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Fish distribution is strongly influenced by temperature, with populations predicted to respond to ongoing changes in ocean climate by adapt-
ing distribution to maintain preferred thermal habitats. Over the last several decades, the Northwest Atlantic off Newfoundland, Canada has
experienced wide variation in temperature and significant changes in the structure of the marine community. A period of particularly cold
ocean conditions from the mid-1980s to mid-1990s saw Greenland halibut occupying deeper waters, and moving farther offshore and south-
ward. Distributional shifts across periods of varying thermal conditions were most pronounced in the youngest ages. While no specific nursery
areas were evident, these young fish typically occurred in shallower waters where temperatures were more variable, moving deeper with age.
Sensitivity to changing ocean climate may vary with age. This adaptation to shifting temperatures suggests that this species is likely to alter its
distribution in the face of continued changes in ocean climate. Age-specific differences in response to changing temperature have potential

implications for ecosystem interactions and fisheries management.
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Introduction

The distribution of fish is strongly influenced by temperature be-
cause of its major impact on metabolic processes (Brett, 1979;
Claireaux et al, 1995). Interactions between temperature and
food availability determine decisions about energy allocation and
each species has a temperature range that it inhabits and an opti-
mum temperature (Brett, 1979; Bjornsson and Steinarsson, 2002;
Morgan et al., 2010). The importance of temperature is reflected
in the ability to detect small differences in temperature and avoid
unfavourable thermal conditions (Claireaux et al., 1995; Goddard
et al., 1997). As a result, fish are predicted to respond to climate
change by altering their distribution to maintain preferred tem-
peratures (Frank et al., 1996; Brander et al., 2003). With recent
warming, many fish species have shown changes in distribution,

moving to more northern, and/or deeper waters (Perry et al,
2005; Dulvy et al., 2008; Nye et al., 2009; Bell et al., 2015).
Populations often show some segregation by age and/or size,
with different components of the population occupying different
habitats (Able er al., 2005; Bell et al., 2015). This is the result of
differing habitat requirements or optima for different sizes or life
stages (Methratta and Link, 2007). Optimum temperature can
vary with fish size and life stage, with larger fish generally having
a lower temperature optimum (Baudron et al., 2014; Sande et al.,
2019), and adults and larval fish having a narrower thermal win-
dow than juveniles (Portner and Farrell, 2008). Flatfish species of-
ten have clearly defined nursery areas (Able et al, 2005) in
shallower waters with the fish moving deeper as they grow
(McCracken, 1963; Lockwood, 1974; Dorel et al, 1991;
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Age-specific shifts in Greenland halibut

Zimmermann and Goddard, 1996; Bailey et al, 2005). Given the
differing habitat requirements of different aged fish, it might be
expected that not all components of a population would show the
same change in distribution in response to changing temperature.
How different portions of a fish population will respond to
changes in ocean temperatures may have important implications
for both the ecology of the species (e.g. distribution, habitat limi-
tations, trophic interactions) and for management of exploited
species (e.g. stock mixing, bycatch).

The Northwest Atlantic off Newfoundland Canada has experi-
enced wide variation in temperature over the last several decades.
This area was characterized by a notable cold period from the mid-
1980s to mid-1990s, during which, normalized temperature anoma-
lies reached >2°C below climatological averages (Figure 1;
Gonzélez-Pola et al., 2018). This was followed by an increase in tem-
peratures, with four of the warmest years on record occurring since
2000 (Colbourne et al., 1997; Colbourne et al., 2018). The area is
one of the most rapidly warming large marine ecosystems in the
world (Belkin, 2009). Such large changes in temperature pose a chal-
lenge for fish and might be expected to result in changes in distribu-
tion in an attempt to maintain more homogeneous conditions.

