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INTRODUCTION

The polar regions remain some of the most pristine
biomes on the planet, the harsh environment histori-
cally limiting large-scale human settlement and dis-
turbance. With evident changing climatic conditions,
fisheries development is underway and is predicted
to expand rapidly as sea ice cover continues to re -
treat (Schrank 2007). Regional fisheries development
is of concern given large data deficiencies for many

Arctic fish species, but also provides a unique oppor-
tunity to instigate pro-active fisheries management
prior to fisheries expansion and over-exploitation.
For such precautionary approaches to be adopted,
data on the ecology of little known Arctic marine spe-
cies are pivotal. These data include information from
reproductive effort and size at maturity to informa-
tion on spatial movements (vertical and horizontal) in
order to resolve habitat use, multi- species overlap
distributions and the scale of species−fisheries inter-
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ABSTRACT: Climate change and increasing exploitation of resources are threats to Arctic marine
species. Knowledge of vertical and horizontal movements of species is critical to understand their
spatial ecology to inform effective ecosystem-based management. Recently, Arctic skate Am bly -
raja hyperborea, a largely unstudied, cold water, deep-dwelling species has become a common
bycatch species in groundfish fisheries throughout the Arctic. To investigate Arctic skate move-
ment, depth and temperature preferences, 9 adults were tagged with pop-off archival transmitting
tags in Cumberland Sound, Canadian Arctic, in August 2010 and August 2011 for 40 to 100 d. Of
the 9 individuals tagged, 5 transmitted reliable data to satellites. Arctic skate occupied waters
between 1.2 and 2.9°C (2.5 ± 0.1°C; mean ± SD) and 317 and 1355 m (944 ± 154 m). Tags popped
off within a 37 km straight-line distance from the tagging location, indicating limited horizontal
dispersal during the pre-ice formation period of late summer and early winter. Although mixed-
effect models indicated that occupied depth varied with the diel cycle, the relationship was weak
and depth variation was small, suggesting diel vertical migration does not appear to be a common
strategy. Activity levels, estimated from detailed time series depth profiles, indicated multiple
behaviours from resting to large depth changes (>150 m per 0.5 h). Given the levels of bycatch of
this species in developing Arctic fisheries, overlap in habitat with the commercially valuable
Greenland halibut Reinhardtius hippoglossoides and historical declines of skate populations, it is
recommended that the IUCN Red List designation of ‘Least Concern’ for the Arctic skate be
 re-evaluated.
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actions. Spatial data are also important for elucidat-
ing how environmental parameters affect species
dispersal, abundance and movement (Schick et al.
2008), especially given changing sea ice conditions.

Pop-off archival transmitting (PAT) tags have been
widely used to quantify behavioural movement pat-
terns in relation to environmental conditions in a
wide range of marine species that are typically diffi-
cult to observe (e.g. Sims et al. 2003, Hunter et al.
2004a, Block et al. 2005, Wearmouth & Sims 2009).
Specifically, PAT tags collect light level data that pro-
vide geolocation estimates; high-resolution time-
series depth data to describe vertical movements,
water column use and behavioural patterns; and en -
vironmental data such as depth−temperature profiles
to quantify the range of preferred environmental
conditions (e.g. Seitz et al. 2003, Sims et al. 2003,
Loher 2008). Despite their common application in
tropical and temperate climates, the use of PAT tags
to study fish in polar ecosystems has been limited
(Fisk et al. 2012, Peklova et al. 2012).

