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Egg production rate (EPR) of the copepod Acartia steuert was investigated by in situ incubation in

lkwang Bay, Korea. EPR ranged from 3.8 to 10.1 eggs female™ " d~

rate decreased with increasing body weight of the adult female.

Measurement of secondary production has been a primary
goal of zooplankton research in relation to the Global
Ocean Ecosystem Dynamics (GLOBEC) program and
GLOBEC-like research (IGBP, 1999). Many methods for
estimating secondary production have been proposed
(Omori and Ikeda, 1984; Rigler and Downing, 1984),
with the growth-rate method frequently used in copepod
production studies (Peterson et al., 1991, 2002; Huang ez al.,
1993; Hutchings et al,, 1995; Liang and Uye, 1996). In
general, the growth-rate method has two approaches:
somatic production and egg production. Measurement of
the somatic production of copepods, however, is consid-
ered a daunting task and not practical (Poulet ¢t al., 1995).
Therefore, measurement of the egg production of adult
female copepod was proposed as an alternative method for
estimating pelagic secondary production and recruitment
(Poulet et al., 1995). Egg production rate (EPR) is a mea-
sure of population birth/recruitment rate and is also con-
sidered as the net production rate of adult female
copepods.

In Korean waters, very few investigations on EPR of
marine pelagic copepods have been conducted so far (Park
and Lee, 1995; Park, 1997; Kang and Kang, 1998). We
previously reported the EPR of the small marine copepod
Acartia steuert in Ilkwang Bay, using an equation obtained
in a laboratory experiment relating egg production to

! and weight-specific growth

temperature and chlorophyll ¢ concentration (Kang and
Kang, 1998). However, the EPRs estimated in our pre-
vious study using this equation were low, suggesting that
EPR of A. steuer: might be underestimated due to the
possibility of egg cannibalism by the adult females in the
laboratory. Thus, we mitiated the present study, in which
we measured the EPR of A. steueri directly.

The purpose of this study was to measure the EPR
of A. steuer: through an i situ incubation experiment in
Ilkwang Bay, to compare the results of the EPR to those
of Kang and Kang (Kang and Kang, 1998) and to
confirm the potential EPR of 4. steueri in Ilkwang Bay.

A series of sampling was carried out in Ilkwang Bay
(Fig. 1) on the southeastern coast of Korea from October
1997 to September 1998. Water temperature, salinity
and chlorophyll @ concentration were monitored at
four stations (stations 1, 2, 3 and 4) to detail the seasonal
variation of these variables in the bay. Water tempera-
ture and salinity were measured using an S-C-T meter
(YSI model 33), and chlorophyll a concentration was
determined by spectrophotometric method (Parson et al.,
1984) in surface water and bottom water at four stations
(Fig. 1).

Zooplankton samples were collected at three stations
(stations 1, 2 and 3) using a plankton net (45 cm mouth diam-
eter and 330 m mesh) by oblique hauls from the bottom to
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Fig. 1. Study area showing location of four sampling stations and a
station (A) for copepod incubation in Ilkwang Bay.

the surface. The copepod A. steueri was identified and
enumerated, and mean abundance of the adult female in
the bay was presented as individuals per cubic meter.

To estimate the i situ EPR, adult females of A. steueri were
collected using a 45 cm diameter net (330 tm mesh) with

1 L volume of cod end by vertical hauls from bottom to sur-
face in the bay. The adult female copepods with the healthy-
appearing eggs and many eggs developing in the oviduct
were sorted under a stereomicroscope using a large-mouthed
pipette and transferred into incubation bottles filled with
filtered (50 pm) surface water. The incubation bottle was
designed to minimize cannibalism of spawned eggs by adult
female copepods. The mcubation bottle (polyethylene) is
composed of two chambers: spawning chamber (1.5 L
volume) and egg-collecting chamber (400 mL volume). The
spawning chamber in which the adult female copepods
spawn has four small side windows with a 100 um mesh
screen to allow food particles to pass into the chamber during
the incubation, and the bottom of the chamber was replaced
by 300 um mesh screen to exclude egg cannibalism. One
to 16 adult females of A. steuer: per bottle were incubated, and
two to seven replicate bottles were suspended at ~1 m depth
in a culturing station (Fig. 1) for 2448 h. After the incubation
of the adult females, the contents of the egg-collecting cham-
ber were preserved in 5% formaldehyde, and the eggs and
nauplii were counted under the stereomicroscope.

