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The most concerning recent ocean changes in temperature issues are known as
marine heat waves. Under these conditions, it is important to evaluate the effects
of temperature on zooplankton. In this study, we investigated the growth rates of
three dominant copepod species (Eucalanus bungii, Metridia pacifica, and
Neocalanus plumchrus) in the northern North Pacific under three different
temperature conditions (3, 7, and 11°C) using an artificial cohort method.
Experimental conditions for 42 hour incubations were set to light intensity and
photoperiod corresponding to 50 m depth. The dissolved oxygen solubility after
rearing ranged from 69.2% to 102.1%, suggesting sufficient conditions for
copepod growth. Chlorophyll a increased in 83% of the experiments, indicating
that the food conditions were sufficient for the copepods. The mean proportion
of dead specimens evaluated using neutral red was 10.2%, corresponding with
the reported values in the field. Thus, it can be concluded that the laboratory-
rearing conditions used in this study provided sufficient food, and the only effect
evaluated would be that of the three different temperatures. Since the
developmental time for each stage is longer than the rearing period, it is
important to conduct experiments with a large number of individuals to obtain
accurate growth rate results. The specific growth rates of E. bungii and M.
pacifica increased with increasing temperature. In contrast, N. plumchrus
showed the highest growth rate under moderate water temperature
conditions. In terms of weight units (dry, carbon, and nitrogen), the carbon
weight-specific growth rates were higher than those of the other two units, a
common characteristic of the three species. This reflected lipid accumulation
during the late copepodite stages. The interspecies differences in growth rate
responses to water temperature reflect species-specific differences in
temperature tolerance or the optimum temperature for each species. As E.
bungii and M. pacifica reproduce near the surface layer through income
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breeding, their temperature tolerance or optimum temperature is expected to be
high. However, because the reproduction of N. plumchrus occurs in the cold
deep layer by using capital breeding, its temperature tolerance and optimum
temperature would be lower than those of the former two species.

KEYWORDS

artificial cohort method, marine heat wave, growth rate, Eucalanus bungii, Metridia
pacifica, Neocalanus plumchrus

1 Introduction

The warming changes in oceans are often referred to as marine
heat waves (Bond et al., 2015; Kuroda and Setou, 2021). A marine
heat wave is a technical term that describes warm temperature
conditions that persist for five or more days (Di Lorenzo and
Mantua, 2016). Marine heatwaves have various effects on climate
and marine ecosystems, such as alterations in marine ecosystems
and fisheries resources (Bond et al., 2015), an increase in dry
weather (Di Lorenzo and Mantua, 2016), and modifi;cation of the
Jet stream (Kuroda and Setou, 2021). Marine heat waves are
thought to affect plankton first because they are characterized by
shorter generation lengths (Bond et al., 2015; Kuroda et al., 2021).
Therefore, clarifying the effects of temperature on plankton has
been a primary issue recently.

Growth rate (g) is an index to express a zooplankton
physiological parameter (Kimmerer and McKinnon, 1987; Liu
and Hopcroft, 2006a, b, 2008; Kimmerer et al., 2007). Growth
rates are prime indicators for understanding whether zooplankton
will increase or decrease in the future (Kiorboe, 1997; Kobari et al.,
2019). However, it is not fully understood how environmental
factors, including water temperature, affect the growth rate of
zooplankton, especially copepods from the North Pacific (Liu and
Hopcroft, 2006a, b, 2008; Kobari et al., 2019).

Various methods are available to determine copepod growth
rates, including the artificial cohort method (Kimmerer and
McKinnon, 1987; Liu and Hopcroft, 2006a, b), egg production
(Hopcroft et al., 2005), natural cohort method (Vidal and Smith,
1986), and molting rate method (Peterson et al., 2002). The artificial
cohort (AC) method is useful because it does not require complex
experimental protocols and enables the use of multiple species under
the same conditions (Kimmerer and McKinnon, 1987; Liu and
Hopcroft, 2006a, b; Kobari et al, 2019). Therefore, using AC
methods under various temperature conditions enabled us to
determine the species-specific responses of sympatric copepod
species to increasing temperatures. However, such an experimental
design for the AC method is yet to be established.

Therefore, we evaluated the growth rates of three dominant
copepods (Eucalanus bungii, Metridia pacifica, Neocalanus
plumchrus) in the northern North Pacific using the AC method at
different temperatures. These copepods are important species that
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were found to contribute 16.1% (E. bungii), 6.5% (M. pacifica), and
14.7% (N. plumchrus) to the zooplankton biomass in the region
(Ikeda et al.,, 2008). As a new AC method, the collecting methods
with a fine-mesh net (63 pm) with a large bucket cod-end allow the
collection of whole populations of the copepods. Then the gentle use
of a reverse sieve with a large mesh (925 pum) creates populations
with early copepodite stages. Rearing at light conditions similar to
those at 50 m depth and at three different temperature conditions for
two days was expected to provide detailed insights into the specific
growth rates of each species. Temperature, dissolved oxygen (DO),
and chlorophyll a (Chl a) were the environmental factors measured
at the beginning and end of the experiments in the laboratory. We
evaluated the effects of these environmental factors on the growth
rates of the three copepod species.

