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Growth and formation of annual zones in whole otoliths
of Greenland halibut, a slow-growing deep-water fish
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Abstract. There is currently no generally agreed and validated method for age estimation of Greenland halibut
(Reinhardtius hippoglossoides) from otoliths, and ageing of intermediate sized individuals of this deep-water flatfish is
considered particularly uncertain. To estimate otolith growth and annual zone formation in this size range, a large
oxytetracycline tagging experiment was undertaken in 2005—08 in the nursery grounds north of the Svalbard Archipelago.
By January 2015, 89 of the recaptured fish had both been at large for between 1 and 6 years and had reliable length
measurements at release and recapture; 29 of the recaptures were returned with whole otoliths and with a chemical time
stamp that allowed identification of otolith growth patterns during time at large. Four age readers interpreted the otoliths
without knowing the position of the time stamps. The expected number of zones during time at large was between three and
six for 79% of recaptures, and the mean reader bias was only 0.04—0.56 years. Juvenile growth was quantified and the data
were analysed in relation to sex and recapture area. This study contributes to a fully validated ageing method for use in
stock assessments of this commercially important species.
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Introduction

The most common method to estimate the age of an individual
fish is to count growth zones in calcified structures such as
otoliths (Matta and Kimura 2012). However, the zonation pat-
terns in otoliths reflect life history and ecological events
(Campana 2001; Panfili et al. 2002). For slow-growing deep-
water species, there are often frequent growth checks, and what
constitutes an annual pair of zones is subjective (Talman et al.
2003; ICES 2013). It is therefore important to apply some sort of
ageing protocols to guide interpretation. This protocol needs to
be based on validation or corroboration studies that increase the
likelihood that the resulting age estimates on average provide
accurate age information for the population in question. Because
zone formation is affected by many factors, validations need to
be done for each species, population, age span and time period
(Campana 2001).

Greenland halibut (Reinhardtius hippoglossoides) is a deep-
living flatfish that supports commercially important fisheries in
arctic and boreal regions on both sides of the North Atlantic and
the North Pacific. However, it is difficult to age, and there is no
commonly agreed ageing protocol. Historically, Greenland hali-
but was thought to be a relatively fast-growing fish and an
internationally agreed protocol for age reading was established
(ICES 1997). In the past decade, a variety of age validation and
corroboration methods on Greenland halibut have emerged
(Gregg et al. 2006; Cooper et al. 2007; Treble et al. 2008; Albert
et al. 2009); they all indicate a much slower growth than
previously anticipated. In addition, two recent workshops reached
similar conclusions (Treble and Dwyer 2008; ICES 2011).
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For Greenland halibut in the north-east Atlantic, Albert ef al.
(2009) identified a transition zone between the fast juvenile and
slow adult growth phases, where the identification of putative
annual zones was particularly difficult. To investigate growth
(and migrations) of Greenland halibut in this phase, a major
tagging experiment was performed in the known nursery area
during 200508, and fish were largely recaptured after 1-6 years
on major fishing grounds 150-2000 km further south (Fig. 1;
Albert and Vollen 2015). At tagging, the fish were also injected
with oxytetracycline (OTC), a chemical compound that is
known to bind to growing calcified tissue, producing a chemical
time stamp in, for example, otoliths (McFarlane and Beamish
1987). Based on the results from this experiment, Albert and
Vollen (2015) analysed migrations and links between manage-
ment units in the north-east Atlantic. In the present study, the
growth and formation of zones in these larger juvenile Green-
land halibut otoliths in relation to fish size, growth, sex and
migration are investigated. In addition, the bias in age reading
using the established IMR (Institute of Marine Research)
protocol (IMR, unpubl. data) is estimated.

