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Abstract—Understanding spawning
behavior of commercial fish populations
provides a basis for making manage-
ment decisions related to these stocks.
Archival tags can be used to define
spawning behavior when depth-specific
movements are involved. Spawning
behavior of Greenland halibut (Rein-
hardtius hippoglossoides) in the eastern
Bering Sea and the Aleutian Islands
was inferred from archival tag data. The
predominant period of identified spawn-
ing activity, based on abrupt vertical
rises of females, occurred in January
and February, and females reached
apexes in their upward movement
(spawning rises) at depths of approxi-
mately 200-350 m below the surface,
indicating that the release of eggs
could occur at depths shallower than
previously assumed. Females had a
single spawning rise annually, a result
supporting the notion that this species
is a total (single-batch) spawner. Male
Greenland halibut exhibited spawning
behavior, rises to shallower depths one
or more times, for an average of 20 d.
For large female Greenland halibut
(>80 cm in fork length), spawning rises
occurred in consecutive years, indicat-
ing that, despite oocyte development
taking more than 1 year, spawning
occurs annually. Inferring spawning
behavior by using data collected with
archival tags can aid in understanding
the maturity of Greenland halibut.
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Archival tags can be attached to fish
to collect environmental data, usually
temperature and pressure (converted
to depth) at a minimum, and individ-
ual events characterized by changes
in such environmental conditions can
be identified with data from recovered
tags (Wilmers et al., 2015). The battery
life of archival tags (also known as data
storage tags) allows data to be recorded
for up to several years, and the data
therefore can be used to assess depth-
or temperature-specific behavior, such
as spawning, that occurs over annual
cycles. Knowledge about reproductive
traits (fecundity, maturity, and timing
or location of spawning) of a fish stock
is important for estimating the stock’s
reproductive  potential (Murawski
et al., 2001; Wright and Trippel, 2009;
Cooper et al., 2013). Population esti-
mates, mean weights by age, and
maturity ogives (often derived from
histological, macroscopic, or laboratory-
based studies) are used for estimating
stock reproductive potential in the form

of spawning stock biomass (Marshall,
2009), although this measure is suscep-
tible to size- and age-dependent effects
(Trippel, 1999; Cooper et al., 2013).
Misinterpretation of a reproductive
trait can therefore lead to incorrect or
biased estimation of stock reproductive
potential.

Data from archival tags have been
used to determine spawning behavior,
allowing the unobservable to be “seen”
(Seitz et al., 2005; Loher and Seitz,
2008; Murphy et al., 2017; Le Bris
et al., 2018); therefore, this method can
provide deductions of spawning behav-
ior. In archival tag records, abrupt
movements of fish to shallower depths
are identified as spawning rises. These
ascents are thought to be analogous to
spawning behavior of shallow-water
flatfish species that has been directly
observed when they swim off the bottom
to spawn (e.g., Manabe and Shinomiya,
2001). The rhythmic behavior of batch
spawning, which refers to the behavior
of species that spawn a batch of eggs
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every few days over a period of weeks, can be identified in
archival tag data. Spawning rises have been inferred for 2
batch-spawning species, the Pacific halibut (Hippoglossus
stenolepis) and the Atlantic halibut (H. hippoglossus), by
using archival tags.

Although female halibut are expected to have multiple
spawning rises separated by at least 2 days, during which
time batches of ova are hydrated (St-Pierre, 1984; Finn
et al., 2002), male halibut are limited only by mating oppor-
tunities, resulting in a pattern in which spawning rises are
more variable and frequent. In previous studies, data from
archival tags was used to reveal spawning rises in females
(e.g., one Pacific halibut rose 7 times in 3 weeks), and the
authors also hypothesized that male spawning behavior
had a more frequent and variable rise pattern, although
sex was not identified (Seitz et al., 2005; Loher and Seitz,
2008). Similar patterns of spawning behavior of Atlantic
halibut have been discerned in archival tag data with sex
determined: female spawning has been characterized by
4-6 rises over a period of 10-17 d, and males have been
reported to have more sporadic rises over a protracted
period (Murphy et al., 2017).