Arctic skate Amblyraja hyperborea are mid-sized
(total lengths < 95 cm) Rajidae that have a circum -
polar distribution around both poles. Currently, very
little data on the life history of Arctic skates, for
example fecundity, length at maturity and growth
rate, exists, rendering them largely data deficient
(Sulak et al. 2009). Considered a species of ‘Least
Concern’ in the IUCN Red List, a designation based
on limited spatial overlap with current fishing activi-
ties and the species’ distribution at depths beyond
most fishing gears (Kulka et al. 2007), Arctic skate is
in fact a common bycatch species in Inuit and com-
mercial Arctic fisheries (DFO 2008, Dolgov et al.
2005a, Young 2010). The distribution of this species is
restricted to deep (lower continental slope deeper
than 650 m) and cold waters, with temperatures
exclusively <4°C (Bigelow & Schroeder 1953, Dolgov
et al. 2005b, Kulka et al. 2007). Its diet consists of a
variety of benthic prey types, but also of pelagic prey,
including herring Clupea harengus, blue whiting
Micromesistius poutassou, zoarcids and pelagic crus-
taceans (Last & Stevens 1994, Bjelland et al. 2000).
The flattened body form allows skates to camouflage
themselves on the sea bottom, but was traditionally
thought to be a trade off for decreased locomotor
ability (Schaefer & Summers 2005), with Rajidae con-
sidered to have relatively low activity levels and to
exhibit long periods of resting. More recent elec-
tronic tagging data has questioned this paradigm,
finding some skate species to be more active than
originally thought (Wearmouth & Sims 2009), with
some batoids undertaking large-scale movements

(Hunter et al. 2005a,b, Frisk 2010). Nevertheless,
being morphologically adapted to a benthic lifestyle,
skates typically overlap habitats with numerous dem-
ersal fish commonly targeted by commercial fisheries,
such as cod Gadus morhua, haddock Melanogram-
mus aeglefinus, Greenland halibut Reinhardtius hip-
poglossoides and shrimp Pandalus spp. Recently,
Arctic skate have been reported as a principal source
of bycatch, along with Greenland sharks Somniosus
microcephalus, in the developing Greenland halibut
summer fisheries in the Canadian Arctic (K. Hedges
pers. obs.).

Cumberland Sound is a large (250 km long, 80 km
wide) inlet of Baffin Island; it stretches from the
southeastern side of Baffin Island to the Labrador
Sea. This system has a bathymetrically diverse bot-
tom of shallow margins and central deep areas,
reaching depths of up to ~1500 m (DFO 2008, Den-
nard et al. 2009), and represents suitable habitat for a
diversity of deep-water species (e.g. Arctic skate,
Greenland halibut and Greenland shark) and marine
mammals (e.g. beluga Delphinapterus leucas, bow-
head whale Balaena mysticetus, ring Pusa hispida
and harp seals Pagophilus groenlandicus). Most of
Cumberland Sound is covered by land fast ice during
the winter season (~December to May/June), and is
usually free of land fast ice for the rest of the year.
These 2 ice regimes dictate 2 fishing seasons (sum-
mer and winter) for commercially targeted Green-
land halibut, which are an important economic re -
source for the local Inuit community of Pangnirtung.
Both the summer and winter fishery use bottom long
lines deployed from vessels in deep waters (roughly
delineated by the 1000 m contour line) (summer) or
through ice in shallower waters (winter) (Fig. 1),
respectively, yielding Arctic skate as a major source
of bycatch (DFO 2008, Young 2010).

To quantify depth and temperature preferences of
Arctic skate, and to determine fine-scale vertical and
coarse-scale horizontal movement patterns, PAT tags
(MiniPAT, Wildlife Computers) were deployed on
adult fish in Cumberland Sound. It was hypothesised
that Arctic skate would spend long periods of time
resting on the sea bed due to its distinct morphologi-
cal adaptation and assumed sedentary lifestyle
(Wearmouth & Sims 2009). In addition, it was pre-
dicted that the species would be largely independent
of diel cycles, because it is assumed to preferentially
feed on benthic prey or scavenge on carrion located
at the sea bottom rather than feeding in the pelagic
water column (Last & Stevens 1994, Bjelland et al.
2000). Considering that Arctic skate shares similar
habitat with Greenland halibut and very little is
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known about this elasmobranch, this research is of
particular importance given the future growth of
groundfish fisheries in the Arctic and the potential
for increasing bycatch of Arctic skate.