Greenland halibut (Reinhardtius hippoglossoides) is a flatfish
species with a circumpolar distribution through the north
Atlantic and Pacific oceans. Off Newfoundland and Labrador,
Greenland halibut have shown changes in distribution across
these decades of changing temperature (Morgan et al, 2013),
with a move to deeper, warmer water associated with the cold pe-
riod of the mid-1980s to mid-1990s. This shift in depth during a
cold period was reported for the population as a whole, and has
not been examined at various ages within the population.
Greenland halibut are known to move deeper with age (Bowering
and Chumakov, 1989; Gundersen et al., 2013). In addition, spe-
cific nursery areas have been identified in some areas (Riget and
Boje, 1988; Bowering and Nedreaas, 2000; Youcef et al., 2013;
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Albert and Vollen, 2015). It therefore might be expected that
there could be some variation in the response of different ages to
changing temperature. Here, we examine age-disaggregated abun-
dance of Greenland halibut to determine how distribution across
ages has varied in relation to available ocean climate conditions.

Material and methods

Thermal conditions off Newfoundland and Labrador since the late
1970s (Colbourne et al., 2018), have been characterized by two peri-
ods of contrasting temperatures with transition periods between the
extremes. From 1986 to 1994 the region experienced the coldest tem-
peratures over the last several decades, while during 2001-2016 ocean
conditions were the warmest over that time period. Based on these
clear periods of differing temperatures we divided 1981-2016 into
periods of: Declining (1981-1985), Cold (1986-1994), Increasing
(1995-2000), and Warmer (2001-2016) thermal conditions
(Table 1). Analyses focus on variation between these four time peri-
ods, with available bottom temperatures as a proxy for a larger suite
of environmental variability that cannot be captured in available data
(prey distribution and availability, ecosystem productivity, etc.).

Survey data

Numbers of Greenland halibut at age throughout NAFO
Divisions (Divs.) 2J3KL were obtained from depth-stratified ran-
dom bottom trawl surveys (Doubleday, 1981; Smith and
Somerton, 1981) completed by Fisheries and Oceans Canada in
autumn (primarily October—December) from 1981 to 2016. Age-
length keys were derived annually from otoliths collected across
NAFO Divs. 2J3KL and applied to set-by-set length frequencies to
obtain number at age in each set. Fishing sets were equipped with
a trawl-mounted CTD which provided depth fished and bottom
temperature for each set, and position (latitude and longitude) of
each survey tow was recorded. Due to inconsistencies in survey
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Figure 1. Thermal conditions in NAFO Divs. 2J3KL. (a) Normalized temperature anomalies since 1960 at a long-term monitoring station in
Div. 3L [data from ICES Report on Ocean Climate, Station 27, NewfoundlandShelf Temperature (Gonzalez-Pola et al,, 2018)]; (b) mean
available (open symbols) and occupied (solid symbols) temperatures by Greenland halibut from trawl surveys in NAFO Divs. 2J3KL; (c)
temperature at depth from bottom trawl-mounted CTDs, with a loess smoother applied to all records from within each period.
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Table 1. Average temperature available to, and occupied by, Greenland
halibut in the surveyed area during fall research trawl surveys.

Temperature (°C)

Occupied-
Available Occupied available
Period Years Mean SD Mean SD Mean SD
Declining  1981-1985 0.95 039 213 032 118 0.24
Cold 1986-1994 0.91 026 2.64 012 173 0.19

Increasing  1995-2000 1.55 0.24 3.04 022 1.48 0.19
Warmer 2001-2016  1.75 032 312 021 137 0.19

coverage over time (Rideout et al., 2017), inshore strata were ex-
cluded from analysis and depths were limited to <1000 m in
Divs. 2] and 3K, and <730 m in Div. 3L.

From 1981 to 1982 survey tows were completed using an Engel
145 Otter trawl in Divs. 2J and 3K, and a Yankee 41.5 Otter trawl in
Div. 3L. From 1983 to 1994, the entire survey was completed using
the Engel trawl. This gear was switched in 1995 to a Campelen 1800
shrimp trawl, which has been subsequently used through the rest of
the time series. Full details on the trawl gears used can be found in
McCallum and Walsh (1996). Conversion factors for catches be-
tween trawls are not available for Greenland halibut across the
whole of Divs. 2J3KL, therefore unconverted data were used to
maintain continuity in gear type across the region surveyed within
each time period. The Campelen trawl has been identified as having
increased catch efficiency, particularly for smaller fish in some spe-
cies (Warren et al., 1997; Power and Orr, 2001). However, given
that trawls used within each thermal period are considered compa-
rable, any catchability differences between gears are not anticipated
to have an influence on observed trends in distribution within a pe-
riod. Although there will be an impact on the number of fish cap-
tured over time in the different age classes, there is no indication
that this is depth or temperature dependent and so temporal
changes in distribution should not be the result of gear changes.