The Greenland halibut (Reinhardtius hippoglossoides),
also known as the Greenland turbot, is a close relative to
the Pacific and Atlantic halibut (Vinnikov et al., 2018) and is
a commercially important deepwater flatfish species found
in the North Atlantic, North Pacific, and Arctic Oceans.
This species can reach a size of up to 120 cm in fork length
(FL), and females become mature at 60—70 cm FL (Cooper
et al., 2007). Adult Greenland halibut have been found at
depths greater than 1500 m and in waters with tempera-
tures from 0°C to 4°C (Peklova et al., 2012; Siwicke and
Coutré, 2020). Archival tag data from other studies indicate
that Greenland halibut exhibit much vertical activity (Boje
et al., 2014, Siwicke and Coutré, 2020) and can spend up to
a quarter of their time in the pelagic environment (Albert
et al., 2012). This species carries 2 cohorts of vitellogenic
oocytes that are easily separated by their relative diam-
eters, large and small (Kennedy et al., 2011). Interpreta-
tions of this trait for Greenland halibut have evolved (e.g.,
Fedorov, 1968; Rideout et al., 1999; Gundersen et al., 2000;
Junquera et al., 2003), but the most recent understanding
is that oocytes take more than 1 year to complete vitellogen-
esis, 2 cohorts of oocytes are present, with the large cohort
spawned in the current year and the small cohort spawned
in the following year (Kennedy et al., 2011; Rideout et al.,
2012). This reproductive trait has been found in other cold-
water fish species (e.g., Everson, 1994).

One basic aspect of reproduction of Greenland halibut that
is uncertain is whether females are batch or total spawners
(Stene et al., 1999; Kennedy et al., 2009). Female Greenland
halibut are often caught in a prespawning or postspawning
stage, and ripe or running females are rare. A single run-
ning female readily released all of her ovulated eggs when
artificially spawned (Stene et al., 1999), and another female
Greenland halibut released a single batch of eggs over the
course of a year in a laboratory (Dominguez-Petit et al.,
2013); both of these outcomes indicate that the species is a
total spawner. When ripe females have been caught during

longline surveys near Greenland, all oocytes were hydrated
(although it was not stated whether this finding was only
for the large cohort of oocytes), indicating that Greenland
halibut spawn a single batch in the wild (Gundersen et al.,
2013). The term total spawner can be used to describe a
Greenland halibut that releases eggs once in a year (Murua
and Saborido-Rey, 2003).

Knowledge of the timing and location (spatial and depth)
of spawning is important for understanding stock struc-
ture and dynamics (i.e., egg-larval drift and migrations),
basic information used in stock assessment and fisheries
management. For Greenland halibut, these characteris-
tics appear to vary by region and are poorly understood.
Spawning activity of Greenland halibut inferred from
gonadosomatic index analyses indicates that spawning
occurs along the continental slope from November through
January (Albert et al., 2001). Larval distributions indi-
cate that this species spawns at depths between 800 and
1000 m from December through April (Smidt, 1969). Sere-
bryakov et al. (1992) determined that spawning occurs at
depths between 1000 and 1500 m, using the presence of
larvae at these depths. The majority of the spawning of
Greenland halibut in the eastern Bering Sea is assumed
to occur deep on the slope (Alton et al., 1988) and between
October and March (October—December, Musienko, 1970;
February—March, Bulatov, 1983; and December—January,
Sohn et al., 2010). Archival tag data from another study
indicate that this stock does move to deeper waters along
the continental slope during winter, a shift that is pre-
sumed to be from feeding to spawning grounds (Siwicke
and Coutré, 2020). In captivity, spawning has occurred
mostly from January through March in consecutive years
(Dominguez-Petit et al., 2013). It is difficult to know what
effect the laboratory conditions had on reproduction.

The depth at which eggs are released influences egg
dispersal (currents) and development time (temperature).
Both development of the embryo and timing of hatching
are dependent upon the surrounding water temperature
(Dominguez-Petit et al., 2013). It is believed that, in the
Bering Sea, spawning occurs in deep submarine canyons
and eggs are advected up and onto the nursery grounds of
the continental shelf (Sohn et al., 2010; Duffy-Anderson
et al., 2013). The accuracy of these assumptions will influ-
ence the accuracy of estimated development time and
hatch date. For example, if an egg was in water that is
warmer than assumed, the development time would be
shortened, the back-calculated hatch date would be later
in the year, and the time for egg dispersal by currents
would be shortened. Additionally, if the depth at which
eggs are released is incorrect and if current speed varies
by depth, estimates of dispersal distance of eggs will also
be affected.

If spawning is identifiable in archival tag data, this
method can be useful for corroborating estimates of size at
maturity and other characteristics from stock assessments.
Currently, the assessment of the Bering Sea—Aleutian
Islands (BSAI) Greenland halibut stock uses a logistic
relationship of maturity and size, with the length at 50%
maturity (Lg,) set at 60 cm (2% at 50 cm and 98% at 70 cm)
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following D’yakov (1982). Results of later work indicate a
larger Ly, but the study had limited sample sizes and its
L, has not been adopted for stock assessments (Cooper
et al., 2007). Following the acknowledgment that there are
2 separate cohorts of oocytes simultaneously developing
(Kennedy et al., 2011), the large cohort to be spawned this
year and the small cohort to be spawned in the following
year, maturity ogives of 2 different stocks of Greenland hal-
ibut have been reanalyzed with the small cohort of oocytes
considered to be immature. In analysis of archival tag data
from work in eastern Greenland, reclassifying females as
having only developing oocytes (i.e., only the first cohort
of oocytes that will not be mature in 12 months) led to a
decrease in the estimate of spawning stock biomass of an
average of 56%, with associated declines in total egg pro-
duction; notably, estimates of Ly, increased from 63.8 to
80.2 cm FL for one stock and from 61.2 to 74.1 cm FL for
the other (Kennedy et al., 2014). Lengths of tagged female
Greenland halibut that exhibited spawning behavior could
be used to inform decisions regarding maintaining or reex-
amining the Ly, used in stock assessments.

