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ABSTRACT

Cumberland Sound (CS) beluga (Delphinapterus leucas) are genetically differentiated and
spatially segregated from other beluga populations, remaining in CS year-round. Under the
Species at Risk Act the population is listed as Threatened. A survey in 2014 estimated
approximately 1,150 (CV = 0.216) belugas in this population. A new series of visual and
photographic surveys were flown during July and August 2017. The visual survey covered a
larger area of CS than previous surveys, based on input from the Pangnirtung Hunters and
Trappers Association, and was divided into three strata. The photographic survey provided full
coverage of Clearwater Fiord, where CS beluga congregate in summer. Visual surveys of each
of the three CS strata were flown twice, and analysed as a 600 m strip transect survey adjusted
for perception and availability bias. The availability bias adjustment factor was calculated from
whales equipped with satellite tags in 2006—-2008 and was based on time spent in the upper 0-5
m for the visual survey (C; = 2.54; CV = 0.050). Perception bias was calculated using duplicate
sightings from the primary and secondary observers during the 2017 survey (C, = 1.05; CV =
0.077). The photographic survey of Clearwater Fiord was conducted once during the first survey
and four times during the second survey (using a weighted-CV average for the abundance
estimate for the second survey) and adjusted to account for availability bias by evaluating the
time spent in the 0-1 m or 0-2 m bin depending on beluga visibility (C,; = 4.46; CV = 0.117 and
C,=2.06, CV = 0.056, respectively). The fully adjusted estimate for the two surveys of the
entire area was 1,749 (CV = 0.423) and 1,379 (CV = 0.043) whales in Clearwater Fiord. This
resulted in an average 2017 survey abundance estimate of 1,381 (CV = 0.043; 95% CI = 1,270-
1,502) belugas, respectively. A model incorporating the 2017 and four previous survey
estimates (1990-2014), along with harvest statistics from 1960-2017, was then fit using
Bayesian inference to provide updated estimates of abundance and potential impacts of
different harvest scenarios. The population model produced an estimated median abundance of
1,090 (CV = 0.207, 95% CIl = 617-1,864) beluga in 2018. The model estimated 96% probability
of stock decline in 10 years with the current annual quota (41) and a 0%, 25%, and 50%
probability of population decline with harvests of 0, 14, and 20 beluga, respectively. PBR was
calculated using reproductive rates of 0.04 (assumed for cetaceans) and 0.03 (estimated from
the model) and varied from one to three animals, with a TALC of one to two whales.




INTRODUCTION

Current genetic and satellite telemetry evidence suggest beluga whales (Dephinapterus leucas)
in Cumberland Sound (CS) form a distinct genetic population that remain within the sound year-
round (de March et al. 2002, 2004, Richard and Stewart 2009, Turgeon et al. 2012). In the
summer, large aggregations occur in Clearwater Fiord (Figure 1; Richard and Stewart 2009).
Cumberland Sound belugas have been hunted commercially and for subsistence. Based on
hunt records, abundance in 1923 was estimated at over 5,000 belugas (Mitchell and Reeves
1981). Commercial whaling, which ended in 1939, depleted the population to less than 1,000
individuals (Brodie et al. 1981, Richard 2013). The subsistence hunt has been regulated since
the 1980s and the current quota is 41 beluga per year (Richard and Pike 1993). In 2017 the
population was listed as Threatened under the Species at Risk Act (SARA).

DFO’s current management objective is to increase the CS beluga population to 5,000 animals
by 2091 (Marcoux and Hammill 2016). In 2016, a stochastic stock-production model, assuming
density dependence acting on the population growth rate, was fitted by Markov Chain Monte
Carlo (MCMC) Bayesian methods to aerial survey and reported harvest data (Marcoux and
Hammill 2016). The model estimated the population at approximately 1,000 individuals and
suggested that with the current quota of 41 animals the population would not increase to the
interim target of 1,235 animals by 2026. The Pangnirtung Hunters and Trappers Association
(HTA) raised concerns that low survey coverage in Kangilo Fiord and the southwestern portion
of CS may have negatively biased the 2014 abundance estimate. To address these concerns, a
survey with a modified design was flown in July and August 2017.

The goal of the present study was to estimate abundance of the CS beluga population based
upon the 2017 survey and a population model that incorporates historical data to 1) provide
advice to co-managers on the probability of population decline under different harvest scenarios
and 2) calculate a new Total Allowable Landed Catch (TALC).

METHODS

STUDY AREA

The study area was divided into four strata, Kangilo Fiord, North CS, West CS, and Clearwater
Fiord (Figure 1), and was designed to replicate the coverage of the 2014 aerial survey with
modifications recommended by the Pangnirtung HTA. Based on recommendations from
hunters, three new transects were added to the southern end of the West CS stratum. In
addition, because most of the sightings during the 2014 visual survey occurred in Kangilo Fiord,
this area was defined as its own stratum and the number of transect lines was increased (13 in
2017 compared to seven in 2014; Figure 1). The Kangilo Fiord, North CS, and West CS strata
were surveyed visually. The Kangilo Fiord stratum comprised 13 transect lines spaced 2.5 km
apart (Figure 1). The North CS stratum survey consisted of six parallel transects spaced 10 km
apart, and the West CS stratum survey consisted of 18 parallel transects spaced 10 km apart.
The Clearwater Fiord stratum consisted of 26 parallel transects spaced 700 m apart, resulting in
complete coverage of the fiord. All transect lines were oriented perpendicular to the long-axis of
each stratum. Two surveys were flown from July 29 to August 3 and from August 4 to 12.

VISUAL SURVEY

Surveys were flown in a DeHavilland Twin Otter (DH-6) equipped with four bubble windows and
an optical glass covered camera hatch at the rear underbelly of the plane. Visual survey
transects were flown at a target altitude of 1,000 ft (305 m) and a ground speed of 110 knots




(204 km/hr). A Global Positioning System unit (Bad EIf GPS pro+) was used to log the position,
altitude, speed, and heading of the aircraft every second. Two synchronized iPads running
Foreflight (a navigation application) were also connected to the Bluetooth GPS and used by the
survey coordinator and pilots to input/edit waypoints for each transect, provide navigation and
base maps, and record daily flight tracks. Surveys were only flown under the following
environmental conditions: no rain, no risk of icing, ceilings of 2,500 ft or higher with no fog over
the water in the survey area, and a Beaufort Sea State (BF) of 0-3 (although sea states of up to
4 were encountered during one survey [Table 1]). A double platform design in which two
observers were seated at bubble windows on each side of the aircraft was used for all visual
surveys (Buckland et al. 2001). All four observers remained in their respective positions in the
plane throughout the survey. The two observers on the same side of the aircraft were visually
and acoustically isolated from one another to ensure independent observations. The two
primary observers at the front of the aircraft recorded the following environmental conditions at
the start and end of each transect, and when any changes occurred: ice concentrations (in
tenths), sea state (Beaufort scale), fog (% of field of view) and glare (% of forward field of view),
and cloud cover (%). Beluga sightings were recorded on Sony PCM-D50 audio recorders;
species, group size, and perpendicular declination angle to the center of each group, which was
measured using a Peco DCC1 Digital Compass/Clinometer when the group was a beam of the
observer, were recorded. A ‘group’ was defined as animals within one body length of each other
and behaving cohesively. When time permitted, observers recorded additional details, such as
the presence of calves, behaviour, and direction of travel. Photographs of the area below the
aircraft were also taken during the visual surveys.