MATERIALS AND METHODS

Study sites

Tagging of fish was undertaken during 2 consecu-
tives summers (17 August 2010, 9 to 13 August 2011)
in Cumberland Sound, Baffin Island, Canada (Fig. 1,
Table 1). All skates selected for tagging were caught
in the central deep portion of the Sound (from depths
of ~800 to 1100 m; Fig. 1) off a commercial fishing
boat (2010) and research vessel (2011) using bottom
long lines. In both years, long lines were ~700 to
2000 m long, with ~400 to 1000 gangions of 0.3 m in
length and Mustad’s Duratin Tuna Circle (O. Mustad
& Son) hooks size 15 and 16, baited with frozen squid.

Soak times were approximately 12 h. Once removed
from the hooks, skates were examined for injuries,
and larger individuals (total length [TL] >62 cm;
Table 1) were chosen for tagging. All tagged skates
were mature adults based on the presence of calci-
fied claspers in males and the occurrence of large ova
in several dissected females of a similar size to
tagged individuals, indicating that skates were in
mating condition.

Tag attachment and set up

Assembled MiniPAT tags consisted of a 15 cm
leader wire covered in polyolefin shrink that was
crimped to the tag. Following the methods of Wear-
mouth & Sims (2009), the tag was attached externally
to the animal by feeding the steel leader wire
through the mid-section of the wing and securing it
in position with 2 disc plates (positioned on the dorsal
and ventral sides of the wing). The wire was then
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Fig. 1. Amblyraja hyperborea. Tagging and pop-off locations (labelled in inset with fish numbers 01−06) of MiniPAT tags de-
ployed on Arctic skate tagged in August 2010 and 2011 in Cumberland Sound, Baffin Island, Canada. The deep-water area
(>1000 m) corresponds to summer fishery grounds. Contour lines (500, 1000 m) are shown (approximated based on bathymet-
rical records). Hatched area: winter fishing grounds; dashed line: boundary between Cumberland Sound and Division 0B 

fisheries management areas
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twisted to lock the plate (2010 tagged skates) or
crimped behind the plate on the ventral side of the
skate’s body (2011 tagged skates). Tagging proce-
dures took <5 min for each individual.

A total of 9 MiniPAT tags were deployed on male
(n = 6) and female (n = 3) Arctic skate (Table 1).
MiniPAT tags collect data until a pre-programmed
date, when the tag releases, floats to the surface
and transmits the accumulated data record to over-
head satellites. Tags were programmed to collect
time-series data, and to maximise memory capacity,
3 tags were deployed in 2010 for 70 d (August to
October; 150 s sampling period interval), 3 tags
were deployed for 40 d (August to September; 75 s
interval) and 3 tags were deployed for 100 d
(August to November; 300 s interval; Table 1) in
2011. Premature release of the tags when low activ-
ity is recorded on consecutive days was disabled,
considering the presumed benthic lifestyle, with
potentially long periods of resting.

Data analysis

All analyses were performed on time-series depth
and temperature data sets that were reported via
ARGOS satellites from tags that were successfully
retained on fish (n = 5; Table 2). To summarise depth
and temperature preferences of all fish, data from all
deployment periods were pooled into 100 m bins
(range: 300 to 1500 m) for depth and 0.5°C bins
(range: 0.0 to 6.0°C) for temperature (Fig. 2).

To provide a measure of vertical movement activ-
ity, the absolute change in depth between 2 consec-
utive depth measurements was calculated and val-
ues were averaged over 10 min periods for each
time-series data set. Actual occupied depths and
measures of vertical movement activity were then
averaged for each day and for the day/night time
period of each day. To test if movement patterns of
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Fish  Months              Depth (m)                  Temp. (°C)     
ID    deployed      Mean     Max.  Min.       Mean     Max.  Min.