Our objective was to assess whether we could identify
spawning behavior in data from archival tags implanted
in Greenland halibut, and if so, to characterize it. If
spawning behavior can be detected in tag data, we could
infer and clarify several aspects of the reproduction of
Greenland halibut in the BSAI: 1) the timing of spawning,
2) the depth at which eggs are released, 3) the frequency
of spawning in a year (i.e., batch or total), and 4) whether
individual females spawn in consecutive years.

Materials and methods
Data collection

Archival tags have been implanted in Greenland hali-
but since 2003 during the longline surveys conducted by
the NOAA Alaska Fisheries Science Center in the BSAI
region. Briefly, longlines are set along the continental
slope in the BSAI, and Greenland halibut captured on
predetermined hooks that are in good condition and lon-
ger than 50 cm FL are placed in a tank with flowing sea-
water prior to tagging. The minimum length threshold of
50 cm FL meant that tagged fish were likely to be mature
(Cooper et al., 2007).

A total of 297 Greenland halibut had Lotek® archival
tags (Lotek Wireless Inc., Newmarket, Canada) inter-
nally implanted, with the specific tag model varying by
year (2003: model LTD-1250; 2005-2008: model LTD-1300;
2011: model LAT-2800). Tags recorded temperature and
pressure (converted to depth) at regular sampling fre-
quencies between 1 and 15 min, depending on the year
of deployment. The tag, surgical site, and tools were dis-
infected by using 3% Betadine, tags were inserted into

! Mention of trade names or commercial companies is for identi-
fication purposes only and does not imply endorsement by the
National Marine Fisheries Service, NOAA.

the body cavity through a 2-cm-long incision made in the
abdominal wall of the right side of the fish, and the inci-
sion was closed with surgical staples. Fish were released
in close proximity to their site of capture, and tags were
recovered by commercial fishing vessels (trawl or long-
line). Size (FL) of Greenland halibut was recorded at
release, and FL, weight, and sex (determined with visual
inspection of gonads) were recorded for some but not all
tagged fish that were recaptured.

Identified spawning behavior

Archival tag data, specifically depths converted from
pressure records, from tags implanted in Greenland hal-
ibut were used to identify and characterize the timing,
depths, and frequency of spawning behavior for this spe-
cies. Depth data were analyzed to find spawning behavior
defined as “abrupt spikes,” which consist of rapid ascents
to an apex followed by rapid descents, as outlined in Seitz
et al. (2005), Loher and Seitz (2008), and Murphy et al.
(2017). We first filtered each fish’s depth record to the
most extreme 0.1% of ascents and descents to focus on a
smaller more manageable subset (Suppl. Fig. 1). Larger
percentages (>1% and >5%) were explored but did not add
any insight into spawning behavior. In addition, spawn-
ing rises are expected to occur over periods of only hours
to days in an individual’s year. When an extreme ascent
closely preceded an extreme descent, the entire depth
record for that day was further analyzed. Greenland hal-
ibut may use more of the water column than Atlantic and
Pacific halibut (e.g., Albert et al., 2012), and rapid ascents
and descents could be related to other behaviors that
are not related to spawning. Often, extreme ascents or
descents were identified in isolation, or a descent was fol-
lowed by an ascent; however, given our assumption that a
spawning rise is a rapid ascent from the seafloor to spawn
midwater followed by a rapid return to the seafloor, these
other events were not further analyzed (Suppl. Fig. 2).
Among flagged events, sex-specific similarities aided in
deciding which events to classify as spawning behavior
(e.g., Murphy et al., 2017).

The start date, time of day, and initial depth were iden-
tified for the time directly before the initiation of the first
spawning rise, and the end date, time of day, and final
depth were recorded at the completion of the last spawn-
ing rise, such that multiple rises would be encompassed
in this period. The exact times when a rise was initiated
and completed were determined on a case-by-case basis,
by qualitatively and visually assessing the depth profile
preceding and following rises to best capture the indi-
vidual behavior. The time of day at which an individual
reached a minimum depth during spawning rises (i.e.,
the apex) was noted to assess whether there was a daily
preferred time of spawning. Additionally, the maximum
ascent and descent rate (meters per minute) occurring
between the start and end times of a spawning event
were also compared.