VISUAL SURVEY ANALYSIS

Visual line-transect survey data were analysed using Distance 6.2 software (Thomas et al.
2010), which requires the perpendicular distance of each observation from the trackline. This
distance is calculated from the declination angle, which was measured for all but one of the
observations. The perpendicular distance of that observation was estimated from an aerial
photograph using (Equation 1):

Dy = [(“X—“ x<2xﬁ)>] (1)

where D, is the distance of the sighting, X; is the total number of pixels in image widthwise,
X widthwise pixel count from the image’s outer edge to the sighting, and g is half the field of
view of the lens.

Buckland et al. (2001) suggest that at least 60—80 observations are required for reliable
estimation of the detection function for line transect sampling; when there are a low number of
detections only one or two additional sightings close to the trackline can affect estimation
substantially. With only 26 total beluga sightings across all visual surveys, we decided to
analyse the survey data using a strip-transect design. A hazard-rate function with a cosine
adjustment was fitted to the sightings data and showed there was a relatively uniform
distribution of sightings from 0—300 m, but animals were increasingly missed beyond this
distance (Figure 2). Therefore, belugas observed within a 300 m (w) strip on either side of the
aircraft were used to estimate near surface abundance.

Duplicate observations were removed and the probability density function of the perpendicular
distances of beluga groups near the surface (f(y)) was estimated using a uniform function
(Equation 2):

fG) =+=0003 (2)




The encounter rate (E(n)) was calculated using (Equation 3):
Em=% (3

Where n = {‘zlni is the total number of detections from line i, where i is 1 to k (total number of

lines). The total survey effort (L) is L = ¥, I;, where I is transect length. The cluster encounter
rate variance was calculated following Fewster et al. (2009) for systematic variance where
(Equation 4):

ar () = el (5e) @
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The density of belugas at or near the surface was estimated (Equation 5):

p = EWIOE® 5
2xL

The total number of belugas at or near the surface was estimated (Equation 6):
Nsur =D=xA (6)

where A is the area of the survey stratum.

PERCEPTION AND AVAILABILITY BIASES

Conventional distance analysis assumes the probability of detection on the trackline (p(0)) is 1;
however, observers may miss some whales that are visible on the trackline (Richard et al.
2010). Double observer methods, like those used in this study, allow for estimation of this
‘perception bias’. To determine the value of p(0), duplicate sightings between the primary and
secondary observers on each side of the aircraft were identified as occurring within 10 seconds
and less than a 10 degree declination difference of one another (Pike and Doniol-Valcroze
2015).

Near surface abundance estimates were also adjusted to account for belugas that were diving
and therefore unavailable to observers (i.e., availability bias) using the same values used to
adjust the 2014 survey (Marcoux et al. 2016). In brief, availability bias was estimated by taking
the weighted average of time spent in the 0—1 m bin, 0—2 m bin, 0—3 m bin, 0—4 m bin, and 0—6
m bin for three belugas tagged with satellite linked time depth recorder tags in Clearwater Fiord
in July of 2006 (n = 1) and August 2007 (n = 2) (for tagging methodology see Orr et al. 2001).
Weighted averages were based on the number of 6-hour blocks collected for each beluga.
Standard errors were calculated using a weighted standard deviation divided by the square root
of the number of belugas used in each calculation. Belugas can be seen to depths of 5 m when
the water is clear (Richard et al. 1994), but tags were not programmed to collect information
from 0-5 m, thus, an average of the availability bias for 0—-4 m and 0—6 m was used to estimate
the 0—5 m availability bias. The larger of the two standard errors was used as the standard error
for the interpolated 0—5 m bin (Richard 2013). The availability bias adjustment factor, Cq, was
calculated as (Equation 7):

1

Co = (7)

- proportion spent in depth bin

For the visual survey, which was conducted over water we classified as clear (able to detect
beluga up to 5 m below the surface of the water), we used an adjustment factor calculated using
the interpolated 0—5 m bin.

The total estimate of belugas at or near the surface was adjusted to account for perception and
availability biases using (Equation 8):




NZNsur* Cp*Ca (8)

The final abundance estimate had an associated variance calculated using the delta method
(Buckland et al. 2001) where (Equation 9):

var(n/L) | var(E(s)) , var(Cp) var(Cgy)
(n/L)? (E(s)? Cp? + Ca® } ()

var(N) = N? x{

Confidence intervals were calculated assuming a log-normal distribution as suggested in
Buckland et al. (2001).

PHOTOGRAPHIC SURVEY

The photographic surveys of the Clearwater Fiord stratum were flown 29 July, and 4, 7, 8, and
12 August at a target altitude of 2,000 ft (610 m) and speed of 110 knots (204 km/h). Complete
photographic coverage of the stratum was achieved using two Nikon D810 cameras, equipped
with 25 mm lenses, mounted at the rear of the aircraft and directed straight down, with the
longest side perpendicular to the track-line. To georeference the photographs the cameras were
linked via Bluetooth to a single GPS receiver (Bad EIf GPS Pro+) using a module accessory
(Foolography Unleashed D200+ Bluetooth Module). Each camera was also connected to a
laptop computer to control exposure settings, the photograph interval, and to save high
resolution JPEG photographs to the computer’s hard drive. At the target altitude of 2,000 ft, the
ground area covered by each photograph was 875.4 m x 585.2 m, resulting in 20% overlap
between photographs taken on adjacent transects. In theory, at the target speed and altitude,
an interval of 9 seconds would result in 20% overlap between consecutive photographs along
each transect. However, variations in speed, altitude, and pitch of the aircraft resulted in the
need to use a shorter photographic interval of 7 or 8 seconds to achieve 20% overlap among
photographs. Photographs were saved as JPEG files and downloaded at the end of each
survey. When possible, surveys of Clearwater Fiord were flown to coincide with high tide, which
provided better water clarity than low tide (Table 1).

