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Abundance and distribution of
narwhals (Monodon monoceros)
on the summering grounds in
Greenland between 2007-2019
R. G. Hansen1*, D. L. Borchers2 and M. P. Heide-Jørgensen1

1Department of Birds and Mammals, Greenland Institute of Natural Resources, Copenhagen
K, Denmark, 2Centre for Research into Ecological and Environmental Modelling, University of St.
Andrews, The Observatory, Buchanan Gardens, St. Andrews, United Kingdom
Narwhal abundance in West Greenland (WG) and East Greenland (EG) was

estimated from aerial surveys conducted between 2007 and 2019 at their

summer grounds. Analyses were completed using Mark Recapture Distance

Sampling and Hidden Markov Line Transect Models taking account of the

stochastic availability of diving whales. No statistically significant difference in

abundance of narwhals could be detected for the two summer grounds (Melville

Bay and Inglefield Bredning) in WG between 2007 and 2019. The distribution of

narwhals in Inglefield Bredning was similar between years but in Melville Bay, area

usage has decreased >80% since the first survey in 2007. Few detections of

narwhals were obtained during the surveys in EG and a common detection

function was fitted from combining sightings from seven surveys. Narwhals were

found in small aggregations distributed between Nordostrundingen and south to

and including Tasiilaq. Abundance of narwhals was estimated for the first time in

the relatively unexplored Northeast Greenland (Dove Bay and a restricted coastal

area of the Greenland Sea). The abundance in these two areas was 2908 narwhals

(CV=0.30; 95% CI:1639-5168) estimated in 2017 for the Greenland Sea and 2297

(0.38; 1123-4745) and 1395 (0.33; 744-2641) narwhals were estimated for Dove

Bay in 2017 and 2018, respectively. Both abundance and distribution range of

narwhals in Southeast Greenland, where narwhals are subject to subsistence

harvest, has decreased significantly between 2008-2017 and narwhals have even

disappeared at the southernmost area since the first surveys in 2008.
KEYWORDS
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Introduction

Narwhals (Monodon monoceros) are Arctic-dwelling whales found in the North

Atlantic Region, highly vulnerable to the ongoing climatic changes that are reshaping

the habitats of marine mammals in the Arctic (Laidre et al., 2015). Their distribution spans

from Eastern Canada, Northwest and Northeast Greenland, towards Svalbard and Western

Russia and the global population of narwhals is estimated to be at least 110,000 individuals
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(Hobbs et al., 2020). These whales have adapted to thrive in one of

the noisiest soundscapes in the ocean and are closely associated with

sea ice, cold sea surface temperatures and, during the summer

months, they tend to be found in close proximity to fjords and

coastal bays where density and abundance are inversely correlated

with sea surface temperatures in those areas (Chambault et al., 2020;

Heide-Jørgensen et al., 2020; Podolskiy and Sugiyama, 2020). They

also have specific temperature requirements for their preferred

feeding habitats and are known to be sensitive to rising ocean

temperatures (Laidre et al., 2016; Chambault et al., 2020; Heide-

Jørgensen et al., 2020). Approximately 95% of the world’s

population of narwhals are found in Baffin Bay and adjacent fjord

systems and they seem to be non-flexible in their annual choice of

summer and winter ground (Heide-Jørgensen et al., 2015). The low

genetic diversity makes stock discrimination based on DNA

difficult and currently, stock discriminations rely on the

geographic location where narwhals distribute at their respective

summer grounds (Westbury et al., 2019; Watt et al., 2020). The

majority (six stocks) summer in the Canadian Arctic Archipelago

and two stocks summer in West Greenland in Melville Bay and

Inglefield Bredning (Heide-Jørgensen et al., 2010; Doniol-Valcroze

et al., 2020). Most narwhals from these stocks winter in the drifting

pack-ice in Baffin Bay but the North Water polynya, that forms

during winter in Smith Sound, also serves as an important wintering

ground (Heide-Jørgensen et al., 2013; Heide-Jørgensen et al., 2016).

The summer occurrence of narwhals in Inglefield Bredning is well

known for at least a century (Vibe 1950, Born, 1986). The whales

congregate at the edge of the fast ice in May awaiting ice-break up to

enter the fjord where they stay throughout August. They exit the

fjord in September when autumn freeze-up begins and while it is

likely that they migrate to the North Water or to Baffin Bay, their

winter ground remains unknown. In Melville Bay, narwhals arrive

in July and preferentially seek out the front of glaciers for the

summer period through late September (Laidre et al., 2016). They

feed little during this time and satellite tracking in the 90s show that

they used to conduct wide-ranging movements along the coast

(Dietz and Heide-Jørgensen, 1995).

In East Greenland, there are small, scattered aggregations of

narwhals residing along the coast, as well as in fjords, bays, and

inlets but the exact stock structure of these aggregations is unknown

(Dietz et al., 1994; Heide-Jørgensen et al., 2010). According to local

knowledge and whaling logbooks, narwhals have been observed during

summer from Nordostrundingen in Northeast Greenland, extending

southward to include Umivik (64°11N) for at least 120 years (Dietz

et al., 1994). However, overharvesting in certain areas, combined with

increasing sea surface temperatures, appears to be influencing the

demographic composition of narwhals and causing a general shift in

the distribution of cetacean species in the region (Garde et al., 2022,

Heide-Jørgensen et al., 2020; Heide-Jørgensen et al., 2022). There have

been sporadic sightings of narwhals north of Scoresby Sound, although

the abundance, distribution, and stock structure of these whales remain

unclear (Dietz et al., 1994; Boertmann et al., 2009).

The narwhal stocks that summer in Greenland waters are

considered the most vulnerable among the world’s narwhal

populations due to the risk of overharvesting and the potential
Frontiers in Marine Science 02
negative impacts of climate change (Hobbs et al., 2020). In

Greenland, narwhals from stocks that are subjected to hunting

are closely monitored through a program that includes regular

aerial visual surveys. A series of visual aerial surveys were conducted

between 2007 and 2019 (WG) and between 2008-2018 (EG)

covering the summer grounds of narwhals. Abundance estimates

based on Mark-Recapture Line Transect Distance Sampling

(MRDS) from a survey conducted in 2007 (WG) are presented in

Heide-Jørgensen et al. (2010). In this study, we present a combined

Hidden Markov Line Transect Model (HMLTM) that incorporates

data from this survey as well as surveys conducted between 2012

and 2019. Abundance of narwhals from a survey in 2008 (EG) are

presented in Heide-Jørgensen et al. (2010) but revised here using

MRDS methods. These updated estimates contribute to our

understanding of the narwhal population in East Greenland and

provide valuable insights into their abundance and distribution

dynamics. Additionally, we provide trend analysis and information

on changes in the distribution patterns within the different narwhal

stocks (WG and EG).
Methods

Survey design

All surveys were visual line transect surveys, conducted as a

double-platform, or double-observer, experiment with independent

observation platforms at the front and rear of the survey plane, a De

Havilland Twin Otter. Target altitude and speed were 700 feet and

90 nm h-1 (213m and 170 km h-1) and effort recorded during sea

states<3 and visibility >10 km was included in the analysis. Two

observers sat in the front seats just behind the cockpit, and two

observers sat in the rear seats at the back of the plane. The distance

between front and rear observers was approximately 4 m, and a

long-range fuel tank and recording equipment installed between the

front and rear seats prevented visual or acoustic cueing of sightings

between the two platforms. All four observers had bubble windows

allowing them to view the track line directly below the aircraft.
Survey area and timing

In total, 11 aerial surveys covering all narwhal summering

grounds in Greenlandic waters were conducted between 2007 and

2019. In all areas a systematic coverage with equally spaced transect

lines was attempted (Figure 1).