Spawning rises of female Greenland halibut were
further investigated to discern whether they occurred
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multiple times or singularly within a year and whether
they occurred in consecutive years. We anticipated find-
ing multiple rises over the course of several days if batch
spawning was occurring, as has been observed for Atlantic
halibut (Murphy et al.,, 2017). A singular rise would
indicate total spawning, or a single batch, as has been
observed for captive Greenland halibut (Dominguez-Petit
et al., 2013). Evidence of female Greenland halibut having
spawning rises in consecutive years (from tagged fish that
were at liberty for more than 1 winter) would indicate that
spawning can occur every year despite oocyte development
requiring a period of 2 years (Kennedy et al., 2011; Rideout
et al., 2012). Such a reproductive scenario is unusual but
still considered that of a total spawner. In the first year, a
female produces oocytes, but no spawning occurs. In the
second and subsequent years, 2 cohorts

of oocytes are present in the ovaries (a

Results

As of 2020, 22 of the 297 (7.4%) Greenland halibut
implanted with archival tags have been recovered and
returned to the Alaska Fisheries Science Center. The tags
from 13 of these fish (6 males, 5 females, and 2 fish of
undetermined sex) provided usable data through at least
one presumed spawning period, October—-March, with 6
fish at liberty for multiple years (Suppl. Table). Spawning
behavior was identified and characterized for 11 tagged
Greenland halibut (6 males, 3 females, and 2 fish of unde-
termined sex). Release and recapture locations were
across the BSAI region (Fig. 1).

Extreme ascents and descents of tagged fish occurred
throughout the year, but the top 0.1% of vertical movements

small cohort, with less than 1 year of

development, and a large cohort, with
more than 1 year but less than 2 years
of development); the large cohort is
spawned in the second year, and spawn- 60°N-
ing can occur each subsequent year.

The depths of the apexes of spawn-
ing rises for female Greenland halibut i
were carefully estimated because these
depths were assumed to be the depths
at which eggs were released. Similar
assumptions have been made for the
family Pleuronectidae because the only
observed flatfish spawning behavior
has included release of eggs at the apex
of spawning rises (see review in Seitz
et al., 2005). Estimation of the apex
depth varied with the sampling fre- 56°N-+
quency of the tag, given that an increase
in sampling frequency increases the
probability of capturing the actual .
apex. When the sampling interval was
1 min, the minimum depth achieved
was the estimate of the apex. For sam- 54°N-
pling intervals greater than 1 min G.e.,
4 and 15 min), depths were interpolated
to a 1-min frequency by using the inter- 7
section of 2 simple linear models, the
ascent and the descent. The estimated
apex was determined by setting these
equations equal to each other (G.e.,
the depth at which the 2 lines cross). 2
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This interpolation was not intended to
exactly replicate the trajectory of these
fish, although it was expected to approx-
imate the depth of the apex better than
taking the observed minimum depth
from a low-frequency sampling interval
(Suppl. Figs. 3 and 4). Additional infor-
mation related to inferring and inter-
polating spawning rises is available in
Supplementary Materials.

Map of the study area in the eastern Bering Sea and Aleutian Islands show-
ing locations where Greenland halibut (Reinhardtius hippoglossoides) were
tagged and released (gray circles) and later recovered (black circles). The tag
numbers of recovered fish are provided for each location. Dashed lines indicate
straight-line movement trajectories, and solid gray lines indicate isobaths at
200, 500, 1000, 1500, and 2000 m. The inset shows the location of the study
area in relation to Alaska.
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Figure 1
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generally coincided with data for males and females during
January and February (Suppl. Fig. 1). Upon closer inspec-
tion, numerous spawning rises were identified, with 2 dis-
tinct patterns that mostly varied with sex: 1) a singular rise
with a sharp ascent and descent for females and 2) more
sporadic, often prolonged periods of rapid ascents and
descents for males (Fig. 2). Maximum ascent rates ranged
from 8.1 to 31.0 m/min, with maximum descent rates
between 10.5 and 28.0 m/min (Table 1).

