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Abstract

Greenland Halibut (Reinhardtius hippoglossoides), especially juveniles, are abundant in the St.
Lawrence estuary, where oxygen levels are very low (18-25% saturation). Current data suggest that
juveniles may be sedentary in this region. We investigated the relative importance of oxygen for
juvenile growth in different areas occupied by juveniles in the estuary and Gulf of St. Lawrence
(EGSL). More specifically, we examined the mean size-at-age for 1- and 2-year-old juveniles as well
as the growth rate in different areas in relation to oxygen, depth, temperature, and juvenile density.
Overall, oxygen concentration was found to affect juvenile Greenland Halibut growth: growth rate
varied inversely with dissolved oxygen levels and significantly decreased when oxygen conditions
were below 80 umol/L (~ 25% saturation). Temperature did not affect juvenile growth rates within the
range found in these areas (4.95-5.14°C). Mean lengths in 1- and 2-year-old juveniles (17 and 27 cm,
respectively) as well as length increment estimates from 1 to 2 years old in the EGSL were much
higher than those observed in other populations of Greenland Halibut. Length increment from ages 1
and 2 ranged between 8 and 12 cm for temperatures varying from 3.7 to 5.5°C. We found the highest
abundance of juveniles in bottom waters characterized by low oxygen concentrations and also found
that there was continuous juvenile growth over the year; these observations suggest that the negative
impacts of dissolved oxygen should be limited and/or largely compensated by other physical or
biological characteristics of the EGSL, such as food abundance, food availability, and/or predator

density.

Keywords: Greenland Halibut, growth, hypoxia, temperature, fish density.
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1. Introduction

Climate change is expected to have impacts on the biology and ecology of marine organisms and
ecosystems (Brierley and Kingsford, 2009). Changes in the physical (temperature, ocean current
patterns) and biogeochemical (oxygen content, primary productivity, plankton community structure)
conditions of different marine ecosystems are expected to lead to strong shifts in species distribution,
phenology, and marine fisheries productivity (Edwards and Richardson, 2004; Richardson and
Schoeman, 2004; Perry et al., 2005; Hiddink and Hofstede, 2008; Rosa and Seibel, 2008; Cheung et al.,
2010, Portner, 2010). In particular, pronounced changes are expected in the distribution and abundance
of marine fishes (Cheung et al., 2013) along with modifications in their growth, survival, and
reproduction (Beaugrand et al., 2002; 2003). Development and growth, and thus organism size, are
affected by temperature, oxygen level, and other factors such as resource availability (Irie and Fisher,
2009; Pauly and Kinne, 2010). Recently, Daufresne et al. (2009) and Sheridan and Bickford (2011)
showed that rising temperatures associated with a reduction in oxygen availability result in reductions
in body size of marine fishes. A recent model examining the integrated changes in ecophysiology and
distribution of 600 species of exploited demersal marine fishes around the world demonstrated that the
assemblage-averaged maximum body weight could experience a global reduction of 14 to 24% from
2000 to 2050 based on a high-emission scenario of anthropogenic greenhouse gases (Cheug et al.,
2013). About half of this reduction in size is due to changes in distribution and abundance while the

remainder is linked to physiological modifications.

A hypoxia trend in bottom waters (> 150 m) of the lower St. Lawrence estuary was observed
between 1930 and the mid-1980s, with dissolved oxygen (DO) levels decreasing by half in the deep-
water layers. This was mainly due to (1) an increase in the proportion of warm, oxygen-poor North
Atlantic central water coming into the system, (2) an increase in organic matter flow into the surface

layer, and (3) an 11% to 27% increase in the rate of bacterial respiration (Gilbert et al., 2007; Genovesi
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et al., 2011). This DO decrease was accompanied by a warming of bottom waters by about 2°C (Gilbert
et al., 2005; Genovesi et al., 2011). Since the mid-1980s, oxygen levels in the bottom waters have

remained stable (Gilbert et al., 2005).