Materials and methods
Tagging procedures

Inall, 25 149 juvenile Greenland halibut that were caught in the
nursery areas north and east of Svalbard were tagged during
four surveys: a pilot cruise in September 2005 and three
dedicated cruises in September 2006, 2007 and 2008. The fish
were caught with a commercial bottom trawl equipped with a
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Fig. 1. Juvenile tagging experiment of Greenland halibut in the north-east
Atlantic 2005-08. Tagging areas north of Svalbard (Norway) are shown by
large dots and individual recapture positions are shown by small dots.

cod-end aquarium; selected individuals were carefully taken
out of the aquarium, their length measured and they were
tagged with a green T-bar anchor tag. Details of the survey and
tagging procedures have been published previously (Albert and
Vollen 2015).

In addition to the T-bar tags, all fish above 25-cm total length
were injected with OTC using 100 mg mL ™" injection solution
Aquacycline Vet. (Midland Vet Services, Omaha, NB, USA) and
two Socorex (Ecublens, Switzerland) vaccination syringes with
injection volumes of 0.025-0.300 and 0.1-1.0 mL . The needles
were 0.5 mm thick and 5 mm long (Unimed, Lausanne, Switzer-
land). The OTC was injected on the eye side of the fish, close to
the base of the pectoral fin. The injection volume was ~50 mg
OTC kg ' fish weight, based on results from previous tagging
experiments on Greenland halibut (Treble e al. 2005, 2008).

Recapture information

Information about the tagging experiments was publicised
repeatedly in Norwegian, Russian, and Icelandic fisheries
newspapers, and a reward was offered for the return of the tags,
with a comparatively large reward for the return of the whole
fish. Depending on where the recaptured halibut were caught,
some were initially handled by colleagues from the Institute of
Marine Research or from marine research institutes in Iceland,
Faroe Islands or Russia, and then sent to the Institute of Marine
Research in Norway. Measurements of length at recapture and
other biological data were considered reliable if they were made
by these research personnel.

As of January 2015, a total of 177 recaptures was recorded,
145 of which had been at large for more than 300 days. Of these,
89 had length recorded reliably at both release and recapture, and
these fish are denoted as the ‘growth collection’ in this paper. Of
the 145 recaptures that had been at large for more than 300 days,
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42 were returned either whole or with otoliths stored in paper
envelopes. However, six of these otolith pairs lacked fluorescence
and seven were broken into too many pieces to be readable. The
remaining 29 recaptures constitute the ‘OTC collection’.

Data analyses

Otoliths from the OTC collection were photographed under a
dissection microscope using both translucent normal light and
reflected ultraviolet (UV) light. Four age readers analysed the
otolith images of the OTC collection individually, using the
method described by Albert er al. (2009) and following
recommendations from the ICES Workshop on Age Reading of
Greenland Halibut (ICES 2011). For otolith nomenclature and
definitions, the glossary by Matta and Kimura (2012) is fol-
lowed. The age readers did not have access to the fluorescence
images and they had no additional information other than month
of recapture. All age readers were trained in age reading, but
their experience with this particular species and method as
applied at the IMR in recent years varied from several years to a
few weeks. They annotated each otolith image with marks of
each annual zone, assuming 1 January as the birthdate. By later
comparisons of the annotated images and the fluorescence
images, the number of identified annual zones that fell outside of
the OTC band was identified. These numbers of annual zones
outside the fluorescent bands were compared with the known
time intervals between release and recapture. The author sub-
sequently established the post hoc assumed age of each otolith
based on the known time at large, the position of the fluorescent
bands and the interpretations made by the different age readers,
and taking into account previously established and partly vali-
dated reading rules (Albert et al. 2009). Therefore, these
assumed ages are not realistic age estimates using standard
protocols, but rather the best approximation of the true age at the
time of capture for particular individuals in the OTC collection.

Mean annualized growth was estimated as the length incre-
ment during time at large multiplied by 365 and divided by the
number of days at large. To describe the mean annualized
growth as a function of length at release, a linear regression
model including piece-wise cubic splines was fitted to the data
as described in the ‘spline.des’ function in the statistical
programming package R (https://www.r-project.org/, accessed
12 February 2015). ¢-Tests were used to evaluate the significance
of parameters for sex and recapture locations.