Distribution

Abundance-weighted mean latitude (WML) was calculated at age,
and for all ages combined, for each year in the time series to look
for evidence of northward or southerly shifts in the population:

t
wML, ="
1y

where ¢ is the number of tows in year y, A; is the abundance of
Greenland halibut caught in tow j, L is latitude of set j, and 7 is
the number of tows in year y.

Area-weighted average temperature available and occupied
(Swain, 1997) were calculated for Divs. 2J3KL combined. The area-
weighted average temperature surveyed (average temperature avail-
able) in the surveyed area to the fish in year y, was calculated as:

where S is the number of strata, PA; is the proportion of the sur-
vey area in stratum i, n; is the number of tows in stratum i, Xij is
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the bottom temperature or depth in tow j in stratum i. The aver-
age temperature occupied (TO,), by Greenland halibut in year y,
was calculated as:

s ni Y.
TO, = ZZP:I.Z%X@',

=1 j=1

where Yj; is the weight of fish caught in tow j in stratum 7, Y is
the stratified mean weight per tow over the whole survey area,
and the other variables are as defined above.

Generalized additive models (GAMs) were applied to age-dis-
aggregated abundance (A) data to examine the factors that de-
scribe the distribution of Greenland halibut. Model variables
included environmental conditions (depth d, temperature t) and
geographical position (latitude and longitude), with error e.

A ~ age + year + 5(d, age) + s(t, age) + te(lat, long, age) + ¢,

where s indicates a spline smoother, and te a tensor product.
Here, age class (age) is considered as a category, with ages 0-2
and 9+ grouped, respectively, due to limited catchability within
the survey series. GAMs were fit with a negative binomial distri-
bution using the gam() function within mgcv package v.1.8-23 in
R version 3.3.3 (R Core Team, 2017). Smoothing parameters
were estimated using restricted maximum likelihood with fREML
computation, with maximum knots for temperature and depth
smoothers set to 10. Trials were completed during model devel-
opment across a variety of knot ranges, with 10 determined to be
an appropriate number based on overall model fit, large number
of observations, number and range of depth and temperature val-
ues, effective degrees of freedom relative to the number of knots,
and robustness of trends to knot specifications. Separate GAMs
were run for each of the four defined time periods, with smooth-
ers from each of the four time periods compared to describe ob-
served differences in distribution and habitat (temperature,
depth) at age, both within the time period and across time peri-
ods characterized by shifts in ocean climate conditions.

Pairwise comparisons of fitted smoothers for each of tempera-
ture, depth, and position were conducted among ages following
the methods described by Rose et al. (2012), where significant dif-
ferences between smooths are considered as approximate 95%
confidence intervals on the pairwise difference that do not over-
lap with 0.

Results
Thermal conditions
Average temperature available within the surveyed area varied
throughout the time series, decreasing from 1.54°C in 1981 to a
time series low of 0.54°C in 1984 (Figure 1)—continuing an ear-
lier decrease from at least 1978 (Morgan et al, 2013).
Temperatures remained low to 1994 with a subsequent increase
to 1.94°C in 1999, varying around this relatively warm level to
2016. A time series high was observed in 2011 at 2.51°C, coincid-
ing with near record high ocean temperatures and climate indices
observed in Divs. 2J3KL in that year (Colbourne et al., 2018).
Greenland halibut consistently occupied waters warmer than
the average available within the survey (Table 1), with mean tem-
perature occupied increasing from the beginning of the Cold pe-
riod through to the recent Warmer period (Figure 1). The
difference in occupied temperature relative to available
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temperature was greatest in the Cold period, where Greenland
halibut were, on average, found in waters 1.73°C warmer than
that available. These temperatures were warmer than those occu-
pied during the Declining period despite the increased prevalence
of colder water overall.