Ait Youcef et al. (2013) examined the potential effects of hypoxia on the spatial distribution and
abundance of Greenland Halibut Reinhardtius hippoglossoides, which has been one of the most
important commercial demersal flatfish species in this region over the last 20 years. Juvenile and adult
Greenland Halibut are concentrated in the estuarine portion of the Gulf of St. Lawrence (habitats
characterized by low oxygen levels, ~ 21% saturation) at both high and low levels of stock abundance.
These authors highlighted a strong association between high fish densities and low oxygen
concentrations, indicating a high tolerance of Greenland Halibut to hypoxia. Although low levels of
oxygen did not directly affect fish distribution, they could have marked effects on growth when
adequate food is available. Indeed, under laboratory conditions, Dupont-Prinet et al. (2013) showed
that severe hypoxia (19% saturation; levels presently encountered in the St. Lawrence estuary) reduced
the aerobic scope by 72% compared to normoxia and increased the duration of digestive processes in
Greenland Halibut juveniles. However, whether this reduction of aerobic scope would impact the

growth of wild fish has not been assessed.

A reduction in growth rate would be of major concern because 16% of the Greenland Halibut
biomass, including a high concentration of juveniles (1 and 2 years old), is found in the St. Lawrence
estuary (MPO, 2010), which is characterized by low DO levels. Indeed, the estuary has been identified
as the main nursery area in this system (Ait Youcef et al., 2013). Moreover, juvenile Greenland Halibut
that settle in the St. Lawrence estuary are sedentary for at least their first two years of life (Ait Youcef
et al., 2013). The aim of this study is to determine the relative importance of dissolved oxygen on the
growth of juvenile Greenland Halibut. To do this, we examined the environmental characteristics of

different areas occupied by juveniles. More specifically, growth rate and mean size at age 1 and 2 in
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juveniles in the different areas were examined in relation to DO, depth, temperature, and juvenile
density. The mean size-at-age of juveniles in early spring and fall in the St. Lawrence estuary was used
to determine the seasonal growth pattern. Finally, the relative importance of low DO levels was

examined by comparing juvenile sizes-at-age observed in other populations.
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2. Material and Methods

2.1. Data collection

Biological data for Greenland Halibut were obtained from the multidisciplinary research bottom-
trawl survey conducted in the estuary and Gulf of St. Lawrence (EGSL; NAFO Division 4RST) each
summer since 1990 by the Department of Fisheries and Oceans, Canada (DFO). Surveys used a
stratified random sampling strategy with predetermined strata based on geographic region and depth
(Gagnon, 1991). A detailed description of the survey design is provided in Ait Youcef et al. (2013).
Additional data were also obtained from smaller scale bottom-trawl surveys conducted in the spring
(April-May) and fall (October) from 2006 to 2010 in the St. Lawrence estuary. These surveys also used

a stratified random sampling design, with tows made in depths ranging from 150 m to 350 m.

For each survey, total catch weight and individual fish length (fork length, cm) and weight (g) of
Greenland Halibut were recorded for each set; sex and maturity stage were also noted. For sets with
large catches, a random sample of a maximum of 175 individuals was analyzed. In the summer
surveys, CTD casts were done at each trawl station to obtain temperature and salinity profiles. Starting
in 2004, CTD profilers were equipped with Sea-Bird SBE43 oxygen sensors to measure dissolved
oxygen levels at each trawl station. Beginning in 2006, an Aanderaa 3930 oxygen optode / temperature
sensor was also attached to the trawl. Some CTD profiles were also done during the spring and fall
surveys. A data logger (Vemco minilog-TD) was installed on the trawl to record trawl depth and

bottom temperature for each set.

2.2. Depth, temperature, dissolved oxygen, and fish density

Average yearly depths, temperatures, and dissolved oxygen concentrations in strata from the
EGSL occupied by Greenland Halibut juveniles were calculated from data collected during the DFO

summer multidisciplinary surveys. The abundance of juveniles in each tow was used as the weighting
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factor in calculations. Average depth, temperature, and dissolved oxygen concentrations were estimated
for each stratum each year. Depth, temperature, and juvenile density were analyzed for the 1990 to

2012 period while dissolved oxygen concentrations were analyzed for the 2004 to 2012 period.

Fish density per area, determined as the mean number of Greenland Halibut juveniles per

standard tow in each area Y;, was calculated as:
V — VvK Ar S
Yo = Xn=1 a Ih (1)

where Ay, is the surface of stratum h, At the total surface of the area, K the number of strata in the area,
and yj, the mean number of juveniles per standard tow in stratum h. Fish with lengths smaller than or
equal to 30 cm were considered as juveniles, and most of these fish are considered to be of age 1 and 2

(DFO, 2011).
2.3. Length-frequency distribution

Mean lengths-at-age and growth of Greenland Halibut juveniles were estimated from length-
frequency distributions of the different surveys. For each survey, length-frequency distributions were
analyzed for three distinct areas to take into account spatial variations in environmental conditions and
fish densities in the EGSL (Ait Youcef et al., 2013). The three areas identified were (1) the St.
Lawrence estuary (SLE), (2) the area northeast of Anticosti Island (NEA), and (3) the Laurentian
Channel (LC) (Fig. 1). In the delineation of these areas, the homogeneity of the physical conditions for

the different strata included in each area was tested.