Weight-specific growth rate (i.e. weight-specific EPR) of
the adult female copepod was calculated from Peterson
et al. (Peterson et al., 2002), using weights of eggs and adult
female copepods and incubation time. The weight of egg of
A. steueri was calculated from Uye (Uye, 1981) (0.045 ugC),
and the weight of adult female copepod was calculated
from Kang and Kang (Kang and Kang, 1997) using the
length and weight relationship of A. steuer.

Mean water temperature and salinity ranged from 11.5 to
25.6°C (mean, 16.5°C) and from 29.6 to 34.3 (mean, 32.9)
respectively. In early August, the water temperature sud-
denly decreased in relation to the effect of coldwater mass
from the deeper water offshore. Salinity also decreased dur-
ing the summer because of a heavy rainfall n 1998 (Fig. 2).
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Fig. 2. Seasonal variations in water temperature, salinity and chlorophyll  concentration in Ilkwang Bay from October 1997 to September 1998.
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Fig. 3. Seasonal variations in mean abundance of Acartia steueri and
adult female copepod at three stations (A), egg production rate meas-
ured by incubation (vertical bars indicate standard deviation, B) and
population egg production rate (C). Adult female of A. steueri was not
collected by copepod sampling in October 1997 and September 1998.

Mean chlorophyll @ concentration ranged from 0.99 to
11.63 mg m” (mean, 4.48 mg m ™), with the highest peak
in late May—mid June and small peaks in late February and
early April (Fig. 2).

Acartia steueri occurred in the plankton throughout the
study period, except October 1997 and September 1998,
with one peak in late March (Fig. 3). Mean abundance
was rather low in the year and ranged from 0.1 to

15.0 ind. m™? (mean, 3.7 ind. m™?). Percent composition
of adult female copepod of A. steuerr was 23.1-70.1.

EPR (eggs female ' d™') of A. steueri estimated by
the incubation experiment was lowest in December; after
that, the EPR increased gradually until late June and then
slightly decreased (Fig. 3). The EPR ranged from 3.8 to 10.1
eggs female ! d™! (mean, 7.3 eggs female ' d™'; Table I).
The population EPR (PEPR, eggs m > d~') showed a
unimodal seasonal pattern, with one peak in late March
similar to the abundance of A. steuer: (Fig. 3), and PEPR was
0.2-86.1 eggsm™ > d~' (mean, 17.9 eggs m > d ).

The EPR and the mean water temperature (excluding
temperatures above ~22°C) were significantly correlated
(* = 0.5160, P < 0.05), but the water temperature
accounted for only ~52% of the EPR (Fig. 4). However,
there was a highly significant correlation between
the EPR and the mean chlorophyll ¢ concentration
(* = 0.8541, P < 0.001), with EPR increasing with
increasing chlorophyll @ concentration (Fig. 4).

Weight-specific growth rate of A. steuer: (Table II)
ranged from 0.022 to 0.071 d~' (mean, 0.047 d™).
The weight-specific growth rate and the female
body weight were negatively correlated (* = 0.3687,
P < 0.05), the weight-specific growth rate decreasing
with increasing female body weight (Fig. 4).

Absence of animals during October 1997 and Septem-
ber, 1998 could be the result of sampling variability related
to patchy distribution of the copepods. Kang (Kang, 1997)
reported that the abundance of A. steuer: including nauplii,
copepodids and adults, using a net with 64 pm mesh,
had the highest peak in July and the other peaks in mid-
November, late February and May, showing a high varia-
tion in abundance. The seasonal pattern of the mean
abundance of 4. steuer: from three sampling stations in the
present study was unimodal, with one peak in late March
(Fig. 3). The difference in the seasonal variation of abun-
dance of A. steueri between both studies in Ilkwang Bay
might be due to the difference in plankton net used
(e.g. omitting nauplii and copepodids in the present study)
and the year-to-year variation in plankton abundance in
relation to the heavy rainfall in the summer and/or the
potential for sampling variability. In particular, the heavy
rainfall in 1998 may have negatively affected the recruit-
ment of nauplii into adult population after maximum
abundance or maximum EPR of 4. steuers in March—April
(Fig. 3). In addition, the abundance and distribution of
A. steueri vary according to the intrusion of offshore water
(Yoo et al., 1991). Given the shallow water depth of Ilkwang
Bay, the abundance of 4. steueri will be strongly affected
by tide, and most nauplii hatched in the bay might be
transferred offshore such that there was no distinct peak
of developing stages after the maximum abundance of
eggs in the bay.
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Table I: Summary of in situ experiment of egg production (EPR) of Acartia steuer

