavy rain events,
likely confounded any relationships with occupancy,
and precluded meaningful comparisons of results
among studies. We conclude that connectivity,
inferred through the variables of contributing
upstream lake area and land cover, were the primary
driver of YOY occupancy in our study. Connectivity
has been identified as an important factor for explain-
ing YOY presence in other studies (Jones & Tonn,
2004; Artym, 2016; Baker et al., 2017), as habitat
variables such as discharge, slope, substrate, water
depth, and water velocity often reflect, or are related
to, stream connectivity.
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Detection

Detection efficiency was high overall; however,
increases in average water depth and velocity reduced
the probability that YOY would be detected. A general
trend of decreasing detection efficiency with increas-
ing depth during visual surveys has been observed in
previous studies of YOY Arctic grayling (Artym,
2016) and smallmouth bass [Micropterus dolomieu
(Lacepéde, 1802)] YOY (Brewer & Ellersieck, 2011).
While neither study found a statistically significant
relationship between velocity and probability of
detection, average site velocities were low (0.085 m/
s for Artym (2016) and 0.054 m/s for Brewer &
Ellersieck (2011)) relative to velocities measured in
this study (0.24 m/s).

Overdispersion (¢ of 3.4) was observed in the
model of detection probability. Unmodeled hetero-
geneity in detection probability was the suspected
cause of overdispersion (i.e., there was a factor
influencing the detection probability that was not
accounted for in the model), and was likely due to
variation in abundance of YOY among streams. The
size of the local population at each replicate impacts
detection probability, and variation in abundance can
be the leading cause of heterogeneity in detection
probabilities in occupancy studies (Royle & Nichols,
2003). For juvenile bull tout [Salvelinus confluentus
(Suckley, 1859)] occupying mountain streams in the
Northwest Territories, detection probability is high
(p = 0.78) in core habitat areas, but is greatly reduced
(p = 0.48) in fringe habitats near distributional bound-
aries (Mochnacz et al., 2021), where abundance is
likely lower. Most occupied streams surveyed in this
study had perfect detection (62.5%), and are likely
core habitat areas for YOY grayling. What constitutes
fringe habitat for YOY Arctic graying in Barrenland
streams is poorly understood. While collection of
additional stream variables, such as food availability
(see Jones et al., 2003b), may help to identify fringe
habitat and account for the unmodeled heterogeneity
in detection, it is also likely that fringe habitat for
YOY rearing in streams is correlated with the distri-
butional patterns and habitat requirements of adults.
Developing a broader understanding of habitat use of
all life stages of Arctic grayling in the Barrenlands
may help to identify more cryptic variables that are
related to core and fringe stream habitat for YOY.

@ Springer

Conclusion

Critical knowledge gaps regarding ecology and life
history of northern populations of Arctic grayling
preclude accurate or precise predictions regarding
potential impacts of human-induced stressors. This is
particularly true for regions where habitat use is poorly
understood, such as in Arctic Barrenland landscapes.
The Barrenlands are dominated by networks of
seasonally connected lakes and streams that allow
adfluvial populations of Arctic grayling to migrate,
spawn, and rear. Results of our study indicate that
suitability of Barrenland stream habitat for YOY
Arctic grayling is limited by connectivity. In the
Barrenlands, the importance of headwater lakes in
ensuring the permanence of stream connections (per-
sistence of flow) is evident, given the strong correla-
tion between contributing upstream surface area and
stream discharge. In lowland regions, stream connec-
tivity within chain-lake systems is well defined, and
even a small contributing upstream lake area can
promote sustained flow through the open water season.
For upland regions, a larger contribution from
upstream lakes is required to maintain connectivity,
and thus there are fewer suitable streams within this
landscape for YOY to rear. Through occupancy
modeling we identified that surrogates of connectivity
(i.e., contributing upstream lake area and landcover),
which can be calculated using publicly available data
(e.g., Campbell et al.,, 2012; Natural Resources
Canada, 2016), adequately predict YOY Arctic
grayling stream use in the Barrenlands. Use of this
model as a predictive tool could lessen the consider-
able financial and logistical constraints of conducting
remote Arctic fieldwork and facilitate more focused
field programs to inform conservation and mitigation
plans.
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