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Abstract

Background: We report compelling evidence suggesting a predation event of a pop-up satellite archival tagged
anadromous Dolly Varden (Salvelinus malma) by a marine mammal during summer in the Beaufort Sea based on
abrupt changes in temperature and vertical movements. This observation provides insight on predator avoidance
behaviour by Dolly Varden and the predator’s feeding frequency while the tag was ingested. Based on published
distribution and ecology information, we presumed the predator was a beluga whale (Delphinapterus leucas). Supple-
mental satellite telemetry data from previously tagged Dolly Varden and beluga whales were used to determine the
extent of spatial and vertical overlap between species in the area where predation occurred.

Results: Prior to the predation event, depths and temperatures occupied by the tagged Dolly Varden averaged 1.1 m
and 3.1 °C, respectively. On July 7, 2020, depths remained shallow apart from a sudden dive to 12.5 m (16:45 UTC)
followed by a precipitous increase in temperature from 4.4 to 27.1 °C (16:52 UTC) suggesting predation by an endo-
therm. Subsequent readings indicated the endotherm had a resting stomach temperature of 36.1 °C. Including the
predation event, eight separate feeding events were inferred during the 20-h period the tag was ingested (before pre-
sumed regurgitation) based on subsequent declines in stomach temperatures (mean decline to 31.1 °C) that took an
average of 24.1 min to return to resting temperature. The predator occupied mainly shallow depths (mean=2.3 m),
overlapping with tagged belugas that spent 76.9% of their time occupying waters < 2.5 m when frequenting the area
occupied by tagged Dolly Varden in the Canadian Beaufort Sea in July. Back-calculation based on tag drift and mean
displacement by tagged belugas indicated the predation likely occurred west of the Mackenzie Delta.

Conclusion: Our findings provide new information on both anti-predator behaviour by, and marine predators
of, Dolly Varden in the Beaufort Sea. We provide the first estimate of feeding frequency and stomach temperature
recovery in a presumed wild beluga, and evidence for shallow foraging behaviour by belugas. Elucidating the likely
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predator and exploring the extent of overlap between Dolly Varden and beluga whales contributes towards knowl-

edge on the trophic interactions in the Beaufort Sea.

Keywords: Predator—prey interactions, Pop-up satellite archival tag, Stomach temperature, Diving, Habitat overlap

Background

Biologging and telemetry technologies have enabled the
characterization of animal movement, behaviour, habitat
use, and trophic ecology [1-3]. The application of these
technologies in polar marine ecosystems are especially
valuable given the challenges of tracking animal move-
ments and their interspecific interactions in regions
where direct observations can be limited. The Arctic is
experiencing significant rates of change in the marine
environment [4], underscoring the need to explore mul-
tiple approaches for understanding energy flow and
trophic interactions to improve the management and
conservation of Arctic marine ecosystems. Elucidating
food web relationships and the energetic transfer within
ecosystems requires identifying and defining predator—
prey relationships. Characterizing these relationships can
inform processes that drive trophic cascades, population
dynamics, and species distribution [5, 6].

Defining predation using biologging and telemetry
instrumentation has informed trophic interactions over
space and time that are difficult to obtain with more
traditional dietary methods, such as stomach content
or biochemical tracer analyses [7, 8]. Advancements in
telemetry that enable the collection of acceleration force,
light level, pressure (depth), and temperature data can
be used to qualitatively or quantitatively infer the preda-
tion of an externally or internally tagged individual based
on changes in movement behaviour, light levels, sudden
increase in temperature (i.e. consumed by endotherm),
and temporal dissociation between time-series depth and
temperature profiles while the tag remains in the diges-
tive tract of the predator (i.e. consumed by ectotherm)
[3, 9-11]. Predation of archival tagged fishes by marine
mammals, such as whales, provides novel information on
sources of natural mortality, predator species, and ani-
mal behaviours that are not commonly documented (see
[11-13)).

Here we report on compelling evidence to suggest a
predation event of an archival tagged anadromous adult
Dolly Varden (Salvelinus malma) by a marine mammal in
the eastern Beaufort Sea based on abrupt changes in tem-
perature and vertical movement patterns. Dolly Varden
is an iteroparous salmonid that can undertake seasonal
migrations between freshwater (spawning and overwin-
tering) and marine (feeding) habitats, and are important
for Indigenous subsistence fisheries in the Alaskan and
western Canadian Arctic [14, 15]. Piscivorous marine

mammal predators that occur in this region are beluga
whales (Delphinapterus leucas) [16, 17], ringed seals
(Phoca hispida) [18], bearded seals (Erignathus barbatus)
[19], and on rare occasions killer whales (Orcinus orca)
[20]. Harbour porpoise (Phocoena phocoena) [21] and
walrus (Odobenus rosmarus) [22] have been observed in
exceptionally rare occasions.

We sought to identify the most likely predator of the
tagged Dolly Varden using published spatial distribution
and prevalence, internal body temperatures, diet, feed-
ing mechanisms, and diving behaviours of known marine
mammals in the eastern Beaufort Sea region. Our objec-
tives were to use archived data prior to and during the
predation event to (1) demonstrate predator avoidance
behaviour by Dolly Varden and (2) characterize preda-
tor feeding behaviour, respectively. After concluding the
predator was most likely a beluga whale, we used avail-
able satellite telemetry data from belugas and Dolly Var-
den inhabiting the eastern Beaufort Sea to (3) confirm
whether the predator exhibited similar vertical behaviour
to tagged belugas and (4) estimate the area where preda-
tion occurred and the extent of spatial and vertical over-
lap between these species in July. Elucidating the likely
predator and exploring the extent of overlap between
Dolly Varden and beluga whales contributes towards
knowledge on habitat use and trophic interactions in the
eastern Beaufort Sea. This is particularly relevant given
the listing of Dolly Varden as ‘Special Concern’ under
Species at Risk legislation in Canada, the nearby marine
protected area (Tarium Niryutait Marine Protected Area)
in place to conserve beluga whales and their prey, and
because of the paucity of documentation of anadromous
salmonid predation by marine mammals in the Canadian
Arctic.