2 Materials and methods
2.1 Onboard experiment

Eighteen zooplankton net collections were made along the 47°N
east-west transect line in the northern North Pacific during the
WOCE cruise of the R/V Mirai of the Japan Agency for Marine-
Earth Science and Technology (JAMSTEC) from July 22 to August
17, 2021 (Figure 1, Table 1). Fresh zooplankton samples were
collected by the vertical tow of the 45-cm mouth diameter Quad-
NORPAC net (Hama et al,, 2019) equipped with two 63 um mesh
nets with a large bucket cod-end (5 L) at 0-50 m depth at night.
Collection temperatures at 0-50 m water column of each station
ranged between 1.9 and 17.3°C (cf. Egashira et al., 2024).

The macro-sized carnivorous zooplankton (e.g., chaetognaths,
amphipods, and euphausiids) contained in the freshly collected
samples were removed using gentle reverse filtration through a large
plastic sieve with a 925 pm mesh size. Carnivorous zooplankton that
could not be removed by reverse filtration, such as small
chaetognaths, were visually inspected and removed using a large-
bore pipette. When phytoplankton were abundant, the sample was
placed in a large bucket (~ 20 L) for 20-60 minutes for the
phytoplankton to settle to the bottom, whereafter gentle reverse
filtration was conducted using a 925 pm large sieve. Fresh
zooplankton within the incubation water was then gently
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FIGURE 1
Locations of the stations where the specimens used for the growth rate experiments were collected in the northern North Pacific from July 22 to
August 17, 2021. Experimental numbers (cf. Table 1) are superimposed in the panel.

TABLE 1 Data on the laboratory rearing for the developmental rates of the three dominant copepods (Eucalanus bungii, Metridia pacifica, and
Neocalanus plumchrus) in the northern North Pacific that was conducted from July 22 to August 17, 2021.

Position End Species: total examined specimens

Exp. - " Local Time Eucalanus Metridia Neocalanus
No. LT | Lo time (CEW)] bungii pacifica plumchrus

1 43°41N 153°19°E 22 July 23:38 24 July 18:51 1.80 172 3291 134

2 45°40'N 156°38’E 24 Iuly 2:17 25 ]uly 21:12 1.75 251 2761 112

3 46°23'N 159°14°E 25 July 2:02 26 July 18:58 171 345 125

4 47°0UN 160°10°E 26 July 2:07 27 July 20:57 1.78 57 77

5 46°59'N 162°15°E 26 July 23:33 28 July 18:57 1.81 536 120

6 46°59'N 163°23°E 28 July 1:21 29 July 20:53 1.81 268 49

7 46°58'N 166°45°E 29 July 0:44 30 July 19:03 1.76 73 53

8 46°59'N 169°00°E 30 July 1:54 31 July 18:54 1.71 46

9 46°59'N 170°00°E 31 July 2:19 1 Aug. 18:54 1.69 39

10 47°00'N 176°51’E 2 Aug. 2:48 3 Aug. 18:50 1.67 39

11 47°0UN 179°27°E 3 Aug. 2:43 4 Aug. 18:51 1.67 36

12 47°00'N 178°18W 4 Aug. 2:38 5 Aug. 18:56 1.68 160

13 47°00'N 164°59°'W 8 Aug. 1:00 9 Aug. 18:51 1.74 54 415

14 47°00'N 161°29'W 9 Aug. 0:04 10 Aug. 18:40 1.78 23

15 47°00'N 151°24'W Aluzg 0:08 13 Aug. 18:53 1.78 103

16 47°00'N 158°80'W Allfg 2:59 15 Aug. 19:09 1.72 65

17 46°59'N 167°43’W Allfg 0:10 17 Aug. 18:48 1.78 83

18 47°00'N 179°36'W A1u7g 020 18 Aug. 20:21 1.88 45 28
Total 500 (4) 8277 (15) 783 (10)

Numbers in the parentheses indicate the number of rearing experiments for each copepod species.
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dispensed into four clear plastic bottles (approximately 4.4 L) with a
14 mm diameter siphon tube. The rearing plastic bottles were filled
with incubation water without air bubbles to prevent the physical
shock caused by air bubbles during rearing.