PHOTOGRAPHIC SURVEY ANALYSIS

Photographs were examined for belugas by two experienced readers. The two analysts counted
a common set of 673 photographs (21% of all photos) to assess inter-reader variation.

Photographs were georeferenced and examined in ArcMap 10.1 (ESRI). Issues with low
visibility in some images due to under-exposure were resolved using Adobe Photoshop (Adobe
Systems) by adjusting photograph brightness, contrast, levels, curves, exposure, vibrancy,
saturation, and hue. Water clarity was evaluated in each photograph by looking at the proportion
of the beluga body that could be seen in the photograph. An instantaneous availability bias
adjustment factor for the 0—2 m bin was used for photographs where the reader could see the
tail and/or the head of the belugas beneath the surface of the water and an adjustment for the
0—1 m bin was used if the photograph reader could only see the portion of the beluga body that
was breaking the surface of the water. We compared the categorization of photographs
requiring 0—1 m or 0—2 m corrections by the photograph readers to RGB pixel color of the water
in each photograph. Pixels where water was brown was typically categorized as requiring an
adjustment based on the 0—1 m bin, while blue pixels were typically identified as requiring the
0—2 m bin adjustment. This was done for each beluga that was identified and the number of
beluga for which each category was applied for all repeats of Clearwater Fiord is shown in
Table 2.

The surface area covered by each photograph was calculated as (Equation 10):
Aphotograph = Iength * Wldth (10)




where length = altitude/Fs*Ls and width = altitude/Fs*Ws, and Fs is the focal length of the camera
sensor (25 mm), Ls is the length of the camera sensor (35.9 mm) and W; is the width of the
camera sensor (24 mm).

For photographs with a proportion masked by sun glare, the reader created a shapefile to cover
the glare and did not search for belugas within the glare area. The area covered by the glare
was subtracted from the photograph area. The overlapping section between subsequent
photographs was cropped from the first photograph. In addition, side overlap between adjacent
line transects were cropped from the area of the adjacent line. Lastly, land area was cropped
from the photographs by overlapping a shapefile of land with the photographs. The remaining
area covered by water (with no glare) in each photograph was then calculated (4, g1qre)-

The number of belugas detected near or at the surface in each photograph was adjusted for the
instantaneous availability bias, C, described above, according to the clarity of the water.

An adjusted abundance estimate was calculated using (Equation 11):
Ncor = (4 X Nsurface (11)
where Nsurface is the total number of belugas detected at the surface for each photograph.

Beluga density was calculated by dividing the summed beluga count by the summed area of
glare-free water. Density was then multiplied by the stratum area to obtain near-surface
abundance estimates (Equation12):

I —
Zi=1NcorL-

1
i=1 Anoglarei

Ivtot = Astratum X 5 (12)
where A-qrum iS the area covered by the survey and I is the number of photographs per
survey.

Within a single complete coverage photographic survey there is no variance associated with the
encounter rate since all observable whales were counted. As a result, the only variance within a
single repeat is the variance in the availability bias adjustment factor. However, four repeats of
the Clearwater Fiord Stratum were conducted during the second visual survey (August 5-12)
and therefore the abundance estimate was a weighted average (weighted by the CV) of the four
repeats. The variance of this mean estimate was calculated using (equation 8.8, Buckland et al
2001) (Equation 13):

St A2var(N;)
(St 4)”
where 4; is the area of the i" repeat of the photographic survey.

var(ﬁ*) = (13)

The first survey of the Clearwater Fiord Stratum was applied to the first survey period with no
variance associated with the estimate, only the variance from the availability bias adjustment
factor.

COMBINED POPULATION ABUNDANCE ESTIMATE

The total population abundance was estimated by adding the individual stratum estimates for
each survey period, with a variance calculated as the sum of the individual stratum variances.

MODEL SPECIFICATION

A stochastic stock-production model, assuming density dependence acting on the population
growth rate was fitted by MCMC Bayesian methods to the aerial survey (1990-2017) and




reported harvest data (1960-2018) (Table 3 and 4). We had two surveys in 2017 and used a
weighted average (weighted by the CV) of the two surveys in the model. Observation error
(associated with data collection and abundance estimation) was separated from the process
error (arising from natural variability in population dynamics) using a hierarchical state-space
model that considers survey data to be the outcome of two distinct stochastic processes: a state
process and an observation process (de Valpine and Hastings 2002). The state process
describes the underlying population dynamics and the evolution of the true stock size over time,
using a discrete formulation of the Pella-Tomlinson model (Pella and Tomlinson 1969, Innes
and Stewart 2002) was used by Marcoux and Hammill (2016) (Equation 14):

Ni—1

c )9)* e,— R, (14)

This version of the model multiples the process error on the surplus production component of
the equation and consequently only allowed positive growth in the absence of harvest. We used
a slightly modified version of this model that allows the process error to have either positive or
negative impacts on the growth rate as we believe this is more reflective of natural variation
(Equation 15):

Ne = Ne_q+ Neog *x Apgx — 1) = (1 - (

Ny = Npq % (1 + Amax — D = (1 - (%)e)> * & — R (15)

Where: A,,,4 is the maximum growth rate or rate of population increase,
K is the environmental carrying capacity,

6 defines the shape of the density-dependent function,

gy Is a stochastic term for the process error,

R, are the removals for that year, calculated as reported catches, C:, that are corrected for the
proportion of animals that were struck and lost, S&L (Equation 16):

R, = C.* (1+S&L) (16)

The observation process describes the relationship between true population size and observed
data. In our model, aerial survey estimates S; are linked to population size N by an error term,
g5, (Equation 17):

In(S;) = In(N,) + g, (17)
The model was run 200,000 times with a 20,000 burn in and 30 thinning.