Materials and methods

Dolly Varden capture and tagging

Anadromous Dolly Varden were captured as part of
ongoing fisheries-independent assessment studies in
mid-September 2019 in the Firth River (68.64313° N;
140.98715° W), Yukon Territory, Canada (Fig. 1). A long
seine net was deployed in shallow pools near perennial
groundwater springs occupied by Dolly Varden using the
techniques described by Sandstrom et al. [23]. The Dolly
Varden of interest was a current-year spawning male with
a fork length of 723 mm (estimated weight=~3.75 kg
based on length—weight regression of Dolly Varden
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Fig. 1 Map of study area in the eastern Beaufort Sea illustrating the location where an anadromous Dolly Varden was satellite archival tagged
in September, 2019, the area where the tagged fish was presumably eaten by a beluga whale on July 7, 2020, the location where the tag was
presumably regurgitated by the beluga whale, and the location where the tag reported to satellites on July 15, 2020. Locations are shown where
beluga whales were satellite archival tagged in summer 2018 and 2019, and whose depth and spatial habitat use were assessed in the Dolly
Varden spatial polygon (delineated based on previously satellite archival tagged Dolly Varden from Canadian populations (Big Fish R. and Rat R.) that
reported in mid-July in the Beaufort Sea (2015-2018)). Sea surface temperatures (SST) (average between July 3 and 10, 2020) and sea-ice conditions
(July 8, 2020) of the Beaufort Sea near the approximate date of predation are shown along with the start locations of the detailed dive profiles
illustrated in Fig. 4 from tagged belugas within the spatial polygon

captured along the Canadian Beaufort Sea coast; Gal-
lagher et al. unpublished observations) that had a pop-up
satellite archival tag (PSAT) (miniPAT; Wildlife Com-
puters, USA) (https://wildlifecomputers.com/our-tags/
pop-up-satellite-tags-fish/minipat/) attached using the
methods described by Courtney et al. [24]. The tag was
intended to remain tethered to the fish for 10 months
until the scheduled release date of July 15, 2020. Depth
(0.5 m) and temperature data (£0.1 °C) were sampled
at a 1 s interval and programmed to transmit as time-
series subsampled at a 7.5 min interval (with associated

TRange and DRange error parameters, respectively,
which are a function of the range of temperatures and
depths, respectively, encoded in a 6 h message). Depth
and temperature data recorded by the tags are meas-
ured within 25 ms of each other, and the time constant
of the thermistor is <1 s (Matthew Rutishauser, Wildlife
Computers, personal communication). Therefore, the
tag precisely records and transmits data on the exter-
nal environment encountered at a given time. Tags also
transmitted the maximum and minimum depth and tem-
perature (sampled at 1 s intervals) for each 6 h summary
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period while reporting locations in the Beaufort Sea were
calculated through transmissions to ARGOS satellites
after pop-up. Light level logging on the PSAT was disa-
bled given light-based geolocation of fishes at high lati-
tudes is currently unreliable [25]. The mean=+ SD depth
and temperature occupied by the tagged Dolly Varden in
the Beaufort Sea prior to predation were calculated using
raw time-series of data, while ranges were determined
using SeriesRange data logged by the tag. Additionally,
PSAT data on the marine habitat use by 13 Dolly Varden
(same deployment approach and tagging method as the
fish from Firth River) from two other Canadian popula-
tions east of the Firth River (Big Fish River: 68.3025° N,
136.3476° W; and Rat River: 67.7558° N; 136.2935° W)
collected between 2015 and 2018 [26] were used to delin-
eate the geographic extent of the eastern Beaufort Sea
that could potentially be inhabited by Dolly Varden dur-
ing summer based on the locations where tags reported
to satellites in mid-July. Furthermore, PSAT data from
these fishes were used to help characterize depths typi-
cally occupied by Dolly Varden in the Beaufort Sea.

Beluga whale capture and tagging

Adult male belugas were tagged with satellite-linked
time-depth recorders (TDRs) from Hendrickson Island
(Fig. 1; 69.48° N; 133.61° W), Northwest Territories, Can-
ada in July of 2018 and 2019 [27]. Tags were mounted on
the dorsal ridge of belugas that were live captured using a
net encirclement method [28] and remotely deployed on
free-ranging belugas. Tags included SPLASH10-F-238,
SPLASH10-F-321, MiniPAT (Wildlife Computers Ltd.,
Redmond, WA), and CTD-SRDL tags (Sea Mammal
Research Unit—SMRU, University of St. Andrews). Tags
from 17 belugas provided Fastloc® GPS and/or Argos
location data, and 13 of the tags transmitted TDR data as
time-series of depths at 75 s intervals.

Inferring the predator

We searched published literature using Web of Science
(Clarivate Analytics (USA)) to deduce the most likely
predator based on physiological and behavioural data
provided by the ingested tag along with other informa-
tion on diet, feeding ecology, depth occupancy, and
prevalence in the eastern Beaufort Sea. Harbour porpoise
and walrus were omitted given the exceptionally rare
instances both species have been observed in the eastern
Beaufort Sea, although we retained killer whales given
their increasing prevalence in the western Arctic [29].
We compared resting stomach/body temperature among
the four candidate predators (beluga whale, killer whale,
ringed seal, and bearded seal). Furthermore, we searched
for records of Dolly Varden or other salmonid preda-
tion among each predator, as well as their diet preference
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and feeding kinematics. We examined whether the can-
didate predators are known to forage at depths typically
occupied by Dolly Varden (upper 2.5 m; [26]), and if
they make dives to the maximum depths recorded by the
ingested tag (48 m). The amassed information was placed
in a summary table and we deduced the likely species
based on conformity to these criteria.

