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Abstract: The walleye pollock Gadus chalcogrammus is an important commercial species in Japan
whose larvae and eggs may be negatively affected by the cold water mass from the coastal Oyashio
current that is present in the spawning ground of the Japanese Pacific stock of this species. Therefore,
we investigated egg and larval specific density, larval mortality, and behavioral response to tempera-
ture change during the ontogenetic development of the walleye pollock to understand the effect of
this cold surface water mass (<1.5 °C). Egg and larval specific density varied during development
but were lower than the corresponding values from the coastal Oyashio waters. Within our study
temperature range (0.3-10.0 °C), the number of days to 50% mortality (Dsg) was high at 3.1 °C. Below
and above this temperature, the D5y showed a decreasing trend. Regarding larval response, at 1.5°C
and 5.0°C, newly hatched larvae occurred abundantly in the surface layer, irrespective of the surface
and rearing temperatures. When these larvae were released into a thermally stratified water column
(surface: 1.5 °C, bottom: 5.0 °C), larvae reared at 5.0 °C with the mouth open and yolk sac completely
absorbed moved to the lower layers. However, larvae reared at 1.5 °C remained in the surface layer.
These results suggest that the cold water mass could negatively affect larval survival and may limit
the escape ability of larvae from unfavorable cold conditions.

Keywords: walleye pollock; specific density; mortality; swimming behavior

1. Introduction

The walleye pollock Gadus chalcogrammus is a commercially important species in Japan
with four regional stocks: northern Japanese sea stock, southern Okhotsk sea stock, Nemuro
Strait stock, and Japanese Pacific stock (JPS) [1-4], of which the JPS is the largest [3]. The
JPS spawns from December to March (mainly January—February) near the mouth of Funka
Bay, Hokkaido, at 100-120 m depth [5,6], and eggs and larvae, which are planktonic, are
transported into the bay [7,8]. The eggs hatch after approximately 14 days at approximately
5 °C [9]. The optimal temperature range for the survival of walleye pollock eggs and larvae
is 2-7 °C [10]. In the latter part of the spawning season, cold water from the coastal Oyashio
current enters Funka Bay, and the temperature of the surface water layer decreases (<2 °C),
alongside low salinity (<33.0) and low density [11-13]. Recruitment of the JPS decreases
as the sea-surface temperature in the Funka Bay decreases [14]. The temperature range at
which spawning occurs is —1 to 12°C, while larvae are seen at higher temperatures (2-9 °C)
in the bay. Thus, the cold water mass from the coastal Oyashio current may negatively
affect the survival and development of the eggs and larvae of the walleye pollock.

To understand the effect of the coastal Oyashio water mass on the survival and
development of the eggs and larvae of the walleye pollock, we examined the following:
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(1) the specific densities of eggs and larvae the estimated hatching depth and vertical
distribution of larvae in the spawning ground; (2) the change in larval mortality in relation
to the change in water temperature, especially when influenced by temperature ranges
of the coastal Oyashio water mass (<2 °C); and (3) the response of eggs and larvae to the
surface layer of cold water using experimental tanks in which thermoclines of different
magnitudes were induced [15].

2. Materials and Methods
2.1. Eggs and Larvae

30 live adult specimens of walleye pollock (40~50 cm) were collected using a fishing
rod at the mouth of Funka Bay and transferred to a recirculating aquaculture tank (diameter
4.0 m, depth 1.0 m, 10 tons), at the Hakodate campus of Hokkaido University. The water
temperature and salinity were maintained at 5 °C and 33 ppt, respectively. The fish
were fed chopped frozen squid two or three times per week. Newly fertilized eggs from
natural spawning were collected in a plastic beaker, rinsed with filtered seawater (0.22-um
membrane filter; temperature 5 °C, salinity 33 ppt), and divided equally into six plastic
containers (Ziploc, approximately 591 mL) that were maintained at a salinity of 33 ppt
and one of six temperatures: 0.0 °C, 1.5 °C, 3.0 °C, 5.0 °C, 7.5 °C, or 10.0 °C. The water
was replaced with filtered seawater. The temperature and light intensity in the incubators
were recorded using HOBO pendant data loggers (Onset HOBO® UA-002-64, Bourne, MA,
USA). The photoperiod was 12 h light, 12 h dark.