In the absence of age determination, an analysis of the length-frequency distribution was used to
determine the mean lengths at age of Greenland Halibut juveniles. This analysis was restricted to the
juvenile stage, since juveniles are considered to be sedentary for at least their first two years of life in

the EGSL (Ait Youcef et al., 2013). Length-frequency distributions were analyzed separately for each
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area and year between 1990 and 2012. Only fish measuring less than 40 cm were considered for the
analysis. Mean lengths-at-age and juvenile growth obtained were related to environmental factors

(depth, temperature, and oxygen) and fish density.

Fish length-frequency distributions typically show distinct modes representing different age
groups (Macdonald, 1987). Mixed probability density functions (mixture models) were fit to each
distribution to determine the mean length for each mode (i.e., age group) (Ricker, 1975). The mixed

probability density function is a weighted sum of k probability density functions:

glx|mp,0) = my f(x|wy, 01) + -+ M f (x| g, 0k) 2)

where @ represents the mixing proportion of the total population, u the mean, and ¢ the standard
deviation of the different components present in the distributions (Everitt and Hand, 1981). All mixture
models were fit using normal distributions. Mixture models were fit to observed frequency distributions
using maximum likelihood estimation. A goodness-of-fit test based on the chi-square approximation to
the likelihood ratio statistic (Rao, 1965) was used for each model to determine how adequately the
mixture distributions g(x) fit the observed length-frequency histograms (Du, 2002). For goodness-of-fit
tests, we used o = 0.05. All analyses were performed with the Mixdist package (Macdonald, 2010) in R

version 2.12.0 software (R, 2010).
2.4. Juvenile growth

Very few young-of-the-year (0) are caught in the summer (August) survey. Larvae that hatch in
the winter are caught as pelagic postlarvae, with a size between 3.0 and 7.9 cm (modal length 6.3 cm)
in August (Ouellet et al., 2011). Thus, the first mode of the length-frequency distributions in August
represents juvenile fish of age 1. In the absence of precise information on the size of postlarvae in
August, the mean size at age 1 estimated from the length-frequency distributions was considered to

represent the growth of age 1 juveniles between their hatch in winter and August of the following year
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(i.e., 18-20 months later). The size increment between modal lengths from the length-frequency
distributions of successive years, corresponding to fish originating from the same cohorts, was used as

the measure of juvenile growth.

The seasonal growth of juveniles was estimated from an analysis of the length-frequency
distributions of Greenland Halibut in the spring and fall surveys conducted in the St. Lawrence estuary
from 2006 to 2010. Size increments for different cohorts were tracked from modal lengths in
successive length-frequency distributions between April and October (summer) and between October
and April (winter). Seasonal variation in growth was determined by comparing the length increment
per day of the cohorts during summer and winter. Length increment per day (LD) for each season was

estimated for age 1 and 2 fish of each cohort as:

LD = (LT -Lt)/ At 3)

where LT and Lt are fish lengths at the end and start of the period, respectively, and At the number of

days between measurements.

2.5. Statistical analyses

Differences in depth, bottom temperature, dissolved oxygen concentration, juvenile fish density,
and mean size at age among the different areas (SLE, NEA, and LC) were assessed using analysis of
variance. Normality and homogeneity of variances were verified using the Komolgorov-Smirnov
distribution test and the Brown-Forsythe test, respectively (Quinn and Keough, 2002). Fish density data
were transformed (square root) to obtain normality and homogeneity of variances. Two-way ANOVAs
were used to detect significant effects of area and year on depth occupied, bottom temperature,
dissolved oxygen concentration, and juvenile fish density. One-way ANOVAs were used to detect
significant effects of area and year on mean size at ages 1 and 2 as well as length increment between

ages 1 and 2.
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The relative importance of depth, bottom temperature, dissolved oxygen concentration, and fish
density on juvenile growth was determined using generalized additive models (GAM) (Hastie and
Tibshirani, 1990). A log-link function and Gaussian error distribution were used for GAM as it gave
the best fit. A cubic B-spline smoother was used to explain the variability in juvenile growth associated
with the different variables. Analyses were done using the mgvc package in R version 2.12.0 software

(R, 2010).

