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ABSTRACT: We investigated the seasonal variations in biomass, somatic growth rate and production
rate of the small cyclopoid copepod Oithona davisae in Fukuyama Harbor, a eutrophic inlet of the
Inland Sea of Japan. The carbon biomass of the population, excluding nauplii, was lowest in early
spring and increased exponentially in early summer to a maximum of 92.2 mg m™® in mid-June. There-
after, it was relatively high, except for a mid-summer decline, until fall. The specific growth rates of
naupliar and copepodite stages were estimated from their body weight increments and stage durations,
assuming that in this highly eutrophic inlet growth is food-satiated for this species. They increased
exponentially with increasing temperature, ranging from 0.088 to 0.357 d~? for nauplii and from 0.060
to 0.446 d-! for copepodites within the annual temperature range of 8.9 to 28.2°C. The production rate
as a sum of somatic growth rate of copepodites and egg production rate of adult females varied simi-
larly to, but showed a wider range than, the biomass variation. Annual integrated carbon production
was 650 mg m™> yr'!, or 4.88 g m™? yr!, 94 % of which was attained between June and October. Of the
production, copepodite somatic growth and female egg production comprised 75 and 25 %, respec-
tively. O. davisae contributed 26 % of the annual copepod community production in Fukuyama Harbor.

KEY WORDS: Biomass - Growth - Production - Cyclopoid Oithona - Inland Sea of Japan

INTRODUCTION

Oithonids are the most successful free-living cyclo-
poids in the marine pelagic ecosystem. They are small,
usually <1.0 mm in body length, but they occur ubiqui-
tously in the epipelagic and mesopelagic layers of the
world oceans at relatively high numerical densities
(Boxshall 1977, Nishida 1985, Bottger-Schnack et al.
1989). Although information on their biology and ecol-
ogy has been accumulated recently (cf. Turner 1986,
Uchima 1988, Paffenhdfer 1993, Sabatini & Kierboe
1994, Nielsen & Sabatini 1996, Nakamura & Turner
1997), much less is known of their ecological impor-
tance, compared to calanoid copepods (cf. Huntley &
Lopez 1992). In order to understand the functional role
of the oithonids in the marine ecosystem, it is neces-
sary to accumulate quantitative information on their
biomass, feeding, growth, production, metabolism,
predation loss, etc.
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Among oithonids, Oithona davisae and O. similis
have been studied most extensively. The former is dis-
tributed in the coastal waters of southwestern Japan
(Nishida 1985) and in the Sacramento-San Joaquin
estuary, California, USA (Ferrari & Orsi 1984). It often
comprises the most abundant copepod in eutrophic
embayments such as in Tokyo Bay (Nagasawa &
Marumo 1984, Uye 1994), Hiroshima Bay (Uye et al.
1992) and Ariake Bay (Hirota & Tanaka 1985, Hirota
1990). The latter species occurs very widely from tem-
perate to polar seas, even in oligotrophic oceanic
waters (Shuvalov 1975, Fransz & Gonzalez 1995). In
many inlet waters along Japan, these 2 species co-
occur. Generally, O. davisae is much more abundant
than O. similis, particularly in the inner part of inlets
during summer and fall, and the latter is distributed
mainly in the outer part of inlets during winter and
spring (Yamazi 1956, Ueda 1991).

During the studies on the population dynamics and
production of major copepod species in Fukuyama
Harbor, a eutrophic inlet located in the central part of
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the Inland Sea of Japan (Liang & Uye 1996a, b, 1997,
Liang et al. 1996), we found that Oithona davisae was
the most numerous species among 12 identified cope-
pod species occurring in this inlet (Uye & Liang in
press). The seasonal reproductive biology of this spe-
cies was reported elsewhere (Uye & Sano 1995). In this
paper, we describe the seasonal variations in biomass,
juvenile somatic growth rate and population produc-
tion rate, in order to assess the trophodynamic role of
this species in the temperate coastal marine ecosystem.
Some characteristic properties of O. davisae are com-
pared to those of other oithonid species, particularly O.
similis.

