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ABSTRACT: We examined the effect of hydrostatic pressure on copepod eggs to test the hypothesis
that eggs of calanoid copepods can develop, hatch, and be successfully recruited under the environ-
mental pressure at which they are released. To explore this hypothesis, the pressure tolerance of eggs
of the deep-sea-spawning copepods Neocalanus cristatus, N. plumchrus, and N. flemingeri was
examined and compared with that of Calanus sinicus, which shows egg hatching success that
decreases with increasing pressure. The duration of egg development and the hatching success of
Neocalanus copepods were measured at 4°C under hydrostatic pressures of 1, 10, 50, and 100 atm.
Neither the egg development time nor hatching success rates were affected by pressure. This implies
that eggs of Neocalanus spp. are adapted to a wide pressure range even though reproduction occurs
in a high-pressure environment. Both Neocalanus spp. and C. sinicus live over wide depth ranges
throughout their lifetimes —from the ocean surface to depths of greater than 1000 m — by undergo-
ing ontogenetic vertical migration. However, during early life stages such as the egg and nauplius
stages, C. sinicusis exposed only to a narrow pressure range, from 1 to about 10 atm. In contrast, Neo-
calanus copepods are exposed to a wide pressure range from deep to surface layers during their early
life stages. Therefore, the pressure tolerance of the eggs of calanoid copepods appears to be related
to the depth range experienced in the early life stages.
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INTRODUCTION

Neocalanus cristatus, N. flemingeri, and N. plum-
chrus are abundant in the subarctic Pacific Ocean and
the adjacent Bering, Okhotsk, and Japan Seas (Zenke-
vitch 1963, Motoda & Minoda 1974, Kobari & Ikeda
1999, 2001a,b) and are important prey of pelagic
fishes, whales, and sea birds (Nemoto 1963, Fukataki
1967, 1969, Taka et al. 1982, Odate 1994, Hunt et al.
1998, Kobari & Tkeda 1999, 2001a,b). These 3 species of
copepods conduct ontogenetic vertical migration
(OVM) from the surface to deep ocean layers, as do
most calanoid copepods (Kobari & Ikeda 1999, 2001a,b,
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Tsuda et al. 1999, 2001). However, these Neocalanus
copepods have lifestyles unique among those of the
grazing copepods in that they do not feed during the
adult stage and produce eggs by using stored lipids
accumulated at the surface (Miller et al. 1984, Conover
1988, Miller & Clemons 1988, Kobari & Ikeda 1999,
2001a,b, Tsuda et al. 1999, Saito & Tsuda 2000). Their
larvae grow in the surface layer until reaching cope-
podite stage CV, at which point they descend to their
respective spawning depths, molt into adults, and pro-
duce eggs below 500 m (N. cristatus) or 250 m
(N. flemingeri and N. plumchrus). Although their bio-
logy has been well studied because of their abun-
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dance, the biological significance of spawning at depth
as it relates to recruitment is not yet known.

Neocalanus eggs are exposed to a high-pressure
environment as a consequence of spawning at deeper
depths (e.g. Miller et al. 1984, Miller & Clemons 1988,
Tsuda et al. 1999). However, the effect of hydrostatic
pressure on Neocalanus eggs has not been examined.
For instance, a previous study of egg development in
Neocalanus species (Saito & Tsuda 2000) did not con-
sider the effect of the hydrostatic pressure experienced
by Neocalanus spp. in nature, even though their eggs
are released at great depths. The effects of hydrostatic
pressure on eggs have been well studied in other
deep-sea animals; for example, the pressure tolerance
of the eggs of echinoid species is closely related to the
vertical distribution of adults (Young & Tyler 1993,
Young et al. 1996, 1997, Tyler & Young 1998, Tyler et
al. 2000).