Temperature at depth varied among these four periods
(Figure 1), with the cold intermediate layer (CIL) 0.5-1°C colder
at similar depths in the Cold and Declining period relative to the
recent Warmer period. The coldest waters of the CIL were located
just below 100 m throughout the time series, reaching as low as
—1°C during the Declining period. The extent of this layer was
greatest during the Declining and Cold periods, with sub-zero
temperatures extending across depths of 75-200 m, compared to
100-175 m in the Increasing and Warmer periods. Water temper-
atures were also slower to increase with depth in the Cold and
Declining periods, exceeding 3°C near 400 m deep, while in the
Increasing and Warmer periods 3°C water was found near 300 m.
Temperature in the deepest water (500-1000 m) has been ~0.5°C
higher in the Warmer period relative to the Declining and Cold
periods.

Distribution

Population-level trends in distribution are apparent in WML
across the time series (Figure 2), with a southward shift of ~120
km observed through the Declining period, moving from
52.27°N in 1982 to 51.19°N in 1985. The population remained
near this lower latitude throughout the Cold period, before mov-
ing northward during the Increasing period and into the recent
Warmer period, achieving an average WML of 52.22°N (SD =
0.21). A 159 km difference was observed between the most south-
erly (51.15°N in 1994) and northerly (52.58°N in 2004) WML
across the time series. Latitudinal shifts were most pronounced in
ages 0-2, while WML varied without trend across the series at
older ages (Ages 5+).

Ages 0-2

Age 3
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GAMs indicated significant influence of depth, temperature,
and location (latitude/longitude), as well as significant year effects
in some cases, on age-disaggregated abundance of Greenland hali-
but within all four defined time periods (Table 2). While factors
examined here are subject to inherent spatial autocorrelation,
there is no evidence of spatial patterns within model residuals
(Supplementary Figure S1). Deviance explained by the models
ranged from 66.4 to 84.3%. While models here consider tempera-
ture, depth, and space as separate parameters, it is important in
interpreting results to consider smoothers for one parameter in
the context of the others, given the inherent relationships typical
of these measurements.

Large confidence intervals in pairwise comparisons
(Supplementary Figures S2-S9), particularly in deep water (>800
m) in the declining period and warm temperatures (>4°C) in the
cold period, are likely driven by limited sampling at these values
due to a limited depth extent of the survey and lack of available
warm water, respectively. Pairwise comparisons highlight the gra-
dient of difference between ages, with nearer ages typically being
more similar across all explanatory variables. Comparisons of
temperature smoothers by age indicate that with few exceptions,
smoothers were not significantly different between adjacent ages
except at the highest and lowest temperatures.

Smoothers demonstrate a consistent relationship with depth at
age, with fish moving to deeper waters as they get older. Notably,
this shift to deeper waters occurred at an earlier age in the Cold
period (Figure 3), where maximum smoother values for depth
were centred around age 5 at 800 m, compared to ages 6-8 in the
Declining period. Smoothers indicated a pronounced negative ef-
fect of shallow (<300 m) waters on abundance of Greenland hali-
but across all ages, with this negative effect most evident in the
oldest fish (Ages 9+) after the Cold period. During the Declining
period there was also a distinct negative effect of depths >700 m
on ages 0-2, which lessened significantly in the Cold period and
has remained more moderate since.
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Figure 2. Abundance-WML, by age and for all ages combined (bottom right panel) for Greenland halibut across the four time periods

considered. Horizontal lines indicate mean values for each period.
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Table 2. GAM results for abundance of Greenland halibut in each of the four time periods.

abundance ~ age + year + s(temp, by = age) + s(depth, by = age) + te(long, lat, by = age)