Estimating the location of the predation event

Estimating the location of the predation event required
the consideration of two components: (1) tag drift fol-
lowing expulsion from the predator (removal of the tag
from the predator either by regurgitation or defecation)
and (2) the distance travelled by the predator for the time
between ingestion (initial consumption of the tag by the
predator) and expulsion (20 h). Based on depth and tem-
perature readings, the tag was expelled by the predator
roughly 8.3 days before data transmissions to overhead
Argos satellites on the programmed reporting date (July
15, 2020). Therefore, to infer where the tag was expelled
by the predator, the estimated distance travelled by the
tag while drifting on the ocean surface following expul-
sion (i.e. premature tag drift) was subtracted from the
location where it reported to satellites. Furthermore, the
estimated area of predation could only include depth
contours > 12.5 m given this was the final depth recorded
by the Dolly Varden immediately prior to predation. The
vector (bearing and speed) of tag drift was estimated
from the first 48 h of tag transmission. While this analysis
assumed that tag-reporting drift was similar to prema-
ture tag drift and did not provide an accurate location, it
did provide an approximation of the last known location
of the predator.

Assuming the predator was a beluga (see ‘predator
identification’ in ‘Results’), we estimated the average dis-
tance travelled by tagged beluga whales in a 20 h times-
pan (i.e. the duration over which the tag remained in the
gastrointestinal tract of the predator). Fastloc® GPS and
Argos location data from tagged belugas were filtered
and correlated random walk models were fit, with loca-
tions predicted at 15 min intervals [27]. To identify com-
parable beluga displacement distance in an area known
to be occupied by Dolly Varden, we analysed beluga
telemetry data from 29th June through July in 2018 and
2019 that were in the geographic vicinity occupied in
previous years by PSAT tagged Dolly Varden in the Cana-
dian Beaufort Sea (bounded by 70.7550° N, 143.5860° W,
132.8793° W, and the shoreline [26], henceforth referred
as the ‘spatial polygon’) (Fig. 1). The ‘geosphere’ v1.5-10
[30] package in R v3.6.0 [31], with the ‘distVincenityEllip-
soid’ function, was used to calculate the distance between
all pairs of beluga locations in the spatial polygon at times
t and t+20 h. The average displacement distance was
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calculated and subtracted from the approximate location
where the tag was expelled to estimate the general area
where predation occurred.

Beluga dive behaviour in the region occupied by Dolly
Varden

To identify the proportion of time tagged belugas whales
spent at depths typically occupied by Dolly Varden inside
and outside the spatial polygon, we calculated the pro-
portion of beluga TDR data that recorded depths <2.5 m
in the spatial polygon during the entire month of July in
2018 and 2019, and compared it to the TDR data from
outside the spatial polygon during July. To allow for error
in the transmitted depth data, we subtracted the depth
resolution from the depth; hence, the calculations here
give maximal estimates of the time spent in the surface
2.5 m. A paired ¢-test was used to calculate whether the
proportion of time by tagged belugas occupying the sur-
face 2.5 m differed inside and outside the spatial polygon.
Dive profiles from tagged belugas occupying the spatial
polygon during July were plotted to provide higher-reso-
lution examples of dive behaviour of belugas that reached
depths close to those reported by the ingested tag (maxi-
mum 48 m).

Characterizing feeding frequency

Declines in marine mammal stomach temperature can
indicate ingestion of prey or water [32]; however, it has
been suggested that ingestion of water may be unlikely in
Arctic cetaceans as they can obtain sufficient water from
prey, and heating ingested water would be associated
with high energetic costs [33]. Therefore, we consider any
recorded drop in temperature while the tag was ingested
to indicate a subsequent feeding event by the predator.
As the temperature data were collected at 7.5 min inter-
vals, we note that the declines and stabilizations in tem-
perature could have occurred within 7 min 29 s prior to
the times reported; therefore, the durations of stomach
temperature recovery have an error of =7 min 29 s.

Results

Dolly Varden vertical behaviour and predation event

After overwintering in the Firth River, the tagged Dolly
Varden entered the Beaufort Sea on approximately June
22, 2020 based on a dramatic drop in water temperature,
suggesting a transition from freshwater to marine envi-
ronments (see [24]). Depth and temperature (mean= SD)
occupied while feeding at sea was 1.1£1.3 m (range=0.5—
20 m) and 3.1+1.8 °C (range=—1.3 to 6.7 °C) consistent
with findings from other PSAT tagged Dolly Varden in the
Beaufort Sea [26, 34]. Depths occupied by the tagged Dolly
Varden during the several hours prior to predation ranged
between 0.5 and 5 m (mean=1.36 m) apart from the last
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depth recorded immediately prior to ingestion (12.5 m at
16:45 UTC, Fig. 2b). On July 7, 2020 (16:52 UTC) the tem-
perature increased precipitously from 4.4 to 27.1 °C and
increased to 34 °C approximately 30 min later, indicating
ingestion by an endotherm.

While inside the predator the tag recorded an overall
maximum temperature of 36.2 °C with maximum tempera-
tures of 36.1 °C recorded during 75% of the 6 h summary
periods. Stomach temperature stabilized at 36.1 °C after
initial tag ingestion and subsequent temperature drops,
and was therefore considered to be the predator’s resting
stomach temperature. After the initial tag ingestion there
were seven subsequent declines in temperature (Table 1,
Fig. 2a). The mean stomach temperature following a
decline was 31.1 °C (mean temperature decrease=5.0 °C);
however, these declines were highly variable with a maxi-
mum temperature decrease to 13.8 °C (drop of 22.3 °C,
event 10, Table 1, Fig. 2a) and a minimum decrease to
35.7 °C (drop of only 0.4 °C, event 12, although the 7.5 min
sample interval may have underestimated the magnitude
of this decrease). The durations for stomach temperature
recovery were also variable. After the initial tag ingestion
event, it took 2.75 h for the predator’s stomach temperature
to stabilize (Table 1); however, subsequent temperature
drops during this period (events 3 and 4, Fig. 2a) indicate
that additional ingestion events took place during recovery.
For the remaining temperature drops (events 6, 8, 10, 12,
and 14, Table 1, Fig. 2a) the recovery duration was between
7.5 min and 37.5 min (&7 min 29 s) (mean=24.1 min).
On July 8, 2020 (12:45 UTC) temperature immediately
decreased to 4.7 °C (Fig. 2a) and depth became constant at
0.5 m (i.e. tag presumably floating at the surface), suggest-
ing tag expulsion after a 20 h duration in the gastrointesti-
nal tract of the predator (Fig. 2b).