MATERIAL AND METHODS

Sampling. Oithona davisae were collected by oblique
tows of a plankton net (mouth diameter: 0.45 m; length:
2.0 m; mesh opening: 62 pm; with a flowmeter) from
the bottom (depth: 7 to 8 m) to the surface at intervals
of 3to 5 d from 7 November 1986 to 8 November 1987
at a station in Fukuyama Harbor (see Uye & Sano
1995). Samples were taken around the time of full tide
during the night (between 17:00 and 07:00 h) to reduce
possible variability of abundance caused by patchy
distribution {Landry 1978, Ueda 1987) and tidal cycle
(Sameoto 1975, Lee & McAlice 1979). The samples
were preserved immediately in 5 to 10 % formalin-sea-
water solution. Temperature and salinity at 1 m depth
were measured with a thermo- and salinometer (YSI,
Model 33). The surface water (50 to 200 ml) was fil-
tered with a glassfiber filter (Whatman GF/C) for later
determination of extracted (with 90% aqueous ace-
tone) chlorophyll a concentration with a fluorometer
(Turner Designs, Model 10).

Biomass. Adult females, males and copepodites of
Oithona davisae from split sub-samples (1/16 to 1/258
of original samples) were counted under a dissecting
microscope, but nauplii were not counted since they
were not retained in sufficient numbers by our net.
Prosome length was measured to the nearest 5 pm
using a video micrometer (Olympus, VM-10) for 50
randomly selected females and 100 copepodites from
each sample, and for 50 males from samples collected
on the first sampling date of each month. Prosome
length of males on the other sampling dates was esti-
mated from the mean prosome length-temperature
relationship (see ‘Results’).

To convert from prosome length to individual carbon
weight, it was necessary to establish a length-weight
relationship. For this, we determined the body volume
of different developmental stages by measuring the
following body parts to the nearest 0.8 pm using an
eye-piece micrometer: (1) length, width and height of

prosome, (2) length and width of each urosome seg-
ment, and (3) length and width of first antenna, assum-
ing that the prosome is shaped as a depressed ellip-
soid, and the urosome segments and first antenna are
cylindrical. The volume of the labrum and the other
appendages was not included. We thereby obtained
a prosome length-body volume relationship (see
‘Results’). Mean carbon weight per unit volume was
calculated from 5 actual measurements of carbon
weight and prosome length (Uye 1982), and was used
to convert from volume data to carbon weights. Finally,
the carbon weight data were regressed on prosome
length (see ‘Results’).

Growth rate. Uchima (1985) successfully reared
Oithona davisae from Tokyo Bay under food-satiated
laboratory conditions and demonstrated the tempera-
ture-dependent development from spawning to NI, CI
and adult. According to his data, O. davisae showed
almost equiproportional development (Corkett 1984);
the proportions of the naupliar and copepodite dura-
tion to the egg duration were 5.70 and 4.16, respec-
tively. In our previous study (Uye & Sano 1995) using
O. davisae from Kure Harbor, Inland Sea of Japan, the
relationship between egg development time (Dg, in
days) and temperature (7, °C) was presented:

De = 1.31x 104 x (T+12.3)72%°  (r = 0.996) (1)

Assuming the same equiproportional development,
the following Bélehradek's functions to describe the
duration of the naupliar and copepodite stages (Dy and
D¢, in days) in relation to temperature were given for
Oithona davisae in the Inland Sea of Japan (Fig. 1):

Dy = 7.47 x 10% x (T +12.3)72%0 2)
De = 5.45x10% x (T + 12.3)720 (3)

Assuming no food limitation, the average specific
growth rates over naupliar and copepodite stages {gn
and g¢, d7!) are then, respectively:

gn = (InCq - InCg)/Dy (4)
ge = (InCeyy - InCy)/De (5)

where Cg, C¢r and Ceyp are carbon weights of an egg
(e.g. 7.38 ng; Uye & Sano 1995), CI and adult, respec-
tively, and Dy and D are the durations of the naupliar
and copepodite stages, respectively, which were calcu-
lated from Eqgs. (2) & (3) by substituting the water tem-
perature on the sampling date.

Production rate. The carbon production rate of cope-
podites of Qithona davisae (Pc, mg m~ d™’) was given
by:

Pc = Be X ge (6)

where Bc (mg m™) is carbon biomass of copepodites.
The production rate of females (Pr, mg m™ d-') was
given by:
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Pg = Be X gr (7)

where By (mg m™®) and gr (d°!) are biomass and spe-
cific egg production rate of females (on population
average basis), respectively. The latter parameter had
already been reported in our previous paper (Uye &
Sano 1995). Hence, the production rate of O. davisae
population older than CI (P, mg m~* d-!) was given as a
sum of P- and Pg. The production of adult males was
assumed to be negligible.
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Fig. 1. Oithona davisae. Relationship between temperature
(T) and duration (D) of egg (E), naupliar stages (N) and cope-
podite stages (C). Egg duration was determined for speci-
mens from Kure Harbor, the Inland Sea of Japan (Uye & Sano
1995). Naupliar and copepodite durations were predicted by
applying the equiproportional development observed for
specimens from Tokyo Bay (Uchima 1985)