Formula:
Declining Cold Increasing Warmer
Years 1981-1985 1986-1994 1995-2000 2001-2016
Deviance explained 66.4% 67.4% 84.3% 74.7%
N 16 592 31560 17 744 44 064
Parametric coefficients Est. p(>t]) Est. p(>t]) Est. p(>t]) Est. p(>t])
Intercept —0.410 <0.001 0.346 <0.001 1.306 <0.001 1.570 <0.001
Age 3 —0.278 0.049 —0.253 0.002 —1.121 <0.001 —1.678 <0.001
Age 4 —0.010 0.944 0.227 0.003 —1.159 <0.001 —1.392 <0.001
Age 5 0.583 <0.001 0.192 0.021 —1.287 <0.001 —1.378 <0.001
Age 6 0.616 <0.001 —0.192 0.044 —2.300 <0.001 —1.964 <0.001
Age 7 0.364 0.020 —0.930 <0.001 —4.125 <0.001 —2.545 <0.001
Age 8 —0.128 0.483 —2.948 <0.001 —14.396 0.014 —3.826 <0.001
Age 9+ —0.063 0.679 —2.350 <0.001 —8.447 <0.001 —5.827 <0.001
Year 1982 0.135 <0.001 1987 —0.197 <0.001 1996  0.569 <0.001 2002 —0.468 <0.001
1983 —0.028 0.509 1988 —0.297 <0.001 1997  0.852 <0.001 2003 —0.215 <0.001
1984  —0.160 <0.001 1989 —0.411 <0.001 1998 0923 <0.001 2004 —0.143 0.001
1985  —0.188 <0.001 1990 —0347 <0.001 1999 0952 <0.001 2005 —0.073 0.119
1991 —1.125 <0.001 2000 0.689 <0.001 2006 0.051 0.238
1992 —1.033 <0.001 2007 0.131 0.004
1993  —0.715 <0.001 2009 —0.015 0.746
1994 —0977 <0.001 2010  —0.043 0.350
2011 0.500 <0.001
2012 0.335 <0.001
2013 0.520 <0.001
2014 0.404 <0.001
2015  —0.124 0.006
2016 —0.069 0.131
Approximate significance edf p-Value edf p-Value edf p-Value edf p-Value
of smooth terms
s(temp): ages0-2 6.34 <0.001 6.28 <0.001 8.09 <0.001 8.63 <0.001
s(temp): age3 5.89 <0.001 7.40 <0.001 6.88 <0.001 8.26 <0.001
s(temp): age4 4.71 <0.001 5.05 <0.001 6.51 <0.001 8.42 <0.001
s(temp): age5 4.72 <0.001 4.45 <0.001 4.88 <0.001 8.02 <0.001
s(temp): age6 471 <0.001 5.83 <0.001 2.42 <0.001 8.40 <0.001
s(temp): age7 4.85 <0.001 6.34 <0.001 333 <0.001 7.03 <0.001
s(temp): age8 6.70 <0.001 6.24 <0.001 333 0.009 6.22 <0.001
s(temp): ages9+ 4.25 <0.001 6.38 <0.001 1.49 0.788 4.18 0.010
s(depth.mean): ages0—-2 7.49 <0.001 8.43 <0.001 7.98 <0.001 8.29 <0.001
s(depth.mean): age3 7.96 <0.001 8.59 <0.001 7.57 <0.001 8.71 <0.001
s(depth.mean): age4 7.79 <0.001 8.42 <0.001 8.50 <0.001 873 <0.001
s(depth.mean): age5 8.39 <0.001 838 <0.001 8.26 <0.001 8.78 <0.001
s(depth.mean): age6 8.50 <0.001 8.50 <0.001 7.77 <0.001 8.71 <0.001
s(depth.mean): age7 8.42 <0.001 8.52 <0.001 7.01 <0.001 8.42 <0.001
s(depth.mean): age8 823 <0.001 853 <0.001 4.92 <0.001 6.96 <0.001
s(depth.mean): ages9+ 6.94 <0.001 7.90 <0.001 3.39 <0.001 5.68 <0.001
te(long, lat): ages0-2 18.31 <0.001 21.55 <0.001 18.68 <0.001 21.63 <0.001
te(long, lat): age3 20.48 <0.001 19.01 <0.001 15.77 <0.001 20.57 <0.001
te(long, lat): age4 18.82 <0.001 16.84 <0.001 16.40 <0.001 19.90 <0.001
te(long, lat): age5 17.47 <0.001 16.15 <0.001 16.02 <0.001 19.08 <0.001
te(long, lat): age6 16.18 <0.001 18.43 <0.001 15.88 <0.001 17.68 <0.001
te(long, lat): age7 16.21 <0.001 18.30 <0.001 1433 <0.001 18.04 <0.001
te(long, lat): age8 16.06 <0.001 16.99 <0.001 357 0.013 16.38 <0.001
te(long, lat): ages9+ 14.36 <0.001 15.27 <0.001 5.31 <0.001 13.98 <0.001