In contrast, similar studies are rarely performed on
copepod eggs, except for those of Calanus sinicus.
The egg development time of C. sinicus is not signifi-
cantly affected by pressure changes, whereas the egg
hatching success decreases with increased pressure,
and abnormal nauplii are observed if eggs hatch
under high-pressure conditions (Yoshiki et al. 2006).
Although C. sinicus experiences a wide variation in
pressure during OVM—from 1 atm at the surface to
more than 100 atm at a depth of 1000 m—adult
females are distributed at the surface and their eggs
are released only there (Uye et al. 1990, Shimode et al.
2006). These eggs are therefore considered to be
adapted to low-pressure environments (Yoshiki et al.
2006, 2008).

The relationship between spawning depth and toler-
ance of eggs to pressure leads to the hypothesis that
the eggs of calanoid copepods are able to develop,
hatch, and be successfully recruited under the environ-
mental pressures at which they are released. This
hypothesis can be tested by examining the effects of
pressure on the eggs of Neocalanus species, which
have a particular spawning depth but experience a
wide depth range through OVM.

The migration of Neocalanus from the surface to
deep depths before molting and reproduction suggests
that the deep ocean environment provides conditions
suitable for the hatching and recruitment of eggs and
larvae. The purpose of the present study was to exam-
ine the effects of deep-ocean pressures on Neocalanus
eggs in order to explore the hypothesized relationship
between spawning depth and egg hatching success in
calanoid copepods, and to evaluate whether previous
studies of hatching success of Neocalanus eggs repre-
sent a naturally occurring phenomenon. In addition,
we consider the biological significance of spawning at
depth.

MATERIALS AND METHODS

Sampling and rearing. Neocalanus cristatus, N.
flemingeri, and N. plumchrus were collected during
voyages of RV ‘Hokko-maru,” of the Hokkaido
National Fisheries Research Institute, in the Oyashio
region of the Western Subarctic Pacific in January
2006 and January 2007. Sampling was conducted by
vertical hauls of a ring net (65 cm diameter) with
330 pm mesh fitted with a 21 cod end. Hauls were from
a depth of either 1000 or 1500 m to the surface. The
contents of the cod end were diluted with surface sea-
water, and female Neocalanus copepods were sorted
from the sample by using a glass pipette and then
transferred into 1 1 bottles filled with seawater filtered
through 0.7 pm glass-fiber filters (GF/F; Whatman®).
Bottles were kept at approximately 4°C in either a cold
room or an incubator.

After the samples were returned to the laboratory,
females were taxonomically classified under a dissect-
ing microscope. Neocalanus plumchrus and N. flemin-
geri were individually transferred into 250 ml bottles
filled with filtered seawater, whereas N. cristatus was
individually transferred into 2 1 bottles. The bottles
containing copepod females were kept at 4°C in the
dark and were checked daily for spawning. When eggs
were produced, copepod females were transferred to
beakers and eggs were counted under a dissecting
microscope. The eggs were then transferred to 12-well
Nunc® multi-well dishes containing about 5 ml of sea-
water filtered through 0.7 pm GF/F (Whatman®); they
were then maintained in a temperature-controlled
incubator until the experiments began.

Pressure and temperature experiments. Newly
spawned eggs were used for pressure and temperature
experiments. Temperature experiments under atmos-
pheric pressure conditions were conducted at 4 tem-
peratures (2, 4, 6, or 8°C) for eggs of Neocalanus plum-
chrus and N. flemingeri, and 4, 6, or 8°C for N.
cristatus. These temperatures were chosen to allow a
direct comparison with the data of Saito & Tsuda
(2000). Egg development time and hatching success
under 1 atm were observed, and each experiment was
performed 6 or 7 times.

Pressure experiments were conducted at 1, 10, 50,
and 100 atm by using a pressure apparatus developed
by Yoshiki et al. (2006). The experimental temperature
for these pressure experiments was set at 4°C, which is
nearly the same as the spawning temperature. Be-
tween 10 and 35 eggs were used at each pressure for
each of the 3 species. Each experiment at a given pres-
sure was performed 4 or 5 times for each of the 3 spe-
cies; the total number of eggs of each species used for
each experimental pressure condition ranged from 66
to >100 eggs.
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Eggs were placed into the pressure chamber, which
was then pressurized by pumping water into the cham-
ber up to the target pressure (Yoshiki et al. 2006). The
pressure was increased gradually during the first
100 min to minimize the shock of the pressure change.
The hydrostatic pressure apparatus had windows that
made it possible to observe specimens and measure
the egg development time in the pressure chamber.
The contents of the eggs were video-recorded as
described previously (Yoshiki et al. 2006). At the end of
the experiment, eggs and larvae were removed from
the pressure chamber, and hatched larvae were exam-
ined for deformation under a dissecting microscope.
Egg development times under the respective pressure
conditions were determined by visual observation of
the video recordings.