Three bottles were placed in the three incubators (Cool Incubator
CN-40A, Mitsubishi Electric Engineering) set at 3, 7, and 11°C
(termed L, M, and H, respectively) for approximately 42 hours.
Each incubator was equipped with an LED light with a photon flux
of 3.75 + 0.27 umol m™ sec.”
incubator by light sensor LI-1400 (Li-Cor Inc.). The light intensity
was approximately the same light condition at a depth of 50 m, and a
timer to adjust the light period from 4:30 to 19:30 and the dark period
from 19:30 to 4:30 according to the local sunrise and sunset time in
the field. Thus, the light-dark cycle was set to light:dark = 15 h:9 h.
One of the rearing bottles was used as a sample at time 0 (T).

which was measured within the

The T, rearing bottle was prepared using the following
manipulations at the beginning of the experiment. A portion of the
incubation water was siphoned into a 50 mL DO bottle usinga 1 mm
diameter tube equipped with a 10 pm mesh at the tip. The DO
concentration was measured with a precision of 1 pmol L™ using a
sensor (Firesting O,, Pyro Science GmbH) placed inside the DO
bottle. The temperature of the incubation water was measured using a
digital thermometer (TT-P01, TANITA) with an accuracy of 0.1°C.
The T, zooplankton sample was then gently filtered through a 100
pum mesh filter net and concentrated to approximately 1 L. Water
filtered through 100 pum mesh was used to determine Chl a
concentration. Fresh zooplankton samples concentrated in 1 L
bottles were stained with neutral red (NR) to determine whether
the individuals were alive or dead (Elliott and Tang, 2009; Zetsche
and Meysman, 2012). Briefly, 5 mL of NR stock solution (10 g L")
was added to a 1 L bottle and incubated in a refrigerator set at 5°C for
1 hour. After staining, fresh samples were filtered and collected on a
50 um mesh. The specimen-collected mesh was then covered with
aluminum foil, placed in a zipper-plastic bag, and frozen at —20°C.
For the incubation water through 100 um mesh, 180-285 mL was
filtered through a 25 mm diameter GF/F filter. The filter was then
immersed in dimethylformamide (DMF) to extract Chl a under dark
conditions for at least one day (Suzuki and Ishimaru, 1990). After
extraction, Chl a concentration (ug L") was determined using a
fluorometer (Trilogy Laboratory Fluorometer, Turner Designs).

The incubation bottles were kept in the incubators set at three
different temperature conditions, and temperature and DO were
measured approximately 17 hours later. After 42 hours,
temperature, DO, Chl a measurements, NR staining, and the
frozen samples were made for each temperature condition. This
was a series of experimental work, and these rearing experiments
were conducted 18 times during the cruise (Table 1). To provide
further clarity on the modified methods used in this study, we have
included detailed pictures as a supplement (Supplementary
Figure 1) to demonstrate the protocol of the methods.

2.2 Data analysis

After the cruise, frozen zooplankton samples were immersed in
30 mL of 5% formalin seawater in a laboratory. The samples were
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then acidified by adding 1 mol L™ HCl at 5% volume to determine
the survival of the zooplankton using the NR method, which stains
live individuals red, whereas dead individuals remain unstained
(Elliott and Tang, 2009: Zetsche and Meysman, 2012). E. bungii, M.
pacifica, and N. plumchrus were identified under a stereomicroscope
(30-50 x magnification, SMZ-10, Nikon), and the individuals of
each copepodite stage (C1-C6) were counted. C4-C6 stages of M.
pacifica and E. bungii were divided into males and females. Among
the total number of individuals, 7.4-15.4% were not stained by NR,
and only the data from stained individuals were used in subsequent
analyses. The individual weights (dry weight [DW], carbon weight
[CW], and nitrogen weight [NW]) of each copepodite stage of E.
bungii, M. pacifica, and N. plumchrus were obtained from Ueda
et al. (2008). The mean individual weight at each experimental
condition at Ty, 3, 7, and 11°C was determined in three units (DW,
CW, and NW) using the following formula:

6
M=3W, x G
i=1
where M is the mean individual weight (pg), W; is the individual
weight (ug) of stage i, and C; is the proportion of stage i individuals
in the total population. The daily growth rate (g: day) was
calculated by the following equation:

_ InM; — InM,
=

where M, is the mean individual weight (ug) at Ty, M; is the
mean individual weight (pg) at day d and at temperature 7, and d is
the period of rearing in a day. A generalized linear model (GLM)
analysis was performed with growth rate (g) as the response variable
and various environmental data (temperature, DO, and Chl a) as
the explanatory variables. The water temperature and DO in each
experiment were averaged from two measurements at 17 and 42
hours. For Chl a, three data points, i.e., at the beginning of the
experiment (Chl_ty: pg LY, at the end of the experiment (Chl_end:
ug L), and the daily variation during the experiment (Chl_var: pg
L' day"), were calculated. The negative value of Chl_var indicates a
decrease in Chl a over time. The variance inflation factor (VIF) was
determined for each explanatory variable before use in the GLM,
and variables with a VIF > 3 were excluded from subsequent
analyses. For water temperature, which was determined to be the
most important environmental parameter by GLM analysis, a
generalized additive model (GAM) analysis was used to analyze
its impact on the growth rate (g).