2.2. Specific Density during Early Ontogeny

The specific density of walleye pollock eggs and larvae was measured in a density
gradient column as described by Coombs [16]. Distilled water and ordinary commercial salt
were used to make low- (18 ppt) and high-salinity (48 ppt) water. Density gradients (height
35.5 cm) were formed in cylindrical tanks (height 40 cm, diameter 6 cm) and maintained at 5 °C.
Four density floats (Martin Instrument Company, UK) were used as reference points of known
specific density (range 1.0148-1.0300 g/cm?). The density of each of the floats was originally
calibrated at 23 °C using certified instruments from the Marin Instrument Company. Therefore,
density was corrected for 5 °C based on the equation of thermal expansion: calibration density
= (float density) + (temperature difference) x (float density) x 0.000028.

2.3. Egg and Larval Treatment

Twenty naturally spawned eggs were used in each density column (total four batches).
The eggs were photographed to determine size, and the developmental stage was deter-
mined as described by Kendall & Kim [17] and Blood et al. [9] prior to being introduced
into the density gradient column.

Twenty anesthetized larvae (FA-100; 0.2 mL/L) were introduced into each density
column after being photographed to measure their standard length. The position (depth
in mm) of each larva was recorded after 15 min. The specific density of each larva was
recorded daily until starvation.

In all experiments, the egg and larval depths in the density column were recorded
under normal fluorescent light (at 20 cm above the density column surface) at 5 °C in
an incubator. The eggs and larvae were photographed using a Macromax MVC-DU
camera (GOKO, Kanagawa, Japan) mounted on a stereomicroscope (SMZ1500, Nikon,
Tokyo, Japan), and analyzed using image analysis software (Macromax GOKO Measure
1.0; GOKO Camera, Kawasaki, Japan). The specific density values were measured as
ot = (p — 1) x 103, where p is the specific density (g/cm?).

2.4. Mortality of Larvae at Different Temperatures

Newly hatched larvae were divided into groups of 20 per petri dish (diameter 60 mm,
depth 12 mm) and maintained at the following six temperatures (mean + SD): 0.3 + 0.6 °C,
1.6 £03°C,31£03°C,49 £0.1°C,74 + 0.2 °C, and 10.0 £ 0.1°C. These temper-
atures included the coastal Oyashio water temperature of <2 °C [11-13]. A total of
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600 larvae (20 larvae x 5 petri dishes x 6 batches) were exposed to each temperature (ex-
cept for 10.0 °C, at which only 500 larvae were available) for 33 days. Dead larvae were
counted and removed daily at which time the seawater in the petri dishes was replaced
with filtered seawater. The larvae were not fed during the assessment of the effect of
temperature on mortality.

2.5. Behavioral Response of Larvae to Low Temperature

The behavioral response of larvae was observed in two vertical, cylindrical tanks
(height 85 cm, diameter 10 cm). The tanks were surrounded by upper and lower water
baths separated by a 10-mm insulation layer. The temperature in each tank was controlled
using the baths (Figure 1).
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Figure 1. General design of the experimental tank system (Reprinted by permission from Springer Nature: Fisheries Science,

Laboratory observations on the vertical swimming behavior of Japanese common squid Todarodes pacificus paralarvae as

they ascend into warm surface waters, Yoo et al., copyright. 2014. [15]). (a) The two cylindrical tanks were each surrounded

by an upper and lower water bath. (b) Three vertical patterns.

In these experimental tanks, larval response to low temperature was recorded at three
vertical patterns (Control: homogeneous across both layers at 5.0 °C or 1.5 °C, Pattern I:
5.0 °C in the upper layer/1.5°C in the lower layer, and Pattern II: 1.5 °C/5.0 °C) for two
groups (A and B). The water temperature and light intensity in the tanks was recorded
using five temperature loggers (Onset HOBO® UA-002-64, Bourne, MA, USA) at 5 cm,
30 cm, 35 cm, 40 cm, and 70 cm depths. Light intensity at the 5 cm depth was approximately
215-366 Ix. Pattern II simulated the vertical profile in the ocean when the surface layer
is made up of water brought in by the coastal Oyashio current. The larvae were reared
at 1.5 °C for Group A and 5.0 °C for group B at three ontogenetic developmental stages:
(1) larvae that had hatched within 24 h, (2) larvae with a discernable open mouth for the
first time, and (3) larvae whose yolk sac was almost completely absorbed. The experimental
setup was as follows: the temperature of both upper and lower parts of the water column
was set at 1.5 °C (Group A) and 5.0 °C (Group B). Ten larvae were introduced into the
surface of each experimental tank (Groups A and B). After 1 h, the temperature was
changed to those in Patterns I and II. The number of larvae at each 50-mm-depth interval
was counted visually and recorded every 30 min for 9 h. A total of six replicates were
established for each group.
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2.6. Statistical Analysis