Variability in the seasonal growth of juveniles was tested by comparing length increments of the
different cohorts of fish tracked in the spring and fall surveys. Length increments per day for ages 1
and 2 of the different cohorts during summer (April-October) and winter (October—April) were
compared using one-way ANOVAs. Normality and homogeneity of variances were verified using the
Komolgorov-Smirnov distribution test and the Brown-Forsythe test, respectively (Quinn and Keough,

2002).
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3. Results

3.1. Depth, temperature, dissolved oxygen, and juvenile Greenland Halibut density

The average characteristics of zones of the SLE, LC, and NEA in which Greenland Halibut
juveniles were present are reported in Table 1. Average depth, bottom temperature, dissolved oxygen
concentration, and juvenile Greenland Halibut density varied among the three areas and between years
(Fig. 2). Greenland Halibut juveniles were found at different depths in the three areas (F>, 627 = 52.68, P
< 0.001), but the average depths within which fish were captured did not change over the years (F22, 627
=0.71, P = 0.83), and no interaction between areas and years was observed (Fas, 627 = 0.4, P = 0.99).
The average depth within which juveniles were captured was significantly lower in NEA than in SLE

and LC (Table 1).

The average bottom temperatures where Greenland Halibut juveniles were captured generally
varied between 4.0 and 5.5°C in the 1990-2012 period. Significant differences were observed between
areas (F, ss1 = 10.4, P < 0.001) and years (Fa, ss1 = 7.6, P < 0.001), with a significant interaction
between the two factors (Fas, 531 =2.97, P <0.001). Lower temperatures were observed at the beginning

of the time series in all areas, and temperatures were lower in SLE and NEA than in LC (Table 1).

Significant variations in dissolved oxygen concentrations were observed among the three areas
(F, 238 = 172.7, P <0.001). The lowest dissolved oxygen concentrations were in SLE and the highest in
LC (Table 1). Differences were observed among years (Fs 233 = 2.25, P = 0.024), and no interaction
was observed between areas and years (Fi¢, 233 = 1.51, P = 0.1). The highest densities of juvenile
Greenland Halibut were found in SLE (Fig. 2). The average number of juvenile fish per standard tow in
SLE (166.41 + 10.2) was considerably higher than in NEA (39.13 + 4.07) or LC (18.89 + 1.8). Juvenile

density was significantly different among areas (F3, 677 = 507.57, P < 0.001) and years (F22, 677 = 16.57,
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P <0.0001), and there was a significant interaction between areas and years (Fa4, 677 =4.36, P < 0.001),

indicating different patterns of variations between years in the three areas.

3.2. Length-frequency distributions

Length-frequency distributions were generally characterized by the presence of four distinct
modes (Fig. 3). Mean lengths at age 1 to 4 were attributed to the four successive modal lengths in the
frequency distributions for the different surveys, areas, and years. Depending on the time of the survey,
modal lengths varied between 12 and 19 cm for age 1, between 22 and 29 cm for age 2, between 30 and
35 cm for age 3, and between 37 and 39 cm for age 4. The distinct gap in the length-frequency
distributions of age 1 and 2 fish alllowed estimations of the mean lengths-at-age for these two age
classes to be very precise. Reliable estimates of modal lengths at age 3 were also obtained for the April
and October surveys conducted in SLE. However, modal lengths at age 3 were less reliable—especially
in the August surveys—in NEA and LC due to the low numbers of fish with lengths greater than 30
cm. Modal lengths for age 4 were not considered in the analysis. Thus, 1- and 2-year-old fish were
considered for the analysis of juvenile growth in relation to bottom temperature, dissolved oxygen
levels, and juvenile fish density. Nevertheless, we tracked the different cohorts from ages 1 to 3 in the

April and October surveys to estimate the seasonal growth of juveniles.

3.3. Mean length and growth of 1- and 2-year-old juveniles

Mean lengths at age 1 and 2 varied significantly among the years (F7;, 44 = 7.87, P < 0.001 and
F2. 36 =2.46, P = 0.008 for ages 1 and 2, respectively) in the summer surveys (Fig. 4). Mean length at
age 1 was the same among areas (F»e4 = 0.55, P = 0.22) while significant differences (F», s¢ = 3.25,
P <0.046) in mean length at age 2 were present among the different areas. However, a posteriori
pairwise comparisons failed to detect such differences (Table 2). Length increments between ages 1

and 2 in successive surveys (i.e., the same cohort) differed among areas (£, s4 = 13.16, P < 0.001) but
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not among years (£21,35 = 1.09, P = 0.399). The average length increment was higher in NEA than in

SLE or LC (Table 2).

