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Abstract Introduction

Three wild-caught female harp seals (Pagophilus Studying marine mammals in the wild is chal-
groenlandicus) from the Greenland Sea stock lenging, mainly due to logistic constraints that 
were brought into temporary captivity in connec- can limit the quantity and quality of data (Mellish 
tion with a controlled validation study on ener- et al., 2006; Thomton et al., 2008). It is especially 
getics. The two pups and one adult were kept in true when studying Arctic marine mammals’ fine-
two indoor and outdoor experimental facilities scale behavior such as foraging and feeding events 
approved by the Norwegian Animal Research that occur at sea and for which direct observation 
Authority. They were trained daily using oper- is practically impossible. The use of animal-borne 
ant conditioning to participate in experiments and satellite-linked data recorders or biologgers can 
husbandry and were regularly fed live fish. After help overcome some of these challenges by trans-
2.5 years, the harp seals were instrumented with mitting information on the animal’s behavior or 
satellite transmitters and released in the Barents its physiological state (Wilmers et al., 2015). Such 
Sea under a Norwegian Food Safety Authority instruments are becoming increasingly sophis-
permit. The tags transmitted for 45, 67, and 162 ticated and can collect a wealth of high-quality 
days for the juveniles and adult, respectively. The data, facilitating estimation of metrics such as 
two juveniles remained in the Barents Sea east of energy intake (Williams et al., 2014), metabolic 
the Svalbard Archipelago, while the adult female rate (Wilson et al., 2006; Ponganis et al., 2007; 
migrated to the Greenland Sea following a pattern Goldbogen et al., 2010; Ropert-Coudert et al., 
consistent with that observed in wild harp seals 2012; Fahlman et al., 2013), foraging effort and 
from the same stock. They all performed regular body condition (Lesage et al., 1999; Biuw et al., 
deep dives (>100 m) and exhibited signs of for- 2003; Richard et al., 2014; Miller et al., 2016), 
aging comparable to wild harp seals. Our results and the measurements of environmental variables 
suggest that it is possible to conduct temporary (Biuw et al., 2007; Laidre et al., 2010). However, 
captive studies with wild juvenile and adult harp sensors and built-in algorithms must be calibrated 
seals. Study animals can be trained and subse- and validated to allow correct interpretation of 
quently released if they meet a set of criteria. This these complex data. This often involves cap-
framework combines advantages of captive study tive studies in controlled environments prior to 
design with traditional field methods and follows deployments in the wild (Williams et al., 2014; 
European ethical guidelines on animal experimen- Wilmers et al., 2015). 
tation with respect to the re-homing of experimen- The use of surrogate species is not always pos-
tation animals. sible—or relevant—when species-specific data 

are collected. Some species are available in very 
Key Words: temporary captivity, satellite telem- limited numbers in zoological collections across 
etry, release, rehabilitation, harp seal, Pagophilus the world, and they are not always accessible for 
groenlandicus research purposes. This is the case for harp seals 

(Pagophilus groenlandicus) for which less than 
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10 individuals are presently kept in zoological 71° 01' N to 17° 36' W) during a research cruise 
facilities worldwide (www.zootierliste.de). The led by the UiT – The Arctic University of Norway 
harp seal is a major top predator in the northeast in April 2014. Pups were captured as whitecoats 
Atlantic Ocean, and its prey consumption is esti- at a weight that was consistent with weaning 
mated at a few million tons annually in the Barents and were estimated to be approximately 2 wks 
Sea (Nordøy et al., 1995; Nilssen et al., 2000; old (Stewart & Lavigne, 1980; Kovacs, 1987) 
Lindstrøm et al., 2013). Understanding their for- (Table 1). The adult had given birth, and her pup 
aging behavior and providing more accurate esti- was weaned prior to her capture. Based on the 
mates of their food intake is of high importance color and marking of the coat, this adult female 
for fishery and ecosystem management. They are was estimated to be approximately 6 to 7 y old 
highly mobile predators undertaking extensive (Stewart & Lavigne, 1980). The animals were 
migrations (Folkow et al., 2004; Nordøy et al., transported in open crates placed on the deck of 
2008; Svetochev et al., 2016), warranting the use the R/V Helmer Hanssen to the UiT – the Arctic 
of biologgers and species-specific calibration of University of Norway where the experiments 
sensors and instrument algorithms. This was the were carried out (Figure 1).
approach developed in the COEXIST Project (The 
Norwegian Research Council Grant No. 234411), Facilities
which aimed at estimating energy expenditure, Indoor Facility—After capture and transport 
body condition, and prey consumption of wild to Tromsø, the harp seals were placed into two 
harp seals based on data derived from calibrated separate (one for the pups and one for the adult) 
animal-borne satellite-linked data recorders. indoor seawater tanks (42,000 L each; 5.6 × 5.8 