PRIORS

Priors were based upon Marcoux and Hammill (2016). Seven different trial models were used to
evaluate the best population model for the CS beluga population (Table 5). Theta determines
the shape of the density dependent function. For marine mammals, maximum productivity is
thought to occur between 50% and 85% of carrying capacity (Taylor and DeMaster 1993), but
different jurisdictions have used values of theta ranging between 1 and 3, which results in
maximum productivity occurring between 50% and 63% (Wade 1998, Hobbs et al. 2015,
Jackson et al. 2016, Heide-Jargensen et al. 2016). Here we examined if theta was fixed and if it
was allowed to vary between one and three (Table 5). For odontocetes, the maximum rate of
population increase (A,,45) is thought to lie between 1.02 and 1.06, with most studies using 1.04
(Wade and Angliss 1997, Wade 1998, Lowry et al. 2008). In model 1, we fixed A,,,,, at 1.04, and
in all other models we allowed the model to estimate 2,,,,, using a uniform prior with minimum




and maximum values ranging from 0.001-0.08 (Table 5). Reported harvests underestimate the
number of belugas killed because some animals are wounded or killed but cannot be recovered
(struck and lost [S&L]). There are no data on S&L rates for CS, thus, we used the same S&L
factor used by Marcoux and Hammill (2016) which also includes non-reporting (Table 6).

The stochastic process error terms ¢, were given a log-normal distribution with a zero location
parameter. The precision parameter for this log-normal distribution was assigned a moderately
informative prior following a Gamma (1.5, 0.0005) distribution. These parameters were chosen
so that the resulting error would have a coefficient of variation of 1%, since beluga stock
dynamics are not highly variable (Marcoux and Hammill 2016).

Survey variance was incorporated into the fitting process by guiding the formulation of the prior
distribution of the survey error. The survey error term g, followed a log-normal distribution with a
zero location parameter. Its precision parameter was given a moderately informative prior
following a Gamma (2.5, 0.4) distribution. These parameters were chosen so that the resulting
CV of the survey estimates would have quartiles Q1 and Qs of 0.35 and 0.55, which were the
same used by Marcoux and Hammill (2016).

PARAMETER ESTIMATION AND MODEL DIAGNOSTICS

Posterior estimates of all the parameters were obtained using a Gibbs sampler algorithm
implemented in JAGS (Plummer 2003). R2jags and coda packages developed in the R
programming language were used to examine the results (R Core Team 2013). With any
Markov Chain Monte Carlo (MCMC) simulation, it is important to check convergence of the
sampled values to their stationary distribution (Brooks et al. 2004, King et al. 2010). Initial runs
of the code were made to investigate convergence and mixing (i.e., the extent and spread with
which the parameter space was explored by the chain), and autocorrelation.

We tested for mixing of the chains using Geweke’s test of similarity between different parts of
each chain (Geweke 1996). The Brooks-Gelman-Rubin (BGR) diagnostic, which compares the
width of 80% Credible Interval (Cl) of pooled chains with the mean of widths of the 80% CI of
individual chains was used for convergence between chains (Brooks and Gelman 1998). The
relative contributions of the parameters to the model were examined by estimating the pp value,
which is the ‘effective’ number of parameters being fitted (Spiegelhalter et al. 2002).

MODEL PROJECTIONS AND MANAGEMENT OBJECTIVES

We used the population model to estimate the probability of the CS beluga population
decreasing with different harvest scenarios (hunts of 0, 10, 20, 30, and 41).

We also calculated a Potential Biological Removal (PBR) following Wade (1998) and divided
PBR by S&L (1.42 [Marcoux and Hammill 2016]) to calculate a revised Total Allowable Landed
Catch (TALC) for different scenarios (Equation 18).
PBR=05"* RmMax * Nmin * Fr (18)
Where: Nuin = N/ exp (z VIn (1+CV2))

N = the model estimate for the population size in 2018 or the abundance estimates from the
2017 surveys.

z = 0.842 for the 20t percentile of the log-normal distribution of the estimated population size
(Wade 1998).




Rwmax = maximum rate of increase for the stock. The default for cetaceans when the rate is
unknown is 0.04. We also used the rate determined by the population model. It was then
multiplied by 0.5 to simulate the effect of logistic density dependent growth.

Fr = recovery factor set to 0.1 for a threatened declining stock (as recommended by Hammill et
al. 2017).

The TALC is (Equation 19):
TALC = PBR / loss rate (19)

RESULTS
PERCEPTION AND AVAILABILITY BIASES

Eleven sightings were identified as potential duplicates between observer 1 and 2, based on
time and declination angle (Pike and Doniol-Valcroze 2015). Of the 11 potential duplicate
sightings, five were confirmed as duplicates by investigating photographs that were taken
throughout the visual survey; to determine if observers identified the same whale/group of
whales or whether these were unique whales, 10 photographs before and after the sighting
were evaluated. Six of the potential duplicates were seen outside of the frame of the
photographs, but were within a 5 degree declination difference (Southwell et al. 2002) and were
therefore considered to be duplicates.

Both the primary and secondary observers missed observations at the track-line [g(0)]. Based
on all observations from 0-550 m, the observers had probabilities of detection (p(0)) equal to
0.78 £ 0.158. The estimated p(0) of the two observers combined was 0.95 + 0.070, which
resulted in a perception bias adjustment factor (C,) of 1.05 (CV = 0.077).

An availability bias correction factor of 2.54 (CV = 0.052) interpolated from the 0-4 m and 0-6 m
bin was used to adjust surface abundance estimates for the visual survey outside of Clearwater
Fiord and were the same factors used to adjust the 2014 survey (Marcoux et al. 2016). An
availability bias correction factor of 4.46 (CV = 0.117) for the 0—1 m bin was used for instances
where only beluga breaking the surface could been seen, while a correction of 2.06 (CV 0.056)
for the 0-2 m bin was used in instances where the whale’s body could be observed at the
surface and under the water.

VISUAL SURVEY

Two surveys of all three visual strata were conducted. The Kangilo Fiord, North CS, and West
CS strata were flown on August 1-3, while a second survey of these strata occurred on August
4 and 5 (Figure 3). Due to weather constraints, the West CS stratum was only partially surveyed
during the second survey (eight transect lines in the south could not be completed [Figure 3]).
The estimated number of belugas at the surface outside of Clearwater Fiord is 543 (CV = 0.502)
and 35 (CV = 0.508) for the first and second surveys, respectively (Table 7). Adjusting for
perception and availability bias gives an estimate of 1,448 (CV = 0.510) and 203 (CV = 0.515)
belugas outside of Clearwater Fiord for the first and second visual surveys (Table 7).

PHOTOGRAPHIC SURVEY OF CLEARWATER FIORD

Repeat counts of 673 photographs were highly correlated (simple linear regression; adj r? =
0.995, F1671=1.208e+05, p < 0.0001, Figure 4). Counts for the first and repeat counts were the
same for 632 of the 673 photographs. Twenty-one photographs differed by three or fewer
belugas and five photographs differed by 4 to 8 belugas, resulting in a mean absolute difference
of 0.16 belugas per photograph. Individual beluga sightings in Clearwater Fiord are presented in




Figure 5. The abundance estimate for the first photographic survey is 301 (CV = 0.096) while
the weighted average estimate from the four repeats during the second survey is 1,286 (CV =
0.029) (Table 2).