RESULTS
Prosome length-carbon weight relationship

The body volume of different copepodite stages
including adults (V, um?®) increased exponentially with
the increase of prosome length (PL, pm):

V =33.7 x PL!%® (r =0.993) (8)

The mean body carbon weight per unit volume cal-
culated from the 5 measurements from Uye (1982) for
adults was 8.34 x 107® ug um~° and was used to esti-

0.5
c=183x 108 x p.2%®
(r=0994)
- F
2
Bo1-
= T
c
s L
g L
3 L
- ®
0.01 ' '
100 200 300 400

Prosome Length (um)

Fig. 2. Oithona davisae. Relationship between prosome length

(PL} and carbon weight of copepodites (e) and adults (0).

Data for adults (a) from Uye (1982) are also included in the
regression equation

mate the carbon weights of different stages. The con-
verted carbon weights (C, pg) were plotted against
prosome lengths including the above 5 data points
(Fig. 2). The regression equation for all data points
was:

C=183x10"6xpL?o% (r = 0.994) 9)

Seasonal variation in environmental variables

Temperature varied from 8.9°C on 2 March to 28.2°C
on 11 September (Fig. 3). Salinity ranged from 28.6 to
32.3%. and was lower and more variable in summer
and fall than in winter and spring. Chlorophyll a con-
centration varied very widely from 0.70 to 322 ng 1%
Extraordinarily high chlorophyll a values were due to
occurrence of red tides of Chattonella marina and Het-
erosigma akashiwo (both Raphidophyceae).

Seasonal variation in abundance

As shown in Fig. 4, the abundance of Oithona
davisae was lowest in early spring (mean density in
March and April: 3.5 x 10° females m™3, 9.2 x 10? males
m~ and 6.5 x 10 copepodites m™%). From mid-May to
mid-June, it increased exponentially, to attain the
annual peak (24.6 x 10 females m™, 5.49 x 10* males
m~ and 29.8 x 10* copepodites m™3) on 18 June. The
abundance remained high, but fluctuating, until mid-
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Fig. 3. Seasonal variations in temperature (2),

July; thereafter it declined to a mid-summer minimum.
The population increased again in early September to
form the fall peak, after which it declined gradually
until late winter

Seasonal variation in prosome length

The prosome lengths of females, males and CI
showed a similar seasonal trend, being largest in early
spring and smallest in mid-summer (Fig. 5). The rela-
tionship between prosome lengths of these stages (PLr,
PL.,;and PL¢;, um) and temperature gave the following
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Fig. 5. Oithona davisae. Seasonal variation in mean prosome length and

carbon weight of females (®), males {a) and CI (0) in Fukuyama Harbor
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Seasonal variation in growth rate

The potential growth rates of both nauplii
and copepodites were highest in summer and
lowest in winter (Fig. 6). The growth rate of
nauplii was slightly higher than that of cope-
podites in winter and spring, but it was vice
versa in summer. The minimum growth rates
were 0.088 and 0.060 d™! for nauplii and cope-
podites, respectively, both recorded on 5 Feb-
ruary. The maximum rates were 0.357 and
0.446 d°! for nauplii (on 28 July) and cope-
podites {on 11 September), respectively.
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Fig. 4. Oithona davisae. Seasonal variation in abun-
dance of females, males and copepodites in Fukuyama
Harbor

Seasonal variation in biomass

The biomass of females, males and
copepodites of Oithona davisae varied
markedly with season (Fig. 7)., largely
reflecting their numerical variation. The
total biomass was lowest in March and
April, with a mean biomass of 2.18 mg
m™ It increased significantly between
mid-May and mid-June and the maxi-
mum biomass (92.2 mg m~3) was attained
on 18 June. The biomass remained high
in early summer and early fall, but
decreased in mid-summer

Carbon Weight (ug)
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Fig. 6. Oithona davisae. Seasonal variation in growth rate of nau-
pliar stages (o) and copepodite stages (@) in Fukuyama Harbor
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Fig. 7. Oithona davisae. Seasonal variation in total biomass
and biomass of adult females, adult males and copepodites in
Fukuyama Harbor

Seasonal variation in production rate

The pattern of seasonal variation in potential pro-
duction rate (Fig. 8) was essentially similar to, but
showed a wider range than, that of variation in bio-
mass. The production rate between February and April
was extremely low, with a mean of 0.041 mg m™ d-".
The annual maximum (10.9 mg m™ d°!) was recorded
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Fig. 8. Oithona davisae. Seasonal variation in total pro-
duction rate and production rates of adult females and
copepodites in Fukuyama Harbor

on 9 July. Annual integrated production was 650 mg
m™3 yr!, or 4.88 g m~? yr-!, 94 % of which was attained
between June and October. Of the production, cope-
podite somatic growth and female egg production
accounted for 75 and 25 %, respectively.