Females

Three of the 5 female Greenland halibut had spawning
rises and were 84-88 cm FL at release; the 2 that did
not were 68 and 71 cm FL at release. The females that
exhibited spawning behavior did so for all winters at lib-
erty (Fig. 3). The dates of the singular rises by females
ranged from 12 January to 12 February, with individuals
having almost exactly a 1-year interval between rises
(Table 1). Individual females initiated spawning rises
from relatively similar depths across years (Table 1).
The shallowest depths recorded for females at the apexes
of their rises ranged from 229 to 420 m, and the nar-
rower estimates from interpolation were between 217
and 326 m (Fig. 4). The elapsed time of singular rises
ranged from 0.5 to 2.5 h. The duration of spawning rises
generally lengthened with increases in the bottom depth

at which ascents were initiated. No consistent pattern
for the time of day at which fish reached an apex was
observed (Table 1). Recorded temperatures were 2.8—
3.8°C before spawning rises and 3.7-4.1°C at the apex of
ascents. Because the tags were internally implanted and
the ascents and descents were steep, tag sensors were
unlikely to have adjusted to the ambient water tempera-
ture and the actual apex temperature was likely to have
been warmer than tag data indicate. The movement of
one fish (tag no. 386, with no spawning rises identified)
is unique in that, during the winter, the fish moved to
relatively shallow water, presumably to the continental
shelf.

Males

All 6 male Greenland halibut exhibited spawning behavior
during at least 1 winter for an average of 20 d. Four of these
males were at liberty only for the winter of 2003-2004;
for these males, spawning behavior occurred for 27-41 d
between 2 January and 13 February (Table 1). One male
was at liberty for 3 consecutive winters, and the data from
its tag provides evidence of spawning behavior occurring
in each year. In the third winter, this fish inhabited waters
that were substantially deeper (depths of ~1200 m) than
in the previous 2 winters (depths of 600-700 m), and it
had a single, brief spawning rise to a depth of 508 m on

Male (Tag no. 4122) 17-18 January 2004
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Figure 2
Examples of 1 year of depth data for a male (top left) and female (bottom left) Greenland halibut (Reinhardtius hippoglossoi-
des) tagged and released in June 2003 in the eastern Bering Sea. The vertical black dashed line in each left panel indicates the
change in year from 2003 to 2004, and the black parts of lines indicate the timing of putative spawning. The right panels focus
on depth data for 2 d (17 and 18 January 2004), and this period is highlighted by a vertical grey bar in each left panel, with the
black parts of lines again indicating the timing of associated spawning.
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Table 1

Summary of data on putative spawning of Greenland halibut (Reinhardtius hippoglossoides) tagged in 2003, 2005,
2008, or 2011 and recaptured in the eastern Bering Sea and Aleutian Islands. Data collected include the tag num-
ber, year of spawning observation, sex of fish, day of the year spawning initiated (D;), depth preceding minimum
depth during spawning (Z;), shallowest depth during spawning (Z_;,), time at shallowest depth during spawning
(Time,,;,), depth following minimum depth during spawning (Z,), day of year spawning ended (Dy), elapsed time
spawning occurred (Dur.), maximum spawning ascent rate (Asc,,,,), and maximum spawning descent rate (Des,,,,)-
Sex is presented for females (F), males (M), and those fish for which sex is undetermined (U), with a subscript indi-
cating which sex it is likely to be on the basis of the archival tag data. Additional information on each tagged fish
can be found in Supplementary Table.

Ascmax Desmax
Tag no. Year Sex D, Z; (m) Zpin m)  Time ;, Z; (m) D; Dur.(d) (m/min) (m/min)

5282 2004 F 18 859 347 0100 777 18 0.08 13.6 25.2
5282 2005 F 19 972 420 0800 895 19 0.10 19.7 25.6
5282 2006 F 17 886 343 1115 919 17 0.07 17.0 16.4
4551 2006 F 12 716 240 0132 716 12 0.05 19.8 23.3
4551 2007 F 13 917 254 0452 979 13 0.08 18.9 20.4

383 2012 F 43 619 229 2220 617 43 0.04 31.0 24.5

383 2013 F 26 526 240 1435 482 26 0.02 29.5 28.0

383 2014 F 25 527 230 1125 591 25 0.03 26.5 26.5
4122 2004 M 2 824 234 0345 820 44 41.43 15.2 10.5
4126 2004 M 10 1098 328 0430 1243 43 32.90 17.1 20.6
5319 2004 M 12 1435 239 0300 1438+ 40 27.48 15.6 15.7
5364 2004 M 2 1489+ 360 2130 1489+ 40 37.82 17.2 17.9
5385 2004 M 6 689 221 0445 665 22 16.75 17.2 20.1
5385 2005 M 10 750 268 0245 708 34 23.73 15.8 11.9
5385 2006 M 8 1232 508 2300 1021 9 0.18 8.1 11.9
3883 2010 M 6 664 253 1716 670 6 0.07 24.0 14.3
5334 2004 Uy 2 956 266 0000 968 32 30.42 15.2 11.7
3880 2009 Up 11 1520 310 1608 1361 11 0.20 17.5 20.3