West Greenland
Inglefield Bredning was surveyed with transects aligned north-

south from coast to coast and side fjords (Academy Bay and

Bowdoin Fjord) were surveyed in a zig-zag manner between 15

and 21 August in 2007 following survey design described in Heide-

Jørgensen et al. (2010). In 2019, between 21-27 August, the survey

was repeated covering the same area and transects. The distance

between transects in the western and eastern stratum in Inglefield
frontiersin.org
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Bredning was 2km and 1.2 km, respectively (Figure 2). Every other

transect was covered during each survey day.

In Melville Bay, four strata were identified to cover narwhal

distribution and the two southern strata were surveyed by transects

aligned east-west and the two northern were surveyed by north-

south transects, systematically placed from the coast to offshore

areas crossing glacier edges and bathymetric gradients (Figure 3).

Every other transect was covered during each survey day. Melville

Bay was surveyed between 11-23 August in 2007 (Heide-Jørgensen

et al., 2010), in 2012 the survey was conducted between 28 August –
Frontiers in Marine Science 03
1 September, in 2014 between 25-30 August and in 2019 between 27

August – 2 September.

East Greenland
Southeast Greenland is divided into three main regions. The

fjord system of Scoresby Sound and the fjords and bays along the

Blosseville Coast comprise one region, the Kangerlussuaq fjord

system is a region, and the fjords and bays south of

Kangerlussuaq to 64°N comprise a region. All were covered

between 17 and 25 August 2016 (Figure 4). In 2008, the
FIGURE 1

Distribution of effort on the narwhale summering grounds (delimited by grey line) in West Greenland (Inglefield Bredning and Melville Bay),
Northwest Greenland (Jøkel Bay and Dove Bay) and East Greenland (Scoresby Sound to Umivik) with place names mentioned in the text. Black lines
in bold indicate realized effort. Blue colored area indicates overall narwhal distribution in all seasons.
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Kangerlussuaq fjord system, was treated as a stratum that is part of

the Scoresby Sound region. Transect lines in the fjords were

constructed in a zig-zag manner beginning at the outer coast and

ending at the glacial front. A more intensive coverage than what was

obtained at a previous survey in 2008 (Heide-Jørgensen et al., 2010)

was attempted. In 2017, only the fjord system of Scoresby Sound

was covered in the period 19 to 22 August (Figure 4).

In Northeast Greenland, The Greenland Sea was covered by

evenly placed transects across strata from 73°N to 79°3N (post

stratified at the eastern most sighting of narwhals) over the

continental shelf between 23 August and 4 September 2017

(Figure 5). Two surveys in Dove Bay were conducted between

August 30 and 3 September 2017 and between 1 and 5 September

2018. The initial coverage followed a zigzag design but due to the

encounter of large densities of narwhals during the first survey, the

design was changed to a design with evenly placed (4.7km apart)

transects from coast to coast (Figure 6).
Recording of sightings

During the surveys, observers were instructed to concentrate

their search view on the water surface closest to the plane, ahead

and abeam to angles of 20 degrees where the field of view comprises

¼ of a circle between track line and abeam. Observers followed a

specific data collection protocol, prioritizing certain information.

This included recording sightings in a specific order of declination

angle, group size (with minimum, maximum, and best guess

estimates), time-in-view, and sex (certain or uncertain). They also

noted the presence of a calf of the year or a 1-2-year-old calf. When
Frontiers in Marine Science 04
animals were observed abeam, observers recorded declination

angles using Suunto inclinometers in 2007-2014 and Geometers

(electronic inclinometers) since 2016, which recorded roll, pitch,

and yaw data when activated by a pushbutton (Hansen et al., 2020).

The recorded declination angles (a) for sightings abeam were

then converted to radial distances using the equation d = altitude *

tan(90-a), where d represents the distance. The altitude was

calculated as an average value for each transect. Time-in-view

(TIV) for a sighting was determined by measuring the time

difference between the initial sighting of the animal(s) and when

the sighting passed abeam converted into a forward distance

assuming aircraft speed of 90 knots. It is assumed that all

individuals in a group dive in synchrony and hence the number

of animals in a group does not change while in view. Another

assumption is that the group is not necessarily available in the entire

time-in-view interval. If a group of narwhals had dived before

abeam the TIV was set to a distance of 0m. Observers also

documented the prevailing sighting conditions, such as sea state,

ice coverage, and visibility. To identify double sightings, a post-

survey analysis was conducted each day, considering the

coincidence of time, distance, and group size. This standardized

data collection methodology ensures consistency across surveys and

enables accurate analysis of the survey data, allowing for the

interpretation of narwhal distribution and abundance patterns.
Dealing with availability bias

During visual aerial surveys of marine mammals, there is an

unknown proportion of animals that are submerged below a certain
FIGURE 2

Transects on effort for surveys in Inglefield Bredning with strata delineation outlined in grey. Distribution of sightings of narwhals are shown in red
(2007) and blue (2019).
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depth and thus not visible for detection. In the case of narwhals, this

depth is assumed to be less than 2.5 meters (Richard et al., 1994;

Heide-Jørgensen, 2004). We use the Hidden Markov Line Transect

(HMLT) model of Borchers et al. (2013). This involves (a) fitting a

two-state (available/unavailable) Markov model (MM) to data from

depth recorders attached to individual whales in order to estimate

whales’ patterns of availability, and (b) recording both the forward

distance (y) and the perpendicular distance (x) for each sighting and

modelling a two-dimensional detection hazard function h(x,y)

instead of a one-dimensional detection function g(x). Figure 7

illustrates the key components of the model. The detection

function g(x) is obtained by using hidden Markov model (HMM)

methods to combine the MM for availability with the detection

hazard function, h(x,y) (see Borchers et al., 2013 and Rekdal et al.,

2014 for details).
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The rationale for using the HMLT method is that the

probability of detecting an animal depends not only on the

proportion of time that it is available, but where it becomes

available relative to the observer and how long its periods of

availability and unavailability are. The MM in (a) above models

how long its periods of availability and unavailability are and the

detection hazard function models how detection depends on where

it becomes available. The HMLT method combines these to

estimate the probability of detection and the abundance. It uses a

bootstrap method to incorporate the uncertainty about the

availability pattern and about the detection hazard, into estimates

(see Borchers et al., 2013 and Rekdal et al., 2014 for details). We can

also get estimates of the proportion of time animals are available,

together with associated 95% confidence intervals, from the MM

availability model in (a) above. In this case, the confidence intervals
FIGURE 3

Transects on effort for surveys in Melville Bay with delineation of four strata outlined in grey. Distribution of sightings of narwhals are shown in black
(2007), yellow (2012), red (2014) and blue (2019). Insert show the main distribution area in the central part of the bay.
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are obtained by using the inverse Hessian matrix of the fitted MM

availability model to estimate variance.