DISCUSSION

The seasonal variation in abundance of Oithona
davisae in Fukuyama Harbor was strikingly large.
Such a variation is attributed to the balance between
population birth rate and death rate; the former can be
predicted from the population egg production rate. As
demonstrated previously (Uye & Sano 1995), the popu-
lation egg production rate was extremely low in winter
and spring, increased exponentially in May and early
June, and attained its maximum shortly afterwards. A
large numerical peak (5.98 x 10° adults and cope-
podites m~3) recorded in mid-June was the culmination
of increased egg production rate and number of adult
females. This water-column average density was prob-
ably the highest reported so far for this species except
for swarm density (i.e. 1.34 x 10° ind. m~®) recorded on
the mud flat of Ariake Bay, Kyushu (Hirota & Tanaka
1985). After mid-July, the population decreased
sharply to a mid-summer minimum due to a decrease
in the number of adult females, whereas the egg pro-
duction rate did not decline significantly until the end
of August (Uye & Sano 1995). The mid-summer decline
of the population was due probably to the predation by
the lobate ctenophore Bolinopsis mikado, which was
present from July to September with a peak abun-
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dance in August as indicated by the numbers of comb
plates which remained in the plankton samples (Uye &
Liang in press).

One of the reasons why Oithona davisae was so
abundant in Fukuyama Harbor might be a sufficient
food supply. The potential food for this species may be
flagellates (both autotrophic and heterotrophic), cili-
ates and copepod nauplii, according to Uchima (1988)
and Uchima & Hirano (1986a, b). A slight interspecific
difference can be seen in the feeding habit of the
oithonids. For example, no diatoms are found in the gut
of O. davisae (Uchima 1988), although they are the
major components of the gut contents of O. similis
(Hopkins & Torres 1989), O. plumifera and O. simplex
(Turner 1986). Gonzalez & Smetacek (1994) found that
O. similis can also utilize zooplankton fecal pellets.
Paffenhofer (1993) demonstrated that O. plumifera
does not generate a feeding current, unlike the feeding
mechanism of suspension-feeding calanoids, and spec-
ulated that the hydrodynamic signals from the prey
allow oithonids to perceive food particles. The impor-
tance of motile prey as food for oithonids has been con-
firmed by not only the studies with O. davisae (Uchima
& Hirano 19864, b, Uchima 1988) but also by recent
studies dealing mainly with O. similis (Sabatini &
Kigrboe 1994, Nielsen & Sabatini 1996, Nakamura &
Turner 1997). Nielsen & Sabatini (1996) investigated
the temporal and spatial variations in the biomass and
egg production rate of Oithona spp. {(mainly O. similis)
in the Dogger Bank region, North Sea. The variations
in biomass and egg production rate of Oithona spp.
were much less than those of the co-occurring
calanoids, where variation was primarily dependent on
phytoplankton food availability. The egg pro-
duction rate of O. similis was positively corre-
lated at a significant level only to the abundance
of naked dinoflagellates. Based on this correla-
tion in O. similis, Nielsen & Sabatini (1996) spec-
ulated that Oithona spp. were associated with
microbial food webs.

Although the food availability for Oithona
davisae in Fukuyama Harbor was not quantified
in this study, flagellates were apparently the
main components of phytoplankton at least in
summer, as in other eutrophic embayments in
Japan (Yamaguchi & Aruga 1988). The 2 raphi-
dophycids Chattonella marina and Heterosigma
akashiwo, which formed red tides in June and
July, could also be utilized by O. davisae
(Uchima & Hirano 1986a). Given the high
chlorophyll @ concentrations in this heavily
eutrophic inlet, the assumption of food-satiated
growth of this species was likely justified, at
least during its main productive seasons (i.e.
from June to October). The food-satiated egg
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production rates observed for 2 calanoids, Paracalanus
sp. and Pseudodiaptomus marinus, in Fukuyama Har-
bor (Uye & Shibuno 1992, Liang & Uye 1997) provide
supportive evidence for this assumption, although, as
mentioned above, the feeding habits of these species
are not exactly the same as for O. davisae.