The effect of temperature on abundance was significant in
most cases and was especially evident for younger fish where
smoother gradients were steepest. The association of particular
ages with temperature changed over time (Figure 4). The peak in

temperature smoother for ages 02 occurred around 1.5°C in the
Declining period, increasing to 2.5°C in Cold period as they
shifted deeper, and has since increased to near 3°C. This increase
in peak temperature smoother from the Declining period to the
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Figure 3. GAM smoothers for abundance of Greenland halibut at age by depth in the four time periods, with light colours indicating more

positive associations, and dark negatives.

Cold was observed across age groups, and in many cases has con-
tinued to the Warmer period. In the Increasing period, tempera-
ture was not significant for ages 8 and 9+.

Smoother surfaces for latitude and longitude by age (Figure 5)
demonstrate spatial associations of Greenland halibut once the effects
of depth and temperature have been removed. Smoothers indicate an
overall shift with increasing ages from waters on the shelf to areas
characterized by deeper holes and channels, and along the shelf edge.
This was consistent among the four time periods examined, however
the negative effect near the outer shelf edge for ages 0—2 was most
pronounced prior to the Cold period. In the Declining period,
smoothers for ages 0—2 were most positive in the inshore areas off the
Northeast coast of Newfoundland, and off the coast of Labrador in
Div. 2]. This area of positive effect shifted farther offshore on the con-
tinental shelf throughout Divs. 2J3KL in the Cold period, and
remained in this area through to the Warmer period. Ages 9+ were
least associated with inshore areas off the Northeast Newfoundland
Coast, with the exception of during the Declining period. Smoothers
across ages and periods were typically positive over the southeastern
section of the surveyed area, composed of a portion of the Grand
Bank in NAFO Div. 3L, suggesting a higher abundance of Greenland
halibut than would be expected given the shallow depth and cold
conditions that characterize this area.

Discussion

Greenland halibut off Newfoundland and Labrador shifted to
deeper waters during the Cold period of 1986-1994 (Morgan
et al., 2013). Here we confirmed this occurred across all age clas-
ses examined (0-2 to 94), with a shift to deeper waters from a
period of declining temperature to the Cold period. As waters
warmed in recent years, results suggest that abundance has moved
back into relatively shallower waters than that of the Cold period,
but has not fully returned to the depth distribution observed in
the Declining period.

Greenland halibut in this population occupy deeper waters
with age. However, in the Cold period, this move to greater depth
occurred at earlier ages, with the youngest age classes shifting to
deeper waters where warmer temperatures were available. All ages
were shown to avoid waters <200 m in depth, with the greatest
negative association with these depths observed during the Cold
period. During this time, the extent of the CIL was largest, with
sub-zero temperatures extending across a greater range of depths
than during the Increasing and Warmer periods, and waters
reaching nearly a degree colder that those observed in the Warm
and Increasing periods. The magnitude of the negative associa-
tion with shallower waters was observed to intensify with age;
older individuals showed an affinity for the deepest available
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Figure 4. GAM smoothers for abundance of Greenland halibut at age by bottom temperature in the four time periods, with light colours
indicating more positive associations, and dark negatives. Asterisks (*) indicate non-significant smoothers.

waters within the survey, with this most pronounced in the Ages
9+, while ages 0-2 avoided these deepest waters in most periods.
Cannibalism may be a factor in this segregation between youngest
juveniles, and older, larger individuals, as younger fish are subject
to predation by larger conspecifics (Dwyer et al., 2010).