Data on the diving patterns of narwhals, used to estimate the

MM for availability in (a) above, were obtained from a Satellite

Linked Time Depth Recorder (whale #3965, as described in Heide-

Jørgensen et al., 2015; Heide-Jørgensen et al., 2017). This recorder

was deployed on August 13, 2013, and retrieved on August 14, 2014,

in Scoresby Sound (EG), providing an unprecedentedly long record

of time-at-surface data over approximately 90 days. The data

collection occurred at a resolution of 1Hz (one reading per

second) with a precision of 0.5 meters (Mahn et al., 2019). A

subsample of 12 days from this dataset was used to estimate the

availability process for the present study. The MM for availability

was estimated from the 12-day dataset of narwhal diving behavior

between 6 am and 6 pm, and each day was treated as an

independent realization of the availability process. The resulting

confidence intervals offer insights into the variability of narwhal

availability over the 12-day period.

Comparisons of the dive sequence data from this particular

narwhal with a larger sample of narwhals equipped with time-depth

recorders revealed no significant differences (Heide-Jørgensen and

Lage, 2022). Whale #3965 displays a large variation of dives (and

series of dives) that encompass, if not all, then a large proportion of

different surface behaviors found in the greater sample size of all

whales. Since there are minimal differences in the average surface

time among narwhals in the larger sample size, the findings by

Heide-Jørgensen and Lage (2022) suggests that the data from the

specific narwhal (whale #3965) can be used as representative of

narwhal diving patterns in general, enhancing the reliability of the

HMLT model. To correct the at-surface abundance estimate

obtained from a revised MRDS analysis of a survey conducted in

Southeast Greenland in 2008, the average time spent at depths less

than 2.5 meters was utilized (Heide-Jørgensen and Lage, 2022).
Frontiers in Marine Science 06
Development of abundance estimates

Conventional distance sampling (CDS) models were fitted to

the perpendicular distance data using the R package Distance

(Figures 8; 9; Miller et al., 2019). Hazard-rate and half-normal

models were fitted, with combinations of bf, ss, or no covariates and

either right or left (or both) truncation was chosen. The best model

by AIC was a hazard-rate model with no covariates.

The HMLT model of Borchers et al. (2013) was fitted to the

sightings data, using the R package hmltm (available here: https://

github.com/david-borchers/hmltm) and the MM for availability

was fitted to the time depth recorder data from whale #3965.

Unlike conventional distance sampling (CDS) methods that

assume certain detection at perpendicular distance zero,

regardless of whether the animals are within or below 2 meters of

water, this method requires the much weaker assumption that the

probability of detecting an animal that is at radial distance zero and

is available, is 1.

By incorporating both the perpendicular (x) and forward (y)

distances at which animals were detected and considering the

availability process model, this approach provides more reliable

estimation of the probability of detection than methods that use

perpendicular distance only (see Borchers et al., 2013). The method

accounts for both availability bias, which is addressed through the

MM for availability, and imperfect detectability of available animals,

which is addressed through the 2-dimensional detection hazard

model, h(x,y). It does not require that both perpendicular (x) and

forward (y) distances are observed for all sightings, but it does

require that both distances are observed for some sightings.

Perception bias was estimated most all surveys using MRDS

methods. To implement the method, the double-observer data

collected during the surveys were converted to single-observer

data. The two observers were treated as a single observation
FIGURE 4

Distance between groups of narwhals in Melville Bay from 2007-2019. Note the large difference in the natural scale on the y-axis between year
2007 (A) and 2012-2019 (B).
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platform, so if an animal was detected by one or both observers, it

was considered as a single sighting by the combined platform. By

using these data with the HMLTM, we estimate g(0) for the

combined observer platform under the assumption that if an

animal is available for detection and at radial distance zero, at

least one of the observers will detect it. (This replaces the MRDS

assumption that the two observers’ detections are independent - an

assumption that is violated by animals being available according to

a random process, because in this case both observers tend to see the

more available animals and both tend to miss the less available, or

unavailable animals.)

The surveys conducted in East Greenland resulted in a limited

number of narwhal detections. To enhance the accuracy of the

detection functions, data from all surveys conducted in East

Greenland, as well as a survey conducted in the winter in the

North Water polynya in West Greenland in 2018 (which included

23 sightings), were included in the analysis. Preliminary

examination of the distribution of distances revealed no
Frontiers in Marine Science 07
significant difference between the winter and summer surveys.

This suggests that the detection patterns remained consistent

across seasons. Furthermore, three out of the four observers were

consistent across all surveys. To improve the detection functions, a

common detection function was fitted by combining the sightings

from the seven surveys. Detection function parameters were

estimated by maximizing likelihood Equation (5) of Borchers

et al. (2013), as described by Rekdal et al. (2014). The availability

models and detection hazard models are described below.

Forward and perpendicular distances to sightings were available

for (at least some) sightings on the 2012-2019 surveys. In these

cases, the following four forms of detection hazard function model

given below were considered (Model name appears in brackets next

to the model definition). We can incorporate covariates (z) into the

scale parameter(s) of the detection hazard models. In this case, we

write the detection hazard as h(x,y,z) instead of just h(x,y) as

outlined above. The models differ in their shapes. Models IP and

EP1 are the least flexible in that they have only one scale parameter
FIGURE 5

Transects on effort for surveys in Tasiilaq, Kangerlussuaq and Scoresby Sound with strata delineation outlined in grey. Distribution of sightings of
narwhals are shown in yellow (2008), red (2016) and blue (2017). Inserts show the distribution areas in the main survey areas.
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(s(z)) that determines the range of the functions in both the x- and

the y-dimension, and one shape parameter (g ) that determines the

shape in both dimensions. Model EP2 is more flexible as it has a

single scale parameter, but separate shape parameters for the x- and

y-dimensions (g x and g y). Model EP2x is most flexible, as it has

separate scale parameters and separate shape parameters for each

dimension.

h(x, y, z) =
s (z)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s (z) + x2 + y2
p !g

       (Model IP)

h(x, y, z) = exp −
x

s (zÞ
� �g

−
y

s (z)

� �g� �
     (Model EP1)

h(x, y, z) = exp −
x

s (z)

� �gx
−

y
s (z)

� �gy� �
     (Model EP2)

h(x, y, z) = exp −
x

sx(z)

� �gx
−

y
sy(z)

 !gy( )
    (Model EP2x)
West Greenland
For each year’s survey, the best model form among these was

chosen on the basis of AIC after fitting each model with no

covariates to data from each year. The chosen model form was

then fitted using various combinations of the available covariate

data (bf: Beaufort sea state, ss: group size, and in some years wait:

waiting time since last sighting), and the best model chosen on the

basis of AIC.
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East Greenland
The best model form among these was chosen on the basis

of AIC after fitting each model with no covariates to data from

all years simultaneously (with no year effect). The chosen model

form was then fitted to data from all years using combinations

of covariates (again with no year effect), and the best among

these was selected on the basis of AIC. This model was then

compared to a model fitted to all years’ data and including a

year effect (i.e. year as a covariate). The best of these two

models was selected on the basis of their AIC values. The

estimated parameters from this model were used to estimate

detection probability, p(x), using Equation (1) of Borchers et al.

(2013), and the expression for p(x) that is given below Equation

(1) of that paper.