We used 1-way analysis of variance (ANOVA) and
ANOVA for randomized complete block design to test
for differences in egg development times and egg
hatching success between pressure conditions. All sta-
tistical analyses were performed using the statistical
software Kyplot version 5.0 for Windows (Kyence).

RESULTS
Egg spawning

Females of Neocalanus cristatus produced 1 to 153
eggs at intervals of 11.7 + 0.6 d (mean + SE; Table 1).
The clutch size at earlier spawning periods, with a
mean of more than 100 eggs, was much larger than
those of later spawning periods, which often had
fewer than 10 eggs clutch™!. The maximum observed
clutch number was 7, and the maximum fecundity was
410 eggs female™.

Similar reproductive patterns were observed for
Neocalanus plumchrus, which produced 9 to 237 eggs
at intervals of 6.3 = 0.5 d (Table 1). The maximum

clutch number for this species was 8, and the maximum
fecundity was 429 eggs female . The mean clutch size
of N. flemingeri was the largest of the 3 species (382 +
93.5), and the mean spawning interval was 8.1 £ 0.8 d.
The first 2 clutches were the largest, with clutch sizes
decreasing sharply as spawning proceeded. The maxi-
mum clutch size observed was 623 eggs female™, and
the maximum clutch number was 7.

Egg development time

Egg development times relative to the temperature
at 1 atm were fitted to Bélehradek's function, with the
following result (Bélehradek 1935, 1957; Fig. 1):

D = 4593(T + 27.08) 2% for Neocalanus cristatus
D = 4593(T + 28.92)72% for N. plumchrus
D = 3208(T + 23.70) 2% for N. flemingeri

where D is the development time (d) and T is the tem-
perature (°C). Egg development times significantly
decreased with increasing temperature (p < 0.001 for
all 3 species; 1-way ANOVA; Table 2). In addition,
there were no significant differences between egg
development times at 1 atm and higher pressures at
4°C for the 3 Neocalanus species (Fig. 2, 1-way
ANOVA,; Table 2)

Hatching success

The average egg hatching success at 1 atm was
53.7 +6.82 % for Neocalanus cristatus, 50.4 + 8.38 % for
N. plumchrus, and 79.4 + 4.69% for N. flemingeri
(Table 1). There were no significant differences in egg
hatching success of the Neocalanus species examined
when exposed to pressures from 1 to 100 atm (Fig. 3,
1-way ANOVA; Table 2). However, in our experi-
ments, the egg hatching success varied from 0 to 100 %

Table 1. Neocalanus spp. Spawning interval, clutch size, and egg hatching success as observed in the present study and
previously by Saito & Tsuda (2000). na: data not available

Spawning interval (d) Clutch size (eggs clutch™) Egg hatching success (%)

Min.—Max. Mean + SE Min.—Max. Mean + SE Min.—Max. Mean + SE
N. cristatus
Present study 3-20 11.7 £ 0.6 1-153 89.5+21.1 0-100 53.7 £6.82
Saito & Tsuda (2000) 7-20 11.0+1.5 4-110 76.0 £ 19.3 na 81 +0.15
N. plumchrus
Present study 2-10 6.3+0.5 9-237 98.2 + 59.5 0-100 50.4 + 8.38
Saito & Tsuda (2000) 2-8 5.0+0.7 1-235 na na 90 + 0.22
N. flemingeri
Present study 6-14 8.1+0.8 7-623 382 +£93.5 10-100 79.4 +4.69
Saito & Tsuda (2000) 3-20 82+21 na-687 443 + 133 na 93¢
4Only 1 clutch examined
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Fig. 1. Neocalanus spp. Average (+SEM) egg development times from the present study (O) and from Saito & Tsuda (2000)
(O) under atmospheric pressure and different temperatures. Egg development times significantly decreased with increasing
temperature (1-way ANOVA, see Table 2)
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Fig. 2. Neocalanus spp. Average (+SEM) egg development time under pressures from 1 to 100 atm at 4°C. Differences in egg
development time between pressure conditions were not significant (1-way ANOVA, see Table 2)