POPULATION ABUNDANCE ESTIMATE

The total abundance estimate adjusted for perception and availability bias summed for the four
strata is 1,749 (CV = 0.423; 95 % CI = 790-3,871) and 1,379 (CV = 0.043; 95% CI = 1,267-
1,500) for the first and second surveys respectively (Table 8). The weighted average (weighted
by the CV) for the two surveys is 1,381 (CV = 0.043; 95 % CI = 1,270-1,502).

MODEL RESULTS AND PROJECTIONS

Seven different models were assessed to evaluate the sensitivity of the model to different prior
parameters (Table 5). All models showed a population that has declined since 1960, with a
current population of approximately 1,200 animals (Figure 6). Six of the models had starting
populations of approximately 3,000 animals, while model 3 had a starting population of
approximately 7,000 animals. All models where theta was allowed to vary showed strong
updating of the prior towards one. Model 3 also showed a strong updating of the rate of increase
prior to values greater than 6%, which we consider unlikely. Models 6 and 7 were very similar.
The lower limit of the carrying capacity prior appeared to be too high in model 6; thus, we
selected model 7 as the best model.

Priors and posteriors for the selected model (Table 6) are shown in Figure 7. In this model, each
chain for the variables carrying capacity (K), population size in 2018 (N2o01s), process error, initial
population size (N1gs0), and S&L rate showed rapid convergence. The overall Gelman and
Rubin's potential scale reduction factor for this model were all equal to one, indicating
convergence of the chain (Gelman and Rubin 1992), and the Geweke's Convergence
Diagnostic Z-scores are all between -1.96 and 1.96 (Geweke 1996).

The model shows the population has been declining since 1960 (Figure 8) and some updating
of the starting (1960) population prior with an estimated median starting population of 2,884 and
a carrying capacity (K) of 7,875 (Table 9). There was no updating of the prior for A,,,, with a
median of 1.03. The current median population abundance (Nzo1s) is 1,090 animals (Table 9).

The model predicts there is a 0%, 25%, and 50% probability of stock decline within 10 years
with landed catches of 0, 14, or 20 beluga per year, respectively (Figure 9). The probability of a
decline with the current quota (41) is 96%.

Using the 2017 survey abundance or the model population estimate for 2018, the calculated
PBR, using a recovery factor of 0.1 (Hammill et al. 2017) and Rwax values of 0.04 (assumed) or
0.03 (predicted from the model), varied from one to three animals, while the TALC is one to two
whales (Table 10).

DISCUSSION

The 2017 survey estimate of 1,381 (CV = 0.043; 95 % CI = 1,270-1,502) beluga in CS
extended the time series of abundance estimates for this population and allowed us to update
the population dynamics model, and use the model to estimate future abundance under different
harvest scenarios. This survey estimate had the lowest confidence interval of any survey of CS
beluga, primarily because many of the beluga were captured in the photographic survey of
Clearwater Fiord; a full coverage survey which results in a small CV. In addition, a weighted
average (weighted by the CV) was used for the four repeats in Clearwater Fiord, which further
reduced the CV.




There are limitations with surveys that need to be considered. For instance, surveying during
high tide when water clarity conditions were judged to have been better may have positively
biased estuary counts, since belugas have been shown to move into estuaries during high tide
and we did not survey adjacent strata at the same time (Ezer et al. 2008, Castellote et al. 2013,
Simard et al. 2014). Similarly, general movements between strata could also bias estimates
since survey estimates on different days within a season can change significantly (Gosselin et
al. 2017). For instance, some whales may have moved out of Clearwater Fiord during survey
days, but we cannot determine this since adjacent strata were not surveyed at the same time. In
the future in would be beneficial to survey adjacent strata during each Clearwater Fiord
photographic survey. In the 2017 survey, movement of whales may have occurred during the
first survey (July 29) when much lower number of belugas were seen in the estuary and this
was coupled with higher estimates of belugas in the Cumberland Sound strata; suggesting
belugas were still moving into Cumberland Sound, and more specifically, Clearwater Fiord
(corroborating comments by local HTA members to CJDM during the first week of the survey).
However, arrays of passive acoustic monitors in Clearwater Fiord through the summer
occupancy period during previous years indicate that beluga whales enter the Fiord (frequent
calls detected) and then remain within the Clearwater Fiord stratum once they enter (no calls
detected until migration out in September) (Booy 2018). Little movement into or out of the
Clearwater Fiord stratum after the first survey week is supported by similar numbers of belugas
in the stratum over the period the four replicate surveys were conducted (August 4—12).

Unfortunately, due to weather and time constraints the West stratum was not fully completed
during the second survey; during the first survey of this stratum there was one beluga sighting
on the final most southern transect line, but during the second partial survey of this stratum, no
whales were seen on the final transect line. We cannot rule out the possibility that we have not
covered the entire distribution of this beluga population, which may underestimate abundance.
However, we do not believe we would have missed many whales since there is a general
movement of whales into Clearwater Fiord and typically whale sightings outside of the fiord
represent a small proportion of the population (see Table 3). Future surveys could extend the
southern limit of this stratum, as suggested by the Pangnirtung Hunters and Trappers
Association. Temporal and spatial considerations are particularly important for surveying this
migrating beluga population, as the first survey may have still captured some migratory
movements, where a high proportion of whales were seen outside of Clearwater Fiord, while in
the second survey, most whales had moved into Clearwater Fiord. Future surveys should
carefully consider timing to ensure belugas in their summer residency period.

The availability bias correction factors used to adjust the survey estimates are the best values
currently available for CS beluga; however, they are derived from a small number of whales
tagged in 2006-2008. In the future, it would be ideal to have correction factors that overlap
spatially and temporally with the survey. This becomes especially important in Clearwater Fiord
where large correction factors (4.46) are used to account for the silty nature of the fiord. In
comparison, availability bias adjustments for Western Hudson Bay beluga in rivers relied on the
time spent in the 0—2 m bin and resulted in a correction of 1.71 (Matthews et al. 2017), and in
Cook Inlet, Alaska, where belugas are considered to be in very turbid water, the adjustment for
availability bias using radio-transmitters was only 2.03 (Hobbs et al. 2000). This suggests we
may be overestimating the availability bias, and new telemetry data are needed. We also use an
average for all whales, but it is important to consider that communal behaviour of belugas in
response to environmental conditions could make an average availability bias correction
inappropriate for all survey days.