For comparison of the age and length data with previous
accounts for the north-east Arctic management unit, length data
for the first few age groups were extracted from a stratified
random bottom trawl survey covering the nursery grounds
around Svalbard in September 2005. These data have been
described previously by Albert ef al. (2009), who also made a
partial validation of the ageing for the first few length modes.

Results

Recapture composition and recapture localities

Although the tagging of individual Greenland halibut was made
in a length-stratified manner, the length—frequency composition
of all the 25 149 tagged and released fish showed three well-
defined modal groups (Fig. 2a). Comparing with the length
distributions of the youngest age groups from the juvenile
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Fig. 2. Length—frequency distributions of all marked Greenland halibut (a)
and of all recaptured fish with reliable length measurements at both release (b)
and recapture (c). Symbols at the top of (a) represent the mean =+ s.d. (black dots
and thicker lines) and range (thinner line extensions) of the partly validated age
group 1-5 from the juvenile survey in 2005 (Albert ez al. 2009).

survey (Albert et al. 2009), illustrated at the top of Fig. 2a, it
appears that the modal group at ~23 cm represents 2-year-old
fish. These smallest tagged individuals were under-represented
among the recaptures (Fig. 2b). The length range at release for
the 89 fish in the growth collection spanned 23—72 cm, but 88%
of them were among the larger half of the tagged individuals.

The recaptures were made after various times at large,
ranging from 316 to 2811 days, with a mean of 1442 days.
The mean (£s.d.) length at release was 30.5 + 7.2 cm, compared
with 47.8 + 6.8 c¢cm at recapture (Fig. 2¢). Sex was determined
for 54 of the recaptures, and 61% were female. The recaptures
were from the main fishing grounds of the north-east Arctic
(NEA) and the west Nordic (WN) management units, as
described by Albert and Vollen (2015), with 74% from the latter
region. Mean fishing depth was 517 m, and all fish were caught
with commercial groundfish trawls.

Growth of fish and otoliths during time at large

For the recaptured fish with reliable length measurements
(n=89), the mean annualised growth during time at large varied
from —0.6 to 6.1 cm, with higher values observed for fish that
were relatively small at release (Fig. 3). Mean (&s.d.) annual-
ised growth during time at large was 3.6 £ 1.1 cm for the 10
smallest (=31 cm) released fish, and 0.6 + 0.8 cm for the 10
largest (=45 cm). A linear spline regression model of mean
annualized growth versus length at release, with recapture
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Fig. 3. Annualized growth of marked Greenland halibut versus length at
release. Data are for all recaptured fish with reliable length measurements at
both release and recapture. Filled symbols represent the oxytetracycline
(OTC) collection (i.e. the 29 recaptures for which otolith pairs were available
for study), and squares mark the five selected individuals shown in Fig. 4.

region (NEA and WN), showed no significant effect of recapture
region (P> 0.1, t-test). Neither sex nor recapture region were
found to have significant effects after including sex in the model
(n=>54; P>0.1, t-test).

The 29 fish with OTC-marked otoliths that constitute the
OTC collection ranged in size from 33 to 55 cm at time of release
(Fig. 3). No OTC-marked otoliths were available for the
recaptures that were 23—33 cm at time of release. The change
in otolith size during time at large was nearly linear in relation to
change in fish size. In a linear model of otolith growth versus
fish growth, neither sex, length at release, time at sea nor
recapture region were significant (P > 0.1, ¢-test).