3 Results
3.1 Experimental conditions

The rearing period ranged from 1.67 to 1.88 days (40.0-44.0
hours) throughout the 18 experiments conducted in this study
(Table 1). The total numbers of target copepod species in the four
experimental bottles were 23-251 individuals for E. bungii, 36-3291
individuals for M. pacifica, and 28-134 individuals for N.
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plumchrus. When the number of individuals in the four
experimental bottles was less than 23, we excluded the results
from the analysis due to an insufficient number of individuals.
Based on these criteria, the total number of experiments was 4 for E.
bungii, 15 for M. pacifica, and 10 for N. plumchrus (Table 1).

Temperature conditions during the rearing experiments of
three treatments (L, M, H) were 2.47-4.59°C (mean 3.49°C) for L,
6.55-8.4°C (mean 7.53°C) for M, and 10.88-12.31°C (mean 11.58°
C) for H (Table 2). DO was at 281.3-342.9 umol L' for L, 239.5-
304.6 umol L" for M, and 192.3-278.6 umol L™ for H. Within the
experiments, DO was higher for the colder conditions. For Chl q,
initial Chl a (Chl_t,) was 0.45-7.52 ug L', and final Chl a
(Chl_end) was 0.31-14.3 pg L. During the experiments, the
daily change in Chl a (Chl_var) ranged between —0.30 and 6.91
ug L' day™'. Within the 54 experimental conditions (18 stations x
three temperature conditions), Chl a increased in 45 experiments
and decreased in 9 experiments.

3.2 Growth rate

The detailed stage distribution data of each experiment are
presented in three supplemental tables (Supplementary Tables 1-3

10.3389/fmars.2024.1397721

for E. bungii, M. pacifica, and N. plumchrus, respectively). The
growth rate g of E. bungii was 0.000-0.080 day™ in DW, 0.000-
0.192 day' in CW, and 0.000-0.095 day™" in NW (Figure 2). For E.
bungii, g was highest at the highest temperature among the three
experimental conditions used in this study. The growth rate g of M.
pacifica was at 0.009-0.204 day™ in DW, 0.002-0.475 day™ in CW,
and 0.006-0.377 day ' in NW (Figure 3). For M. pacifica, g was also
higher for the higher temperature conditions within the
experimental conditions of this study. The growth rate g of N.
plumchrus was at 0.018-0.422 day™ in DW, 0.005-0.754 day™ in
CW, and 0.020-0.566 day ' in NW (Figure 4). For N. plumchrus, g
was highest in the middle water temperature condition (Experiment
M), except for one experiment (Exp. 6). The g of N. plumchrus
showed different responses to the three experimental temperatures
than the former two species.

The range of g varied greatly among the species. The
maximum value of g was 0.192 day™ for E. bungii, 0.475 day’’
for M. pacifica, and 0.754 day™' for N. plumchrus (Figures 2-4).
Among the three species, the highest ¢ was seen for N. plumchrus.
From the viewpoint of the three weight units determined in this
study (DW, CW, and NW), g in CW was higher than that in the
other two units. This weight unit trend was common among the
three species.

TABLE 2 Summary of the environmental parameters (temperature, dissolved oxygen, and chlorophyll a [chl. a]) of the three treatments (L, M, H) of

each experiment.

Temperature (°C)

Dissolved oxygen (umol L™)

Chl_end (ug L™Y)  Chl_var (ug L™ day™)