Date Temperature Chl a Number of Total number of Mean EPR + SD
(°C) (mg m~9) incubations females incubated (eggs female™ d™)
25 October 1997 15.8 2.33 2 2 6.0+ 1.4
16 November 14.3 1.33 2 3 58+ 1.8
22 December 12.0 0.99 2 5 39+02
21 January 1998 1.5 1.48 3 8 52+ 24
20 February 12.0 6.19 6 24 71 +1.4
25 March 12.9 3.10 7 30 8.2+ 21
21 April 13.4 3.56 7 34 74 +23
20 May 17.0 11.63 5 18 9.6+ 1.5
21 June 21.4 10.60 4 13 10.1 £ 2.7
21 July 22.7 4.06 3 8.0+18
21 August 22.8 3.97 2 7.8 +£3.2
12 September 25.6 4.65 2 85+ 0.7

Mean EPR of A. steuer: in terms of eggs per female per
day in the present study was similar to that of Kang and
Kang (Kang and Kang, 1998), suggesting no significant
difference between the two methods, the direct and indir-
ect methods, respectively (Table III). Therefore, the EPR
of A. steuer: in Ilkwang Bay might be simply measured using
the equation of Kang and Kang (Kang and Kang, 1998),
without laborious field studies. In brief, the relationship is
given as follows: the specific EPR of adult female (g, d™ ")
1s estimated by substituting ambient water temperature
(T, °C) and chlorophyll a concentration (S, mg m™ ) into
the equation, g = 0.00206(7 —0.5)'**$/(0.912 + ). Then,
EPR (ugC m * d') is calculated by the specific EPR
multiplied by the biomass of adult female (ugC m ™).
Nevertheless, the mean EPR of 4. steuer: in this study (7.3
eggs female ™' d ") was lower than that of A. steueri in Uye
(Uye, 1981), Acartia hudsonica in Sekiguchi et al. (Sekiguchi
et al., 1980), Acartia omorz in Liang and Uye (Liang and
Uye, 1996) and Acartia tonsa in Ambler (Ambler, 1986)
(Table III). The ratio of observed EPR to maximum
EPRs (MEPR) is often used as a measure of the degree of
growth limitation in copepods (Peterson et al., 2002). If we
roughly calculate the MEPR of A. steuer: from Uye (Uye,
1981) as ~27 eggs female ' d ™', the EPR of A. steueri in the
present study is 27% of MEPR, indicating a significant
degree of growth limitation by food, temperature and
other unknown factors.

We found a highly significant correlation between the
EPR and the mean chlorophyll a concentration for
A. steuert, and ~85% of the EPR was closely related to
the variation of chlorophyll ¢ concentration (Fig. 4). The
variation of the mean water temperature was relatively
less important in controlling the EPR of A. steuer: than
the variation of chlorophyll a concentration (Fig. 4),

mmplying that water temperature alone may not be a
reasonable factor explaining the variation of EPR in
Ilkwang Bay, although Huntley and Lopez (Huntley
and Lopez, 1992) demonstrated the importance of
water temperature in copepod production. The chloro-
phyll a concentration in Ilkwang Bay (Fig. 2) was gen-
erally high, with a mean value of 4.48 mg m™?, roughly
equivalent to 36-264 mgC m™* [assuming carbon-to-
chlorophyll @ ratio of 8-59; (Arin et al., 2002)]. This
should be sufficient carbon to produce maximum eggs
in an Acartia species. However, the EPR of A. steuer: in the
present study was far less than the roughly estimated
MEPR of A. steuer: from Uye (Uye, 1981). This result
may imply that food quality (Gémez-Gutiérrez and
Peterson, 1999) and food size (Uye and Murase, 1997)
of phytoplankton available to the copepod are also
related to the EPR of the copepod.

Weight-specific EPR is known to be a growth indicator
of adult female copepod (i.e. weight-specific growth rate;
Berggreen et al., 1988; Peterson et al, 1991; Hirst and
Bunker, 2003). We compared the weight-specific growth
rate of some calanoid copepods (Table IV). The weight-
specific growth rate of A. steuer: in the present study (0.047
d") was relatively lower than that of A. steueri in Kang
and Kang (Kang and Kang, 1998), Paracalanus sp. in Uye
and Shibuno (Uye and Shibuno, 1992) and Calanus pacificus
in Peterson et al. (Peterson et al., 2002) and similar to that of
Calanus marshallae in Peterson et al. (Peterson et al., 2002) and
Paracalanus ~ parous i Goémez-Gutiérrez and  Peterson
(Gomez-Gutiérrez and Peterson, 1999). It has been known
that at a given fixed chlorophyll ¢ concentration, the
growth rate (or EPR) of smaller copepods should always
be greater than that of larger copepods in the laboratory
(Vidal, 1980). However, the weight-specific growth rate
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Fig. 4. Acartia steueri. Egg production rate (EPR) as a function of
mean water temperature (A) and mean chlorophyll ¢ concentration
(B). Weight-specific growth rate (¢ as a function of female body
weight (C). Temp., temperature; Chl a, chlorophyll a concentration;
BW, female body weight.