In addition to the main aim of the project, we for 1.6 m depth), each with a 1.5-m-wide wooden 
also wanted to assess whether temporary captivity haul-out platform along one side of the tank. The 
and habituation to humans of individual harp seals tanks were continuously supplied with fresh sea 
were compatible with their successful release water (> 60 L.min-1), pumped from 70 m depth in 
and readjustment to the wild. A similar approach a nearby fjord. This secured a stable salinity and 
was tested successfully with Steller sea lions a continuously low water temperature (4 to 10°C, 
(Eumetopias jubatus) (Mellish et al., 2006; depending on season). The air temperature varied 
Thomton et al., 2008), grey seals (Halichoerus between 7 and 10°C throughout the year. Artificial 
grypus), and harbor seals (Phoca vitulina) light was set to simulate light conditions at 70° N, 
(Vincent et al., 2002; M. Fedak, pers. comm, including 24 h of light during the summer and 
15 January 2018). However, published accounts only civil twilight for 3 h per day during the polar 
on the behavior of animals after release is limited night period, when the sun does not rise above the 
to the above-mentioned studies and one study on horizon.
rehabilitated harbor seals who were not habituated Outdoor Facility—Part of the experiment was 
to human contact (Morrison et al., 2012). At-sea undertaken in a nearby fjord where the animals 
behavior of the formerly captive harp seals in this were transported individually by road in a kennel. 
study was analyzed and compared with previ- The facility was constructed from a repurposed 
ously published harp seal movements and diving aquaculture pen (Figure 1d & e). The pen’s float 
patterns. ring was 80 m in circumference and fully enclosed 

with a standard aquaculture net bag with a nomi-
Methods nal depth of 18 m. The surface of the pen was cov-

ered by a net attached to the external perimeter of 
Capture and handling methods of the ani- the net bag at 2 m depth, and to a central floating 
mals were approved by the Norwegian Animal pontoon, where a hole through the top net allowed 
Research Authority (Permits 6646 and 6093) and the harp seals to surface and breathe as well as to 
by the Danish Ministry of Foreign Affairs (includ- haul out on the platform to rest. During experi-
ing approval for the expedition into Greenlandic ments, the hole in the floating pontoon was cov-
waters). Release was carried out under permit ered by a Plexiglas dome used to measure respira-
from the Norwegian Food Safety Authority tory gas exchange.
(Permit 9065).

Husbandry
Animal Capture and Transport The harp seals were trained using operant con-
Three female harp seals (one adult and two ditioning and positive reinforcement (Skinner, 
pups, hereafter juveniles 1 and 2 when they were 1951; Pryor & Ramirez, 2014). The applica-
released at 2.5 y old) were captured in the whelp- tion of positive reinforcement allowed voluntary 
ing patches (Figure 1a, b & c) located on drift ice access to the research animals by desensitizing 
off the east coast of Greenland (approximately the animals and minimized the use of physical or 
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chemical restraint thereby improving their welfare measurements), the animals were lightly sedated 
and the validity of the data acquired (Desportes using tiletamine-zolazepam (50 mg.ml-1 tilet-
et al., 2007). The animals were trained for hus- amine and 50 mg.ml-1 zolazepam, Zoletil® Forte 
bandry behaviors (e.g., weighing, morphometric 102 Vet; Virbac Laboratories, France) at a dose 
measurements, voluntary injections, and blood rate of 0.8 to 1.0 mg.kg-1 body mass. The juveniles 
sampling), as well as research-related behav- were lightly sedated once they voluntarily entered 
iors. The juvenile animals were trained to enter a the transport kennel, while the adult was lightly 
kennel for transport to and from the experimental sedated once the indoor pool was drained. Freshly 
sea pen and to accept the attachment and removal thawed fish—herring (Clupea harengus) and cap-
of data logging instruments and other experimen- elin (Mallotus villosus)—were offered between 
tal devices without being restrained, while the one and three times a day on a varied schedule 
adult animal was restrained for these procedures during training or enrichment sessions, according 
(Figure 1g). Animals were fitted with neoprene to the physiological needs of each animal. Gelatin 
and Velcro® patches glued onto their fur, upon was also offered as a secondary reinforcer (Pryor 
which instruments/devices could be attached for & Ramirez, 2014) and as an enrichment item. 
the duration of the experiment. Each animal was observed to successfully catch 

For parts of the experiment that required a live fish in the outdoor experimental pen while 
long immobilization (e.g., gluing of the neoprene they were still fed their full ration of frozen fish.
patches and injection of tritium for body condition 