The diameter of fertilized eggs and specific density of newly hatched larvae were
compared by analysis of variance (ANOVA) followed by Tukey-HSD tests for post-hoc
multiple comparisons, at a significance level of 0.05.

For the statistical analysis of the vertical distribution of larvae, the depth of the water
column was divided into five layers: surface (0—4 cm depth), shallow (5-29 cm), thermocline
(30-39 cm), deep (40-69 cm), and bottom (70-75 cm). Once the temperature of the water
column stabilized (after 4-9 h), differences in larval abundance between layers were tested
using the Chi-squared test, and Ryan’s [18] method for multiple comparisons was used
when the abundance at each layer was different.

3. Results
3.1. Specific Density during Early Ontogeny

Egg size was significantly different among the four batches 1 day after fertilization
(ANOVA, p < 0.001; Table 1).

Table 1. Mean and standard deviation of fertilized walleye pollock egg diameter (mm) less than
1 day post fertilization; n = 30. (ANOVA, F =225.9, d.f. = 3,116, p < 0.001).

Batch Mean SD Range
1 1.356 0.014 1.331-1.386
2 1.406 0.010 1.385-1.429
3 1.414 0.009 1.398-1.432
4 1.425 0.012 1.403-1.451

The mean specific density oy at this developmental stage (<1 day post fertilization)
ranged from 22.5 to 23.1 and showed significant differences among batches (ANOVA,
p < 0.001; Table 2) except between batches 1 and 2 (Tukey-HSD test, p = 0.058). No
significant relationship was observed between egg size and specific density (Pearson’s
product-moment coefficient of correlation, r = —0.75, p = 0.25).

Table 2. Specific density (oy) of fertilized walleye pollock eggs (<1 day post fertilization; n = 20). For
comparison, the density of the coastal Oyashio water mass is 26.4 (oy).

Batch Mean SD Range
1 23.058 0.084 22.909-23.195
2 22.995 0.053 22.924-23.103
3 22.870 0.089 22.719-23.032
4 22.549 0.077 22.403-22.637

During subsequent development, the specific density remained similar within each
batch (Figure 2). The specific density also remained somewhat constant until around day 7,
after which it increased, with a peak around day 10, and then decreased subsequently, thus
varying considerably in the days prior to hatching. The mean specific density of the eggs
until hatching was lower than that of the coastal Oyashio water mass (o, 26.4; temperature,
2 °C; salinity, 33 ppt), suggesting that the eggs rise after spawning and hatch at the surface.
The specific density of newly hatched larvae differed among batches (ANOVA, p < 0.01),
especially between batches 1 and 4 and batches 2 and 4 (Tukey-HSD test, p < 0.05) (Table 3).

During subsequent development, the specific density of the larvae varied among the
batches, with no two batches being similar. Similar to eggs, the specific density of the
larvae from hatching to death was also less than that of the coastal Oyashio water mass
(Figure 3).
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Figure 2. Change in specific density of walleye pollock eggs over time; nn = 20 at each measurement.
The horizontal line shows the density of the coastal Oyashio water (ot 26.4).

Table 3. Specific density (sigma-t) of newly hatched walleye pollock larvae, n = 20. (Tukey-HSD test,
p <0.05).

Batch Mean SD Range
1 23.121 0.983 ab 21.135-24.493
2 23.268 0.439 a 22.623-24.289
3 22.935 0.965 abc 21.739-24.614
4 22.353 1.006 ¢ 20.6791-24.162

Values with different letters are significantly different (p < 0.05).
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Figure 3. Change in specific density of walleye pollock larvae; nn = 20. (NB: This experiment was
incomplete as sufficient larvae were unavailable.) The horizontal line shows the density of the coastal
Oyashio water (ot 26.4).