8 January (Fig. 5). Another male, released and recaptured
in the Aleutian Islands (tag no. 3883; Fig. 1), was at liberty
for 2 winters, with tag data indicating that no spawning
behavior occurred in the first winter and that a single
spawning rise occurred in the second winter on 6 January
(Table 1, Fig. 5). The shallowest recorded depths for males
during spawning rises ranged from 221 to 508 m (Table 1).
No effort was made to better estimate apexes when the
sampling interval was greater than 1 min because males
often had more staggered ascents and descents and lin-
gered at shallow depths (<500 m), and as a result, the
apexes of their ascents were not easily interpolated with
linear methods. Temperature at the apexes ranged from
3.6°C to 4.3°C. Time of day varied for spawning rises
(Table 1), and individuals had varying patterns in fre-
quency and duration of their ascents (Fig. 5).

Fish of undetermined sex

For 2 fish with usable data, sex could not be determined at
recapture, but spawning behavior was identified for both.
One of these fish (tag no. 3880) was released and recaptured
in the Aleutian Islands and exhibited behavior consistent
with a singular spawning rise of a female; this distinction
is not definitive because males sometimes had only a single
ascent evident in their tag data. The release and recapture

sizes of this fish were recorded as 94 cm FL, and sexually
dimorphic size differences indicate that this fish is likely a
female because females typically reach greater sizes than
males (Bryan et al., 2018). The singular spawning rise of
this fish occurred on 11 January, beginning at a depth of
1520 m and reaching a minimum depth of 310 m, before
returning to a depth of 1361 m (Table 1, Fig. 6). The second
fish (tag no. 5334) had a size of 69 cm FL recorded at release
(no FL was recorded at recapture). This fish exhibited
behavior with repetitive spawning rises between 2 January
and 1 February (Table 1, Fig. 6), reaching a minimum depth
0f 266 m during this time. This spawning behavior was sim-
ilar to that of known males in this study.

Discussion

Field-based tagging research on Greenland halibut can be
used to infer previously unobserved reproductive behavior
and is an important complement to lab-based research.
The research of this study provides information for identi-
fication of spawning rises of Greenland halibut. Further,
results of this work indicate distinct spawning behaviors
for each sex: females have a single spawning rise, and
males often make repetitive ascents over a protracted
period. Findings from analysis of archival tag data
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Figure 3
Putative spawning rises, meaning abrupt movements of fish to shallower depths, identified in archival tag data for 3 female
Greenland halibut (Reinhardtius hippoglossoides) tagged in 2004, 2006, and 2012 (tag nos. 5282, 4551, and 383, respectively) in
the eastern Bering Sea. (A) Tag-recorded depths of fish are provided for the first 50 d of the year (grey circles), with black cir-
cles indicating depths during spawning rises. Panel titles are the tag number and the year data were recorded (e.g., 5282:2004
means data recorded in 2004 for the fish implanted with tag no. 5282). (B) Close-ups of spawning rises that reached an esti-
mated depth <400 m are provided, with the time for the minimum depth recorded set to 0 min to align all the rises. In each B
panel, horizontal dashed lines at depths of 200 and 350 m are shown as references.
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mated for the apex of putative spawning rises (217-326 m).

Putative spawning rises, meaning abrupt movements of fish to shallower
depths, identified in archival tag data for 3 female Greenland halibut (Rein-
hardtius hippoglossoides) tagged in 2004, 2006, and 2012 (tag nos. 5282, 4551,
and 383, respectively) in the eastern Bering Sea. Black and gray circles indi-
cate depths recorded during spawning rises. Lines indicate depth profiles
before, during, and after spawning rises and apexes of those rises (apexes were
estimated by using simple linear models with data from tags with sampling
intervals >1 min). The time at the apex of the rise has been set to 0 min,
and horizontal dashed lines indicate the minimum and maximum depths esti-

100 to the depths where Pacific (<600 m) and
Atlantic (<500 m) halibut overwinter
(Loher and Seitz, 2008; Murphy et al.,
2017), and the commonly held assump-
tion is that Greenland halibut release
their eggs at these depths (Alton et al.,
1988; Sohn et al., 2010; Duffy-Anderson
et al., 2013). Our results indicate that
Greenland halibut may release eggs at
depths that are much shallower than
previously thought, possibly affecting
interpretation of egg and larval incu-
bation and distribution. Spawning rises

indicate that Greenland halibut in the BSAI region spawn
from January through February, with eggs being released
217-326 m below the surface (inferred from interpolated
apexes of spawning rises of females), although they nor-
mally inhabit deeper water. Because our study involved a
small sample of individuals from the population and
because tags recorded at intervals of 1-15 min, we believe
that it is prudent to assume that eggs are released at a
broader depth range of 200-350 m. The notions that
Greenland halibut are total spawners and are capable of
spawning annually are also supported by identification of
singular spawning rises made by females in consecutive
years. The depths at which females initiated spawning
rises may provide evidence of depth (or site) fidelity. For
example, a fish (tag no. 5282) began rises at depths of
859 m, 972 m, and 886 m in 3 consecutive years, and
another fish (tag no. 383) initiated rises at depths of 619
m, 526 m, and 527 m in 3 consecutive years (Table 1).