GAM did not show any significant effects of depth, temperature, dissolved oxygen, or fish density on
the length of one-year-old juveniles (1990-2012 depth, temperature, and fish density: Deviance
explained = 27.5%, GCV score = 0.65274, Scale est. = 0.56835, n = 67, 2004-2012, dissolved
oxygen: Deviance explained = 13.6%, GCV score = 0.38459, Scale est. = 0.3561, n = 27). Depth (p <
0.001) and juvenile fish density (p < 0.029) significantly affected the length increment of fish of the
same cohort between ages 1 and 2 in August for successive years (Fig. 5): 49.2% of the variability in
length increment between 1990 and 2012 was explained by these two covariates (Deviance explained =
49.2%, GCV score = 0.58378, Scale est. = 0.51859, n = 57). When restricted to the 2004—2012 period,
where dissolved oxygen concentration values were available, GAM indicated significant effects of
dissolved oxygen (p < 0.001) and temperature (p < 0.021) (Deviance explained = 96.3%, GCV score =
0.23547, Scale est. = 0.084743, n = 24) on length increment between ages 1 and 2 (Fig. 6).

Temperature and dissolved oxygen explained 96.3% of the total variance.

3.4. Seasonal growth rate

No variation in the seasonal growth of juvenile Greenland Halibut in the St. Lawrence estuary
was observed for the 2006-2010 period. Changes in mean length through time for Greenland Halibut
cohorts hatched between 2004 and 2008 were continuous and linear (Fig. 7). Mean length increments
per day observed for 1- and 2-year-old juveniles of the different cohorts were not significantly different
between summer (April-October) and winter (October—April) (0.027 £ 0.002 vs. 0.028 £0.002, p =

0.86, and 0.016 = 0.002 vs. 0.022 + 0.006, p = 0.18, for 1- and 2-year-old juveniles respectively).
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4. Discussion

Our results suggest a significant negative effect of DO on growth of Greenland Halibut juveniles
in the EGSL. However, such negative impacts are likely limited and/or largely compensated by the
other physical (e.g., temperature) or biological (e.g., food abundance and availability) characteristics of
the EGSL. Our results also indicate that the sizes-at-age estimated for EGSL Greenland Halibut

juveniles are higher than those observed in other populations of Greenland Halibut (Table 3).

Both mean length-at-age of 2-year-old juveniles and length increments between ages 1 and 2
differed among the three EGSL areas, which were characterized by differences in oxygen, temperature,
depth, and fish density conditions. However, no difference was observed for 1-year-old juveniles. It
should be emphasized that the mean size at age 1 represents growth from hatching in winter to August
of the following year (i.e., 18 to 20 months later). During their first 5 to 7 months of life, prior to
settlement, larvae and post-larvae are pelagic and transported by water currents. At settlement
(August), larvae have already reached 5 to 8 cm (Ouellet et al., 2011). However, because there is no
data on average size at settlement in the three studied areas, and because of the possible integration of
growth effects from environmental conditions occurring before metamorphosis, the mean length for 1-
year-old fish obtained in our study may not be representative of growth effects related to post-

settlement environmental conditions.

The highest length increments between ages 1 and 2 were found in the lower depths of NEA.
NEA oxygen, temperature, and fish density conditions are different from the other two areas, but their
effects on growth are difficult to assess. Indeed, the NEA’s highest growth was achieved at lower
temperatures than those in LC, and DO and juvenile density in NEA were intermediate to those found

in SLE and LC.
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GAM analysis for the 1990-2012 period indicates that change in length increment from 1 to 2
years old is associated with juvenile density and depth, with these two factors explaining 49.2% of the
variability. Juvenile density was higher in hypoxic and cold areas (SLE), and the lowest densities were
found in LC. Fish density has been considered to be an important factor in determining growth rate,
with intra-specific competition for food access affecting feeding success (Sinclair et al., 2002; Raitz
and Lloret, 2005; Swain et al., 2007). Lower food availability may exacerbate density-dependent
competition for food and even increase the incidence of cannibalism. Theoretically, growth rate should
decrease with increasing density (Hempel, 1957), and the results for length increment between ages 1
and 2 support this hypothesis. It should also be noted that several studies have found a positive
relationship between growth and survival of juvenile marine fish (Anderson, 1988; Houde, 1997;

Sogard, 1997).