Figure 1. Visual summary of the handling of the harp seals (Phoca groenlandica). The map (a) shows the location of the 
capture, experiments, and release sites. The pictures show the capture procedure (b & c), handling during the experiments (d, 
e, f & g), and the release of the subjects (h, i & j).
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Release Protocol this region was frequented by wild harp seals at a 
The three animals were kept under human care for similar time of year (Folkow et al., 2004).
2.5 y before they were released back to the wild. 
By this time, the pups matured to juveniles. Prior Instruments 
to release, the animals’ morphometric measure- The animals were all fitted with satellite-linked data 
ment were recorded (Table 1), and they were fed recorders. The adult was fitted with a Conductivity-
ad libitum the preceding week. Human–animal Temperature-Depth Satellite Relay Data Logger 
interactions were also kept to a minimum during (CTD-SRDL) (Sea Mammal Research Unit  [SMRU], 
that period. The three animals were transported University of St Andrews, St Andrews, Scotland; 
from Tromsø to the release site onboard the R/V www.smru.st-andrews.ac.uk/Instrumentation/ 
Helmer Hanssen in open wooden crates placed on CTD). Juvenile 1 was fitted with a standard non-
the vessel’s trawl deck (Figure 1h, i & j), follow- CTD SRDL from the same manufacturer, while 
ing the same basic protocol as at capture. They juvenile 2 was fitted with a Splash 10 satellite-
were released on 12 November 2016 at 1000 h at linked data recorder (Wildlife Computers [WC], 
75° 70' N to 31° 10' E in the Barents Sea south- Seattle, WA, USA; https://wildlifecomputers.com/
east of Spitsbergen (Figure 2). Once the ship was our-tags/splash). The tags were glued onto the fur 
stationary and drifting at the release position, the mid-dorsally in the neck area (adult and juvenile 1) 
sides of the cages were opened, allowing the harp or onto the top of the head (juvenile 2) using super 
seals to voluntarily step onto the trawl slide and glue (Loctite®; Henkel Ltd, UK) (Figure 1i). The 
to enter the water on their own. All three animals collected data were all relayed via the Argos satel-
entered the water within 10 min of opening the lite system (System Argos, Toulouse, France), and 
crates (Figure 1i & j). The release location was the location estimates were also calculated by Argos. 
chosen based on a previous satellite tracking study The transmission regime as well as the struc-
of Greenland Sea harp seals, which showed that ture and resolution of the behavioral and dive data 

Table 1. Description of each animal and summary statistics based on the records transmitted by each instrument

Metrics Adult Juvenile 1 Juvenile 2

Mass at capture 86 27 31

Mass at release 120 88 64

Estimated age at capture ca. 6 y ca. 15 d ca. 15 d

Tracking duration (d) 162 67 45

Max. distribution from release point (km) 2,308 419 456

Average daily distribution (km.d-1) 47 41 56

Average speed (m.s-1) 0.54 0.47 0.65

Total cumulated distance (km) 7,645 2,749 2,489

Average dive depth ± SD - max (m) 210 ± 108 (475) 41 ± 36 (331) NA (250-300)

Average dive duration ± SD - max (min) 10.5 ± 4.2 (25) 2.8 ± 2.2 (9) NA (20-25)

Average descent rate ± SD - max (m.s-1) 1.45 ± 0.49 (2.9) 1.76 ± 0.94 (6.14) NA

Average ascent rate ± SD - max (m.s-1) 1.02 ± 0.44 (2.62) 0.79 ± 0.6 (3.05) NA

Daily diving rate ± SD - max (dive.day-1)** NA NA 396 ± 118 (730)

Percentage time haulout* 4 1.5 NA

Percentage time diving* 77 69.0 NA

Percentage time surface* 19 30.0 NA

*These percentages are calculated based on the transmitted summaries (ca. 45%) for each animal.
 **This metric can only be calculated for juvenile 2.
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varied substantially between the three instruments. in different “pages” that are randomly selected 
For the SMRU tags, a dive was defined as a period from a transmission buffer at the time of trans-
of submersion at least 8 s long and at least 6 m deep. mission. When the instrument transmits, it ran-
If either the depth or the total duration of a period domly chooses a “page” resulting in the recep-
of submersion was less than these values, but the tion of either a summary, a dive profile, or a CTD 
animal was wet, this time was recorded as surface profile. In addition, it is important to note that 
time. If the saltwater switch was dry for more than the distribution of CTD depths is biased towards 
10 min, the time was recorded as a haul-out event, deeper dives as the instrument selects deeper 
which then lasted until the instrument was again dives to have the most information on the water 
continuously wet for at least 40 min. The dive data column. The instruments were programmed to 
stored and transmitted by these instruments fell send data whenever possible. 
into two categories: (1) summaries that included The WC tag stored and transmitted dive data 
the percentage of time spent diving, at the surface, in a very different way. Dive depth and duration 
and hauled out for 6 h periods; and (2) a randomly were split into bins as follows: 0 to 5 m, 5 to 10 m, 
chosen subset of dives for which a dive profile rep- 10 to 15 m, 15 to 20 m, 20 to 25 m, 25 to 50 m, 50 
resented by four inflection points was transmitted to 75 m, 75 to 100 m, 100 to 150 m, 150 to 200 m, 
along with the maximum dive depth and the dive 200 to 250 m, 250 to 300 m, and > 300 m for depth 
duration. bins and 0 to 1 min, 1 to 2 min, 2 to 3 min, 3 to 

Dive parameters (average maximum depth and 4 min, 5 to 6 min, 6 to 7 min, 7 to 10 min, 10 to 
average dive duration) were extracted from the 15 min, 15 to 20 min, and 20 to 25 min for dura-
subset of dives received and relayed via Argos, tion bins. The percentage of time spent in the vari-
while the maximum depths were taken from the ous depth and duration bins and the total number 
received summaries or the maximum depth of of dives for a 6 h period were transmitted through-
the CTD casts. This is due to the fact that SMRU out the tracking period. The WC tag depth sensor 
instruments store different types of information resolution was 0.5 m. 