01    Aug−Oct    879 (242)   1355   399    2.12 (0.00)   2.8     1.2
03    Aug−Sep    1061 (95)   1278   836    2.42 (0.00)   2.6     2.1
04    Aug−Sep    761 (135)   1349   317    2.46 (0.12)   2.8     2.1
05    Aug−Sep   1130 (151)  1329   671    2.74 (0.20)   2.9     2.3
06    Aug−Sep    891 (142)   1115   420    2.53 (0.16)   2.8     1.8
All                      944 (154)   1355   317    2.45 (0.11)   2.9     1.2

Table 2. Amblyraja hyperborea. Mean (±SD in parentheses),
maximum and minimum depth and temperature data of Arctic
skate monitored using pop-off archival transmitting (MiniPAT) 

tags in Cumberland Sound in 2010 and 2011
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skates were related to diel cycles, the relationship
between (1) occupied depth and (2) the measure of
vertical movement activity for each fish (n = 5; Fish
01 and 03 to 06) and 4 covariates (day/night, indi-
vidual fish, week and depth; see Tables 3 & 4) were
analysed by linear mixed-effect models fit using
restricted maximum likelihood in the lme4 package
in R (R Core Team 2012). The day/ night covariate
(modelled as a fixed effect) was derived from the
nautical almanac (66°N lat, NavSoft), with each time
point (with an associated depth measurement re -
corded by the tag) assigned to either day or night.
Covariates for individual fish, week and depth were
considered as random effects in their respective
models. The probability plots of residuals from the
model relating depth to the day/night covariate
showed that the model fit adequately, and the
 quantile− quantile plot confirmed that data were
generally described by normally distributed errors.
The absolute change in depth data was log-trans-
formed (X’ = log (X + 1)), and zeros (no change in
depth) were filtered out to ensure normal distribu-
tion of the data. Model parameters were considered
significant when t > ±2.

RESULTS

Functionality of the tags

Out of 9 MiniPAT tags deployed on Arctic skate in
2010 and 2011 (total length: 68.7 ± 4.3 cm [mean ±
SD]; width: 50.9 ± 2.4 cm), 7 uplinked to ARGOS
satellites within days of the programmed pop-off
dates (2 ± 3 d after, min. = 0, max. = 8 d after;

Table 1), 2 never reported, and 3 tags (Fish 01, 05
and 06) released directly from fish at the pre-
 programmed date (after 70, 40 and 40 d, respec-
tively). These tags (n = 7) transmitted between 4.8
and 76.4% (mean: 35.7 ± 27.0%) of the collected
depth and 5.1 and 77.0% (36.8 ± 27.3%) of the tem-
perature time-series data to provide a total of 112
and 116 full days of depth and temperature data, re -
spectively, across all tags (Table 1). None of the tags
were physically recovered, nor did they record any
light levels when at liberty. Depth profiles showed
that 4 tags (Fish 03, 04, 07 and 09) detached prema-
turely, being afloat for various periods of time (no. of
days floating/ days deployed: 49/70, 9/40, 97/ 100
and 93/100 d, respectively) prior to data transmis-
sion (Table 1). Overall, 3 tags (Fish 01, 05 and 06)
provided biologically relevant data for the entire
de ployment, and 2 tags (Fish 03 and 04) provided
partial records before premature detachment. Data
from these 5 tags were included in statistical analy-
ses (Table 1).

Pop-off positions

The 3 tags that remained on the skates for the full
deployment period surfaced in Cumberland Sound at
30, 37 and 10 km straight-line distances away from
the respective tagging locations (Table 1) and
showed no specific directional movement (Fig. 1).
The remaining tags (Fish 03, 04, 07 and 09) reported
in Cumberland Sound and the Labrador Sea, but
they detached prematurely; thus, the pop-off loca-
tions could not be used to assess coarse-scale move-
ments (Table 1).
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Fig. 2. Amblyraja hyperborea. Depth and temperature preferences of Arctic skate (n = 5), combined over 40 and 70 d liberty 
periods (August to October)

A
ut

ho
r c

op
y



Endang Species Res 23: 229–240, 2014

Depth and temperature preferences

Overall, fish with useable data (n = 5; 40 to 70 d lib-
erty periods, August to September/October) ranged
between depths of 317 and 1355 m (944 ± 154 m;
Fig. 2, Table 2). Fish did not display any clear tempo-
ral pattern at occupied depths (Fig. 3), and spent the
majority of the time (86.5 to 96.0%) within a depth
range of ~400 to 500 m. The first mixed-effect model
examining the relationship between the time-series
depth data (actual depth) and day/night (i.e. diel
cycle), suggested a significant relationship between
the 2 variables (t > −2; Table 3, Fig. 4A). The overall