GAM analysis also indicates that a very large proportion of the growth variability was associated
with DO during the 2004-2012 period, which was characterized by high juvenile density. However, it
should be noted that temperature also had a significant effect, even though it explained a lower portion
of this variability. DO estimates varied significantly among the three areas: DO levels in SLE were
almost half the average concentration measured in LC with intermediate levels in NEA. Length
increments from ages 1 to 2 varied inversely with DO level and were significantly lower at DO
concentrations below 80 pmol/L. Fish need oxygen to generate energy for body maintenance,
locomotion, and biosynthetic processes (Van Dam and Pauly, 1995). Low oxygen levels (hypoxia) can
affect growth and reproduction, and therefore the survival of aquatic species, by acting directly on their
physiology and metabolism (Fry, 1971; Brett, 1979). Two hypotheses have been proposed to explain
the decrease in growth when fishes are exposed to long-term hypoxia: (1) an increase in the energetic
cost of ventilation, which decreases the amount of energy available for growth (Kramer, 1987); and (2)

a decrease in food intake, which allows fish to save energy (Brett, 1979; Kramer, 1987; Jobling, 1993).
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Dupont-Prinet et al. (2013) studied the effects of hypoxia on oxygen consumption in Greenland
Halibut. They found that the critical oxygen threshold for juveniles was 15% saturation, and that severe
hypoxia (19% saturation) reduced the aerobic scope by 72% compared to normoxia and increased the
duration of digestive processes. However, this tolerance threshold remains lower than the average

oxygen conditions found in our three areas.

Our results did not show a direct effect of temperature on length increment between ages 1 and 2
for the 1990-2012 period. Temperature is considered as a major or even decisive environmental factor
influencing growth since it governs the rate of metabolic reactions affecting all physiological processes
in ectotherms: metabolism, food intake, and nutritional efficiency (Burel et al., 1996; Imsland et al.,
2001). Changes in temperature could have a marked effect on feeding rate and growth efficiency, and
consequently on growth rate. A previous study on juvenile Greenland Halibut from Disko Bay (west
coast of Greenland) showed that temperature had a major impact on growth (Siinksen et al., 2010).
These authors found that, at depths ranging between 201 and 400 m, the mean total length of 1-year-old
Greenland Halibut increased from about 13 cm to 15 cm when the temperature rose from 1.5°C to 3°C
and that length increment by year 2 increased from 7.5 to 9.5 cm when temperature rose by 2.5-3.0°C.
Based on these results, the authors calculated that total length increased by 1.5 ¢cm/°C. The EGSL
population of Greenland Halibut is at the southern limit of the geographical range for this species, and
temperature is high compared to the whole distribution range. A higher growth rate for 1-year-old
Greenland Halibut in the Gulf of St. Lawrence compared with that measured in other Canadian Atlantic
waters has been ascribed to generally higher temperatures in this region (Bowering, 1983). Even
though 1.5°C differences are also present among the three studied areas in the EGSL, we did not
observe a significant—or even a slight—effect of temperature on growth (1990-2012 period). This
could be due to the fact that the optimal temperature for juvenile Greenland Halibut growth may have

been reached. Clearly the effect of temperature on juvenile growth in the EGSL needs further
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investigation. In addition, the abundance of food could be a factor that needs to be considered, although
the juvenile diet may include different prey types. In a survey covering NAFO division 4RS (Northern
Gulf of St. Lawrence), Savenkoff et al. (2009) reported that the most important prey items for small
Greenland Halibut were shrimp, large zooplankton, and capelin (96.8% of the diet). In juveniles that
we captured in the St. Lawrence estuary in 2009, the most important prey items found in stomachs
were crustaceans (26%), euphausiids (15.6 %), capelin (11.7%), and shrimp (6.9%) (n = 212; Ait
Youcef, unpublished data). It should also be emphasized that the mean lengths at ages 1 and 2 and
length increments estimated in our study were higher than those estimated in other populations of
Greenland Halibut (Table 4). Length increments between ages 1 and 2 ranged from 8 to 12 cm for
temperatures between 3.7°C and 5.5°C in the present study; these values fit well within projections

made by Stinksen et al. (2010) (i.e., an increase of 1.5 cm/°C) for inter-population comparisons.