In visual surveys, the observers have a few seconds to detect whales at the surface and the use
of an instantaneous availability bias may over-estimate abundance. Since it was not possible to
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correct for the time belugas were in view during the visual surveys given the small number of
detections and the lack of detailed dive cycle data for CS belugas, we used an instantaneous
availability bias correction for both the photographic and visual surveys. While appropriate for
the photographic survey, time-depth recorder (TDR) dive data are necessary for calculating an
adjustment factor that incorporates time in view for future visual surveys (e.g., Asselin and
Richard 2011).

The estimated 2018 abundance from the population model was 1,090 animals. As in a previous
assessment of CS beluga, we included harvest data in a density-dependent model fitted to the
aerial survey estimates (Marcoux and Hammill 2016). The reported harvest data was
incomplete, and we made an assumption that when harvest was not reported, the entire quota
was taken. In addition, we assumed that catch is proportional to the population age structure
(other than we assumed no calves were taken), but there may be sex/age biases in the harvest
that we are unable to evaluate. The impact that this may have on the model results is unknown.
Various model iterations were examined before narrowing in on parameters that reduced
correlation between model parameters and also made biological sense with regards to what is
known about CS beluga. In the previous assessment, we allowed theta to vary, and fixed the
maximum rate of increase to 1.04. In this assessment, we fixed theta at 1, which has no impact
on our results since the population is so much smaller than K and will remain so for several
years (Marcoux and Hammill 2016). There are also some indications of high stress in this
population (Trana 2014) and the maximum rate may be lower than values typically considered
for odontocetes; therefore, we allowed the model to estimate the A,,,,, and limited the upper
range for the prior to 1.05 to reflect our concerns (Hobbs et al. 2015, Wade et al. 2012). We also
believed that the 1960 starting population was much lower than carrying capacity and set upper
limits on the priors taking into account earlier assessments. Based on hunt records, abundance
in 1923 was estimated at over 5,000 belugas (Mitchell and Reeves 1981). Commercial whaling,
which ended in 1939, depleted the population to less than 1,000 individuals (Brodie et al. 1981,
Richard 2013). All models we evaluated indicated the population has declined since 1960 and
predict a future population decline with a continued harvest of 41 whales.

One advantage of PBR is that it only requires a single survey abundance estimate to calculate
the PBR level. However, variability in survey estimates results in PBR estimates that will
fluctuate much more than would be expected given the dynamics of beluga populations. As a
result, we used a population dynamics model to estimate current abundance, which considers
the entire time series of survey estimates. The model was considered robust to the assumptions
in its estimate of current abundance and therefore the modelled abundance was used to
calculate the PBR rather than relying on the 2017 survey estimate.

For populations with unknown growth rates, the Ruax value for calculating PBR is typically set at
an assumed rate (0.04) which may not be appropriate for all populations. In this study, the
model estimated an Ruax of 0.03 for the CS beluga population which suggests that use of the
default Ruax is incorrect, and will result in the population to decline (see Brandon et al. 2016).
Although the recovery factor is supposed to compensate for this, it may not be sufficient
(Hammill et al. unpublished data). The selected recovery factor also needs to be appropriate for
the population under consideration as this has a large impact on the resulting PBR estimate.
Hammill et al. (2017) advised that a factor of 0.1 be used for the CS beluga population. Based
on the model results, using a PBR estimate from the 2017 survey estimate alone is likely to
result in a decline in the CS beluga population. However, regardless of the Ruax value used in
the PBR calculation, PBR estimates suggest that the sustainable harvest for this population is
less than the current harvest.

For the reasons described above, we recommend using the population model and calculating a
PBR from the model estimate of abundance and maximum rate of increase. This approach

11



makes greater use of the available information with respect to beluga population dynamics,
harvest data, and multiple abundance estimates and will tend to result in a more stable estimate
of PBR (Marcoux and Hammill 2016). Regardless of whether PBR from the survey abundance,
PBR from the modelled abundance, or sustainable harvest advice is generated from the model
itself, it is evident that the CS beluga population will not increase under current harvest levels. In
fact, the model predicts a TALC of 0, 14, or 20 beluga per year would result in a 0%, 25%, and
50% probability of decline in the CSB population in 10 years and a 96% probability of decline
with the current quota of 41 whales per year.
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TABLES AND FIGURES

Table 1. Summary of aerial survey work conducted in Cumberland Sound in August 2017.

. Survey T‘”.‘e of Beaufort
Survey  Date Time (EDT) Stratum Type Repeat Transects tr:é%g sea state
1 20-Jul  15:47-18:50 C'elfig’;’gter Photograph 1 1-26 g?;g E
- 1-Aug  11:30-16:10 West Visual 1 18-12 - 2-4
- 2-Aug  9:54-16:30 West Visual 1 11-1 - 2
- 3-Aug  9:15-12:30  Kangilo Fiord Visual 1 1-13 - 2
. 3-Aug  13:00-16:24 North Visual 1 1-6 - 1
2 4-Aug  9:15-14:00 West Visual 2 1-10 - 1
- 4-Aug 15:05-18:00 C'eFairo";’gter Photograph 2 126 o) 1
- 5-Aug  9:33-12:00  Kangilo Fiord Visual 2 1-13 - 1
- B5-Aug 1245-15:15 North Visual 2 1-6 - 1
- 7-Aug  13:45-17:10 C'eFaig’;’gter Photograph 3 1-26 ﬂ’?gg E 2
- 8-Aug 14:15-17:35 C'elfig’;’gter Photograph 4 126 9o o
z\ﬁ; 09:35-13:00  “1%BMACT  pygtograpn 5 126 o020

*Time of high tide from The Tides, Currents, and Water Levels Web Site (DFO).
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Table 2. Abundance estimates from the photographic survey.