intercept (mean level of depth) was 868 m, with the
difference between occupied depth during day and
night estimated at 12 m (Table 3). Fish generally
occupied slightly shallower depths during the night
period compared to daytime (Fig. 4A), with this pat-
tern observed across months (Fig. 4B). However, this
trend was not consistent for all fish (Fig. 4A,B), and
the combination of the 2 random-effect covariates
(week and individual fish) explained more than two-
thirds of the variance in the data set. The residual,
reflecting differences within the individual data sets
(i.e. within a fish), accounted for the remaining vari-
ance (Table 3).

Considering that occupied depth
may not be a reliable measure of diel
vertical migration (DVM), the absolute
mean change in depth was used to
investigate a potential relationship
between activity levels and the diel
cycle. The second mixed-effect model
examining log-transformed absolute
mean change in depth (i.e. vertical
movement activity) was not signifi-
cantly related to the day/night covari-
ate (t < 2; Table 4). Each of the ran-
dom-effect covariates (individual fish
and depth) accounted for less than a
third of the variability (30 and 27%,
respectively; Table 4). Consequently,
differences among in di viduals and dif-
ferent depths of occurrence among
individuals had minimal influence on
the absolute mean change in depth
(i.e. vertical movement activity). A
large residual (43%; Table 4) showed
that significant variability in the data
set was likely explained by differences
in vertical movement activity within
each (individual’s) fish profile.

Fish occurred in a relatively narrow
range of temperatures, spending 85%
of their time at temperatures between
2.0 and 2.9°C (2.5 ± 0.1°C) and the
remaining 15% in water temperatures
between 1.2 and 2.0°C (Fig. 2).

Vertical movement activity

Detailed depth profiles recorded by
the 75 and 150 s sampling period
intervals (Fish 01, 04, 05 and 06)
showed variability in vertical ranging
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Fig. 3. Amblyraja hyperborea. (A to E) Individual depth (black) and tempera-
ture (grey) profiles (n = 5) for 40 and 70 d deployments of tags attached to Arc-
tic skate (Fish 01, 03, 05, 04 and 06, respectively). Fish 03 and 04 reported con-
stant depths after 7 September 2010 and 10 September 2011, respectively,
possibly due to premature detachment of the tag from the fish or due to death 

of the tagged fish. Dates are dd/mm
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and vertical movement activity levels within and
among in dividual fish (e.g. Figs. 3 & 5). Periods of
minimal vertical ranging, i.e. low activity levels
potentially indicating resting, were displayed as
horizontal lines in the time-series data (Fig. 5B, C,
E,F). These periods lasted from ~1 to 48 h, and were
commonly observed throughout the time-series
depth data of 2 individuals (Fish 05 and 06). High
levels of vertical movement activity (over ~100 to
300 m every 0.5 to 1 h) were also recorded. Aside

from 1 individual (Fish 04) that displayed principally
vertical movement activity throughout the entire
deployment period (Fig. 3C), the remainder of the
fish appeared to switch between lower and higher
activity levels, with no apparent trends in the fre-
quency or amplitude of these vertical movements
(e.g. Fig. 3A,D,E).

The absolute mean change in depth data for tagged
Arctic skate indicated 2 vertical movement behav-
iours. Individuals either undertook large continuous
vertical movements, with this behaviour seen over a
wide range of starting depths (vertical displacement
>100 m h−1), or they performed short and repeated
upward and downward movements.