Frank et al. (2018) observed that changes in depth distribution
of Atlantic cod on the eastern Scotian Shelf could be partially at-
tributed to size-selective commercial exploitation. The fishery for
Greenland halibut in NAFO Divs. 2J3KL occurs primarily in deep
waters along the shelf edge of NAFO Divs. 2J3KL, harvesting at
depths typically >400 m and extending to 1400 m (Brodie et al.,
2011; Fomin and Pochtar, 2018; Gonzdlez-Costas et al., 2018;
Vargas et al., 2018). Commercial catch is primarily composed of
individuals from ages 5 to 9 (Regular et al., 2017), with an average
of 92% of catch numbers being taken from these age groups since
1981. Given that changes in depth distribution were observed
across ages and across depths shallower than those targeted by the
fishery, deepening in this population is not considered to be the
result of fishery removals, but rather reflective of changes in ther-
mal habitat conditions.

While temperature was a significant factor in age-
disaggregated abundance of Greenland halibut, this was most no-
table in young fish which occupy shallower waters where annual

and interannual temperature variability is higher, and a higher
magnitude of change in thermal conditions was observed across
the time series. Older fish in the population consistently occupied
deeper waters where temperatures were more constant. Changes
observed in both temperature and depth associations were there-
fore less pronounced with age. Bottom temperatures across the
time series were most stable in waters >500 m, showing relatively
small differences in mean temperature. Given the apparent mod-
erating effect these depths have on temperature, deep areas may
to some degree provide a refuge from changes in ocean climate
for those fish able to survive in such depths. However, continuing
shifts of fishes into deep water would be expected to result in in-
creased competition for limited resources, and may result in the
competitive exclusion of some species and/or size classes of vari-
ous marine organisms.

Here, we considered distribution in terms of geographic loca-
tion (latitude and longitude) as well as occupied depths and water
temperatures. We acknowledge the intertwined relationship be-
tween the included variables: temperature changes variably with
depth (e.g. CIL, thermoclines), certain depths are associated with
specific locations (e.g. shelf breaks, banks), and temperature shifts
with location relative to latitude and ocean currents. Depth is
also a proxy for pressure which limits species distribution
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Figure 5. GAM smoother results for latitude and longitude surfaces by age group for the four time periods. Light colours represent more
positive smoother values, dark more negative. Dashed lines indicate the 200m and 1000m depth contours.

through hydrostatic pressure, physiological and biochemical
mechanisms, and resource availability (Carney, 2005). It should
be acknowledged that other factors not examined here—sub-
strate, salinity, dissolved oxygen, competition, etc.—are likely to
also be involved in determining distribution. These may be
related to depth and/or temperature and/or location, but are not
directly accounted for in the variables included in the model
either due to the unavailability of data or complex nature of
interactions. In addition, Greenland halibut spend a portion of
their time in the pelagic environment (Jorgensen, 1997) and
therefore experience a wider range of temperatures than captured
in available depth and bottom temperature data.

Many species are undergoing—or are expected to
experience—distributional shifts with as global temperatures rise
(Hickling et al, 2006; VanDerWal et al., 2013; Fei et al., 2017).
For marine fishes, these shifts are largely attributed to increasing
seawater temperatures, with fish moving with changes in the dis-
tribution of ideal thermal habitat (Perry et al., 2005; Morley et al.,
2018). In recent years there have been reports of more southerly
species being recorded in Newfoundland waters for the first time
(Devine and Fisher, 2014) or increasing in abundance at this
northerly extent of their range (Nye et al, 2011; Rideout and
Ings, 2018), as available thermal habitat increases (Rogers et al,
2016). Here, we observed a southerly shift in the population of
Greenland halibut in response to cooling temperatures from the
mid-1980s to the mid-1990s, followed by a northward redistribu-
tion with subsequent warming. This adaptation to shifting tem-
peratures suggests that this species is likely to alter its distribution
in the face of continued changes in ocean climate.