Chl_t,
L M H L M Wol™) | M oL M H
1 3.15 7.44 11.35 290.8 257.8 213.8 1.54 2.31 1.88 1.25 0.43 0.19 -0.16
2 3.46 7.46 11.35 304.9 264.2 2434 1.35 0.88 1.28 0.82 -0.27 -0.04 -0.30
3 3.72 7.57 11.57 309.0 286.6 239.7 1.73 3.72 2.32 1.89 1.17 0.35 0.09
4 3.42 7.61 11.53 3134 283.5 2532 2.11 1.88 1.78 1.90 -0.13 -0.19 -0.12
5 3.31 7.47 11.58 315.2 265.5 228.6 1.86 11.70 14.35 6.83 5.45 691 2.75
6 3.39 7.44 11.53 317.6 287.7 260.6 1.44 1.95 1.93 1.99 0.28 0.27 0.30
7 3.33 7.33 11.51 324.2 283.8 264.8 2.00 2.85 2.54 2.46 0.48 0.30 0.26
8 4.03 7.94 11.63 329.3 288.4 266.1 2.12 3.23 3.13 3.62 0.65 0.59 0.88
9 3.58 7.66 11.41 331.0 291.5 268.5 2.80 4.74 3.33 4.95 1.15 0.31 1.27
10 3.59 7.45 11.34 327.7 287.4 273.8 1.44 245 2.18 2.57 0.61 0.44 0.68
11 3.53 7.61 11.56 319.7 290.6 264.3 1.21 1.37 1.27 1.23 0.10 0.03 0.01
12 3.65 7.68 11.68 316.6 2849 263.2 0.95 1.51 1.33 1.47 0.33 0.22 0.31
13 3.75 7.53 11.92 306.3 282.5 250.4 1.22 1.74 1.51 1.99 0.30 0.17 0.44
14 3.15 7.33 11.66 314.1 283.7 258.3 1.43 2.12 2.24 2.63 0.39 0.46 0.68
15 3.50 7.49 11.72 305.9 280.7 258.4 0.45 0.31 0.37 0.61 -0.08 -0.05 0.09
16 4.20 7.96 12.02 307.1 269.6 242.1 2.25 3.13 2.73 3.02 0.52 0.28 0.45
17 3.18 7.46 11.67 327.7 293.6 263.6 7.52 10.47 10.88 13.49 1.66 1.89 3.36
18 297 7.13 11.45 325.8 287.8 253.5 6.59 9.77 9.84 10.81 1.69 1.73 2.25

The mean values of two measurements (ca. 16 and 40 hours from the start of each treatment) are shown for the two former two parameters.
Values at the start (Chl_t,), end (Chl_end), and the daily variability during the experiments (Chl_var) are shown for chl. a.

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2024.1397721
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Teraoka et al.

3.3 Effect of environmental parameters on
growth rate

The results of the VIF between the environmental data
measured during the rearing experiment are shown in Table 3.
We treated VIF values > 3 as variables with a high correlation with
the other environmental data, Chl_end showed a high correlation
with the other two Chl a data points (Chl_t, and Chl_var). Thus, we
omitted Chl_end from the GLM analysis.

The results of the GLM analysis applying the growth rate g as
the response variable and each environmental variable
(temperature, Chl_ty, Chl_var, and DO) as explanatory variables
for the three weight units of the three species are shown in Table 4.
Among the environmental variables, temperature had the most
prominent effect and was common to all three weight units of E.
bungii and M. pacifica (p< 0.01). In contrast, the temperature had
no significant effect on any of the three weight units for N.
plumchrus in the GLM. This reflected the species-specific reaction
of g with temperature for the species mentioned above. The growth
rate ¢ of N. plumchrus was the highest under mid-temperature
conditions (M) (Figure 4). Regarding the effects of the other
environmental variables, a slight positive effect (one or two out of
nine experimental conditions) was observed for Chl_t, and
Chl_var. Notably, the DO did not affect g under these
experimental conditions.

10.3389/fmars.2024.1397721

The results of the GAM analysis, applying growth rate g as the
response variable and temperature as the explanatory variable for the
three units of the three species, are shown in Figure 5. Temperature
had a highly significant effect on g in all three species (p< 0.001). For
E. bungii and M. pacifica, growth rate g was increased with increasing
temperature under the temperature condition of this study (2.5-
12.3°C). In contrast, the g of N. plumchrus peaked around 7°C and
showed slightly lower values at 3°C and 11°C, yielding a dome-
shaped curve of g against temperature within the examined
temperatures in this study (Figure 5).

4 Discussion
4.1 Experimental conditions

The short incubations have the advantage that they avoid
artifacts associated with long-term incubations. However, they
also have limitations: 1) no acclimatization to experimental
temperatures could introduce stress response; 2) the duration of
the experiment is short compared with the stage durations. The
latter point is important because there is an expected increase in
weight within a stage, and the DW estimates from Ueda et al. (2008)
are average weights, and the DW of recently moulted individuals
may be lower (< 2 days). Thus, the growth estimates in this study
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FIGURE 2

Eucalanus bungii. Results of mean daily weight-specific growth rates with the rearing temperatures in each experiment. Three weight units (dry
[DW], carbon [CWI, and nitrogen [NW]) were applied. For details of each experiment, see Tables 1, 2.
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Metridia pacifica
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FIGURE 3

Metridia pacifica. Results of mean daily weight-specific growth rates with the rearing temperatures in each experiment. Three weight units (dry [DW],
carbon [CW], and nitrogen [NW]) were applied. For details of each experiment, see Tables 1, 2.

may be overestimates, which may partly explain the differences
between published results and the current study.

The rearing period ranged from 1.67 to 1.88 days (40.0-44.0
hours) throughout the 18 experiments conducted in this study
(Table 1). We quantified temperature, dissolved oxygen (DO), and
Chl as environmental data that affect the growth rate of copepods in
this study. The temperature was kept at 4°C intervals (3, 7, and 11°
C) through the rearing experiments for 1.67-1.88 days (Table 2).
This indicated that temperature differences were present
throughout the experiment.