DISCUSSION

Although Arctic skate did not range into shallower
waters (the minimum depth was 317 m), they oc -
cupied a wide range of depths (317 to 1355 m) and
occurred close to the maximum depth (~1500 m) of
Cumberland Sound. Tagged Arctic skate were not
confined to the deep-water areas in the central part
of the Sound during the ice-free period of the year,
but also ranged into shallower coastal margins. This
contrasts the behaviour of Greenland halibut within
this system, which typically occupied deep waters
(>900 m) during the ice-free period (Peklova et al.
2012). Nonetheless, tagged Arctic skate spent signif-
icant amounts of time in depths targeted by the fish-
ery for Greenland halibut during this season, con-
firming the issue of Arctic skates as a bycatch species
(Dolgov et al. 2005a, Young 2010). Arctic skate expe-
rienced a narrow range of temperatures, which is
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Fig. 4. Amblyraja hyperborea. (A) Mean depths (±SD) for in-
dividual Arctic skate (n = 5; Fish 01, 03, 04, 05 and 06) during
day and night and (B) during day and night in individual 

months (August to October)

Random effects                     Variance        SD

Individual fish (Intercept)       25164        158.63
Week (Intercept)                      32838        181.21
Residual                                   20595        143.51

Fixed effects                          Estimate         SE       t-value

(Intercept)                              867.9089   102.3111    8.483
Day/night                              −12.0267     0.9893    −12.157
Correlation of fixed effects    −0.003                            

Table 3. Results of the mixed-effect model for depth with
crossed random effects. Depth (n = 90 214) was the depend-
ent variable, individual fish (n = 5) and week (n = 6) were
treated as random covariates and day/night was included as 

a fixed covariate

Random effects                     Variance        SD

Individual fish (Intercept)     0.034742    0.18639
Depth (Intercept)                  0.028025    0.16741
Residual                                 0.068305    0.26250

Fixed effects                          Estimate         SE       t-value

(Intercept)                              1.079579   0.083507   12.928
Day/Night                             −0.001677  0.002358   −0.711
Correlation of fixed effects    −0.012

Table 4. Results of the mixed-effect model for activity level
with crossed random effect. Absolute mean change in depth
(n = 59 842), a measure of vertical movement activity was the
dependent variable, individual fish (n = 5) and depth (all
depths, at 0.5 m resolution, ever occupied by any of the fish;
n = 1616) were treated as random covariates and day/night 

was included as a fixed covariate
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likely related to the stable temperature regimes
below 800 m and overall low temporal variability in
water temperatures in Cumberland Sound (J. Bedard
unpubl. data).

Similar to the common skate Dipturus batis, Arctic
skate did not show much evidence of a sedentary
lifestyle (Wearmouth & Sims 2009), but instead dis-
played high activity levels interspersed with periods

of resting. High activity levels of Arctic skate were
associated with 2 distinct behaviours — large contin-
uous vertical movements or repeated small upward
and downward movements. These 2 behaviours may
potentially be a result of differences in movement
that re flect opportunistic foraging and/or could be a
re sult of movement over the heterogeneous bottom
topography of Cumberland Sound.
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Fig. 5. Amblyraja hyperborea. Detailed (75 s sampling period interval) individual depth profiles for Arctic skate (n = 3) show-
ing different types of behaviour during the light and dark (black horizontal bars) periods of the day: (A) high activity, wide ver-
tical ranging (Fish 04); (B) high activity interspersed with low and moderate activity (Fish 06); (C) low activity during light pe-
riod of the day, high activity during the dark period of the day (Fish 05); (D) high activity, narrow vertical ranging (Fish 05); (E)
moderate activity (Fish 06); and (F) seabed resting (Fish 06). Gaps in the depth profiles denote incomplete transmission of 

archival records via satellites. Dates are given as dd/mm/yy
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Model results indicated that depth occupied by
Arctic skate varied significantly between day and
night, with skate occupying slightly shallower
waters during the night period. However, differ-
ences in depth between these 2 periods were min-
imal (~12 m), and large variance in individual
depth profiles suggest occupied depths are not
strongly related to diel cycles. Activity levels were
not tied to diel cycles; thus, it would appear that
movement patterns of Arctic skate were not driven
by DVM.