Age-specific shifts such as those observed here could impact
ecosystem interactions and the management of fisheries. Directed
harvesting may target specific sizes based on market conditions,
and management measures can limit allowable catches of small
fish. Differing responses to changing ocean climate across age
classes can result in increasing overlap between size and
age-classes with potential implications for the avoidance of pre-
recruit bycatch and for intraspecific competition between differ-
ent life stages. The consideration of ongoing distributional shifts
of commercially harvested species may be particularly relevant
with anticipated increases in fisheries in Northern regions
(Cheung et al., 2010; Christiansen et al., 2014; Becker Jacobsen
etal., 2018).

Areas identified by the GAMs to be positively associated with
abundance of Age 0-2 Greenland halibut covered a broad portion
of the Northeast Newfoundland Shelf and Southern Hamilton
Bank, in all four time periods. Analyses did not indicate strong
evidence to suggest particular nursery hotspots within NAFO
Divs. 2J3KL, but rather a widespread distribution across areas of
the continental shelf, with distributions shifting further offshore
in response to changing thermal availability. For other popula-
tions of Greenland halibut nursery areas have been found within
the coastal areas and fjords of Greenland (Riget and Boje, 1988;
Gundersen et al., 2013), around the Svalbard archipelago in the
Barents sea (Albert and Vollen, 2015), and in the estuary of the
Gulf of St. Lawrence (Youcef et al.,, 2013). In all of these areas
where a wide range of depths were sampled, juveniles were shown
to spread from nursery areas to deeper waters with age. Although
we did not find nursery areas per se in this study, younger fish
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were found in more shallow waters than older individuals. In ad-
dition, data presented here indicate an apparent shift in juveniles
to deeper waters with cooling conditions, shifting farther offshore
towards the shelf edge. There is little evidence to suggest a return
to a significant negative association with these slope areas since
the shift occurred, suggesting distribution may have not returned
to that typical of times prior to the temperature-induced shift.

Greenland halibut move deeper with age (Bowering and
Chumakov, 1989; Gundersen et al., 2013) and the shallower depths
occupied by the younger fish in the Newfoundland area are more
subject to temperature variation. Although large fish generally ben-
efit from colder waters (Baudron et al., 2014; Sande et al., 2019)
the wider thermal window of small fish (Portner and Farrell, 2008)
may allow them to occupy these areas of more variable tempera-
ture, taking advantage of some other environmental factor (such as
prey type and/or availability) and or avoiding predation by larger
conspecifics (Dwyer et al., 2010). However, the shift in distribution
with changing ocean climate here was greatest for younger ages
with fish moving to warmer waters when temperatures cooled,
with some return to their previous distribution as conditions
warmed again, indicates that temperatures became too cold even
for the thermal window of the younger fish. Adults are known to
be highly mobile, with tagging studies indicating movements of
individuals across a wide distances, including among
Newfoundland, Baffin Bay, and Greenland (Bowering, 1984; Boje,
2001), and genetic evidence indicating mixing throughout the
North Atlantic (Vis et al., 1997; Roy et al., 2014). These data sug-
gest individuals are likely able to undertake large scale movements
to maintain preferred habitat conditions. This difference in mobil-
ity between small and large fish may further affect the response of
different ages to changing ocean climate.

Juvenile Greenland halibut have been observed off Greenland
to experience faster growth in warmer conditions (Siinksen et al,
2010), though this increase in temperature was associated with
higher mortality rates. In the Gulf of St. Lawrence, growth of
juveniles was found to be more impacted by oxygen levels than
changes to temperature (Youcef et al, 2013), however this was
across a small temperature range near the extreme high tempera-
ture (5°C) observed within the data used here from the northeast
Newfoundland shelf. Fishes may not be able to adequately adapt
to ocean warming, exceeding physiological tolerances with
increases in water temperatures (Sandblom et al, 2016). Further
research is required on the impact of temperature and pressure
(depth) on the growth, survival, and reproduction of Greenland
halibut to better understand likely consequences of continued
changes in ocean climate, and resulting shifts in distribution for
this species across its range.
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Supplementary material is available at the ICESJMS online ver-
sion of the manuscript.
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