Ultimately, it appears there were seven ingestion events
during the period when the tag was in the predator’s stom-
ach (eight, including the predation event of the tagged
fish) (Table 1). The 7.5 min interval depth time-series data
suggested that the predator was primarily making shal-
low dives (mean+SD=2.3+2.1 m, Fig. 2b); however,
maximum depths of 41, 48, and 45 m were reported during
three of the 6 h summary periods (depth information was
missing for one 6 h summary period); hence, the preda-
tor made deeper dives than the time-series data suggest
(Fig. 2b) and we cannot be certain at which depths the later
predation events occurred.

Predator identification: comparing prevalence, body
temperature, dive behaviour, and feeding kinematics
among Beaufort Sea marine mammals

Beluga whales, killer whales, ringed seals, and bearded
seals are all known to occur along the nearshore (coastal)
and offshore Beaufort shelf that are occupied by Dolly
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Fig. 2 aTemperature and b depth recorded by a pop-up satellite archival tag attached to a Dolly Varden prior to, during, and after predation by
a presumed beluga whale in the Beaufort Sea. Numbers on top of panels refer to timing of temperature changes, specified in Table 1. Note that
temperature and depth error are based on the TRange and DRange, respectively, values reported in the time-series files, which are a function of the
range of temperature and depths encoded in a 6 h message

Varden (up to 69-152 km offshore; [26, 34]) in summer
(Table 2), and this region has been identified as a hotspot
for Arctic cetaceans and pinnipeds [35]. The most preva-
lent among the four predators in the eastern Beaufort Sea
are beluga whales [36—38] and ringed seals [39, 40]. There
have been extensive telemetry campaigns of belugas and
ringed seals in the region relative to other potential pred-
ators. Bearded seals have been detected year-round along
the shelf of the Alaskan Beaufort Sea by passive acous-
tic monitoring [41], although acoustic activity tends to

decrease between June and July, which could be due to
changes in behaviour or movement offshore following
seasonal sea ice retreat [42]. Killer whales have only been
observed occasionally in this region (31 documented
observations between 1940 and 2009; [20]), although
there are signs of increasing presence [29].

All four predator species considered here are known to
dive to >48 m (Table 2). Beluga whales in this region are
thought to principally undertake foraging during deeper
dives [27, 43]. However, without direct observation or
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Table 1 Temperature changes immediately prior to, during, and after the pop-up satellite archival tag was inside the gastrointestinal
tract of a presumed beluga whale

Event ID Date Time (UTC) Event Temperature (°C) Duration from drop in temperature
to recovery (hh:mm:ss) (+00:07:29)

1 July 7,2020  16:45:00 Last record from fish 21 (£1.2)

2 July 7,2020  16:52:30 Tagged fish ingested by predator 272 (:l: 1.2)

3 July 7,2020  18:07:30 Ingestion 340 (£0.15)°

4 July 7,2020  19:00:00 Ingestion 35.0(+0.15)

5 July 7,2020 19:37:30 Stomach temperature stabilized 36.1 (& ) 02:45:00
6 July 7,2020  20:52:30 Ingestion 353 (x0.15)

7 July 7,2020  21:22:30 Stomach temperature stabilized 359 (+ ) 00:30:00
8 July 7,2020  22:22:30 Ingestion 352 (£ )

9 July 7,2020  22:45:00 Stomach temperature stabilized 36.1 (£0.15) 00:23:00
10 July 8,2020  03:30:00 Ingestion (:I: 0. 75)

1 July 8,2020  03:52:30 Stomach temperature stabilized 35.5(4£0.75) 00:22:30
12 July 8,2020  06:30:00 Ingestion 357(x0.2)

13 July 8,2020  06:37:30 Stomach temperature stabilized 36.0 (+0.2) 00:07:30
14 July 8,2020  10:07:30 Ingestion 31.8 (£0.2)°

15 July 8,2020  10:45:00 Stomach temperature stabilized 36.0(£0.2) 00:37:30
16 July 8,2020  12:52:30 Tag expelled from predator 4.7 (£1.05)

Event ID refers to times (at 7.5-min intervals) when the tag recorded a change in temperature attributed to ingestion, stomach temperature stabilization, or expulsion
from the predator. Subsequent ingestions were considered if the temperature (4 error) dropped below the non-feeding stomach temperature of 36.1 °C

Recovery of non-feeding temperature was considered as the time that the temperature (+ error) was measured as 36.1 °C. Data were recorded at 7.5-min intervals;
hence, temperature changes during the interval are underestimated, and recovery durations have an error of &7 min 29 s. Minimum temperatures reported in 6 h
summary data that likely correspond to ingestion events specified in table

2 SeriesRange file reports minimum temperature of 33.5 °C during the 18:00 to 00:00 summary period on July 7, 2020
b SeriesRange file reports minimum temperature of 13.8 °C during the 00:00 to 06:00 summary period on July 8, 2020
¢ SeriesRange file reports minimum temperature of 31.3 °C during the 06:00 to 12:00 summary period on July 8, 2020

Table 2 Qualitative prevalence, body temperature, feeding habits, and ability to dive to 48 m for two whale and two seal species in
the eastern Beaufort Sea