Figure 2. Filtered tracks of the three released harp seals. The dots represent the locations of the capture (green), experiments 
(red), and release (yellow) sites. The tracks were filtered using a Kalman filter.
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Data Analysis Environmental Variables
All data processing and analyses were done using Daily sea ice concentration was downloaded from 
the R statistical framework (R Development Core the reanalysis products from the ERA-Interim 
Team, 2016). Satellite-derived locations were Project from the European Center for Medium 
first filtered using a Kalman filter under a state- Range Weather Forecast (Dee et al., 2011). Sea ice 
space framework using the R package “crawl” concentration was calculated at a scale of 0.75° 
(Johnson et al., 2008). The filter assumes data deg * 0.75° as the daily proportion of a cell cov-
are imperfect observations from an underlying ered by ice ranging from 0 to 1 based on the ERA 
correlated random walk process and incorpo- model. Average sea ice concentration (the propor-
rates a covariate for Argos location error (when tion of a grid cell covered by sea ice) was calcu-
available) for each of the six Argos location lated between December and April on the east 
classes (LC–3, 2, 1, 0, A & B). Processing the coast of Greenland to produce the sea ice extent as 
raw location estimates in this manner resulted the 15% sea ice coverage using R package “raster” 
in a model of the most likely track, from which (Hijmans et al., 2017). 
point location estimates could be interpolated 
for any specific time. Hourly locations were Results
estimated by interpolation using this model; 
these positions were used for further calcula- Tag Performance/Transmission Rate
tions. No additional covariate representing the The tags placed on the three harp seals yielded 
haul-out behavior was used due to the paucity of 162, 67, and 45 d of data for the adult, juvenile 1, 
received haul-out data. Dive and CTD-cast loca- and juvenile 2, respectively (Table 1). The average 
tions were also estimated from the fitted model daily transmission rate was very different between 
based on the time of occurrence of these events. the animals with 4, 12, and 32 daily received loca-
Movement parameters were calculated for each tions for the adult, juvenile 1, and juvenile 2, 
harp seal: maximum distance from the release respectively. For SMRU-tagged animals, the 6-h 
point using the great circle distance (km), total summary data were available for 49 and 40% of 
cumulated distance (km), average speed (m.s- the deployment duration for the adult and juve-
1) calculated over the entire track, and average nile 1, respectively. 
daily distance (km.day-1). The daily speed was 
calculated over the track and smoothed using a Movement Data
moving average with a window of 3 d. The movements and migration pathways varied 

The time spent by the harp seals along various dramatically between the three harp seals, with 
portions of their tracks was calculated using the the two juveniles remaining in the Barents Sea 
First Passage Time (FPT) method (Fauchald & during the entire tracking duration (i.e., 67 and 
Tveraa, 2003), using the implementation in the 45 d, respectively), while the adult migrated 
“adehabitat” R package (Calenge, 2006). Here, towards the Denmark Strait on the east coast of 
FPTs (i.e., the time period between first entry Greenland about 12 d after release (Figure 2). 
and last exit of a circle with a specific radius) The two juveniles travelled north, reaching the 
were calculated along the path of each animal Svalbard Archipelago, and then headed south 
on 5-km interpolated locations from radii rang- again towards the central Barents Sea and to 
ing from 5 through 30 km at 5-km intervals. The Bear Island for juvenile 1, until the tags stopped 
variance of the log (FPT) was then calculated for transmitting. The adult travelled in a general 
each animal to identify the radius corresponding S-SW direction from the release point, ending 
to the maximum variance and, hence, the spatial up within 100 km from the Norwegian mainland 
scale at which each animal concentrated its time before crossing the northeast Atlantic towards the 
(see Fauchald & Tveraa, 2003, for details). Each Greenland coast. This crossing took 11 d at which 
of the interpolated locations along an animal’s time she reached heavy pack ice at the edge of the 
path then receives an FTP score based on the Greenlandic continental shelf. She then headed 
selected radius, essentially indicating the degree south following the ice edge along the continental 
to which an animal focused in a specific area or shelf and spent nearly 4 mo in heavy drift ice in 
if it merely transited through an area. The ascent the Denmark Strait. Her speed decreased mark-
and descent rates of dives were only calculated edly throughout her path, with the highest values 
for the two animals carrying SMRU instruments registered while in the Barents Sea and crossing 
and were defined as the vertical transit rate the northeast Atlantic (Figure 3a). Her average 
between the surface and the first inflection point speed was higher during the first part of the track 
and between the last inflection point and the sur- (mean = 0.63 ± 0.4 m.s-1) compared to when she 
face, respectively. reached the pack ice off the east coast of Greenland 