Tag performance

Despite the relatively high recovery rate of Mini-
PAT tags in this study (7 out of 9), 4 of the 7 tags that
uplinked to satellites provided only partial records or
few data. These tags reported constant depths (>3 d,
e.g. Fish 03; Fig. 3B) until the tag link corroded and
the tag popped off. This suggested that the animals
had either died during the deployment period or the
tag had detached from the animal through the attach-
ment mechanism tearing through the thin muscula-
ture of the wing. The tags likely remained at depth
because of the additional weight of the anchoring
mechanism attached to the tag prior to the link cor-
roding (H. Baer pers. comm.). Given the high rate of
prematurely detached tags, a different method for
attaching satellite tags to this mid-sized batoid spe-
cies should be considered (e.g. see Le Port et al.
2008). Variability in the rate of transmission (4.8 to
77.0%) likely reflected weather conditions; however,
tags that detached prematurely were generally the
least successful in transmitting archival records
(Table 1).

Depth preference

The observed depth range occupied by both male
and female Arctic skate (300 to 1350 m) was consis-
tent with that previously reported (140 to 2500 m;
Artuykhin & Sheyko 2000, Dolgov et al. 2005b). Arc-
tic skate spent most of their time below 500 m (97%)
in Cumberland Sound, as in the Barents Sea, where
they were most abundant below 650 m (Dolgov et al.
2005a, Kulka et al. 2007). Individual Arctic skates
moved to shallower waters at times, but movement
between deeper and shallower waters was sporadic,
contrasting that of Greenland halibut that remained
in deeper water (>900 m) during the ice-free period
(Peklova et al. 2012).

Temperature preference

Arctic skate experienced a narrow range of temper-
atures, from 1.2 to 2.9°C and spent 95% of their time
within 2.0 to 2.9°C (over the 2 tagging seasons). This
range was well within the estimated margins of their
temperature tolerance (Kulka et al. 2007) and was
within a suitable temperature range for sexual matu-
ration and potential spawning based on the successful
incubation of eggs at temperatures down to 0°C
(Bige low & Schroeder 1953). Given that the water
temperature at depths below 120 m in Cumberland
Sound does not exceed the preferred thermal limits of
Arctic skate over the course of a year (J. Bedard un-
publ. data) and due to the narrow temperature range
experienced by the skates, temperature was not ex-
pected either to limit or drive the movement patterns
observed in this region over the deployment period.

Activity levels and vertical movement

Activity levels of Arctic skate based on depth pro-
files and changes in depth over short sampling inter-
vals (75 to 150 s) ranged in a continuum from low to
relatively high. Overall, some of the fish appeared to
be highly active (depth changes of 100 to 300 m per
0.5 h), shown by constantly changing movements in
depth. This contrasts the general notion that flatfish
are less active and spend long periods of time resting
on the sea bottom (Hunter et al. 2004a) and is in
agreement with more recent findings that suggest
higher activity levels (Wearmouth & Sims 2009).

Activity level data indicated 3 distinct behavioural
types, which varied within and among individual
fish. The first behavioural type was indicated by long
(>30 min) periods where the fish remained at the
same depth. This behaviour likely indicated resting
at the sea bottom and has previously been described
for other undulatory batoids monitored by electronic
tags, e.g. common skate and thornback ray Raja
clavata (Hunter et al. 2005a, Wearmouth & Sims
2009). Alternatively, the fish may have been swim-
ming over a flat bottom area; however, this is
unlikely considering the heterogenous topography of
Cumberland Sound. Resting behaviour was common
throughout the depth profiles of 2 fish, a female and
a male (Figs. 3D,E & 5B,C) and was typically inter-
spersed with periods of vertical activity. A second
behavioural type, exhibited by 1 male (Figs. 3C &
5A), involved higher activity levels, with vertical dis-
placements of 100 to 300 m h−1 similar to the oscilla-
tory behaviour of pelagic fish species such as yel-
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lowfin tuna Thunnus albacores, shortfin mako sharks
Isurus oxyrinchus and basking sharks Ceterohinus
maximus (Sims et al. 2003, Shepard et al. 2006,
Schaefer et al. 2007), but at a much slower rate. The
third distinct behavioural type was multiple move-
ments (upward and downward) within a narrow
range of depth, a pattern previously documented in
the common skate (Wearmouth & Sims 2009). The
latter 2 types of behaviour may reflect distinct modes
of foraging either on the bottom following the topog-
raphy or potentially in the water column as proposed
for the common skate (Wearmouth & Sims 2009).