Goodness of fit in the perpendicular distance (x) and forward

distance (y) dimensions was evaluated using Kolmogorov-Smirnov

goodness of fit tests. When there was evidence of rounding of

forward distances, this test is not applicable and a Chi-squared

goodness of fit test, using data grouped into intervals, was used to

test goodness of fit in the forward dimension instead.
Abundance and mean group size
estimation on surveys with
forward distances

Group abundance and animal abundance in each of the survey

strata was estimated using the following Horvitz-Thompson-like

estimators
FIGURE 6

Transects on effort (black) and planned effort (dotted) for the survey in Jøkel Bay and a coastal part of the Greenland Sea, Northeast Greenland,
between 23 August and 4 September 2017 with strata delineation outlined in grey. Distribution of sightings of narwhals are shown in red (2017).
Jøkel Bay is stratified post survey as a proportion of the larger survey area indicated in Figure 1.
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N̂ g =
A
ao

n

i=1

1Z W

0
p̂ i(x,   zi)

1
W

dx

and

N̂ =
A
ao

n

i=1

siZ W

0
p̂ i(x,   zi)

1
W

dx

where W is the perpendicular truncation distance, A is the

stratum area, a is the covered area (a = 2WL, where L is total

transect length), si is the group size of the ith detected group, n is the

total number of sightings in the stratum and p̂ i(x,   zi) is the

estimated sighting probability of group i, with covariates   zi,

evaluated at perpendicular distance x. Group size of each sighting

is the average group size from the front and rear observer. If a

sighting was assigned a certain group size from one observer and a

best guess from the second observer, the group size from the

observer with the certain group size was used. If both observers

had a sighting where group size was a best guess then the average of

the two was used. Mean group size in each stratum was estimated by

Ê ½s� = N̂ g=N̂ and estimated abundances in strata were summed to

provide regional abundance estimates.
Variance and confidence interval
estimation on surveys with
forward distances

Variances and 95% confidence intervals of abundance,

mean group size and related parameters were estimated using a

two-stage bootstrap procedure, in which each bootstrap iteration is

as follows:
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Stage 1: Resample parametrically from the estimated

information matrix of the estimated MM availability model

parameters of each of the 12 available fitted MMs (one for each

day) for narwhals.

Stage 2: Resample transects with replacement within each

stratum, together with the sightings made on the resampled

transects. Re-estimate detection hazard function parameters by

maximizing likelihood Equation (5) of Borchers et al. (2013),

conditional on the resampled MMs for animal availability; re-

estimate abundance, mean group size and related parameters, as

outlined above.

Variances were estimated by the variance of the estimates from

250 (Melville Bay and Inglefield Bredning) and 500 (East

Greenland) bootstrap samples of each of the quantities of interest.

Confidence intervals for abundance were obtained from these

estimates using the coefficient of variation estimated from the

bootstrap procedure above and assuming log-normality of the

abundance estimator.
Alternative variance and confidence
interval estimation in Melville Bay in 2019

Because of the extreme clustering of detections in Melville Bay

in 2019 (the majority of the 54 detections made on the survey were

on a single transect), we used Method O1 of Fewster et al. (2009) to

provide an alternative estimate of the variance of the encounter rate

on this survey (in the Central stratum, which is the only stratum

with any detections). The Fewster variance estimator (O1) is a post-

stratification method in which the survey stratum is subdivided into

a set of overlapping substrata consisting of each pair of adjacent

track lines. The variance in each substratum is estimated and then

the variances of the substrata are summed and averaged to estimate
FIGURE 7

Schematic representation of the components of the HMLT modelM. The survey aircraft is moving from right to left and we model events within a
forward distance ymax (meters) of the aircraft. Animals enter this distance interval at time 0 and come abeam of the aircraft at time T. Time is divided
into small intervals numbered 0 (when the animal enters at maximum forward distance) to T (when it comes abeam). These correspond to forward
distance intervals (only interval yt is shown). The observer in the aircraft has a discrete detection hazard function h(x,y), which for any perpendicular
distance x, gives the conditional probability of detecting an animal in forward distance interval y, given that the animal has not yet been detected and
is available for detection. Animals switch between being available (bold line segments) and unavailable (grey dashed line segments) and this process
is modelled as a Markov chain The availability sequence is hidden (hence the name “hidden Markov model”); all that is observed is the forward
distance and perpendicular distance at the time of first detecting an animal. The diagram shows h(x,y) only for one perpendicular distance x.
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the variance for the stratum. This approach accounts for the spatial

distribution of variance which is largely limited to the region of the

higher density clumped animals. To incorporate this alternative

estimate of variance in the abundance estimate, we calculated the

alternative estimate of the CV of the abundance estimates as

dCV O1(N̂ )2 =dCV Boot(N̂ )2 −dCV Boot(dn=L )2 +dCV O1(dn=L )2
where ĈV O1(N̂ )2 is the alternative estimate of the squared CV

of estimated abundance (N̂ ), ĈV Boot(N̂ )2 is the bootstrap based

estimate (as 2.1.3 above) of the squared CV of estimated abundance,

ĈV Boot( ^n=L )2 is the bootstrap based estimate of the squared CV of

the encounter rate (n/L), and ĈV O1( ^n=L )2 is the estimate of the
Frontiers in Marine Science 10
squared CV of the encounter rate, using method O1 of Fewster

et al. (2009).
Methods for surveys without
forward distances

In the case of the 2007 surveys in Melville Bay and Inglefield

Bredning, West Greenland, no forward distances were available. In

this case, the methods of Borchers et al. (2013) cannot be used.

Instead, multiple covariate distance sampling methods (R package

Distance; Miller et al., 2019) were used to estimate abundance under

the assumption that g(0)=1 and g(0) was estimated using the
FIGURE 8

Perpendicular (left) and forward (right) distance data from the survey in 2012 (upper panel), 2014 (middle panel) and 2019 (lower panel) in Melville
Bay. The detection function from the selected model is superimposed on a histogram of detection frequencies.
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method of Laake et al. (1997) using the MM availability estimates

described above. The distance sampling estimate of abundance was

divided by this g(0) to “correct” for availability bias. Confidence

intervals for abundance were obtained by calculating the coefficient

of variation (CV) of the “corrected” estimate as the square root of

the sum of the squared CV obtained from the package Distance and

the squared CV of the g(0) estimate, and assuming abundance to be

lognormally distributed. An estimate of the CV of the g(0) estimate

was obtained by bootstrap.

The method of Laake et al. (1997) requires a forward distance to

be specified, beyond which available animals cannot be detected and

within which they are assumed to be detected with certainty. There

is in reality no such distance, because the probability of detecting an

available animal decreases smoothly with increasing forward

distance and it is only at very short forward distances that

detection of available animals is certain. Selection of a forward

distance to use with the method is therefore somewhat subjective.

We estimated the coefficient of variation of the g(0) estimate from

Laake’s method by bootstrapping (1,000 replicates) the availability

data (Figure 10) and recalculating Laake’s g(0) for each bootstrap

replicate. The squared CV of the “corrected” abundance estimate

(that from the CDS model divided by the g(0) estimate) was

obtained as the sum of the square of the CV of the g(0) estimate

and the square of the CDC abundance estimate. Abundance

estimates were obtained separately in regions Inglefield Bredning

and Melville Bay in 2007, but using the same detection function,

fitted to all sightings.
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Corrections of abundance from Southeast
Greenland 2008

Abundance of narwhals in East Greenland has previously been

estimated by Heide-Jørgensen et al. (2010) using a MRDS analysis.