of copepods was variable between and within species
(Table IV). The weight-specific growth rate decreased
with increasing female body weight in the present study
(Fig. 4). Hirst and Bunker (Hirst and Bunker, 2003) demon-
strated that the relationship between female weight-specific
growth rate and the female body weight was negative
in broadcast spawners, but the relationship might be

Table II: Body weight of adult female, egg
production rate and weight-specific growth
rate of Acartia steuert

Date Body weight  Egg production  Weight-specific
of female rate (ngC growth
(ugCind™")  female™'d™")  rate (d)

25 October 1997 6.5 0.270 0.042

16 November 6.8 0.261 0.038

22 December 7.7 0.171 0.022

21 January 1998 7.3 0.234 0.032

20 February 7.4 0.320 0.043

25 March 6.7 0.369 0.055

21 April 7.2 0.333 0.046

20 May 6.6 0.432 0.065

21 June 6.4 0.455 0.071

21 July 6.7 0.360 0.054

21 August 6.8 0.351 0.052

12 September 8.0 0.383 0.048

The egg production rate in terms of carbon content was calculated using
the carbon weight (0.045 pgC) of the eggs of A. steueri (Uye, 1981).

Table I1I: Comparison of egg production rate
(EPR) among the genus Acartia

Species Temperature EPR Author(s)
°C) (eggs female™" d™")
Acartia 15 20 Sekiguchi et al.
hudsonica (1980)
Acartia 7-16 7.6 Peterson et al.
longiremis (1991)
A. longiremis  7-14 0.4-17.1 Nielsen and

Andersen (2002)

Acartia omorii 8.9-24.3 26-60 Liang and Uye

(1996)
Acartia steueri 15 17-37 Uye (1981)
A. steueri 11.0-25.4 5.4-12.5 (8.0) Kang and Kang
(1998)
Acartia tonsa 15 22 Ambler (1986)
A. steueri 11.56-25.6 3.9-10.1 (7.3) This study

The values in parentheses indicate the mean EPR.

negative or positive in sac-spawning adults depending on
food availability, indicating that the relationship might vary
in association with the degree of food limitation in the field.
Therefore, the poor relationship seen in Table IV might
be related to food quality (Gomez-Gutiérrez and Peterson,
1999; Jones et al., 2002) and food limitation (Hirst and
Bunker, 2003) in the field.
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Table 1V: Cam?arison of weight-specific
growth rate (d~") among calanowd copepods

Species Temperature Weight- Authors
(°C) specific

growth rate

Calanus marshallae 10-13 0.03-0.06  Peterson et al.
(2002)

Calanus pacificus ~ 10-13 0.19-0.20  Peterson et al.
(2002)

Paracalanus sp. 17.5 0.26 Uye and
Shibuno (1992)

Paracalanus parvus 10-13 0.04-0.10  Gémez-Gutiérrez and
Peterson (1999)

Centropages 10-13 0.03-0.19  Gémez-Gutiérrez and

abdominalis Peterson (1999)

Acartia longiremis ~ 10-13 0.01-0.20  Goémez-Gutiérrez and
Peterson (1999)

A. longiremis 7-16 0.03-0.13  Peterson et al.
(1991)

Acartia steueri 11.0-25.4 0.064 Kang and Kang
(1998)

A. steueri 11.5-25.6 0.047 This study

In conclusion, our results confirm that the EPR of A. steuer:
in terms of eggs per female per day was similar to the value
obtained by Kang and Kang (Kang and Kang, 1998), indi-
cating that the equation obtained from the laboratory
experiment with factors including water temperature and
chlorophyll @ concentration might be applicable for the
estimation of egg pro-duction of A. steuer: in Ilkwang Bay.
Gomez-Gutiérrez and Peterson (Gomez-Gutiérrez and
Peterson, 1999) pointed out that egg production could be
a sensitive indicator of how copepod populations respond to
changes in temperature, water-column stability and food
availability. Further studies on EPR of dominant copepods
mn Korean waters will be necessary to understand the bio-
logical function of the copepods in the marine ecosystem.
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