DVM is a known factor driving the movement of a
number of fish and elasmobranch species that oc -
cupy pelagic habitats (Carey & Scharold 1990, Reebs
2002, Shepard et al. 2006), as well as benthic species
such as lesser spotted dogfish Scyliorhinus canicula,
bat rays Myliobatis californica and the common skate
(Matern et al. 2000, Sims et al. 2006, Wearmouth &
Sims 2009). The results of the mixed-effect model
found a relationship between depth and the diel
cycle, with skates generally occupying shallower
waters during the night time (Fig. 4). However, this
trend was not consistent among all individuals, and
the difference in depth was minimal (<12 m), sug-
gesting this may not be biologically relevant. In addi-
tion, activity levels did not vary with diel cycles. Con-
sequently, DVM may not be a common behaviour of
Arctic skate, but might be adopted by some individu-
als (Fig. 5C). Such inter-individual variability in
activity levels has been reported in the short-tailed
stingray Dasyatis brevicaudata and the common
skate (Le Port et al. 2008, Wearmouth & Sims 2009).

Individual Arctic skate showed variability in pre-
ferred depth range and relative amount of time spent
resting versus actively moving. Activity levels were
not significantly different between males and fe -
males in this study, but sample size was small. Due to
the fact that all tagged individuals were of a similar
size (Table 1), it is unlikely that ontogenetic changes
in swimming speed, behaviour, or preferred prey
explained the variability in activity among individu-
als, as previously observed for thorny Raja radiata
and common skates (Skjæraasen & Bergstad 2000,
Wearmouth & Sims 2009). Alternatively, the short tag
deployment periods in this study might not provide a
full representation of the normal movement behav-
iours of Arctic skates, as behaviour may also vary
seasonally as a response to cyclical changes in the
abiotic environment such as ice cover. For example,
the movement of acoustically monitored freshwater
whiprays Himantura dalyensis was driven by the diel
cycle during the wet season, whereas movement was

dictated by lunar and tidal cycles during the dry sea-
son (Campbell et al. 2012).

Horizontal movement

Arctic skate travelled short horizontal distances
(<30 km) between tagging and pop-off locations;
however, the reported straight-line distance was
likely an underestimation of the distance travelled
during the time at liberty. It was determined that
plaice (a bottom-dwelling flatfish) moved approxi-
mately 10 times farther than the direct distance esti-
mated between release and recapture positions (Met-
calfe & Arnold 1997, Hunter et al. 2004b). Based on
pop-off locations and the long time periods Arctic
skate spent in shallower waters, Arctic skates were
not confined to the deep-water tagging region, but
dispersed into shallower areas. In contrast to this
 observation, Greenland halibut (another bottom-
dwelling fish) spent most of their time at liberty below
900 m during the ice-free period in the same system
(Peklova et al. 2012). Considering that Arctic skate
were monitored for a relatively short deployment pe-
riod, further study should clarify long-term movement
patterns and potential seasonal migrations.

Conservation considerations

The depth range occupied by Arctic skate largely
overlapped with that of Greenland halibut in Cum-
berland Sound. Overlapping vertical habitats are
common for skates and flatfish and usually result in
significant skate bycatch in commercial groundfish
fisheries (Dolgov et al. 2005a, Stevenson & Lewis
2008, Ormseth et al. 2009), which can lead to popula-
tion decline to the point of local extirpation (Stevens
et al. 2000). Caution is therefore required for the
management of Arctic skate in the Arctic region, in
light of the developing Cumberland Sound Green-
land halibut fisheries and Arctic fisheries overall.
This is particularly pertinent for Arctic skate given
their unknown life-history traits, with potentially low
fecundity, slow growth and maturation rates typical
for other skate species (Kulka et al. 2007) and elas-
mobranch species (Bonfil 1994, Stevens et al. 2000,
Dulvy & Reynolds 2002, Sims 2008), which may be
even further accentuated in extremely cold habitats.
It may therefore be prudent for the designation of
Arctic skate in the IUCN Red List to be reassessed in
order to adopt a precautionary approach to fisheries
management in the Arctic region.
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