Species Prevalence in Body temperature  Salmonid/Dolly Feeding kinematics: Can undertake Can dive to 48 m?
eastern Beaufort (°C)? Varden predation? likely to consume shallow foraging?®
Sea during summer whole Dolly
Varden?
Beluga whale High [38, 87, 88] 35.8 (mean,n=3) Yes [56]/Yes [16, 54] Yes [60] Yes (surface) [46] Yes [27,43]
(89]
34.9-359 (range,
n=1)[90]
35.68 (mean,n=2)
[91]
Killer whale Rare [20] 36 (mean, n=3) [89] Yes [62, 93]/unknown Yes [61] Yes (surface) [52,62] Yes [53, 70]
37.1-38.0 (range,
=1)[92]
Ringed seal  High [39, 40] 37.5°[94] Yes [95])/presumably  No[11,57,59] Yes (< 13 m) [96] Yes [48]
(see Fig. 3)
Bearded seal Moderate [40,41,97] 37.2(36.8-37.3) Yes [99, 100])/ No [11,57,59] Yes (<7 m) [51] Yes [41,51]
(mean and range, unknown
n=1)[98]

2 n is the number of animals examined in study

b Measured in wild ringed seal pups. Rectal temperature remained stable at 37.5 °C in the largest moulting pup after immersion in water. Rectal temperatures were
33 °Cin pups with lanugo fur after immersion in water, but stabilized at 37.5 °C in air

©Based on visual observations of surface foraging from the literature in beluga whales and killer whales, and the shallowest depths for inferred foraging behaviour
from telemetry studies in ringed seals and bearded seals
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use of ancillary data, inferences as to dive function are
based on occupancy time at depth or dive profile charac-
teristics from tagged individuals, which may not always
be representative of various behaviours [44, 45]. Else-
where in their range, beluga whales have been observed
feeding at the surface (e.g. [46]) and undertaking shal-
low foraging-type dives (square U-shaped, mean maxi-
mum depth=13.35 m; [47]). Ringed seals in this region
also tend to make fewer shallow than deep dives [48],
although repetitive diving to <25 m suggests shallower
foraging also occurs [49]. Bearded seals make both shal-
low and deep dives; however, they principally feed on the
benthos [42, 50, 51]. Both mammal-eating and fish-eating
killer whales can undertake shallow foraging behaviour
[52, 53].

While inferably in the stomach of a predator, the
36.1 °C resting stomach temperature was similar to doc-
umented body temperatures of the marine mammals
known to occur in this region, including beluga whales
(34.9-35.9 °C, Table 2) and killer whales (36.0-38.0 °C),
yet lower than body temperatures of seals (Table 2).
However, previous studies were based on few individu-
als or limited to certain age classes, and did not always
provide the range of temperatures recorded. Therefore,
temperature alone cannot be used to deduce candidate
predators. Additionally, resting stomach temperatures
may vary between individuals, as shown in a study that
deployed stomach temperature pills (STPs) in narwhals
[33], a close relative of belugas and the only other extant
member of the Monodontidae (mean resting stomach
temperature =35.5 °C, range = 34.5-36.2 °C).

While diet information is limited for these marine
mammal species, Dolly Varden has been detected in
small amounts (e.g. < 1% of enumerated diet items) in the
stomach contents of beluga whales from the nearby Alas-
kan Chukchi Sea and Bristol Bay [16, 54]. Closely related
Arctic char (S. alpinus) has been observed in Beaufort Sea
beluga stomachs [55] and similar-sized fish (range = 549—
738 mm) have been documented in beluga stomachs [16].
Available published literature of ringed and bearded seal
diets has not found Dolly Varden present (e.g. [19]). It is
noted that a small number of Dolly Varden captured dur-
ing annual sampling at spawning and overwintering habi-
tats in fall among various rivers in Canada have injuries
from predators (prevalence from 2015 to 2019 is < 2% for
Dolly Varden>700 mm; Gallagher unpublished obser-
vation) with some appearing consistent with attempted
capture by presumed seals (e.g. elongated wound or
healed scar from assumed claw and bite marks) [56]
(Fig. 3). While they can both consume fish, ringed seals
are characterized as ‘pierce feeders’ (use a combination of
biting and suction to opportunistically catch prey) [57],
and bearded seals are principally characterized as suction
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feeders [57] with a small gape (2.7+0.85 cm; [58]). Fur-
thermore, it is assumed that given their gape size, seals
would be unlikely to completely ingest a whole salmo-
nid [11] and likely avoid swallowing a pop-up satellite
archival tag [59]. Together, the small gape size and lack
of observed predation on larger prey items, such as Dolly
Varden, suggests neither phocid species was the predator
of interest in this study.

Belugas consume their prey whole using either ram or
suction feeding, during both of which they have exhibited
a large gape (10.02+£0.87 cm and 6.3+£0.4 cm, respec-
tively; [60]) during experimental trials where they were
fed prey smaller than the Dolly Varden consumed in this
study (mean length of herring=242428 mm). Beluga
gape is presumed to increase beyond this size given they
are known to feed on large salmonids over 549 mm in
length based on stomach contents from the Cook Inlet,
Alaska [16]. Killer whales can consume whole fish [61],
but have also been observed tearing large salmonids apart
at the surface [62]. There have been unconfirmed sugges-
tions that killer whales in the Pacific Arctic may consume
fish [63]. However, evidence from group size [20], inju-
ries to landed bowhead whales [64], and bowhead whale
carcasses [65] provide strong support for killer whales
observed in the Beaufort Sea being mammal-eating tran-
sients. Given their low occurrence and likely specializa-
tion as marine mammal predators in the Beaufort Sea,
a killer whale appears less likely as the predator of the
tagged Dolly Varden. However, killer whales meet the
diving and feeding criteria (Table 2) and cannot be dis-
counted based on the lack of knowledge of this predator
in the study region. In contrast, the extensive use of the
area by belugas, feasibility of feeding kinematics, and past
observations of Dolly Varden and similar shaped/size fish
in their diet supports the high likelihood of the beluga
whale being the predator in question, and we consider
this interaction further to better characterize the preda-
tion event.