among clutches for the 3 Neocalanus copepods, and
the average hatching success was low compared to
previous results (about 80%; Saito & Tsuda 2000).
Hence, another experiment was conducted to exclude
clutch effects. The egg hatching success data for eggs
from the same clutch at pressures of 1, 10, and 100 atm

Table 2. Neocalanus spp. One-way ANOVA of egg development
times (EDT) at different temperatures under 1 atm (see Fig. 1), under
pressures from 1 to 100 atm at 4°C (see Fig. 2), and egg hatching

were subjected to ANOVA for a randomized complete
block design with 5 replicates for each species
(Table 3). The sources of variation in this design were
pressure and clutch (block). Although the differences
among clutches were highly significant (IN. cristatus
and N. plumchrus, p < 0.001; N. flemingeri, p < 0.01),
the differences among pressure treatments
were not significant for any of the 3 species. In
other words, the egg hatching success of the
species tested did not appear to be affected by
hydrostatic pressure.

success (EHS) under pressures from 1 to 100 atm (see Fig. 3). Egg
development times decreased significantly with increasing tempera-
ture, whereas there were no significant differences in egg develop-

ment times or egg hatching success at differentpressures. Values

were considered significant at p < 0.05

DISCUSSION

We compared our results to those of Saito &

Species EDT (temp.) EDT (pressure) EHS (pressure) Tsuda (2000) for Neocalanus spawning and
F P F p F fecundity (Table 1). Spawning intervals and

] clutch sizes were almost the same as in the pre-

N. cristatus 3.29 <0.001 2.76  0.070 2.33 0.887 . b t d th th diti f
N. plumchrus ~ 2.65 <<0.0001 275 0356 2.31 0.819 Vvious observatlons, and thus the condifion o
N. flemingeri  2.68 <<0.0001 275 0.083 228 0.871 females used in our study was considered com-

parable to those used by Saito & Tsuda (2000).
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Fig. 3. Neocalanus spp. Average (+SEM) egg hatching success under atmospheric and higher pressures. Differences in egg
hatching success among pressure conditions were not significant (1-way ANOVA, see Table 2)

Table 3. Neocalanus spp. Analysis of variance for a randomized complete block design of egg hatching success, with ‘block’ set
at clutch. Values were considered significant at p < 0.05

Source  df N. cristatus N. plumchrus N. flemingeri

SS MS F p SS MS F p SS MS F P
Pressure 2 71.37 3568 0.186 0.834 0.2 0.10 0.0527  0.949 6.17 3.08 0.202 0.822
Clutch 4 18927.3 4731.82 24.657 0.00015 30895.3 7723.82 4151.476 <0.0001  472.07 118.02 7.710 0.00752
Error 8 153522 191.90 14.88 1.86 12245 15.31
Total 14 20533.9 30910.4 600.69

The egg development times of the 3 Neocalanus
copepods decreased with increasing temperature
under atmospheric pressure. In general, development
times of crustacean eggs decrease with increasing
temperature (e.g. Bélehradek 1935, 1957). The devel-
opment times estimated in our study tended to be
shorter than those reported by Saito & Tsuda (2000) at
temperatures as low as 2 and 4°C (Fig. 1). McLaren et
al. (1989) found that the development times of eggs of
4 Pseudocalanus species were related to the size of the
eggs, and that this relationship also existed within a
species at different geographical locations. Also, egg
development times of the calanoid copepod Acartia
tonsa are related to the temperature experienced by
the females (Hansen et al. 2010). Although it is impos-
sible to know the detailed temperature history of Neo-
calanus copepods in the field, it is possible that the
populations sampled for the present study were
exposed to a different range of temperatures than
those collected by Saito & Tsuda (2000).