Beluga (#)

Beluga (#)

Photographs Area (km?) Ngurface cv
Photographs Area . . = j 0—1m 0-2m < A

Survey Date #) (km?) ""'th( ;f)'a’e W'tlg:’:t Nsurface a‘;courtmg availability  availability N 3’
9 or glare bias applied  bias applied (%)

1 29-Jul-17 583 117.64 0 117.64 83 84 54 29 301 9.58

2 4-Aug-17 726 127.47 59 122.93 503 522 0 503 1,046 5.58

2 7-Aug-17 655 124.14 0 124.14 741 741 5 736 1,538 5.62

2 8-Aug-17 581 119.56 58 119.05 630 633 77 553 1,489 6.33

2 12-Aug-17 668 126.17 148 124.61 503 509 132 371 1,370 5.74
AVERAGE - - - - - - - - - 1,286* 2.94¢

*weighted by effort (sum of the areas of the photographs)

“calculated based on the average variance weighted by effort (sum of the areas of the photographs)
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Table 3. Previous and current estimates of Cumberland Sound beluga abundance within Clearwater Fiord, the area of main concentration, the
estimated number of animals outside the fiord and the total. Surface estimates (Surf) are number of animals estimated at the surface, the factor to
adjust the counts for animals not at the surface (Ca), estimates adjusted for animals below the surface (Corr), and coefficient of variation (CV).
Complete photographic coverage occurred in Clearwater Fiord, while visual surveys occurred outside of Clearwater Fiord.

Outside Clearwater

Clearwater Fiord . Total
Fiord .
Year /°. Survey method Survey Reference
outside coverage
Surf Ca Corr Surf Ca Corr Surf Corr Ccv
complete Clearwater Richard
1990 459 2.57 1,180 0 2.54 0 459 1,180 0.10 0 photographic, Fiord, North 2013
visual systematic stratum
complete Clearwater Richard
1999 749 2.57 1,924 137 2.54 347 885 2,270  0.09 15 photographic, Fiord, North and 2013
visual systematic West strata
complete Clearwater Richard
2009 118 2.57 303 215 2.54 546 333 849 0.38 64 photographic, Fiord, North and 2013
visual systematic West strata
complete Clearwater
2014 208 446and  ana 545 254 548 444 1451 021 48 photographic,  Fiord, North and ~ Marcoux et
2.06 . . al. 2016
visual systematic West strata
complete Clearwater
. 4.46 and . Fiord, Kangilo Present
2017-1 84 206 301 543 2.54 1,379 627 1,749  0.42 31 .photograph|c,. Fiord, North and study
visual systematic
West strata
complete Clearwater
* 4.46 and . Fiord, Kangilo Present
2017-2 573 206 1,286 31 2.54 79 604 1,379  0.04 6 photographic, Fiord, North and study

visual systematic

West strata

*An average (weighted by the CV) of the two surveys from 2017 was used as the 2017 abundance estimate in the model.
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Table 4. Reported harvests and quotas of Cumberland Sound belugas 1960-2018. Data for 1960 to 1972
are from Stewart (2004 unpubl. rep.); 1973—1976 are from the Planning Committee for the Co-
Management of Southeast Baffin Beluga (1994 unpubl. rep.), and 1977-2014 from DFO harvest statistics
unpublished data. There was no reported harvest for several years since 2004. In those years, it was
assumed that the entire quota was taken.

Year Reported landed Year Reported landed Quota
1960 155 1989 42 -
1961 60 1990 36

1962 52 1991 31 35
1963 167 1992 35 35
1964 69 1993 15 35
1965 65 1994 35 35
1966 80 1995 31 35
1967 60 1996 41 35
1968 28 1997 47 35
1969 27 1998 35 35
1970 60 1999 50 35
1971 50 2000 37 35
1972 61 2001 39 35
1973 43 2002 41 41
1974 44 2003 46 41
1975 50 2004 - 41
1976 120 2005 - 41
1977 178 2006 52 41
1978 85 2007 48 41
1979 70 2008 - 41
1980 43 2009 - 41
1981 45 2010 - 41
1982 40 2011 42 41
1983 44 2012 - 41
1984 40 2013 - 41
1985 44 2014 - 41
1986 26 2015 18* -
1987 40 2016 41 -
1988 46 2017 34 41

*significant ice in 2015 limited harvesting
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Table 5. Trial runs of the population model which evaluated changes to theta, the carrying capacity,
lambdawmax, and the start population. All model runs started with catch data from 1960, since catch data
dating back to 1920 resulted in significant auto and serial correlation (see Marcoux and Hammill 2016).
The function dgamma (8,0.0015) has 0.0275, 0.25,0.5, 0.75 and 0.975 quantiles at 3,466, 5,973, 7,687,
9,704, and 14,429 respectively.

Model Theta Carrying capacity (K) Lambdamax Harvest start Start Population

1 1 dgamma(8,0.0015) 1.04 1960 2,000-9,000
2 Uniform(1,3) dgamma(8,0.0015) Uniform(1.01-1.08) 1960 2,000-15,000
3 2 dgamma(8,0.0015) Uniform(1.01-1.08) 1960 2,000-15,000
4 2.39 dgamma(8,0.0015) Uniform(1.01-1.08) 1960 <K

5 Uniform(1,3) dgamma(8,0.0015) Uniform(1.01-1.08) 1960 <K

6 1 Uniform(5,000-30,000)  Uniform(1.001-1.08) 1960 2,000-5,000
7 1 Uniform(4,000-15,000)  Uniform(1.01-1.05) 1960 1,000—4,000
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Table 6. Prior distributions, parameters and hyper-parameters used in the final population model. “dist.”
denotes a hyper-parameter with its own prior distribution (from Marcoux and Hammill 2016).

Parameters Notation Prior distribution Hyper- Values
parameters
Survey error (t) Est Log-normal Us 0
Ts dist.
Precision (survey) Ts Gamma s 25
Bs 0.4
Process error (t) Ept Log-normal Up 0
Tp dist.
Precision (process) Tp Gamma ap 1.5
B 0.00005
Density dependence © Fixed - 1
shape function ) }
Struck-and-lost* S&L Beta as/ 3
,88/ 4
Initial population N1g60 Uniform Nupp 4,000
N/ow 1 ,000
Carrying capacity K Uniform Kupp 15,000
Klow 2,000
Lambdamax Amax Uniform - 1.01-1.05

*struck and lost also includes non-reporting
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Table 7. Survey coverage of each visual stratum. Encounter rate, CV of encounter rate (CVer), mean group size, and CV of group size (CVes) are
provided for visual strata. Surface abundance and CV (CVsa) and corrections for perception (Cp) and availability bias (Ca) are shown with their

respective CVs, as well as fully adjusted abundance (N) and CV of abundance (CVN).