Here we update the MRDS estimate of abundance by corrected

transect line measurements, cartographically updated strata areas

and a new correction for availability of 0-2 m depth using dive data

from the same individual as presented in this paper (29.62%, CV=

0.20, Heide-Jørgensen and Lage, 2022).
Results

Distribution

West Greenland
Both Inglefield Bredning and Melville Bay were divided into

four strata each for survey design. In Inglefield Bredning, the

surveys conducted in 2007 and 2019 revealed a similar

distribution of narwhal sightings, however, in 2019, a notable

increase in sightings was observed in Academy Bay (Figure 2).

The presence of sightings in the westernmost part of the main fjord

stratum suggests the possibility of more whales residing outside the

surveyed region.

In 2019 in the Melville Bay the narwhal sightings were

concentrated in the central stratum, which contrasts significantly
FIGURE 9

Perpendicular (left) and forward (right) distance data from the survey in 2019 in Inglefield Bredning (upper panel) and from the surveys between 2016
and 2018 in East Greenland (lower panel). The detection function from the selected model is superimposed on a histogram of detection frequencies.
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with the distribution in 2007 when narwhals were detected in all

four strata (Figure 3). In 2012, narwhals were observed in three

strata, and in 2014, sightings occurred in two strata. The area of

strata where narwhals were observed decreased from approximately

16,400 km2 in 2007 to 2,610 km2 in 2019, indicating an 84%

decrease in area usage (Table S1). The average group size of

narwhals, ranging between 2.4 and 3.3 individuals, remained

relatively consistent over the years. However, the distance

between groups showed a significant decline, from an average of

6.8 km with substantial variation in 2007 to 0.6 km with minimal

variation in 2012 (Figure 4). Since 2014, all sightings were within

close proximity (<1 km) of neighbouring sightings.

East Greenland
East Greenland was divided into several regions defined as The

Greenland Sea, Dove Bay, Scoresby Sound, Kangerlussuaq and

South of Kangerlussuaq. All regions revealed limited observations

of narwhals that were found scattered between latitudes 65-79°N,

with relatively higher concentrations in specific regions such as the

Greenland Sea (Jøkel Bay and Dove Bay), Scoresby Sound and

Kangerlussuaq fjord systems. In 2008 narwhals were detected in all

major fjord systems such as Sermilik, Kangerlussuaq, and Scoresby

Sound, as well as in several other fjords, bays, and inlets along the

Blosseville Coast. These areas include all the hunting grounds that

have been in use since the turn of the century in East Greenland and

hence narwhals were present at each hunting locality [Scoresby

Sound fjord system and areas south to Isortoq (around 65°

N, Figure 5)].

In 2016, a total of 66 unique sightings of narwhal groups were

recorded in 9 strata, with more than half of the sightings found in

the Scoresby Sound region. Out of the 37 fjords along the Blosseville

Coast, a random sample of 15 fjords was surveyed, and narwhals

were detected in 3 of them. In Scoresby Sound, narwhals were

mainly found in Nordvestfjord, Inner Gåsefjord, and around Milne

Land. The majority of sightings consisted of single animals, and the
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largest groups (with a group size of 6) were recorded in the

Kangerlussuaq and Nordvestfjord strata. Since 2008, no whales

have been detected south of Kangerlussuaq, and the regions where

narwhals have been observed decreased from approximately 30,000

km2 in 2008 to 19,800 km2 in 2016, representing a decrease in area

usage of 34% over eight years (Table S1). In 2008, the southernmost

sightings of narwhals were made at latitudes 65.3°N and at 70°N in

2016. Both the maximum and average distances between the closest

narwhal sighting decreased from 71 km to 48 km and from 6 km to

3 km, respectively. No significant difference was detected in group

size between the two survey years, with an average of 2.2 (CV=0.25)

in 2008 and 1.3 (CV=0.06) in 2016. In 2017, only the Scoresby

Sound fjord system was surveyed (Figure 5).

Narwhals North of Scoresby Sound were concentrated in the

Greenland Sea in the coastal area of Jøkel Bay between 78-79°N, an

area dominated by the large (80 km long) 79°N glacier, as well as in

Dove Bay between 76-77°N (Figures 6, 11; Table 1). Fifteen

sightings of narwhal were obtained during the survey in the

offshore area of the Greenland Sea and an abundance estimate in

a post-stratified stratum, in the northern part of a larger multi-

species survey, was developed. In addition, there was a relatively

high density of narwhals in Dove Bay (Figure 11; Table 1).

Abundance estimation
Data on effort and sightings per region are given in Tables 1, 2

and in Supplementary Table 1. Multiple surveys were conducted in

each region, with transects covering alternate sections on individual

survey days. Each transect was treated as an independent sample for

analysis. Differences in duplicate sightings for perpendicular

distances and in group sizes were examined and no systematic

patterns were apparent. It was therefore decided to use the average

distance and group size between front and rear observer. The

combined perception bias was estimated to be between 0.96-0.98

for the various surveys. After exploratory analysis, detections were

left-truncated for some surveys at 50 to 150m perpendicular
FIGURE 10

The estimated proportion of time whales are available, together with 95% confidence intervals, for each of the 12 days of depth tag data to which
HMMs were fitted.
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distance. For some surveys there seems to be a paucity of detections

at small perpendicular distances, something that is not uncommon

with aerial surveys, especially in surveys with few sightings where

observers tend to spend more time searching farther from the track

line. Detections were also right-truncated at perpendicular

distance 2000m.

West Greenland
No forward distances were recorded for the survey in Inglefield

Bredning and Melville Bay in 2007 (Table 2). To help decide what

forward distance we should use for Laake’s method with the 2007

data, we considered the estimates of g(0) obtained from the 2012,

2014 and 2019 surveys in Melville Bay (see below) that were

obtained using the method of Borchers et al. (2013). The g(0)

from Laake’s method is shown in Figure 12 as a function of specified

forward distance, together with the g(0) estimates from the 2012,

2014 and 2019 surveys (horizontal lines). Guided by Figure 12, we

decided to use a forward distance of 500m to calculate a g(0) with

Laake’s method, to “correct” the CDS estimate from the 2007 data.

Mean g(0) was estimated to be 0.377 (CV=0.013).

The recorded forward distances of sightings from the survey in

Melville Bay in 2012 suggested rounding to zero of sightings at

small forward distances (Figure 8). To deal with this, the method of

Borchers et al. (2013) was extended to accommodate grouped data
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within some specified forward distance of zero, and exact distances

beyond this. This model was fitted both with grouped data out to

150m forward distance, and without grouping. The fits yielded

similar results, with abundance estimates differing by no more than

1, and the ungrouped data fit was used. The rounding does however

invalidate the Kolmogorov-Smirnov goodness offit test, and instead

a Chi-squared test was used to asses goodness of fit.

Model selection by AIC suggests that a hazard detection model

with bf and wait affecting the scale parameter in the x-dimension

and no covariates in the y-dimension should be used (Figure 8). The

fit in the x-dimension is good (Kolmogorov-Smirnov p-value =

0.85) while that in the y-dimension is not (K-S p-value = 0.005). The

badness of fit in the y-dimension occurs primarily within about

100m of the origin. A Chi-squared test with intervals defined by the

histogram intervals suggests grouping at distances close to

zero (p=0.02).