In this study, we did not determine the postembry-
onic development time for Oithona davisae from
Fukuyama Harbor, but estimated it by applying the
rule of equiproportional development observed for O.
davisae from Tokyo Bay (Uchima 1985). Since this
development mode is achieved only under food-sati-
ated conditions (Corkett 1984), it may be applicable to
the population in Fukuyama Harbor. Due to differ-
ences in the relation of egg development times to tem-
perature between the population of Tokyo Bay (Dg =
9.84 x 10 x (T + 3.0)2%; Uchima 1985) and the popu-
lation of the Inland Sea of Japan (see Eq. 1), the com-
puted durations from egg to adult were slightly differ-
ent particularly at lower temperatures; they were 56.2,
17.2 and 8.2 d at 10, 20 and 30°C, respectively, for the
former, and 44.4, 17.0 and 8.4 d for the latter.

As the stage duration decreased exponentially with
temperature (Fig. 1) , the potential growth rates during
naupliar and copepodite stages (gn and ge, d7Y)
increased exponentially with temperature (Fig. 9):

5.11 x 1072 x g0 07087
2.66 x 1072 x 01037

(r = 0.988)
(r = 0.995)

(13)
(14)

gnN
gc

The potential growth rate, as represented by egg
production rate, of ovigerous females (Uye & Sano
1995) was also plotted against temperature (Fig. 9).
Since the egg production rate (gg d°') did not increase
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Fig. 9. Oithona davisae. Relationship between growth rate of nau-
pliar stages (N, 0}, copepodite stages (C, @) and continuously repro-
ducing females (F, A} and temperature. The growth rate of females
was substituted by egg production rate at temperatures <22°C (Uye

& Sano 1995)
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or was even reduced at temperatures >22°C (Uye &
Sano 1995), the following exponential relation was
obtained at temperatures <22°C:

gr = 1.99 x10%x 217 (r =0.981) (15)

Fig. 9 demonstrates that there was no discernible dif-
ference in the potential specific growth rate between
naupliar, copepodite and adult (i.e. continuously re-
producing female) stages; hence we conclude that the
growth rate was largely uniform throughout the life
stages for this species at temperatures between ca 9
and 22°C under food-satiated conditions.

Sabatini & Kierboe (1994) examined the somatic
growth rate and egg production rate of Oithona similis
from @resund, Denmark, under food-satiated labora-
tory conditions at 15°C. The potential growth rate from
NII to CIV was 0.20 d°!, slightly higher than that of O.
davisae (0.15 and 0.12 d”! for nauplii and copepodites,
respectively) and it decreased to 0.07 d-! after CIV.
The maximum specific egg production rate of O. similis
was 0.10 d7!, slightly lower than that of O. davisae
(0.14 d'). These comparisons made us conclude that
under food-satiated conditions the specific somatic and
egg production rates of these 2 species are roughly
comparable at 15°C.

The thermophylic nature of Oithona davisae was
particularly conspicuous in its production rate, and
hence 94% of the annual production was attained
between June and October, when the temperature was
>20°C. Although the production rate of its nauplii was
not included in this study, it is apparently much lower
than that of older stages (Mullin 1988). The contribu-
tion made by somatic growth of copepodites was most
important (i.e. 75%) in the total production rate. The
annual carbon production of the total copepod commu-
nity, which consisted of 12 species, was estimated as
2.50 gm=yr!or 18.4 g m?yr ', to which Paracalanus
sp., O. davisae, Acartia omorii and Centropages ab-
dominalis contributed 27, 26, 25 and 15 %, respectively
(Uye & Liang in press).

In summary, the small cyclopoid copepod Oithona
davisae comprised the most abundant copepod species
in early summer in eutrophic Fukuyama Harbor. As-
suming food-satiated conditions in this eutrophic har-
bor, the temperature-dependent somatic growth rate of
O. davisae was determined. The specific rates for both
somatic growth and egg production were roughly com-
parable at temperatures between ca 9 and 22°C. Due to
high biomass coupled with high growth rate, 94 % of
the annual population production (650 mg m= yr~!) was
attained between June and October. These results indi-
cate that O. davisae may play a significant role in trans-
ferring the energy from nano- and microflagellates and
ciliates to higher trophic levels in warm seasons in eu-
trophic embayments along the Japanese coasts.
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