Under conditions of varying pressure from 1 to
100 atm, the egg development times and hatching suc-
cess of Neocalanus cristatus, N. flemingeri, and N.
plumchrus were not significantly different (Figs. 2 & 3).
No abnormal hatched nauplii were observed, and
the nauplii swam normally under all pressure
conditions. These results indicate that neither the egg
development time nor the egg hatching success of the
3 Neocalanus species tested was affected by the hydro-
static pressure.

We previously examined the effects of hydrostatic
pressure on the egg development time and hatching
success of the calanoid copepod Calanus sinicus
(Yoshiki et al. 2006). Although egg development time
was not influenced by hydrostatic pressure, the egg
hatching success rate decreased with increasing pres-
sure. Unhatched eggs of C. sinicus were still alive after
being removed from the pressure chamber after expo-
sure to elevated pressure, and they subsequently died
without hatching even though nauplii had formed in
the eggs. Also, even when eggs hatched under high-
pressure conditions, most nauplii showed abnormali-
ties (Yoshiki et al. 2006, 2008).

The effects of hydrostatic pressure on egg develop-
ment have been reported in a number of marine
animals. For example, the embryonic cleavage rates of
Antarctic krill Euphausia superba and shallow-water
Mediterranean echinoid species vary under different
pressure conditions (George 1984, George & Strom-
berg 1985, Young et al. 1997). Embryos of the echinoid
species cleaved slowly or did not develop under pres-
sures higher than those at their habitat depths (Young
et al. 1997). This suggests that egg development time
unaffected by hydrostatic pressure is one of the de-
fining characteristics of calanoid copepods compared
to other taxa.

Considerable variation in egg hatching success was
observed among clutches (from 0 to 100 %), although
the mean hatching success was not significantly dif-
ferent between the species examined. The results of
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Fig. 4. Neocalanus spp. Egg hatching success under high-pressure conditions of 10 atm (0), 50 atm (0O), and 100 atm (A) compared
to hatching success of the same clutches at atmospheric pressure. Fitted lines show the correlation between hatching success at
higher pressures and at 1 atm using eggs from the same clutch

ANOVA for a randomized complete block design indi-
cate that egg hatching success was largely influenced
by the properties of the individual clutches (Table 3).
Taken together, these results indicate that the egg
hatching success rates of Neocalanus copepods are not
influenced by hydrostatic pressure.

There was a significant positive correlation between
the egg hatching success at 1 atm and the hatching
success of eggs from the same clutch at higher pres-
sures (10, 50, and 100 atm; Fig. 4). These results rein-
force previous laboratory studies of Neocalanus spe-
cies under atmospheric pressure (Saito & Tsuda 2000)
and are important to consider when studying Neo-
calanus eggs. However, the high variability of egg
hatching success may result from variations in physio-
logical status, such as enzyme or lipid content, that
affect the survival rate; this should be determined in
future studies.

The life cycle depth ranges of Calanus sinicus and
Neocalanus spp. are very different (Fig. 5). Adult C.
sinicus females are distributed in the surface layer, and
the eggs and nauplii are exposed only to a narrow
pressure range of 1 to 10 atm (Uye et al. 1990). In con-
trast, Neocalanus species are distributed in the deep
layer as adults and are exposed to large pressure dif-
ferences ranging from those in the deep spawning
depths to those in shallow waters at the ocean surface
in the early life stages (Miller et al. 1984, Mackas et al.
1998, Kobari & Ikeda 1999, 2001a,b). Thus, the vertical
distribution of early life and adult stages differs
between C. sinicus and Neocalanus spp., even though
they both experience depth changes of greater than
1000 m throughout the course of OVM. The pressure
tolerance displayed by copepod eggs may be related to
the depth range experienced in the early life stages of
the individual species. The present data do not support
the hypothesis that eggs of calanoid copepods are able
to develop, hatch, and be successfully recruited only
under the environmental pressures at which they are

released; instead, the data indicate that tolerance of
eggs to pressure is unrelated to spawning depth.