The perpendicular distance distribution of the sightings from

the survey in Melville Bay in 2014 showed a decline as distance

approached zero (Figure 8), suggesting that perhaps animals were

missed closer to the track line due to obstructed forward or

downward view. This decline led to poorly-fitting detection

function models and as a result left-truncation at 150 m was

implemented. Model selection using AIC showed that a detection

hazard model IP with ss as an explanatory variable provided the best
FIGURE 11

Transects on effort for surveys in Dove Bay. Distribution of sightings of narwhals are shown in red (2017) and blue (2018). The two northern most
zig-zag lines were not used for abundance estimation.
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fit and it was used with the availability data (Figure 10). The fit was

adequate in both the x-dimension (K-S p-value = 0.60) the and y-

dimension (K-S p-value = 0.24, Figure 8).

For the survey in Inglefield Bredning and Melville Bay in

2019 the detection hazard model was found by AIC to fit best,

and a range of combinations of variables were considered for the

scale parameter in which ss and bf and their interaction with
Frontiers in Marine Science 14
region (reg) affected the scale parameter in the y-dimension, and

ss and its interaction with region (reg) affected the scale

parameter in the x-dimension (Figure 8). This is equivalent to

separate models for each region, with ss and bf affecting the scale

parameter in the y-dimension (differently in each region) and

with ss affecting the scale parameter in the x-dimension

(differently in each region).
TABLE 1 Summary of survey effort and number of sightings seen by all platforms for each survey.

Region Year n k L (km) A (km2) (n/L) E.s N (CV) ci.N

Greenland Sea 2017 13 11 1700 61248 0.008 (0.25) 1.2 (0.11) 2908 (0.30) 1639-5168

Dove Bay 2017 43 11 475 3707 0.091 (0.34) 1.7 (0.22) 2297 (0.38) 1123-4745

Dove Bay 2018 34 37 971 3706 0.035 (0.30) 1.7 (0.14) 1395 (0.33) 744-2641

North Water *) 2018 18 47 18037 0.006 (0.23) 2.7 (0.56) 687 (0.66) 218-2258

Northeast Water 2017 2 8 461 4457 0.004 (0.61) 1. (0.33) 47 (0.63) 16-148

Scoresby Sound 2017 28 126 2534 7927 0.011 (0.36) 1.6 (0.21) 246 (0.43) 116-568

Scoresby Sound 2016 40 220 2621 9828 0.014 (0.40) 1.3 (0.06) 433 (0.49) 186-1099

Scoresby Sound 2008 53 236 2944 11144 0.018 1.6 (0.11) 1945 (0.57) 685-5522

Kangerlussuaq 2016 22 36 856 4424 0.039 (0.34) 2.2 (0.10) 269 (0.37) 137-550

Kangerlussuaq 2008 8 32 636 1994 0.048 (0.69) 2.9 (0.37) 613 (0.71) 174-2158

South of Kangerlussuaq 2008 5 83 878 2890 0.060 1.2 (0.19) 206 (0.55) 76-562

South of Kangerlussuaq 2016 0 21 878 2890 – – 0 0

Inglefield Bredning 2007 119 109 1840 2546 0.120 (0.35) 1.2 (0.34) 4109 (0.21) 2738-6168

Inglefield Bredning 2019 332 105 1831 2715 0.181 (0.13) 3.3 (0.03) 2874 (0.21) 1938-4354

Melville Bay 2007 11 38 3574 16362 0.058 (0.47) 2.4 (1.73) 1834 (0.92) 396-8500

Melville Bay 2012 117 38 6225 14821 0.019 (0.36) 2.6 (0.09) 915 (0.44) 431-2141

Melville Bay 2014 89 32 1892 14821 0.068 (0.34) 2.7 (0.20) 1768 (0.39) 864-3709

Melville Bay 2019 54 36 1463 15099 0.117 (0.42) 2.9 (0.34) 4755 (0.65) 1516-15165
fr
*) Data from a survey in the North Water are included here because they supported the development of the detection function for East Greenland from a survey conducted by the same observers
and the same platforms.
Survey abundances and related estimates where A is region surface area (km2), k is number of transects, L is the total line length (km), n the sample size (number of unique sightings), n/L is the
encounter rate (number sightings per km) with the associated coefficient of variation (CV) in brackets), E.s is the expected group size with associated CV,N the estimated abundance corrected for
availability with associated CV and ci.N is the 95% confidence interval forN. Estimates from 2007 surveys are g(0)-”corrected” abundance and related estimates; all other surveys show abundance
and related estimates from the HMM method.
TABLE 2 Overview of sightings and explanatory variables with regions Inglefield Bredning (IB), Melville Bay (MB), East Greenland (EG).

Region Year Total number of sightings (x) Sightings with forward
distance recorded (y)

Sightings after
truncation of data

Explanatory variables

IB and MB 2007 234 0 220 bf, ss

MB 2012 125 123 117 bf, ss, wait

MB 2014 88 88 77 bf, ss, wait

IB and MB 2019 388 373 371 bf, ss, wait

EG 2016 66 21 62 bf, ss

EG 2017 bf, ss

EG 2018 bf, ss
Beaufort sea state (bf) provided information about the wind and wave conditions at the time of the sighting, ss indicate the group size, and a binary variable called “wait” indicated whether the
time since the last sighting was greater than 15 seconds (wait=1) or not (wait=2). The interaction term region (reg) was available for all the surveys. See Supplementary Material for
model selection.
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For Inglefield Bredning 2019 the fit was adequate in the x-

dimension (K-S p-value = 0.74) but the fit in the y-dimension was

not satisfactory (K-S p-value = 0.001, Figure 9). With 332 sightings

there is considerable power to reject the null hypothesis even for

small deviations from expected value, hence the low p-value despite

the fit not being visually very bad. For Melville Bay 2019 the fit was

adequate in both the x-dimension (K-S p-value = 0.99) and the y-

dimension (p-value = 0.74, Figure 9). We used the method O1 of

Fewster et al. (2009) to estimate the encounter rate variance.

East Greenland
The likelihood of Borchers et al. (2013) was extended to include

detections with no y by adding a new marginal component to the

likelihood, in which y is integrated out of the likelihood for each

detection. Beaufort sea state (bf) and group size (s) were

incorporated by allowing the x and/or y scale parameters of the

detection hazard function models (sx and sy) to depend on the

covariates bf and/or ss. The data from East Greenland 2016-2019

were combined and the fits were acceptable for both x-dimension

(K-S p-value=0.3160) and the y-dimension (Chi-Square p-

value=0.1130, Figure 9).
Corrections of abundance from Southeast
Greenland 2008

The MRDS analysis used to estimate abundance of narwhals

from a survey in Southeast Greenland in 2008 was reanalyzed using

corrected transect lengths and strata areas but otherwise using the

same MRDS approach as described by Heide-Jørgensen et al.