Despite significant DO effects on growth, our results comparing growth from the EGSL
population to data reported for other populations led us to conclude that a negative impact of low DO is
not pronounced enough to result in a displacement of juvenile fish to areas with higher DO.
Furthermore, the highest juvenile fish density is in SLE (Ait Youcef et al., 2013), where average
temperature and DO are the lowest. Again, temperature, food abundance, or food availability may

largely compensate for DO effects on growth.

Our results indicate continuous growth in juveniles throughout the year (data from 2006 to 2010).
The presence of upwellings, which enhance productivity and promote biomass accumulation, is well
known in the St. Lawrence ecosystem (Lavoie et al., 2007; Lesage et al., 2007; Ouellet, 2007; Plourde
and McQuinn, 2010). Juveniles were mostly found at depths where the annual bottom temperature is
stable and food access is constant. Seasonal growth variations are not a rare event in juvenile marine
fishes, but only a few studies have examined winter growth in the field. For example, in Atlantic cod,

seasonal patterns in growth and condition resulting from cycles of energy accumulation and depletion
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have been described (Eliassen and Vahl, 1982a; 1982b; Holdway and Beamish, 1984; Lambert and
Dutil, 1997a; Schwalme and Chouinard, 1999); these fluctuations result from feeding opportunities,
gonad maturation, reproduction, migration, or overwintering. A continuous seasonal growth rate allows
faster growth of young fish; this not only reduces their vulnerability to size-selective predation but also
enables juveniles to exploit a wider range of prey items (Gibson, 1994; Van der Veer et al., 1994).
Continuous growth during the juvenile stage may enhance recruitment and reduce recruitment
variability. Indeed, it has been shown that variability in the growth of juvenile flatfish can have an
impact on recruitment, either by affecting survival in the case of size-selective mortality or by affecting
duration of the juvenile stage (Anderson, 1988; Gibson, 1994; Van der Veer et al., 1994; Iles and
Beverton, 2000; Juanes, 2007; Stenberg, 2007). Both processes—size-selective mortality and size-

dependent onset of maturation—have been found in field studies on flatfish (Van der Veer et al., 1994).



364

365

366

367

368

369

370

371

372

374

375

376

377

378

379

380

381

382

384

385

5. Conclusion

Juvenile growth of Greenland Halibut in the EGSL decreases with juvenile density. Under
current conditions, oxygen is positively related to growth. Negative effects related to dissolved oxygen
were observed below the threshold of 80 umol/L. The Greenland Halibut population in the EGSL is at
the southern limit of the species’ distribution range and is characterized by high temperatures (~ 5°C)
and abundant food. This probably allows fish to have optimal growth: the mean sizes at age and length
increments between ages 1 and 2 estimated during our study were larger than those observed in other
populations of Greenland Halibut. This suggests that the negative effects of DO could be limited and/or
compensated by food access, as demonstrated by the continuous growth of juveniles over the year.
Future climate change may directly impact water temperature as well as the frequency and duration of
hypoxia events (Portner and Knust, 2007). From the 1930s to the 1980s, the bottom waters of the St.
Lawrence estuary warmed by ~ 2°C (Gilbert et al., 2005). Cheung et al. (2013) demonstrated that the
effects of warming on metabolic rate extend to marine fishes. They suggested that—given their
physiological responses to warming and changes in oxygen level—oxygen-limited growth in aquatic
animals and species distribution shifts will translate into a reduction in individual body size. The
negative effects of dissolved oxygen could then be enhanced, which could directly influence Greenland

Halibut recruitment in the EGSL.
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Figure captions
Fig. 1: Bathymetry of the estuary and Gulf of St. Lawrence with delineations showing the different
areas discussed in this study: St. Lawrence estuary (SLE), Laurentian Channel (LC), and the area

northeast of Anticosti Island (NEA).

Fig. 2: Mean annual conditions experienced by juvenile Greenland Halibut in the St. Lawrence estuary
(SLE), Laurentian Channel (LC), and northeast of Anticosti Island (NEA) areas for the 1990-2012

period: depth (a), temperature (b), dissolved oxygen (c), and fish density (d).

Fig. 3: Examples of length-frequency analysis generated by fitting mixtures of distributions. Four
components corresponding to age groups are fitted to the length-frequency distributions of Greenland
Halibut in the St. Lawrence estuary in April (a) and August (b) 2010. Histograms represent observed
length frequencies, gray lines the components corresponding to age groups, and black lines the sum of

the different components. Triangles along the x-axis indicate mean lengths of the age groups.