Appearance of annual zones

To illustrate the appearance of the fluorescent bands and the
assumed annual zones, five examples were selected: two rela-
tively fast-growing and two relatively slow-growing individuals
between 36 and 41 cm at time of release, as well as the one in the
OTC collection with the largest length at release (55 cm)
(Fig. 3). They all showed very distinct fluorescent bands (4a—c),
indicating that otolith growth during the first few weeks after
release occurred primarily at the margins. The smaller indivi-
duals at release show substantial fluorescence and some addi-
tional growth around most of the otolith circumferences
(Fig. 4a). The somewhat larger individuals (Fig. 40) show more
difference in fluorescence, with higher intensity in the anterior
than in the posterior part (upper and lower part respectively of
the otolith images). The largest fish at release (Fig. 4c) showed
only fluorescence and additional growth in the anterior part.
The four individual age readers identified from zero to 10
zones in the regions outside the fluorescent bands without
knowing where the fluorescent bands were located in the
otoliths. This compares with the one to six annual zones
expected. Of the 29 otoliths in the reference collection, the four
readers identified the correct number of zonesin 6, 11, 12 and 13
otoliths, closely resembling their individual level of experience.
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Fig. 4. (a) Right otoliths from two recaptured Greenland halibut that were
36 cm (top) and 37 cm (bottom) at the time of release. Fluorescent
oxytetracycline (OTC) bands (left) represent the size of otoliths at the time
of release, and arrows indicate the increment in otolith size along the main
reading axis. Dots represent interpretations of annual zones by individual
age readers without knowing the position of the OTC bands, whereas crosses
denotes the author’s identification of the most probable annual zones, given
the observed zonation pattern during time at large. Recapture month and
expected number of annual zones during time at large are given for each
recapture. (b) Right otoliths from two recaptured Greenland halibut that
were 40 cm (top) and 41 cm (bottom) at the time of release. Otherwise as for
(a). (¢) Right otolith from a recaptured Greenland halibut that was 55 cm at
the time of release. Otherwise as for (a).
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The mean bias was low for all age readers, ranging from —0.14
to +0.56 years, with an overall mean of 0.19 years. Accepting a
bias of +-1 year, the accuracy of individual age readers listed by
decreasing experience was 75, 89, 74 and 68% respectively.

Total age and growth

Based on known time at large, the position of the fluorescent
band, individual age readers’ interpretations and previous vali-
dation work (Albert et al. 2009), the author established post hoc
the assumed ages of the OTC collection as between 6 and16
years, whereas estimates from the individual age readers were
between 5 and 19 years. The relative biases between individual
age reader estimates and the assumed ages ranged from —7 to +8
years, but the mean relative bias for all samples in the OTC
collection only ranged from —1.6 to +2.5 for individual age
readers. The more experienced age readers had somewhat clearer
bias structure, with one distinct modal group, than the less
experienced readers. Precision was also slightly better for the two
most experienced age readers. The mean CV for all four age
readers per assumed age group was 16.3%, whereas for indi-
vidual readers the corresponding values ranged from 13 to 22%.

Accepting the assumed ages as the true ages at time of
recapture gives two pairs of length-at-age data per fish in the
OTC collection, one at time of release and one at time of
recapture (Fig. 5). The mean (+s.e.) linear growth from age-6
and above was 1.1 £0.2 cm year .

Discussions
Age interpretation

For typically slow-growing and long-lived deep-water fish, the
otolith zonation pattern, especially the spacing and appearance
of annual zones, may change between the juvenile fast-growth
zones and the often regular, distinct and narrow zones of older
ages (Matta and Kimura 2012; ICES 2013). Annual zones in this
area are often considered the most difficult to interpret. The
most recent workshop on Greenland halibut ageing (ICES 2011)
considered these mid-ages (indicated as ages-5—10) as in need of
resolving. For the north-east Arctic stock, Albert e al. (2009)
validated both the first few and the last few annual zones of adult
fish with slow growth, and the present paper shows that the mid-
age zones may be reasonably accurately determined on the
surface of whole right otoliths.