The consistency in the time between annual spawning
rises identified for females in this study was remarkably
close to 1 year; therefore, the timing of spawning of an
individual female likely can be predicted from the time it
spawned the previous year. This hypothesis has been put

identified for females in the winter con-
sistently peaked just below the mixed
layer, which in the Bering Sea is deeper
and cooler during the winter than during other seasons,
reaching depths of approximately 200 m; a permanent
halocline exists below the maximum depth of the mixed
layer, and the subsurface temperature maximum is cen-
tered at 200-300 m (Johnson and Stabeno, 2017).
Because embryo development of Greenland halibut, and
therefore the timing of the hatch, depends upon water
temperature (Dominguez-Petit et al., 2013) and because
temperature is correlated with depth, back-calculations
of spawn timing from egg and larval development can be
incorrect if assumptions of the depth at which spawning
occurs are wrong. Another large deepwater flatfish spe-
cies, the Pacific halibut, it has been assumed, spawns
on the bottom (Bailey et al., 2008), although evidence of
spawning rises indicate that eggs are plausibly released
at depths higher in the water column (Seitz et al., 2005;
Loher and Seitz, 2008). Results of analysis of archival tag
data indicate that similar misspecification of spawning
depth may be occurring for Greenland halibut, and this
problem should be resolved in future modeling efforts.
The sex-specific differences observed in the spawning
behavior of Greenland halibut in this study indicate that
females spawn a single batch when fully developed and
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Putative spawning rises, meaning abrupt movements of fish to shallower depths, identified in archival tag data for 6 male
Greenland halibut (Reinhardtius hippoglossoides) tagged in 2004 (tag nos. 4122, 4126, 5319, 5364, and 5385) and 2005 (tag no.
5385) in the eastern Bering Sea and in 2010 (tag no. 3883) in the Aleutian Islands. (A) Tag-recorded depths of fish are provided
for the first 50 d of the year (grey circles), with black circles indicating depths during spawning rises. Panel titles are the tag
number and the year data were recorded (e.g., 4122:2004 means data recorded in 2004 for the fish implanted with tag no. 4122).
(B) Close-ups of spawning rises that reached a depth <400 m are provided, with the time for the minimum depth recorded set
to 0 min to align all the rises. In each B panel, horizontal dashed lines at depths of 200 and 350 m are shown as references.
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Putative spawning rises, meaning abrupt movements of fish to shallower depths, identified in archival tag data for 2 Greenland
halibut (Reinhardtius hippoglossoides) of undetermined sex tagged in 2004 (tag no. 3880) in the eastern Bering Sea and in 2009
(tag no. 5334) in the Aleutian Islands. (A) Tag-recorded depths of fish are provided for the first 50 d of the year (grey circles),
with black circles indicating depths during spawning rises. Panel titles are the tag number and the year data were recorded
(e.g., 5334:2004 means data recorded in 2004 for the fish implanted with tag no. 56334). (B) Close-ups of spawning rises that
reached a depth <400 m are provided, with the time for the minimum depth recorded set to 0 min to align all the rises. In each
B panel, horizontal dashed lines at depths of 200 and 350 m are shown as references.

that males have a prolonged spawning state during which
their vertical activity increases. The single spawning rise
means that females spawn once in a year and do not
hydrate multiple batches of eggs, and this finding supports
the results of recent studies that indicate that 2 cohorts of
vitellogenic oocytes are not spawned in the same season
(Kennedy et al., 2011). In a study of gonad development of
Greenland halibut in the Barents and Norwegian Seas,
males spawned over an extended period and females had a
bimodal split between prespawning and postspawning
(Albert et al.?). The results of that study are consistent
with our finding that males actively spawn for a protracted
period and females actively spawn for a very narrow
period. Sex-specific differences that have been identified
for Pacific and Atlantic halibut are nearly identical to
observations for Greenland halibut, with males having
more sporadic and protracted spawning behavior relative
to the abrupt rises of females (Loher and Seitz, 2008;
Murphy et al., 2017). The increase in vertical movements
of male Greenland halibut during this presumed spawning
time identified in these studies and in our study contrasts
with reported spawning activity of Atlantic cod (Gadus
morhua): a tide is evident in depth profiles of males that
sit in lekking arenas waiting for females to spawn (e.g.,
Meager et al., 2010).