Fig. 4: Mean lengths of age 1 (a) and age 2 (b) Greenland Halibut juveniles in the St. Lawrence estuary
(SLE), Laurentian Channel (LC), and northeast of Anticosti Island (NEA) areas in August for the

1990-2012 period.

Fig. 5: Results of GAM regressions for the effects of depth (a), temperature (b), and juvenile fish
density (c) on length increments between ages 1 and 2 for the 1990-2012 period. The gray areas

indicate 95% confidence intervals.
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Fig. 6: Results of GAM regressions for the effects of dissolved oxygen (a) and temperature (b) on
length increments between ages 1 and 2 for the 2004-2012 period. The gray areas indicate 95%

confidence intervals.

Fig. 7: Changes in the mean length of Greenland Halibut from different cohorts hatched between
2004 and 2008 (C-2004 to C-2008) with standard deviation. Mean lengths for each cohort were
measured on fish caught in the St. Lawrence estuary in April and October from 2006 to 2010. O:

October; A: April.



Table

Table 1

Mean annual depth (m), bottom temperature (°C), oxygen concentration (umol/L), and
Greenland Halibut juvenile density (mean number per tow) in zones of the St. Lawrence
estuary (SLE), Laurentian Channel (LC), and northeast of Anticosti Island (NEA) areas
where Greenland Halibut juveniles were present. Average values, standard errors (SE),

minimum and maximum values, and number of observations (n) are presented.

SLE LC NEA
Depth Average 297.1 305.9 248.5
SE 2.7 3.3 2.2
Min—max 267.4-309.1 253.6-335.3 233.3-267.3
n 182 355 159
Temperature Average 4.95 5.14 4.98
SE 0.028 0.024 0.060
Min—max 3.65-5.21 3.97-5.47 3.94-5.51
n 177 322 151
Oxygen Average 73.3 112.0 99.0
SE 1.3 1.9 2.2
Min—max 66.7-77.4 99.0-127.2 89.6-124.1
n 70 135 60
Fish density Average 166.4 18.9 39.1
SE 10.2 1.8 4.1
Min—max 6.2-1011.24 0-229.1 0-296.1
n 182 404 160




Table 2

Average length (cm) at ages 1 and 2 and average length increment (cm) between ages 1
and 2 in successive years for juvenile Greenland Halibut in the St. Lawrence estuary
(SLE), Laurentian Channel (LC), and northeast of Anticosti Island (NEA) areas. Average
values, standard deviations (SD), minimum and maximum values, and number of
observations (n) are presented for each area. Different letters indicate statistically
significant differences (P < 0.05) among areas.

SLE LC NEA
Length at age 1 Average 17.2 16.9 16.8
SD 0.7 0.9 0.9
Min-max 15.8-18.5 15.6-18.3 15.6-18.7
n 23 22 22
Length at age 2 Average 26.7 26.9 27.5
SD 1.1 0.6 1.1
Min-max 24.8-29.1 26.0-28.4 25.5-29.5
n 23 16 20
Length increment Average 9.4° 9.8" 10.6°
between age 1 and 2 SD 0.8 0.6 0.9
Min—-max 8.1-11.7 8.9-10.6 8.9-11.8

n 22 15 20




Table 3

Mean total lengths (cm) of 1- and 2-year-old juveniles and length increment between
ages 1 and 2 for different populations of Greenland Halibut from published studies.

Zone,
Time of year

Reference

Mean length (cm)

Length increment

1 yearold 2 yearsold  between age 1

and 2
Coastal waters of Haug & Gulliksen, 13.7 7.6
western Spitsbergen 1982
Southern Labrador Bowering & 10.5-12.5 16.5-18.5 6-8
July Nedreaas, 2001
Newfoundland Bowering & 8.5-10.5 16.5-18.5
Autumn Nedreaas, 2001
Northeast Atlantic Bowering & 12—-14 21 7-9
June—-August Nedreaas, 2001
Northeast Arctic Albert, 2003 13-15 21-23
October—January
Hinlopen
(Svalbard archipelago) Vollen et al., 2004 10 17
December—January)
Disko Bay Siinksen et al., 2010 13-15 20.5-25
July—September
Estuary and Gulf of St. present study 15.8-18.7 24.8-29.5 812

Lawrence August
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Figure 6
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