(mean = 0.48 ± 0.34 m.s-1). The travelling speed 
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of juvenile 1 increased throughout the tagging majority of dives were shallower than 150 m 
period, reaching a peak at the end of December (Table 1). Most of the dives were short (< 5 min) 
when swimming in a seemingly directed move- and relatively shallow (< 100 m). CTD cast depths 
ment towards Bear Island (Figure 3b). Juvenile 2 were centered around 100 to 150 m (Figure 4b). 
showed peaks of speed at the end of November For juvenile 2, the transmission of dive summa-
and mid-December, though she markedly slowed ries covered 100% of the tracking period, which 
at the end of November (Figure 3c). accounted for all 17,418 dives performed by this 

The three animals displayed area restricted animal. This yields an average diving rate of 396 
search (ARS) effort, indicated by high FPT values, ± 118 dives/d (Table 1). Dives lasted for a maxi-
in several discrete patches along their pathways. mum of 20 to 25 min for a maximum depth of 
The adult and juvenile 2 moved within ARS 300 to 350 m (Figure 3c), with most dives shorter 
patches with a radius of 10 and 11 km, respec- than 5 min. Maximum dive depths varied during 
tively, while juvenile 1 moved at a much larger the tracking period, but dives deeper than 150 m 
scale of 35 km. The adult spent significantly more occurred on a regular basis. The highest propor-
time (> 48 h) within such ARS patches while she tion of diving time was spent between 50 and 
was operating along the edge of the Greenlandic 100 m, and this remained consistent throughout 
shelf, compared to in other regions along the track the tracking period for this animal (Figure 4c).
(Figure 3a & d). The adult spent 85% of the total 
track duration in ice of concentration > 15%. Both Discussion
juveniles showed the highest FPT values (> 96 
and > 48 h for juveniles 1 and 2, respectively) in We followed the movements and diving behavior 
the central Barents Sea. These longer residency of three female harp seals from the Greenland Sea 
times included some haul-out events on the east stock after temporary captivity for a 2.5 y period. 
side of the Svalbard Archipelago; however, given Animals were housed in both indoor and outdoor 
the paucity of the received haul-out data (e.g., facilities. Our first objective was to assess how 
only three out of a minimum of nine haulouts these animals behaved compared to their wild 
known to have occurred for juvenile 1 were actu- counterparts. General migration patterns for vari-
ally received), it is difficult to estimate how these ous harp seal stocks have been suggested based on 
data may have influenced the residency time. No direct observations (Haug et al., 1994; Lacoste & 
drift ice was obviously available for hauling out Stenson, 2000) and in part confirmed by tracking 
through the tracking period in this region. studies (Folkow et al., 2004; Nordøy et al., 2008; 

Svetochev et al., 2016). Information on detailed 
Dive and CTD Data movement and diving patterns of harp seals is 
Due to the very different nature of the dive data scarce and mainly based on two tracking studies 
between the three instruments, they were analyzed of adult animals from the Greenland Sea and the 
separately. For the adult harp seal, the number of Barents Sea stocks (Folkow et al., 2004; Nordøy 
received dives was 222; and based on the received et al., 2008). Information about the movements of 
summary data, this represents ~1.3% of all dives pups and juveniles is limited to four pups tagged 
with a further 116 CTD profiles recorded. Her in the White Sea in 2010 (Svetochev et al., 2016). 
mean dive duration was 10.5 ± 4.2 min with a Harp seals from the Greenland Sea stock migrate 
maximum duration of 25 min recorded (Table 1). from the east coast of Greenland to the Barents 
The average dive depth was 209 ± 109 m with a Sea after the annual molt and return to East 
maximum depth (including depths recorded in Greenland to forage in the pack ice (Haug et al., 
CTD casts) of 499 m. The distribution of dive 1994; Potelov et al., 2000; Folkow et al., 2004; 
durations was relatively unimodal with most Nordøy et al., 2008). Adult seals generally return 
dives lasting between 10 to 15 min with an aver- to the Greenland Sea by late December and follow 
age depth of ~300 m (Figure 4a). CTD cast depths the ice edge into the Denmark Strait (Folkow 
also averaged ~300 m. All received dives and CTD et al., 2004). They remain in this area until March, 
casts occurred on the edge or on the Greenlandic foraging in heavy ice at the edge of the continental 
continental shelf in drift ice. For juvenile 1, the shelf before hauling out onto the pack ice to breed. 
percentage of received dives was 1.5% (N = 82 The adult harp seal in the present study fol-
dives), based on the received summary with a lowed exactly this pattern after her release into the 
further 47 CTD profiles. The mean dive dura- Barents Sea. She first headed west and south then 
tion was 2.8 ± 2.2 min with a maximum duration veered west across the North Atlantic arriving on 
of 9 min; however, the majority of dives lasted the east coast of Greenland in early December 
for 5 min or less. Average dive depth was 41 ± (Figure 1). No position estimates were received 
36 m with a maximum recorded depth (includ- during transit, so we do not know how directed 
ing depths recorded in CTD casts) of 331 m; the this transit was. However, given the duration 
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(~11 d) and distance (~1,600 km), the estimated harp seals returned to the Greenland Sea by the 
minimum sustained straight-line swim speed was end of December. The daily speed (47 km.d-1) 
~1.2 m.s-1 (~2.4 kts). This appears to be a rea- and cumulated distance (7,645 km in 162 d) were 
sonable sustained swimming speed for an 11-d also consistent with results from the same previ-
period, so it is likely that the transit followed a ous study. As seen in Figure 3a, the travel rate 
relatively directed great circle course. Moreover, of the adult harp seal was substantially higher 
the movement pattern and travel rate are consis- during the earlier part of the tracking period in the 
tent with those recorded from the instrumented Barents Sea and during transit (~1.15 m.s-1), asso-
adults from the same stock as documented by ciated also with relatively low FPT values. Once 
Folkow et al. (2004) in which all instrumented she reached the pack ice, her speed decreased 