3.2. Mortality of Larvae at Different Temperatures

The cumulative mortality from hatching to death at each of the six temperatures
(0.3°C,1.6°C,3.1°C,4.9°C,7.4°C, and 10.0 °C) is shown in Figure 4 The time (number
of days) to 100% mortality (Djg9) was determined to be a simple linear function of the
temperature (T) (D1gg = —1.84(T) + 34.7, R? = 0.87, p < 0.01). The mortality itself appeared
to increase logistically between 3.1 °C and 10.0 °C and linearly at lower temperatures
(0.3 and 1.6 °C), suggesting a constant mortality rate at lower temperatures. The number
of days to 50% mortality (Dsg) at each temperature was estimated by fitting to a linear
regression model.
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Figure 4. Cumulative mortality (%) of walleye pollock larvae at six temperatures (1 = 600 at 0.3-7.4 °C;
n =500 at 10.0 °C).

The D5y was plotted against the six temperatures (T) from hatching to starvation
(Figure 5), since the cumulative mortality of larvae at each temperature increased logistically
(logistic regression, p < 0.01). The Dsy was approximately 18 days at 0.3 °C and increased
with increasing temperature until peaking at 3.1 °C, and then decreased rapidly and in
a non-linear manner, with the lowest value of around 9 days at 10.0 °C. The relationship
between the D5y and temperature was not linear but could be expressed as a polynomial
function: D5y = 18.121 + 0.5122(T) — 0.1447(T?) (p < 0.05, r? = 0.92). These results show
that D5 did not consistently increase with decreasing temperature but rather peaked at
approximately 3 °C decreasing as the temperature increased or decreased.
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20 1 b
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16 4
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Days to 50% mortality

Dso= 18.121+0.5122(T)-0.1447(T2)

104 =092 o

0o 1 2 3 4 5 6 7 8 9 10 M
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Figure 5. Number of days to 50% mortality (Dsp) in walleye pollock larvae at six temperatures.

3.3. Behavioral Response of Larvae at Low Temperature

Temporal changes in the vertical distribution of larvae under three hydrographic
patterns are shown in Figures 6-11 for the three development stages. The experimental
tanks formed a stable target vertical environment. Larval responses to low temperature
varied depending on the rearing temperature and developmental stage. Since the larval
distribution stabilized at approximately 4 h, data collected between 4 and 9 h were used
for statistical analysis.
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Figure 6. Temporal changes in the vertical distribution of newly hatched walleye pollock larvae.
Three thermal vertical patterns were used: Control and Pattern I and II. The size of the open circles
reflects the number of larvae seen at each time (h) and depth.
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Figure 7. Relative number (%) of newly hatched walleye pollock larvae in the three hydrographic
patterns; average calculated from six replicates (1 = 610).
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Figure 8. Temporal changes in vertical distributions of walleye pollock larvae at mouth opening
stage larvae. Three thermal vertical patterns were used: Control and Patterns I and II. The size of the
open circles reflects the number of larvae seen at each time (h) and depth.
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Figure 9. Relative number (%) of walleye pollock larvae at the mouth opening stage in the three
hydrographic patterns; average calculated from six replicates (1 = 610).
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Figure 10. Temporal changes in the vertical distribution of walleye pollock larvae with yolk sac
almost completely absorbed. Three thermal vertical patterns were used: Control and Patterns I and
II. The size of the open circles reflects the number of larvae seen at each time (h) and depth.
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Figure 11. Relative number (%) of walleye pollock larvae with yolk sac almost completely absorbed
in the three hydrographic patterns; average calculated from six replicates (1 = 610).
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At the newly hatched stage, larvae remained in the surface layer independent of the
vertical thermal pattern (Figure 6). Between 4 and 9 h, the larvae occurred most abundantly
at the surface (Figure 7, x-test, Ryan’s method, p < 0.01). At the mouth opening stage,
larvae generally occurred in the surface or the upper half of the columns except for Group
B larvae in Pattern II (Figure 8). Group B larvae (rearing temperature 5.0 °C) in Pattern II
(1.5 °C/5.0 °C) moved to the lower half of the water column where the temperature was
5.0 °C. With the exception of Group B larvae in Pattern II, larvae were most abundant in
the surface layer (Figure 9, x>-test, Ryan’s method, p < 0.01). Meanwhile, Group B larvae in
Pattern II occurred most abundantly in the deep layer (Figure 9, x>-test, Ryan’s method,
p < 0.01). The distribution of the larvae with their yolk sac almost completely absorbed
showed a pattern similar to that observed at the mouth opening stage. Except for the
distribution of Group B in Pattern II, the larvae generally occurred in the surface or upper
half of the columns (Figure 10). In these columns, larvae were most abundant in the surface
layer (Figure 11, x*-test, Ryan’s method, p < 0.01). Larvae of Group B in Pattern IT were
distributed in the lower half of the water column (Figure 10) and most abundantly in the
bottom layers (Figure 11, x2-test, Ryan’s method, p < 0.01).