(2010). Recalculation of the 2008-survey with the corrected

transect lengths and strata areas changed the individual

abundance estimate, corrected for perception bias, to 817 animals

(CV= 0.48; 95% CI 328-2035). The at-surface estimate of 817

animals is considerably lower than the old estimate of 1353

(CV=0.50) animals. Correction with the new availability

correction factor from whale #3965 gave an estimate of 2758

narwhals (CV= 0.52; 95% CI= 1060-7200) in Southeast
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Greenland. The point estimate corrected for availability bias of

2758 individuals is also lower than the old estimate of 6444

individuals (C=0.51; 95% CI=2505-16,575).
Trend abundance

There was no statistically significant trend in abundance in

Melville Bay and Inglefield Bredning so it cannot be rejected that

there has been no change in abundance between 2007 and 2019. For

Melville Bay, the test has low power because of the high variance in

2007 and 2019. The confidence interval for Melville Bay in 2019 in

particular is wide, and this is due mainly to the high CV of the

encounter rate (68%), which is due in turn to the majority of the 54

sightings made on the survey being on a single transect. If we use

the Method O1 of Fewster et al. (2009) the CV of the encounter rate

is reduced to 42% and the confidence interval for abundance is

reduced in width by about 30%, but the null hypothesis of no

change in abundance between 2007 and 2019 still cannot be

rejected. In East Greenland both Kangerlussuaq and Scoresby

Sound showed significant declines in abundance (Table 1).
Discussion

Subsistence hunt of narwhals occur at their summer grounds in

West Greenland and Southeast Greenland and surveys at regular

intervals are necessary for assessing the sustainability of the hunt. In

this paper, we present the most recent distribution patterns and

abundance estimates of narwhals from these surveys. We

specifically focus on reducing the impact of the availability

correction, hence adjusting for diving animals, by using Hidden

Markov Line Transect Models (HMLTM) to estimate total

abundance. To ensure comparability in trends of abundance in

the different regions, we reanalyze previous survey estimates using

the same methods.

When estimating total abundance of narwhals in a region, it is

important to account for the fact that not all individuals are
FIGURE 12

Laake’s g(0) estimate using the mean proportion of time available that is shown in Figure 8, as a function of forward distance (meter). g(0) estimates
from the 2012, 2014 and 2019 survey in Melville Bay (MB) and in 2019 in Inglefield Bredning (IB) are shown as horizontal lines.
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available at the water surface for detection during surveys. In the

past, this correction was achieved by multiplying the at-surface

abundance with an instantaneous correction factor derived from

data obtained from satellite transmitters deployed on the whales.

These transmitters provided information on the average time an

individual narwhal spent in the 0-2m depth range, which is the

depth range within which they are assumed to be detectable by

observers (Heide-Jørgensen et al., 2010). The HMLTmodel requires

complete high-frequency sampling of the dive profiles of narwhals

to estimate the hidden-state where the whales are unavailable for

detection (depths below 2m). Survey specific data on the time the

water surface is under surveillance by the observers is then included

to estimate the forward detection probability.

Dive data from only one individual were included in the

availability matrix, which may lead to speculation that this

particular whale may not represent the full spectrum of all

surfacing behaviors exhibited by narwhals. In the paper authored

by Heide-Jørgensen and Lage (2022), a comparison of the surfacing

behavior of the whale we are using in the abundance estimation

paper (whale #3965) and several other whales are presented. This

comparison revealed minimal differences in the average surface

time among seven animals with shorter-duration time series and

the one we have used (#3965). This is partly explained by the fact

that all narwhals are subject to physiological constraints regarding

the time they can stay submerged and the number of dives they can

make per hour. Interestingly, whale #3965 had the same number of

dives per hour as a significant number of whales previously tagged

from both Canada and Greenland. Whale #3965 displays a large

variation of dives (and series of dives) encompassing all types of

dives found in the greater sample size of all whales (Heide-

Jørgensen and Lage, 2022). We adjust abundance for diving

groups of narwhals with the diving behavior of an individual

animal assuming that the group act as an entity, meaning the

individuals in a group appear and disappear in synchrony.

The use of HMLTM instead of MRDS introduces two key

changes to the abundance estimation process. Firstly, the

HMLTM uses the forward distances as well as the perpendicular

distances to estimate detection probability. Secondly, the availability

correction factor used in HMLTM considers not only the

proportion of time whales spend in the 0-2m depth bin but also

considers the variation in dive patterns and dive cycles. Despite

having data from only one whale in this survey, the dataset still

contains a sufficient number of dives (12 days with over 2000 dives)

and dive types to generate an availability model that reflects the

variety of patterns of availability well. In the HMLTM the

availability bias is not a simple multiplier correction because the

models were fitted to each day with depth data separately, treating

depths< 2.5m as being available for detection, then treating these as

independent samples from whale dive patterns, calculating the

likelihood for each pattern, and then summing over these

separate likelihood components (see Borchers et al., 2013 for

details). This is equivalent to treating the whale availability

pattern as a random effect in the model. The individual average

proportions of time available each day varied from about 20% of the

time to just over 30% of the time. By utilizing this availability model,

the abundance estimation obtained through HMLTM yields a larger
Frontiers in Marine Science 16
but more accurate estimated g(0) (the probability of detecting a

whale at zero perpendicular distance). In contrast, previous surveys

analyzed using the MRDS method in combination with an

instantaneous availability correction factor may have exhibited a

positive bias in their abundance estimates. This is explained in detail

by See Borchers et al. (2013) for how use of an instantaneous

correction factor can result in a negative bias in estimated detection

probability, which in turn induces a positive bias in estimated

abundance. The key idea is that when animals are available for

more than an instant, their detection probability is higher than the

proportion of time that they are available for only an instant. So, if

you have an abundance estimate from a survey in which animals

were available for more than an instant and you apply a correction

to this abundance estimate that treats them as if they were available

for only an instant, you adjust the proportion of diving animals by a

factor that is too high.

The MRDS method can account for availability bias as well as

perception bias, but only if animals go through many available/

unavailable cycles while within detectable range, and not if some

animals can be unavailable for the whole time they are within

detectable range. In this survey, the maximum forward distance,

ymax (see Figure 7), was chosen to be 2,400m, which is greater than

the largest observed forward distance. The survey aircraft covers

this distance in about 52 seconds. The mean time that narwhals are

estimated (from the 12 dive depth datasets) to be unavailable in a

single dive cycle ranges from 38 seconds to 216 seconds. The

probability that a whale that is unavailable for 216 seconds is

never available while within a detection window of 52 seconds is

about 52% ((216-2*52)/216). It is therefore clear that a sizeable

proportion of whales that are present could never be detected by the

observers, and hence that an MRDS method could never correct for

this availability bias.
West Greenland

The distribution patterns of narwhals in Inglefield Bredning

demonstrate a widespread utilization of the fjord, with no

significant differences observed between the two survey years,

except for a higher concentration of sightings in the small side

fjord, Academy Bay, during the survey in 2019. However, it is worth

noting that both surveys had observation of narwhals at the most

western transects furthers suggestion more narwhals may have been

present beyond the surveyed area. The observed concentration of

sightings in the inner part of Inglefield Bredning aligns well with

previous aerial surveys conducted in the same area, as reported by

Born et al. (1994) and Heide-Jørgensen (2004). This consistency

indicates that a similar proportion of the narwhal population is

likely to be available for surveying within Inglefield Bredning during

all surveys conducted in August.

The re-analysis of abundance estimates from Inglefield

Bredning in 2007 reveals a notable reduction in the estimated

narwhal population size. The previous estimate using the MRDS

technique yielded an abundance of 8368 individuals (with a

confidence interval of 5209-13442). However, with the

implementation of the HMLTM method, the revised estimate
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indicates a lower abundance of 4110 individuals (with a confidence

interval of 2738-6168). The disparity in abundance estimates

between the two techniques is somewhat attributed to the

differences in estimation methods. However, the primary factor

contributing to the change in abundance is the variation in the

availability correction factor employed in the two years. Specifically,

the availability correction factor was 0.21 (CV=0.09) in 2007 and

0.30 (CV=0.20) in 2019, as determined by Heide-Jørgensen and

Lage (2022).