After tagging, there were identifiable zones that, on average,
were produced annually. These were identified by the individual
readers with varying accuracy. The mean bias for individual age
readers was only between 0.04 and 0.56 years, which must be
regarded as relatively low when the expected number of zones
was between three and six for 79% of the recaptures. However,
the marginal growth of whole otoliths after tagging was severely
limited for the larger juveniles, making zones very densely
packed. This seems the most probable explanation for the
significant increase in negative bias in zone counts during time
at large for the most slow-growing individuals. The results
indicate a very slow adult growth rate and the current ageing
protocol likely underestimates the age of older fish. Continued
development of a refined or an alternative ageing protocol for
Greenland halibut (e.g. including transverse sections for the
larger individuals) is required.
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Fig. 5. Length at release (crosses) and recapture (circles) at the assumed ages given the observed
zonation patterns in the oxytetracycline (OTC) collection (i.e. the 29 recaptures for which otolith pairs
were available for study). For comparisons, length distributions from the juvenile survey in 2005 (Albert
et al. 2009) are included: vertical symbols represent the mean =+ s.d. (grey dots and thicker lines) and range
(thinner line extensions) of the partly validated age group 1-5 from that survey.

The precision (CV) of the total age estimates by the individ-
ual age readers varied from 13 to 22%, with a mean of 16%. This
is a relatively low precision that may affect estimation of
population rates (Quinn and Deriso 1999). This precision is
similar to that reported for many other slow-growing fish species
(ICES 2013) and may be accounted for in statistical analyses
(Powers 1983). It is also a good thing that the most experienced
age readers had better precision than the less experienced
readers, which indicates that there is scope for improvement
by continued training and exchanges.

Growth estimates

Although a previous age and growth study of this stock (Albert
et al. 2009) focussed on both the first few age groups (ages-1-5)
and on adult fish from the main fishing areas (largely estimated
as 10-20 years), because of the design of the tagging experiment
the present study focussed on juvenile Greenland halibut of
intermediate size and age. The length distribution of the present
data overlapped with both previous datasets for the younger and
older fish. The present estimated lengths at age for 3—5-year-old
fish (3040 cm) were similar with the previous results from
analyses of length—frequency modes of young fish. The mean
(£s.e.) length increase per year for the OTC collection was
1.1+ 0.2 cm, which is between the previous estimates of the fast
growth of younger individuals (3—8 cm) and the slow growth of
tagged and recaptured adult fish (0.6 cm). There was also a clear
reduction in growth rate with increasing size and age and, for
fish above minimum legal landing size (45 cm), the mean annual
length increase was <1 cm. Thus, the present results agree with
those of the previous study (Albert ez al. 2009) and with other
studies reporting or indicating slow growth rates of this species
(Gregg et al. 2006; Cooper et al. 2007; Treble et al. 2008).
Unlike most tag-recapture experiments, where recapture
information is recorded by fishermen using non-standardised
methods and equipment, the present study largely relied on

research personnel during both release and recapture. With
recaptured fish at large for up to 6 years and age determination
based on a method that now has been validated for a broad age
and length span, it is likely that the reported length-at-age
relationship is currently the most accurate available for juvenile
north-east Arctic Greenland halibut, at least up to 12 years and
45 cm (Fig. 5).

However, accurate growth estimates require representative
sampling. Greenland halibut is highly migratory, the migrations
are partly size selective and occur to un-fished areas and the
stock boundaries in the region are not completely known (Gode
and Haug 1989; Albert 2003; Knutsen et al. 2007; Albert and
Vollen 2015). Although the present study did not find any
difference in growth rate between recaptures from different
management areas, a basin-wide study of growth and migration
is required to establish a fully representative picture of the
variability in growth within the population. The now increas-
ingly validated ageing protocol and emerging knowledge of
connectivity across the north-east Atlantic should make this
feasible, and may also be timely as a reference before climate
changes may drive this commercially important Arcto-Boreal
species further to the Arctic proper (Hollowed et al. 2013).
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