Lincoln (1971) reported that the adult stage of the
copepod Calanus helgolandicus responds to pressure
changes and migrates in the water column. As men-
tioned previously, there is a decrease in egg hatching
success with increasing pressure in the herbivorous C.
sinicus, which spawns in the surface layer (Yoshiki et
al. 2006). Members of the genus Calanus may be able
to migrate to depths where the pressure does not
adversely affect their eggs when they reproduce dur-
ing diel vertical migration (DVM). This characteristic
in C. sinicus females may lead to successful hatching
and recruitment following spawning in the surface
layer. In other words, DVM in C. sinicus could be
advantageous for egg hatching. From this perspective,
the lack of DVM, together with the great spawning
depths of female Neocalanus copepods, indicates that
deep-ocean environments, and particularly high pres-
sure, are suitable for their reproduction and egg devel-
opment. However, in the present study, eggs of Neo-
calanus copepods showed tolerance not only to high
pressure but also to pressures as low as 1 atm. There-
fore, although female Neocalanus copepods reproduce
at deep depths, their eggs do not necessarily require
high pressure for development, suggesting that the
depth of reproduction serves other functions, such as
predation avoidance during the feeble nauplius stage.
Neocalanus nauplii grow during the ascent from
spawning depths and appear at the surface in the late
nauplius or early copepodid stage (Miller et al. 1984,
Miller & Clemons 1988, Miller & Terazaki 1989, Kobari
& Tkeda 1999, 2001a,b). These larvae comprise a suffi-
ciently large component to compete with other species
of copepod nauplii in the surface layer.

The 3 sympatric Neocalanus species examined here
appear to avoid competition by subtle differences in
the timing of their life cycles and in the strata occupied
in the surface layer. For example, N. cristatus spawns
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Fig. 5. Calanus sinicus and Neocalanus spp. Depth ranges experienced during early life stages (from egg to nauplius; dotted line)

throughout the year with a peak between October and
December (Kobari & Ikeda 1999), and thus their
recruitment period is longer than those of N. flemingeri
and N. plumchrus. In addition, N. cristatus inhabits the
lower stratum of the surface mixed layer, below that
occupied by N. flemingeri and N. plumchrus. Although
N. flemingeri and N. plumchrus have similar mor-
phologies and share the upper stratum, they are obvi-
ously segregated in distribution depth and the timing
of their appearance at the surface (Miller & Clemons
1988, Mackas et al. 1993, Tsuda et al. 1999, 2001,
Kobari & Ikeda 2001a,b). N. flemingeri uses the surface
layer for growth during winter to early spring, whereas
N. plumchrus appears in this layer from late spring to
summer (Miller et al. 1984, Miller & Clemons 1988,
Miller & Terazaki 1989, Tsuda et al. 1999, 2001). Also,
it appears that the time of first feeding differs between
them. We have observed the limit of their growth with-
out food. The last stages reached under starvation
conditions were C1 for N. cristatus and N3 for N. plum-
chrus (T. Yoshiki unpubl. data), i.e. the same as re-
ported by Saito & Tsuda (2000); we do not have this
information for N. flemingeri. These are considered to
be the last stages of growth using maternal nutrients,
and at these stages, the larvae must begin to feed.

The high-pressure adaptation of Neocalanus eggs
enables reproduction and recruitment in the deep
ocean layers, and it may also allow the hatchlings to
reach a large biomass by avoiding competition with
other sympatric species. Spending the vulnerable early

life stages, including the egg and early nauplius stages,
under stable conditions deep in subarctic areas, as op-
posed to the climatically harsh environment of the sur-
face layer, is considered an important factor allowing
Neocalanus spp. to maintain abundant populations.

Our results suggest that the pressure tolerance of the
eggs of calanoid copepods is related to the depth range
experienced during the early life stages. Future inves-
tigations of calanoid copepods, with their unique char-
acteristics of life cycle, distribution depth, and habitat,
are necessary to reveal the precise effects mediated by
hydrostatic pressure.
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