Figure 3. Speed along the track (in grey) and distance from the release site (in red) as a function of the date for the adult (a), 
juvenile 1 (b), and juvenile 2 (c). The blue dots at the top of the first two graphics represent the transmitted dives, and 
the bottom colored circles represent the duration of the first passage time (FPT) for each animal at their individual scale. 
The map (d) represents the FPT for each animal at their individual scale along each track. The color scale and scheme are 
consistent for all graphs. Warmer colors represent longer FPTs. The black solid line on the map represents the 15% sea ice 
concentration limit averaged between December and April.
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(~0.5 m.s-1), and she spent substantially more time edge of the continental shelf. This is consistent 
in restricted areas as shown by the highest values with observations from the Barents and White 
of FPT. These high FPT values are in part due to Seas where harp seals are often observed foraging 
the animal hauling out on ice floes, but she also at the edge of the pack ice during winter (Haug 
performed numerous dives in this area at the edge et al., 1994, 2004; Lawson et al., 1998; Lindstrøm 
of the continental shelf. Many of the dives were et al., 2013).
relatively deep (> 200 m) and long (10 to 15 min), Harp seals feed on a variety of prey, ranging 
close to or above the 12-min theoretical Aerobic from fish such as capelin, polar cod (Boreogadus 
Dive Limit (ADL) estimated for a harp seal of saida), and herring to smaller preys such as 
similar mass (Lydersen & Kovacs, 1993; Burns euphausids (krill) and amphipods (Parathemisto 
et al., 2007). This suggests that she was foraging spp.) (Lindstrøm et al., 2013). However, their diet 
in this zone in tight association with ice and the varies seasonally and spatially, with amphipods, 

Figure 4. Distribution of the dive duration (top panels) and dive depth (side panels) for the released adult (a), juvenile 1 (b), 
and juvenile 2 (c) harp seals. For the first two animals (a & b), each black dot on the middle panel represents a transmitted 
dive, and each red dot represents the depth of each transmitted CTD cast. The width of the duration and depth bins is constant 
(1 min and 5 m) and corresponds to the x-axis and y-axis, respectively. For juvenile 2 (c), the middle panel represents a heat 
map of the time spent within various depth bins. The depth bins are represented by the horizontal histogram, with bin ranges 
as follows: 0 to 5 m, 5 to 10 m, 10 to 15 m, 15 to 20 m, 20 to 25 m, 25 to 50 m, 50 to 75 m, 75 to 100 m, 100 to 150 m, 150 
to 200 m, 200 to 250 m, 250 to 300 m, and > 300 m. The duration bins (vertical histogram) have the following ranges: 0 to 
1 min, 1 to 2 min, 2 to 3 min, 3 to 4 min, 5 to 6 min, 6 to 7 min, 7 to 10 min, 10 to 15 min, 15 to 20 min, and 20 to 25 min. 
The width of the bins is proportional to depth or duration range. The width of the depth bins corresponds to the y-axis scale.
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capelin, and krill being the most important items corresponding patterns are exhibited by White 
for harp seals along the east coast of Greenland Sea harp seal pups, it is highly likely that pups 
(Haug et al., 2004). Pelagic amphipods of the from the Greenland Sea also undertake such 
Parathemisto genus are sympagic species and migrations. However, females do not breed before 
could explain the foraging behavior in heavy ice the age of 5 to 6 y; thus, juveniles do not need 
concentration. However, this prey item is typically to reach the breeding grounds at the same time 
found in the upper layers of the water column and, as other individuals, decreasing the need for a 
given the proportion of long, deep dives close to tight synchronicity (Kovacs, 1987). This could 
the seafloor performed by this adult, it is pos- explain why none of the juveniles undertook a 
sible that she was also targeting more benthic direct migration across the northeast Atlantic after 
prey such as Greenland halibut (Reinhardtius hip- their release, at least not while the tags were still 
poglossoides), a known prey item from Svalbard transmitting the first ~2 mo. Both exhibited signs 
(Lydersen et al., 1991; Wathne et al., 2000). In of area restricted search in the Barents Sea sug-
addition, large capelin stocks are also present in gesting foraging behavior. They both performed 
the Denmark Strait area (International Council a few deep benthic dives (> 200 m), especially 
for the Exploration of the Sea [ICES], 2016), so juvenile 2, for which we have the most complete 
this is another likely prey species to have been tar- dive record. The 50 to 100 m layer of the water 
geted by this female. column was the most consistently used through-