For dissolved oxygen, the DO under the three experimental
conditions can be converted and expressed as oxygen solubility. The
oxygen solubilities at temperatures L, M, and H ranged from 84.1%
to 102.1%, 78.8% to 99.9%, and 69.2% to 100.0%, respectively. This
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indicates that DO conditions are favorable for zooplankton,
especially copepods. This was also confirmed by the fact that DO
had no significant effect on growth rates for any of the three weight
units of the three species in this study (Table 4). Near
supersaturated DO was seen for Experiment 17, which was
characterized by high Chl_t, and high productivity, which may
have been improved by the sufficient light conditions of 3.75 umol
m? sec.”’ at about 50 m depth (Nosaka et al., 2014).

The Chl_t, observed in this study was substantially higher than the
Chl a values observed for field conditions. This may be because the
zooplankton collection in this study was made with a fine mesh net with
63 pm, which could collect large phytoplankton cells and concentrate
them. Because the light conditions of the rearing experiments in this
study were similar to the photoperiod and light intensity at a depth of 50
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FIGURE 4

Neocalanus plumchrus. Results of mean daily weight-specific growth rates with the rearing temperatures in each experiment. Three weight units
(dry [DW], carbon [CW], and nitrogen [NW]) were applied. For details of each experiment, see Tables 1, 2.

m, Chl a increased at the end of 83% (45/54) of the rearing experiments
(Table 2). These results indicated sufficient feeding conditions (food
availability of phytoplankton) for the three copepods categorized as
suspension feeders during the rearing experiments. Thus, food was not
considered a limiting factor for copepod growth.

The experimental rearing conditions used in this study, as
indicated by temperature, DO, and Chl a were characterized by
the availability of sufficient and favorable food and only a large
difference in temperature between the experimental conditions was
observed. However, the effects of abrupt changes in temperature

TABLE 3 Variance inflation factors (VIF) among the environmental
parameters during the laboratory rearing experiments.

Temp Chl_to Chl_end Chl_var
Temp
Chl_t, 0.987
Chl_end 0.982 3.577
Chl_var 0951 1.149 4.435
DO 0.531 1134 1.036 0.969

Temp: temperature (°C), Chl_t: chlorophyll a at t, (mg chl. a m™), Chl_end: chlorophyll a at
end of experiments, Chl_var: variability in chl. a (mg chl. a m™ day ") during the experiments,
DO: dissolved oxygen (umol L™). Underlined values indicate VIF > 3.
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and the effects of crowds (e.g., rearing at high densities), which are
not seen in field conditions, are two major factors that should be
considered (Kimmerer and McKinnon, 1987; Kimmerer et al.,
2007). While such shortcomings were present in the present
study, the proportion of dead specimens evaluated using the
neutral red method did not differ between T, and the end of the
experiments (p > 0.05, one-way ANOVA). The observed proportion
of the dead copepod specimen (7.4-15.4%) agreed with the reported
values from the field conditions (Elliott and Tang, 2011; Maud et al.,
2018; Tang et al, 2019). This suggested that the changes in
temperature and rearing at high zooplankton density had little
effect on the mortality of copepods during the short rearing period
(1.67-1.88 days) of this study. Thus, it can be concluded that the
growth rates in this study represent the responses of the three
copepod species when food was sufficiently available and only
changed with rearing water temperature conditions.

4.2 Growth rate

The three copepod species examined in this study (E. bungii, M.
pacifica, and N. plumchrus) are the dominant species in the
zooplankton community of the subarctic Pacific (Miller et al., 1984;
Tkeda et al., 2008). For copepods living in relatively low temperatures,
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TABLE 4 Results of GLM and stepAIC analysis for the growth rates for weights at three units (dry [DW], carbon [CW], nitrogen [NW]) of Eucalanus
bungii, Metridia pacifica, and Neocalanus plumchrus during this study.

Species Units Intercept Temp Chl_tg Chl_var DO
DW e 1
Eucalanus bungii CwW i e*
NwW T
DW oo
Metridia pacifica cw e
NW prex
DW ™
Neocalanus plumchrus CwW ™
NwW

Variables included in the model are shown as positive (upward arrow). Higher growth rates are associated with the higher values of the variable. Temp: temperature, Chl_t,: chlorophyll a at t,
(mg chl. a m™), Chl_var: variability in chl. a (mg chl. a m™ day') during the experiments, DO: dissolved oxygen (umol L™). *p< 0.05, **p< 0.01, ***p< 0.001.

the 40-44 hour experimental time in this study may be too short, as  of the specimens were expected to molt. To ensure that at least one
their stage duration could be longer than the rearing time. From the  specimen molts until the end of the rearing, we estimated that 4-31.4
literature, the duration times of different life stages of three species have  individuals (median 8.3 individuals) at each copepodite stage are
been reported (Padmavati and Ikeda, 2002; Yamaguchi et al, 2010;  needed under the initial conditions (T,). We conducted the study
Takahashi and Ide, 2011) (Supplementary Tables 4). At temperatures  using triplicate incubation bottles and an adequate number of
between 3-8°C, the stage duration times ranged from 7 to 55 days, with ~ individuals at each temperature condition (see Table 1). From this
a median of 14.5 days. Based on these values, we found that during our ~ perspective, we were able to determine the maximum growth rate of
study’s 42-hour (1.75-day) rearing period, 3.2-25.0% (median 12.1%)  each species under conditions where food was not limited.