Location and diving behaviour of tagged belugas

A total of 17 tagged belugas recorded 83.9 days of data
while in the spatial polygon delineating documented
Dolly Varden marine habitat in July (Table 3). Beluga
whales tagged in 2018 and 2019 recorded an average
of 4.9 days (SD=2.7 days) in the polygon during July
(Table 3; Fig. 1). Belugas recorded a higher proportion of
time in the upper 2.5 m of the water column while in the
polygon relative to all other regions occupied during July
(mean+SD=76.9%+14.3% vs. 42.0%+11.2%, p<0.05,
Table 3). Beluga dive profiles within the polygon revealed
that dives targeted the mid-water column as well as
the seafloor (Fig. 4a, b). Dives to 48 m were often short
(6.25 min, Fig. 4c), which may have been missed given
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Fig. 3 Examples of anadromous Dolly Varden (approximate fork length between 450 and 550 mm) captured while spawning in freshwater that had
an injury along the ventral surface between pelvic and anal fins presumably as a result of a predation attempt by a ringed seal in the Beaufort Sea

depths of the consumed tag were collecting at a 7.5 min
interval.

Location of predation event
Based on estimated tag drift (i.e. tag floating on the sur-
face prior to transmitting first location), the estimated
location of the predation event was approximately
390 km southeast of the reporting location in the vicin-
ity of Shingle Point, Yukon, near the Mackenzie Delta
(Fig. 1). The grand mean displacement distance over a
20 h period for belugas that were detected >3 days in
this region (i.e. spatial polygon) was 46.7 km (Table 3).
The depth of 12.5 m reported by the Dolly Varden imme-
diately prior to ingestion also limits the location of the
predation event to areas with a seafloor depth >12.5 m.
This estimated area of predation is corroborated by
pop-up location of other satellite tagged Dolly Varden
in Canada [26]. Additionally, tag-reported seasurface
(<0.5 m) temperature of the day prior to inferred preda-
tion was ~5 °C. Satellite-derived sea surface temperature
estimates for July (MODIS 8-day average daytime 4 km
SST V2019.0) (accessed from https://podaac-opendap.

jpl.nasa.gov/opendap/allData/modis/L3/aqua/11lum/
v2019.0/4km/8day/) provided additional support for the
estimated location of predation, and further suggest that
the true location of the predation event is likely within
200 km of the Mackenzie Delta and south of the 5 °C
isoline (Fig. 1), similar to our back-calculated estimate.
Furthermore, the likelihood of this region being the area
of predation is supported by the concurrence between
the bathymetry (seafloor depths<50 m) and the maxi-
mum depths reached by the predator while the tag was
ingested (41-48 m, Fig. 2b).

Discussion

After examining the published literature on predator spe-
cies prevalence in the eastern Beaufort Sea, body temper-
ature data, vertical and foraging behaviour, diet records,
and feeding kinematics, we posit that the predator of the
tagged Dolly Varden was a beluga whale from the East-
ern Beaufort Sea (EBS) population. This is the first docu-
mentation of a trophic interaction between Dolly Varden
and presumed beluga whale using biologging technology.
EBS belugas not only inhabit the Mackenzie Shelf in the


https://podaac-opendap.jpl.nasa.gov/opendap/allData/modis/L3/aqua/11um/v2019.0/4km/8day/
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Table 3 Tagged belugas from the Eastern Beaufort Sea during 2018 and 2019 within the geographic extent of Dolly Varden in the

spatial polygon outlined in Fig. 1

BelugalD  ARGOS Deployment Duration in Dolly Mean (+SD) Proportion of time in Proportion of time in
PTT date (UTC)  Varden spatial polygon displacement distance surface 2.5 m during surface 2.5 m during
number (days) over 20 h in Dolly July outside Dolly July inside Dolly Varden

Varden spatial polygon Varden spatial polygon spatial polygon (%)
(km) (%)

LC2018#1 174965 03/07/18 4.18 424(194) 369 70.2

LC20184#2 174967 04/07/18 0.27 NA 454 423

LC2018#3 174962 06/07/18 597 495 (26.4) 37.3 794

LC2018it4 174963 08/07/18 0.88 NA 409 91.8

LC2018#5 175284 08/07/18 0.85 NA NA NA

LC2018#6 174966 08/07/18 6.69 403 (234) 41.2 67.1

LC201847 175278 09/07/18 7.83 399(13.2) NA NA

LC2018#8 174969 09/07/18 440 42.2(19.1) 293 85.8

LC2018#10 175282 12/07/18 4.55 4349.7) NA NA

LC201942 174972 29/06/19 849 422 (19.1) 537 929

LC201943 174964 30/06/19 392 46.4 (24.9) 434 87.7

LC2019#6 174976 03/07/19 10.15 42.2(39.2) 724 922

LC2019#14 179901 10/07/19 445 1(15.5) 419 81.6

RD201949 179915 12/07/19 442 59.2 (26 0) NA NA

RD2019#18 179902 13/07/19 7.30 46.6 (19.0) 392 68.9

RD2019#19 179904 13/07/19 4.14 52.0(27.3) 338 73.7

RD2019#20 179899 13/07/19 540 49.8 (18.6) 30.1 66.6

Grand mean 49 46.7 420 769

SD 2.7 6.0 11.2 14.3

Tagged belugas that transmitted for <4 days were not included due to early tag failure or uncertainty about tag performance. Other tags not programmed to collect

time-series depth data or underway location were also excluded. Displacement distance and proportion of time in surface 2.5 m only calculated for belugas that
occupied the spatial polygon for > 3 days. Calculations from the spatial polygon are from June 29 (earliest deployment date) to July 31

southeastern Beaufort Sea west of the Mackenzie Delta
in early July [37, 38, 66], where predation likely occurred,
but tagged individuals also demonstrated similar diving
behaviours and vertical distribution to that of the preda-
tor of the tagged Dolly Varden. Interestingly, the area
where the presumed predation event occurred (i.e. near
Shingle Point) is a common feeding area for Dolly Varden
[67].