The limited available information on move- out the tracking period, which suggests that they 
ments of juvenile harp seals of the Barents Sea were targeting a certain prey type. As observed 
stock (Svetochev et al., 2016) showed that, by Folkow et al. (2004), adult harp seals forage 
after being tagged during the breeding season in this area during the winter in open waters at 
in March-April, these pups dispersed from the depths of about 50 to 300 m where capelin is usu-
White Sea into primarily the eastern Barents Sea, ally found. Lindstrøm et al. (1998) also showed 
spending long periods apparently feeding along that harp seals prefer fish over crustaceans in the 
the ice edge between Svalbard and Frans Josef Barents Sea, despite the overwhelming availabil-
Land. One of the pups appears to have subse- ity of the latter. Therefore, it is likely that both 
quently circumnavigated Svalbard before return- juveniles were also targeting capelin.
ing towards the White Sea along the west coast of Rehabilitation programs are considered success-
Svalbard. Preliminary data from a recent tracking ful if the rehabilitated individuals display behav-
study of juvenile harp seals from the Greenland iors similar to those of wild conspecifics (Morrison 
Sea stock suggest primarily northeastward migra- et al., 2012) and are able to successfully forage. In 
tion pathways, also into the Barents Sea (Aqqalu the case of the released adult female, our results 
Rosing-Asvid, pers. comm., 15 December 2017). suggest that she was behaving remarkably similar 
Furthermore, pup and juvenile phocids from other to wild harp seals after a captive period of 2.5 y. Her 
species, such as harbor seals and hooded seals navigational sense was not impaired by captivity 
(Cystophora cristata), are known to disperse considering that she undertook a direct migration 
widely and sometimes occupy larger areas than back to the Greenlandic shelf, returning to a loca-
adults, suggesting that harp seal pups can reach tion just 150 km south of the capture location. This 
the Barents Sea region shortly after weaning might be due to the highly migratory nature of this 
(Folkow et al., 2010; Blanchet et al., 2016; Carter species that undertakes foraging trips between the 
et al., 2017; Vacquie-Garcia et al., 2017). Harp Greenlandic coast and the Barents Sea every year 
seals are observed year-round in the Barents Sea (Folkow et al., 2004). The captivity period did not 
both in offshore and coastal areas (R. Larsen, pers. seem to affect her swimming, diving, and foraging 
comm., 1 December 2017), and such animals may abilities. Within hours of release, she was able to 
belong to either stock (Greenland Sea or Barents perform a 280 m dive, suggesting that she still had 
Sea) since both use the area (Folkow et al., 2004; the physical capabilities of reaching great depths 
Nordøy et al., 2008; Svetochev et al., 2016). As despite not having been able to dive this deep for 
was shown by Svetochev et al. (2016), juveniles 2.5 y. She was regularly diving close to or exceed-
from the White Sea stock can also occupy this ing her theoretical ADL, as shown by the distribu-
area year-round, where they can mix with adults tion of dive duration, and was likely foraging suc-
and most likely also juveniles from the Barents cessfully. The tracking duration of 162 d provides 
Sea population (Lydersen et al., 1991; Folkow a minimum estimate of short-term survival, and the 
et al., 2004). end of April when the tag ceased transmitting is 