These differences could also be used to infer sex for
tagged Greenland halibut that did not have their sex deter-
mined but were at liberty through the winter. For exam-
ple, one fish of undetermined sex had spawning activity
with the expected prolonged, regular periodicity of typical

2 Albert, O. T, E. M. Nilssen, A. Stene, A. C. Gundersen, and
K. H. Nedreaas. 1998. Spawning of the Barents Sea/Norwegian
Sea Greenland halibut (Reinhardtius hippoglossoides). ICES
CM Doc. 1998/0:22, 19 p. [Available from website.]

male behavior, and another fish that did not have its sex
determined had the isolated spawning rise of a female
(Fig. 6). Previous research in which archival tags were used
on Greenland halibut (e.g., Peklova et al., 2012) should
be reexamined for evidence of these behaviors and their
annual consistency, given that this study was focused on
the BSAI region and that our results cannot be applied to
all populations across the range of this species. Boje et al.
(2014) made at least one reference to a Greenland halibut
suddenly ascending from a depth of approximately 800 m
up to a depth of 450 m within 1 h during November, a move-
ment that appears similar to the presumed spawning rises
we have described. Identification of the presence or absence
of this singular annual spawning rise for female Greenland
halibut in other regions would be informative.

The likelihood of a female Greenland halibut exhibiting
spawning behavior may be delineated by length. The 2
females that did not have spawning rises were the smallest
females recovered, at 68 and 71 cm FL, and the 3 females
that did exhibit this spawning behavior were larger than
83 cm FL. We hypothesize that these smaller fish did not
have spawning rises because they were not yet mature.
It is possible that they did spawn without an obvious
ascent like the larger fish, and additional research, such as
deployment of the SeaTag-SP (Desert Star Systems, LLC,
Monterey Bay, CA), which transmits a location and archi-
val data when spawning occurs, could help clarify whether
such small females are spawning with or without rises.
Alternatively, a lack of spawning rises detected in archival
tag data for the small Greenland halibut may not be associ-
ated with size and could be indicative of skipped spawning.
Skipped spawning, when a mature fish does not spawn,
occurs in many taxa, such as the Pacific halibut (Loher and
Seitz, 2008), sablefish (Anoplopoma fimbria) (Rodgveller
et al., 2016), and Sebastes species (Conrath, 2017). Skipped
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spawning has been suggested for Greenland halibut
(Fedorov, 1971); however, this behavior seems an unlikely
explanation because it would mean that these small fish
were already mature at an even smaller size. Given the
more recent interpretation of gonad development of female
Greenland halibut and the lack of spawning evidence for
small females, the Ly, currently used in stock assessments
may be an underestimate, and the maturity classifications
for Greenland halibut in the BSAI region should therefore
be revisited.

Tagging research focused on spawning behavior should
consider several aspects of study design. When archival
tags have a temporal data resolution that is too coarse
(e.g., hourly), they are unlikely to capture behaviors of
short durations such as spawning (Fisher et al., 2017). Tag
sampling intervals must be set appropriately to capture
the behavior of interest. For spawning of large flatfish,
1-min intervals are appropriate, but if multiyear data are
desirable, a longer interval may be necessary to extend
battery life. Type of tag is another consideration; pop-off
satellite archival tags are often chosen because fish do not
need to be recaptured to retrieve data, whereas the use
of archival tags that had to be implanted in fish in this
study required a large number of tags to be deployed rel-
ative to the number of tags recovered with usable data. A
drawback in several studies of spawning in which pop-off
satellite archival tags were used is the lack of sex informa-
tion associated with the tag data retrieved (unless the fish
is recaptured and visually inspected); this issue could be
remedied through genetic sampling at the time of release
(e.g., Goetz et al., 2018). Tags that provide data that can
be used to confirm these presumed behaviors are becom-
ing available. The previously mentioned SeaTag-SP could
be used to corroborate the assumption that spawning has
occurred and to aid estimation of the location and timing
of spawning.

Conclusions

Tagging studies can be used to generate and test hypoth-
eses related to fish behavior; for example, analysis of tag
data can determine spawning timing and location. Tag data
also can be used in concert with data from other sources to
provide a more complete view of the life history for large
species that are difficult to sample. The findings from our
analysis of data from tags implanted in Greenland halibut
in the BSAI region are as follows: 1) spawning occurs in
January and February; 2) eggs are released at depths of
200-350 m below the surface; 3) females are total spawners,
releasing eggs only once during a year; and 4) a female can
spawn in consecutive years. Data from deployment of addi-
tional tags could also support a revised L, for Greenland
halibut based upon dimorphic rising behavior or could also
be used to infer a minimum size at spawning, information
that could aid in defining lengths in maturity tables. The
use of archival tags should therefore be considered as a
complement (when appropriate) to other methods when
designing future research on fish behavior.
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