Predator avoidance behaviour

Behaviours to reduce the risk of mortality can be influ-
enced, among others, by predator density and perceived
risk in a particular habitat, where a prey’s responses
to a predator can result in energetic or reproductive
costs that influence fitness [68, 69]. We hypothesize the
beluga whale prompted the tagged Dolly Varden to dive
to greater depths (12.5 m) very quickly in an attempt to
escape. Dive depths>12 m are rare for Dolly Varden in
the Beaufort Sea, as these depths accounted for <0.001%
of observations in Courtney et al. [34]. Performing rapid
deep dives to avoid predators has been described in sal-
monids from the genus Oncorhynchus [70], although our
study is the first description of this behaviour for adult

Dolly Varden or any anadromous salmonid in the Arc-
tic prior to ingestion by a marine predator. Presumably,
other behaviours, such as evasive manoeuvering and
increased swimming speeds, that have been documented
for Oncorhynchus spp. [70] would have also been per-
formed by the tagged Dolly Varden. The 7.5 min sample
interval of the PSAT time-series data in this study lim-
its fine-scale and detailed examination of the vertical
manoeuvers performed by the Dolly Varden immedi-
ately prior to predation. While deep-diving behaviour by
Dolly Varden may not be solely associated with predator
avoidance (e.g. it can also be related to olfactory orienta-
tion, bioenergetic gain, foraging opportunities; see sum-
mary for anadromous S. alpinus by Mulder et al. [71]),
our observation is useful for re-examining datasets of
archival tagged Dolly Varden to elucidate instances of
potential predator avoidance or presumed tag loss. It is
possible that the PSAT could have made the Dolly Var-
den more vulnerable to predation given the drag caused
by the external tag that may have affected the manoeu-
verability of the fish and its ability to evade the predator
[72]. Furthermore, the tag could have increased acous-
tic detectability of the fish given the additional surface
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Fig. 4 Vertical behaviour of two representative tagged beluga whales over 20 h periods with depths recorded at 75 s intervals within an area

(see ‘spatial polygon’in Fig. 1) used by Canadian anadromous Dolly Varden near the estimated location of the ingested tagged Dolly Varden: a
RD2019418 on 16th July 2019 between 69.06374° N 137.0342° W and 69.5230° N 137.5928° W, and b RD2019420 on 17th July 2019 between
69.83131°N 137.0729°W and 70.15336° N 137.3574° W, with the arrow denoting the time period (c) when two dives to 48 m completed in 8.75 min
and 6.25 min, respectively. Seafloor depth estimated from correlated random walk-modelled locations and the International Bathymetric Chart of
the Arctic Ocean (IBCAO) version 3.0 [101], which has a spatial resolution of 500 m
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area of the tag. Belugas have a highly directional sonar
beam and can detect prey that are smaller than the Dolly
Varden in our study at distances of up to 300 m [73].
Therefore, it is unlikely that the attached PSAT caused
significant increase in the Dolly Varden’s detectability to
belugas.

Insights into presumed beluga feeding

Measuring timing and periodicity of the feeding events
of a species are relevant for elucidating trophic ecology
and have been estimated using technology that measures

stomach temperatures in various endothermic marine
predators where it is assumed that rapid declines in
temperature indicate ingestion of water or ectothermic
prey [32, 74]. The predator in this study took a total of
2 h 45 min (£ 14 min 58 s) (Table 1, Fig. 2) to recover
its stomach temperature after ingesting an approximately
3.75 kg Dolly Varden, which is considerably longer than
studies on captive seals for equivalent meal sizes [32].
This discrepancy may be explained somewhat by captive
studies typically feeding marine mammals a larger quan-
tity of smaller-sized fish rather than a single large item,



Gallagher et al. Animal Biotelemetry (2021) 9:48

and at a warmer temperature (mean=17.5+£0.2 °C; [32])
than the Dolly Varden in the present study (3.1+1.8 °C).
This may have an effect on recovery time when meal sizes
are large [75]. Previous studies have shown that time
for stomach temperature to recover after an ingestion
event is positively correlated with meal size [32, 75]. For
example, Kuhn and Costa [32] demonstrated that captive
northern elephant seals (Mirounga angustirostris) and
California sea lions (Zalophus californianus) had mean
recovery times of 87.2 min and 95.2 min, respectively,
when fed 3 kg of fish compared to 61.7 min and 55.2 min,
respectively, when fed 0.5 kg of fish.

Longer recovery to resting stomach temperature may
also be explained by the ingestion events indicated by the
two subsequent declines in temperature prior to stom-
ach temperature stabilization (events 3 and 4, Table 1,
Fig. 2a). After the initial ingestion, seven temperature
declines were recorded, including the declines in tem-
perature between the initial tag ingestion and the first
temperature stabilization (events 3 and 4). The mean
decline in temperature (5.0 °C) corresponds well with the
magnitude of temperature declines assumed to represent
ingestion events in narwhals [33]. Recovery times were
longer in our study (mean=24.1 min) than in narwhals
(mean=10 min), which could represent consumption of
larger prey; however, it is important to note the low sam-
pling interval of temperature measurements (7.5 min) in
our study may under- or overestimate recovery time. If
all declines in temperature over the 20 h period includ-
ing the initial ingestion event (n=8) represent ingestion
of prey, this extrapolates to 9.6 predation events over a
24 h period, which is comparable to the 9.9 (SD=44.2)
predation events per 24 h estimated for narwhals [33].
However, this is likely an underestimate of the number
of prey items ingested. A study on bottlenose dolphins
(Tursiops truncatus) that used STPs recording tempera-
ture every 15 s found that temperature drops frequently
occurred during stomach temperature recovery, indi-
cating that multiple prey items are taken during feeding
bouts [76, 77]. This could have been the case in event
14 (Table 1, Fig. 2), when rate of stomach temperature
increase slowed during recovery. As the presumed beluga
made at least three dives to between 41 and 48 m during
the 20 h period, the tag was in its gastrointestinal tract,
and experienced smaller drops in stomach temperature
and shorter recovery times than after the initial inges-
tion event, it is probable that foraging on prey located at
deeper depths and of smaller size than Dolly Varden may
have occurred. For example, feeding on epibenthic inver-
tebrates, such as decapods, represented 60% of the inver-
tebrate stomach contents [16] and approximately 1% of a
total diet of EBS belugas based on biotracers [17]. Other
benthic fish consumed by belugas are also known to
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occur in the nearshore and shelf regions of the southeast-
ern Beaufort Sea [55, 78]. This is supported by the tagged
beluga dive profiles showing frequent benthic diving in
this region (Fig. 4). Belugas principally occupy this region
of the Beaufort Sea during July [36, 38]; thus, our estima-
tion of feeding rate cannot be extrapolated to later in the
summer or fall when belugas are distributed in deeper
offshore habitats [36, 43].