It is not known whether juveniles exhibit a consistent with the beginning of the annual molting 
yearly migration pattern between breeding/molt- period (Folkow et al., 2004). 
ing grounds along the east coast of Greenland and Short-term survival results are more difficult 
the Barents Sea, like the adults, but given that to interpret for the juveniles as the tags stopped 
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transmitting after a limited period. The reasons The rehabilitation and “re-homing” of research 
for unexpectedly short tagging durations are not animals is explicitly mentioned in the European 
easily determined (Hays et al., 2007). In the pres- Directive 2010/63/EU on the protection of animals 
ent case, tracking duration was 67 and 45 d for used for scientific purposes (http://eur-lex.europa.eu/
juveniles 1 and 2, respectively, which is shorter legal-content/EN/TXT/?uri=CELEX:32010L0063). 
than the expected tag life span. Diagnostic data Article 19 requires that “Member States may allow 
transmitted by the tag carried by juvenile 1 did animals used or intended to be used in procedures 
not provide any information on whether the tag to be . . . returned to a suitable habitat or husbandry 
was failing (e.g., reduction in battery voltage), system appropriate to the species, provided that sev-
although antenna failure or tag detachment is eral conditions are met.” Therefore, dedicated efforts 
always a possibility. However, if the animals had should be made to return wild research animals to 
died a nontraumatic death (due to exhaustion, star- nature when possible, and plans for this should be 
vation, or disease), we should have seen a grad- included in the original experimental design. Several 
ual change in their behavior and especially their criteria must be met before releasing harp seals that 
diving abilities. This was not the case, especially have been in captivity for a prolonged period: they 
for juvenile 2 that transmitted continuous dive must be in good health and body condition and be 
records. Both juveniles were swimming at a speed able to capture live prey (Whaley, 2009; Morrison 
consistent with those registered for wild adult harp et al., 2012; Gaydos et al., 2013). In the present case, 
seals and for the adult animal in the present study. all three animals met the above-mentioned criteria. 
They both covered large horizontal distances of They were all healthy, had a weight consistent with 
2,749 and 2,489 km in 67 and 45 d, respectively. their age, and were all able to capture live fish that 
They also showed signs of area restricted search had been presented at regular intervals through the 
patterns suggesting that they were foraging or at captivity period. 
least actively searching for food. Moreover, they Young animals with no previous foraging expe-
were targeting the depth layer (50 to 300 m) where rience, such as our two juveniles, must be evalu-
most of the capelin is found in the Barents Sea ated with extra attention prior to release. Maternal 
during this period (Lindstrøm et al., 2013), which dependency varies greatly in pinnipeds (Kovacs 
is strongly suggestive of active feeding. & Lavigne, 1986); however, in the case of harp 

The development of their diving abilities was seals, there is no transfer of maternal information 
rapid after release and did not seem to have been during the nursing period (Kovacs, 1987). Pups 
impaired by the captive period. In particular, con- are weaned at approximately 2 wks of age, do not 
tinuous dive records from juvenile 2 show that she dive with their mothers, and start feeding indepen-
was diving routinely to depths greater than 100 m dently shortly after weaning (Kovacs, 1987; Haug 
within the first week post-release. Both juveniles et al., 2000). This behavioral trait increased our 
were diving consistently to depths greater than confidence that the juveniles would be prone to 
100 m for up to 15 min throughout the tracking rapid experience-based learning and were good 
period. The development of diving abilities is cru- candidates for release. However, this assessment 
cial for rehabilitated animals and can serve as an should be made on a case-by-case basis.
indicator of their fitness (Morrison et al., 2012). Aberrant behaviors in released animals that 
In our case, this was a special concern as both ani- might compromise their survival can be a con-
mals had been captured as whitecoats. They had cern and should also be evaluated prior to release. 
never dove in open water and did not have mature These include the attraction and desensitization 
oxygen stores (Burns et al., 2007). However, they to the presence of humans (Whaley, 2009). In our 
could display swimming and diving behavior in case, all animals had been trained and desensi-
captivity, particularly in the outdoor experimen- tized to the presence of humans during the cap-
tal pen in which they regularly dived to depths tive period; however, they were released in a zone 
of 14 m, all of which might have contributed to with extremely scarce human presence in coastal 
their physiological development (Burns et al., and offshore areas. We concluded that the like-
2007; Geiseler et al., 2013). We cannot exclude lihood for encounters with humans who could 
that the animals died due to a traumatic event compromise the rehabilitation process in the first 
such as predation, but behavioral indicators such weeks after the release was very low.
as swimming patterns and diving abilities suggest In summary, our results suggest that it is pos-
that both juveniles had capabilities compatible sible to conduct temporary captive studies with 
with good fitness. These abilities were persistent wild juvenile and adult harp seals, followed by 
throughout the tracking period and have served their release, as previously shown for other pinni-
as a proxy for fitness in successfully rehabilitated peds (Mellish et al., 2006; Thomton et al., 2008). 
harbor seals (Lander et al., 2002; Morrison et al., Study animals from this species can be trained 
2012). and ultimately released provided that they meet 
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certain release criteria and that the likelihood of Scientific Reports, 7(1), 1-14. https://doi.org/10.1038/
encountering humans in the release zone is low. s41598-017-15859-8
This framework combines the advantages of a Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., 
captive study design and traditional field methods Poli, P., Kobayashi, S., . . . Vitart, F. (2011). The ERA-
while also respecting European ethical guidelines interim reanalysis: Configuration and performance 
on animal experimentation. of the data assimilation system. Quarterly Journal of 
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