Eucalanus bungii Metridia pacifica Neocalanus plumchrus
DW

0.04 s 4 0.10 § oy e *d
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FIGURE 5
Results of GAMs based on the growth rates of three weight untes (dry [DW], carbon [CW], and nitrogen [NW]) of Eucalanus bungii, Metridia pacifica,
and Neocalanus plumchrus with temperature during experiments of this study. ***p < 0.001.
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Owing to their ecological importance, the growth rates of the three
species have been studied previously. The reported growth rates are
summarized by Kobari et al. (2019). For example, the growth rates of E.
bungii have been reported as 0.10 day™ in the Bering Sea (Vidal and
Smith, 1986), and 0.02 day'1 (Tkeda et al., 2008) and 0.04 day'1 (Kobari
et al, 2010) in the Oyashio region. From laboratory rearing, maximum
growth rate of 0.15 day™ has been reported (Takahashi and Ide, 2011).
In this study, the maximum growth rate of E. bungii reached 0.19 day™,
which is higher than the values previously reported (Figure 2). This may
be due to the rearing conditions in this study; thus, food was sufficiently
available, and there was a wide range of rearing temperatures.

M. pacifica was the smallest copepod among the three species
examined in the present study. Although the other two species have
generation lengths of one year or more (Kobari and Ikeda, 2001;
Shoden et al., 2005), M. pacifica is considered to have multiple
generations within one year (Batchelder, 1985; Padmavati et al,
2004). Growth rates of M. pacifica have been reported as less than
0.01-0.29 day'1 (Liu and Hopcroft, 2006b) and 0.17-0.18 day'1
(Hopcroft et al., 2005) in the coastal area of the Gulf of Alaska. The
maximum growth rate of M. pacifica observed in the present study
ranged from 0.20-0.47 day ™. The maximum growth rate of M. pacifica
in this study was higher than previously reported values for the same
species, similar to the trend mentioned for E. bungii (Figure 3).

There are two breeding patterns of pelagic copepods based on
their energy, as discussed by Varpe et al. (2009) and Sainmont et al.
(2014). Income breeders derive their reproductive energy from in-
situ feeding, while capital breeders obtain theirs from stored energy
in their bodies, such as lipids. While the two previous species are
income breeders that reproduce by feeding at the sea surface
(Padmavati et al, 2004; Shoden et al,, 2005), N. plumchrus is a
capital breeding species that descends to the deep layer at the C5
stage, molts to adults in the deep layer, and reproduces in the deep
layer without feeding by using stored lipids as energy (Kobari and
Ikeda, 2001). The growth rates of N. plumchrus have been well
documented, with maximum growth rates of 0.09 day™' in the Bering
Sea (Vidal and Smith, 1986), 0.28 day’1 in the Gulf of Alaska (Liu and
Hopcroft, 2006a), and 0.19 day’1 (Kobari et al., 2003) or 0.03 day’1
(Kobari et al., 2010) in the Oyashio region. The maximum growth
rate of N. plumchrus in this study ranged from 0.42 to 0.75 day’
(Figure 4), which was higher than previously reported values, a
similar trend as that of the two species mentioned above.

Thus, in the present study, growth rates higher than those
reported in previous studies were observed for all three species.
These patterns were common not only for E. bungii and M. pacifica,
which showed the highest growth rates under the highest
temperature conditions, but also for N. plumchrus, which had the
highest growth rates under intermediate temperature conditions.
This suggested that the high growth rates observed in this study
may not be due to the broader experimental water temperature
ranges but rather due to high primary productivity, which is
enhanced by the high concentration of food phytoplankton
concentrated by the fine-mesh net and the sufficient light
conditions available during the rearing experiments. Thus, the
high growth rates observed in this study are considered the
maximum growth rates of each species, which were achieved
under sufficient feeding conditions for each temperature condition.
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This study determined copepod growth rates using three weight
units. Common for the three species, the growth rates in CW were
higher than those in DW and NW. A similar pattern has been
reported for C. finmarchicus in the North Atlantic, where the growth
rates in CW were 1.0-1.1 times higher than those in NW at naupliar
stages and 1.4-1.7 times higher in C5, which is a reflection of the
higher lipid accumulations at the late copepodite stages (Campbell
et al, 2001). The three copepod species examined in this study are
also known to store lipids in their bodies (prosomes), especially
during the late copepodite stages (Kobari and Ikeda, 2001; Padmavati
et al,, 2004; Shoden et al., 2005). These characteristics may induce
higher growth rates in CW than in the other two units.