Information on digestion timing by the presumed
beluga whale, which is currently an unknown physiologi-
cal parameter for this species in its natural habitat in the
Arctic, would have been obtained if the ingested archival
tag passed through the entire digestive system. The only
study to date that has measured digestion rates in beluga
whales was conducted by feeding captive animals a 6 g
gelatine capsule of red dye [79], which took an average
of 4.5 h to pass through the gastrointestinal tract (esti-
mated lengths of seven times the total body length [80]).
To our knowledge rates of digestion of solid food have
not been measured in belugas. Heide-Jorgensen et al.
[33] inserted STPs of two different sizes (30 g, 4 x 2 cm;
and 60 g, 8 x2 cm) into the stomachs of narwhals and
the retention time within the stomach ranged from 10 h
to 17.3 days. Heide-Jorgensen et al. [33] suggested that
the shorter deployments may have been regurgitated,
but the longest deployments (the longest of which was
using the smaller STP size) may have passed through the
gastrointestinal tract. The MiniPAT deployed in the pre-
sent study was larger than the STPs in the narwhal study,
with dimensions 12.4 x 3.8 cm, a weight of 60 g, and was
attached by a 15 cm fishing line with two plastic plates
(1 x5x 2 cm) [24]. Given the size of the tag and the dura-
tion the tag was inside the predator (20 h), it is most
likely that the tag was regurgitated.

Potential importance of Dolly Varden as prey

to beluga whales and interspecific spatial and vertical
overlap

Long-term beluga harvest monitoring programmes in the
Mackenzie estuarine coastal area [81] have provided sam-
ples to study diet through stomach contents and biotrac-
ers. Characterizing beluga diet in the eastern Beaufort
Sea has been challenging given the findings of mainly
empty stomachs in harvested whales (>94% reported
empty; [82]) along with the over- and under-representa-
tion of hard and soft tissues, respectively. The issues sur-
rounding stomach content analysis have supported the
use of biotracers such as fatty acids and stable isotopes to
characterize diet (e.g. [83, 84]). Dietary assessments using
biotracers require the biotracer data for both the preda-
tor and prey, and to date there has not been a beluga diet



Gallagher et al. Animal Biotelemetry (2021) 9:48

evaluation that included Dolly Varden fatty acids (e.g.
[17, 55]).

In accounts of beluga stomach contents, the pres-
ence of Dolly Varden has been rare (<1% in Bristol Bay,
Alaska; [16]). Despite this, Dolly Varden are a lipid-rich
source of prey (mean 12.3% lipid wet weight of anadro-
mous non-spawning Dolly Varden>600 mm estimated
using a Distell Model 692 Fish Fatmeter (Distell Inc.,
West Lothian, Scotland); see [85]; Gallagher unpub-
lished observation) that would be sought by opportunis-
tic beluga whales given their preferred prey range from
5 to 8% lipid wet weight [17, 86]. Tagged belugas spent
an average of 4.9 days (maximum =10.15 days, Table 3)
in the spatial polygon, and significantly more time at the
depths typical of Dolly Varden in the spatial polygon rela-
tive to all other regions occupied during July, supporting
the hypothesis that EBS belugas may be foraging at these
depths while also presumably foraging during the deeper
dives at other locations identified for this population [27,
43]. Furthermore, while belugas typically move offshore
in late July, some individuals tagged in 2018 and 2019
returned to the Mackenzie estuary regions on one or
more occasions (Loseto et al. unpublished observation).
The sensory advantage that belugas have over their prey
in the turbid waters of the estuary [73] and the presence
of Dolly Varden at this time could indicate exploitation of
a profitable food source in this region that is energetically
favourable due to its shallower nature relative to deeper
offshore prey [27].

Our findings underscore that Dolly Varden appear to be
vulnerable to predation by belugas in the eastern Beau-
fort Sea as tagged beluga whales spent 76.9% of the time
at depths primarily occupied by Dolly Varden when in
proximity to the Yukon Territory coast/ Mackenzie Delta,
which suggests an important degree of habitat overlap
between species. However, further research is needed to
elucidate how the overlap engenders risk of predation,
including the role of environmental conditions (e.g. spa-
tial distribution of sea ice, which is known to affect the
spatial distribution of both species in the Beaufort Sea),
particularly given that Dolly Varden has not been docu-
mented in stomach contents of EBS belugas. Further
studies on beluga movements and the energetic costs of
dive types (considering depth, duration, etc.) in relation
to prey energetics (e.g. lipid content, size, schooling fish)
are required to better explore predator—prey dynamics
and the relationship between belugas and Dolly Varden.

Conclusions

We demonstrate a useful application of archival tag data
to document behaviours expressed by both prey and
predator in the Arctic as a result of predation. The find-
ings of this interesting evidence of a trophic interaction
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in the eastern Beaufort Sea provides new information
on both marine predators of and anti-predator behav-
iour by Dolly Varden in this region. Identifying sources
of natural mortality for Dolly Varden in the marine
environment is important for population assessment
and management given the dearth of information on
this topic. Furthermore, we provide the first estimate
of feeding frequency and stomach temperature recov-
ery duration in a wild beluga, and evidence for shallow
foraging behaviour by belugas from the eastern Beau-
fort Sea population. Additional research is required to
determine the importance of Dolly Varden to the diet
of beluga whales in the Beaufort Sea, and to resolve the
extent to which Dolly Varden are targeted by belugas
that forage in the upper depths of the water column in
the vicinity of the Alaska/ Yukon North Slope.
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