Su:#vey Stratum (ﬁ:,?za)* E“f(f:];t Gro#u . En;oatt-:ter c(\)zER (';":)?J'L c;es Ny foce C;SA Coy c;,cp c, ct\g;a N c:; N
(groups/km) Size o
1 NSCS 2,442 255 0 0 0 0 NA 0 - - - - - - -
1 KFCS 554 234 0 0 0 0 NA 0 - - - - - - -

1 WSCS 9,489 962 11 0.011 42.20 3 32.72 543 - - - - - - -
TOTAL - - - - - - - - 543 50.21 1.05 7.31 254 518 1,448 51.00
2 NSCS 2,442 255 0 0 0 0 NA 0 - - - - - - -

2 KFCS 554 234 1 0.004 99.40 1 NA? 4 - - - - - - -
2 WSCS 4,107 440 2 0.005 61.94 1 NAB 31 - - - - - - -
TOTAL - - - - - - - - 35 50.76 1.05 7.31 254 5.18 203 51.47

*Area of each stratum was calculated using a Lambert azimuthal equal-area (GRS80) projection in ArcGIS.

%A single whale was sighted in this stratum.
PTwo groups of one whale sighted.

YCombined perception bias calculated from all sightings from 0-550 m.
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Table 8. Total CS beluga population abundance estimates from two surveys, 29 July—3 August and 4-12
August, 2017. The estimate for Clearwater Fiord for Survey 2 is a weighted average of four photographic
surveys.

Survey # Strata Survey Estimate CV (%) 95% CI
1 North Visual 0 - -
1 Kangilo Fiord Visual 0 - -
1 West Visual 1,448 51.00 -
1 Clearwater Fiord Photographic 301 9.58 -
TOTAL - - 1,749 42.27 790-3,871
2 North Visual 0 -
2 Kangilo Fiord Visual 11 104.19 -
2 West Visual 83 54.02 -
2 Clearwater Fiord Photographic 1,286 2.94 -
TOTAL - - 1,379 4.31 1,267-1,500
AVERAGE* - - 1,381 4.29 1,270-1,502

*Weighted average (weighted by the CV) for the two surveys.
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Table 9. Model outputs for the CS beluga stock model 7 (see Table 5). The mean, standard deviation
(SD), median (50" Q), 25" and 75" quantiles (25" Q, 75" Q), 95% credibility intervals (2.5%Cl,
97.5%ClI) are given for the following model parameters and their priors: carrying capacity (K), maximum
growth rate (Amax) process error (process), survey precision (surv), starting population (startpop), struck
and loss (S&L), and population size in 2018 (Nz01s). R is the Brooks-Gelman-Rubin statistics; values near
1 indicate convergence of chains. N.eff is the number of effective chains after considering autocorrelation.

Parameter Mean SD 25%Cl 25"Q 50"Q 75"Q 97.5%Cl R n.eff

K 8,233 3,567 2,907 5,067 7,875 11,258 14,607 1.001 5.00E+05
K.prior 8,489 3,752 2,321 5238 8,486 11,730 14,678 1.001 470,000
lambdamax 1.03 1.01 1.01 1.02 1.03 1.04 1.05 1.001 130,000
lambdawmax.prior 0.03 0.01 0.01 0.02 0.03 0.04 0.05 1.001 5.00E+05
error.process* 1.00 0,01 0.98 1.00 1,.00 1.00 1.02 1.001 413,103
prec.process 30,092 24,521 2,213 12,231 23,736 41,112 93,588 1.001 97,000
prec.process.prior 29,982 24,439 2,189 12,115 23,673 41,061 93,179 1.001 5.00E+05
prec.surv 6.97 3.30 2.09 4.56 6.45 8.82 14.79 1.001 5.00E+05
prec.surv.prior 6.25 3.95 1.04 3.34 5.44 8.28 16.06 1.001 370,000
startpop 3,077 537 2,042 2,667 3,100 3,519 3,946 1.001 160,000
startpop.prior 2,499 867 1,075 1,747 2,496 3,252 3,926 1.001 5.00E+05
S&L 0.38 0.16 0.10 0.25 0.36 0.49 0.72 1.001 3.00E+05
S&L .prior 0.43 0.18 0.12 0.30 0.42 0.55 0.78 1.001 5.00E+05
N2o18 1,127 320 617 915 1,090 1,293 1,864 1.001 450,000

*Mean value for the 59 years included in the model.

Table 10. Potential Biological Removal (PBR) and Total Allowable Landed Catch (TALC) estimates from
the 2017 survey and from the model estimate (median) for 2018 using an assumed Rwuax of 0.04 and the
estimated Ruax from the model of 0.03, and using a recovery factor of 0.1 for a declining threatened

population (Hammill et al. 2017).

Rmax Method N cv Nmin Fr PBR TALC
0.04 2017 Survey 1381 4.29 1332 0.1 3 2

- Model 1090 20.74 917 0.1 2 1
0.03 2017 Survey 1381 4.29 1332 0.1 2 1

- Model 1090 20.74 917 0.1 1 1
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Figure 1. Map indicating three strata the transect lines surveyed in the visual aerial survey in Cumberland
Sound in 2017.
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Figure 2. Histogram of the perpendicular distances of beluga sightings in the visual aerial survey in
Cumberland Sound in August 2017.

26



Longitude

Figure 3. Maps of the transects for the a) Kangilo Fiord and North stratum and b) West stratum with beluga group size indicated. The West stratum
was completely surveyed during survey 1, but due to weather constraints, was only partially surveyed during the second survey (the eight most
southerly transect lines were not completed).
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Figure 4. Comparison of photographic counts done by photograph analysts 1 and 2.
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Figure 5. Map of the five photographic surveys of Clearwater Fiord showing individual beluga sightings
and the geographic coverage of each photograph.
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Figure 6. Sensitivity of median population estimates (squares) and 95% CI (Bars) to the hyper-parameters
used in prior distributions (see Table 7). The white circle indicates the final model that was selected.
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Figure 7. Plots show priors (lines) and posterior (histograms) for (A) carrying capacity (K), (B) initial
population, (C) struck and loss (S&L), and (D) lambda (Avax) when theta = 1.
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Figure 8. Estimated changes in abundance of CS beluga determined after fitting the population model to
abundance estimates from aerial surveys flown between 1990-2017. The solid line indicates the median
estimate and dotted lines represent the 95% Credibility Intervals. Beyond 2018 indicates future population
projections at harvests of 0—41 beluga whales annually.
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Figure 9. Probability of the Cumberland Sound beluga stock decreasing from the 2018 abundance
estimate after 10 years of harvest, estimated by a stochastic Bayesian stock-production model (6 = 1) as
a function of the landed catch of belugas every year. Dotted lines indicate levels of harvest (x-axis)
corresponding to the probability of decline (y-axis).
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