4. Discussion

The aim of current study was to evaluate the effect of low temperature on the early
life stage in walleye pollock. According to Craik and Harvey’s [19] report overall egg
specific density is lowered by incorporating fluid with lower osmotic potential than marine
environment. In this study, egg size and specific density varied in each batch; they were
lighter than the coastal Oyashio water mass throughout development. These results
indicate that eggs hatch near the surface.

Larval survival time increased as the temperature decreased, perhaps due to a decrease
in the metabolic rate at lower temperatures [20]. However, the D5y was similar at 0.3 °C
and 4.9 °C. Additionally, the specific density of larvae was lower than that of the coastal
Oyashio water mass, suggesting that larvae remain in the surface layer if they do not swim.
In the polar regions, many fish endure the freezing point of seawater with the help of
antifreeze proteins and can survive under sea ice [21-26]. Since walleye pollock larvae do
not produce such proteins in cold water [27], their ability to move decreases in the cold
surface water mass, and they are stranded without the ability to escape.

Group A larvae (hatched and reared at 1.5 °C) occurred abundantly in the surface and
upper half of the water column regardless of the vertical temperature pattern. Meanwhile,
larvae of Group B (hatched and reared at 5.0 °C) sought the deeper layer when the temper-
ature of the upper half of the water column decreased to 1.5 °C. Similarly to our result, Olla
and Davis [28] showed avoidance of cold water (3 °C) in larvae from the thermal gradient.
These behaviors suggested that larvae that hatched at a low temperature lacked the ability
to escape the low temperature conditions, whereas larvae that hatched at 5 °C appeared
to be able to exercise some temperature preference. Funamoto et al. [29] found that the
recruitment of Japanese Pacific stocks of walleye pollock was low when the sea surface
temperature in February around Funka Bay was <2 °C and increased with increasing
temperature. Porter [30] reported a decrease in the metabolic rate and lower activity at
3 °C than at 6 °C, while Paul [31] suggested that larvae that hatched at 3 °C were less
successful at capturing prey than those that hatched at 5 °C or 6 °C. Furthermore, Bailey
and Stehr [32] showed through laboratory studies that a feeding delay of four days caused
high mortality and a low growth rate in hatching larvae. Yokota et al. [33] suggested that
growth and survival of walleye pollock larvae were relatively higher with shorter period of
starvation after hatching at 5 °C. These results suggested that survival during the early life
stages in walleye pollock is not significantly different at low temperature, but behavioral
response is decreased at low temperature outside of optimal water temperature range.

The fact that eggs and larvae are lighter than the surrounding water is normally an
advantage to the fish with respect to recruitment and survival. The Japanese Pacific stock’s
nursery is in the Funka Bay [7], and the current driven by the northwest wind transports
eggs into the Funka Bay from the spawning area [8]. Funamoto et al. [14] found that
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recruitment was high under predominant northwest winds in February, probably due to
an increase in the transport of the eggs and larvae to the nursery area. Funka Bay likely
provides a safe nursery for walleye pollock, and therefore, it is important that the eggs and
larvae of this stock are transported into Funka Bay. A recent study suggested that buoyancy
is the important factor to determine the proportion that is transported to and remains in
Funka Bay [34]. The buoyancy of the eggs and larvae thus appear to allow transport to the
nursery area. However, this property also can lead to increased mortality when the surface
layer is made up of cold water, such as from the Oyashio current. Thus, it appears that
the eggs and larvae need to contend with a trade-off between transport to the nursery and
high mortality due to a possible influx of cold water.

In conclusion, survival of early life stages of walleye pollock in our laboratory study
was not dramatically affected by low water temperature; however, a decrease of behavioral
response could affect growth and/or survival by leading to a decrease in feeding and
metabolic activity.
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