During all surveys conducted in Melville Bay, four strata

covering the main distribution of narwhals were systematically

covered. However, in the 2019 survey, narwhals were only found

in the Central stratum, primarily in close proximity to land and

glaciers. This indicates a significant shift in the area used by

narwhals in Melville Bay over time. The analysis of presence/

absence of whales in the four strata suggests a steady decline in

the area utilized by narwhals in Melville Bay. The area used by the

population decreased from 16,362 km2 in 2007 to 2,610 km2 in

2019. This reduction in area indicates a contraction of the

narwhal’s range within Melville Bay. Furthermore, the distance

between neighbouring sightings has also decreased over the years.

Between 2007 and 2012, the distance between sightings became

progressively closer. Since then, the majority of sightings have

occurred within 1 km of each other, indicating a higher spatial

aggregation of narwhals within the bay and in 2019, more than

70% of the sightings in Melville Bay were concentrated in one area

(one transect). This concentration of sightings on one transect has

a substantial impact on the overall abundance estimate and

introduces a higher variance into the survey results. To address

the challenge of estimating variance in clumped distributions, an

alternative method of estimating the variance (Fewster et al., 2009)

reduced the variance observed in 2019 by approximately 20%.

While the density of narwhals in Melville Bay is generally low

compared to other summer grounds, it is important to note that

Melville Bay differs from those areas. Typically, narwhal summer

grounds consist of narrow fjords or inlets bordered by coastlines

on three sides. In contrast, Melville Bay has an open and

elongated coastline, allowing narwhals to freely move north and

south as well as offshore to the west. However, during the

summer, narwhals tend to congregate in front of glaciers within

the Melville Bay and are rarely observed further offshore.

Although large groups of narwhals are still present in Melville

Bay, their distribution is now concentrated in a smaller area. This

concentration may create the impression among local hunters

that the population is still large. However, the observed

monotonic decline in the coastal area utilized by narwhals

between 2007 and 2019 suggests a potential significant decline

in the population.

The abundance estimates obtained from the surveys conducted

between 2007 and 2019 were used to assess the trend in narwhal

abundance in Melville Bay and Inglefield Bredning, but the trend in

abundance was not significantly different from zero, indicating that

there is no clear evidence of a significant increase or decrease in

narwhal abundance in Melville Bay and Inglefield Bredning over the

studied period.
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East Greenland

The hunting of narwhals in Southeast Greenland occurs in the

areas stretching from Tasiilaq to Scoresby Sound and this region was

surveyed for the first time in 2008 (Heide-Jørgensen et al., 2010). The

reevaluation of the 2008 survey in Southeast Greenland, considering

corrected transect lengths, strata areas, and a new availability bias

correction factor, resulted in a revised abundance estimate for narwhals

in the region. The previous estimate of 6444 narwhals (CV=0.51) was

adjusted to a lower estimate of 2758 narwhals (CV=0.52).

A significant decline in the distribution and abundance of narwhals

between 2008 and 2016 has been observed in Southeast Greenland.

Historical information combined with survey data suggests that

narwhals used to occur throughout the survey area in 2008 but were

not detected south of Kangerlussuaq fjord in 2016. This decline in

narwhal distribution and abundance, along with the disappearance of

narwhals in the southern part of East Greenland, strongly suggests that

local stocks have been overexploited. The historical activity of hunting

narwhals in the Tasiilaq district and further south highlights the impact

of human activities on narwhal populations.

The study indicates that narwhals now occur sporadically and in

such low numbers that aerial surveys, despite covering a major part of

the survey area, are unable to detect them. In 2008, the southernmost

sightings of narwhals were made at latitudes 65.3°N and at 70°N in

2016, indicating a northward retraction of sightings of 420 km. This

suggests a severe decline in density and potentially the local extinction

of narwhals in certain areas of Southeast Greenland.

The first scientific studies conducted in Dove Bay date back to a

major expedition, which involved zoologists who spent three years

in the area from 1906 to 1908. Surprisingly, they did not document

any observations of narwhals (Johansen, 1910). Subsequent

expeditions and personnel stationed at a weather station reported

only three sightings in the Dove Bay vicinity (Dietz et al., 1994).

However, on July 25th, 2008 approximately 100 narwhals were

observed west of St. Koldewey (Boertmann et al., 2009). The surveys

conducted in 2017 and 2018 yielded a minimum of 1100 and 700

narwhals, respectively, present in Dove Bay and the fully corrected

estimates were ~2300 and ~1400 narwhals. These two estimates do

not differ significantly and can potentially be attributed to the

delayed ice breakup in Dove Bay during 2018, which likely

hindered the whales from entering the bay. The sheer magnitude

of narwhal abundance was unexpected, especially considering the

almost complete absence of observations of whales in the bay over

the past century. It appears that the changing ice conditions along

the East Greenland coast, particularly after 2004 (Heide-Jørgensen

et al., 2022), have created a newfound opportunity for narwhals to

explore this previously unoccupied fjord system.

In the remote area of Jøkel Bay and adjacent areas, there has

been limited observations of narwhals historically (Dietz et al.,

1994). This scarcity of sightings could be attributed, at least in part,

to the lack of human activity in the area. However, it is still

surprising that an abundance estimate of 2908 narwhals

(CV=0.30) could be generated from this region, considering that

the survey coverage only represents a partial section of the coastline

that narwhals could potentially inhabit during the summer.
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The study suggests that during the summer, there was a

minimum of 5000 narwhals inhabiting the coast of East

Greenland, ranging from Nordostrundingen to Kangerlussuaq

fjord. Of these, approximately 80% of narwhals were concentrated

in Dove Bay and the greater Jøkel Bay area. The relatively high

concentration of narwhals in Dove Bay and Jøkel Bay highlights the

potential presence of a significant narwhal population in Northeast

Greenland. Furthermore, the study suggests that further exploration

and survey efforts in the region could potentially reveal even higher

densities and provide a more comprehensive understanding of the

narwhal population in Northeast Greenland.

In Southeast Greenland, the local stock of narwhals has

significantly declined to a few hundred animals. The population

has decreased to such low numbers that conducting aerial surveys

for estimating abundance may no longer be a feasible method. This

highlights the severity of the decline and the urgent need for

conservation efforts in this region. It is crucial to gather more

data and information about the current status, distribution, and

specific threats faced by these narwhals. This can help inform

targeted conservation measures and management strategies to

protect and restore the population. Additionally, the study

highlights the significance of addressing hunting pressure in the

region. Sustainable and responsible management of hunting

activities is crucial to ensure the viability of narwhal populations.

Balancing conservation efforts with the needs of local communities

is essential for the long-term survival of these marine mammals.

In summary, the study emphasizes the need for continued

research, conservation efforts, and sustainable management

practices to safeguard the narwhal population in Southeast

Greenland and other areas where data are limited or populations

vulnerable. Protecting these unique and iconic whales is essential

for maintaining the biodiversity and ecological integrity of Arctic

marine ecosystems.
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