4.3 Effect of environmental parameters on
growth rate

Among the three environmental parameters considered in this
study (temperature, DO, and Chl a), DO did not affect the growth
rate in any experiment, and Chl a had little effect on the growth
rates of most weight units of the three species (Table 4). These
results might be because both dissolved oxygen and food availability
under the experimental conditions were more favorable than those
observed under field conditions.

In contrast, the temperature had a clear effect on the growth rates
of the three species. To quantify the temperature effect on the
physiology of zooplankton, Qy is used. However, the calculation of
the Q)¢ value is meaningful for metabolism-related values such as
respiration rates or ammonia excretion rates, and would not be
calculated for growth rates (cf. Tkeda et al, 2000). In response to
temperature, E. bungii and M. pacifica exhibited higher growth rates at
the highest experimental temperature, whereas N. plumchrus showed
lower growth rates at the highest experimental temperature (Figure 5).

This may reflect inter-species differences in the optimum
temperature for each species. Because E. bungii and M. pacifica
reproduce at the surface layer through income breeding, their
optimum temperatures are expected to be high (Padmavati et al.,
2004; Shoden et al., 2005). However, since N. plumchrus reproduces
in the deep layer by capital breeding, it descends to the deep layer to
avoid high temperatures during the warm period. Thus, the
temperature tolerance and optimum temperature of N. plumchrus
are expected to be lower than those of the other two species.

Marine heatwaves are conditions in which warm seawater
conditions continue for at least five days or longer. Their global
occurrence increased by 34% during 1987-2016 compared to that
during 1925-1954, their duration increased by 17%, and their annual
duration expressed as days in a year increased by more than 50%
(Smale et al., 2019). Marine heat waves were even observed in the
subarctic Pacific and in the Gulf of Alaska in 2014-2016 (Bond et al.,
2015; Di Lorenzo and Mantua, 2016). A marine heat wave was also
observed in the western Subarctic Pacific in 2021 (Kuroda and Setou,
2021; Kuroda et al, 2021). The depth affected by marine heat waves
extended near the surface layer (<20 m) (Kuroda and Setou, 2021).
Since N. plumchrus is treated as a particle feeder species, especially on
phytoplankton and microzooplankton, which are abundant near the
surface (Tkeda et al., 2008), the negative effect of marine heat waves on
their growth rates is expected.
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The species-specific differences in growth rate responses to
temperature evaluated in this study are important for predicting
the response of lower—trophic level marine ecosystems in future
oceans, where such marine heatwaves are expected to occur more
frequently than in the present.

5 Conclusions

In the present study, we developed a modified artificial cohort
method, especially in the collecting method and rearing conditions, to
evaluate the growth rates of various sympatric copepods. This
method was achieved by collecting zooplankton through a fine-
mesh (63 pm) net equipped with a bucket-type cod-end and
creating a zooplankton community that contained only young
copepodite stages made by a gentle reverse filtering of a large 925
pm sieve, then rearing for approximately 42 hours. During rearing,
the available light and photoperiod were similar to that at a depth of
50 m. In these treatments, Chl a increased by 83% by the end of the
experiment. This suggested that the feeding conditions were sufficient
for copepods and did not act as limiting factors. In terms of oxygen
solubility, the DO was at 69.2%-102.1%, which was also sufficient for
copepod growth. The mean proportion of dead specimens evaluated
using the NR method was 10.2% for the three copepod species (E.
bungii, M. pacifica, and N. plumchrus), which corresponds with the
values observed in the field. Therefore, we established a method to
evaluate the growth rate of copepods under food-sufficient
conditions. The copepod species studied in this research are
subarctic species that live in cold conditions, so the developmental
time for each stage is longer than the 42 hour rearing period.
Therefore, it's important to conduct experiments with a large
number of individuals to obtain accurate growth rate results. The
key finding of this study is that the optimal water temperature varies
among the three sympatric species, which is related to the ecology of
each species. Temperature was the most prominent factor affecting
the growth rates of all three species. Under rearing at 3, 7, and 11°C,
E. bungii and M. pacifica showed high growth rates at the highest
temperature (11°C), while N. plumchrus showed a high growth rate at
an intermediate temperature (7°C). These species-specific differences
in growth rates for response to temperature could be interpreted as
the optimum temperatures for E. bungii and M. pacifica were higher
than that of N. plumchrus. These results are important for predicting
the response of dominant copepods to future environments, which is
expected to be a frequent occurrence of marine heat waves.
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