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Abstract: The geographical variations in taxonomic composition, abundance, biomass and tropho

dynamic role of microzooplankton were investigated across a eutrophic and oligotrophic gradient

from Hiroshima Bay, the Inland Sea of Japan, to the Pacific Ocean in summer and winter. The overall

mean abundance and biomass of total microzooplankton, excluding the 3 most offshore stations in

summer, were higher 2.4 and 2.8 times, respectively, in summer than in winter. Both in summer and

winter, ciliated protozoans (i.e. naked ciliates and tintinnids) were numerically overwhelming (81 and

83%, respectively), but in terms of biomass, copepod nauplii were comparable (i.e. 47 and 55% in

summer and winter, respectively) to ciliated protozoans. The average production rate of microzoo

plankton was also higher (3.3 times) in summer than in winter, and the majority (>83%) of the pro

duction was attributed to ciliated protozoans. Geographically there were marked declines in their

abundance, biomass and production rate from inshore to offshore stations in summer, but these geo

graphical variations were less pronounced in winter. The grazing impact of microzooplankton as ex

pressed by daily removal of phytoplankton biomass was relatively small over the transect; the overall

mean was 7.2% (excluding a very high value at the most offshore station) in summer and 2.6% in

winter. These facts indicate that microzooplankton play a minor role as phytoplankton grazers over

inshore and offshore stations (except the most offshore one) in spite of a remarkable trophic gradi

ent.
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Introduction

In recent years, there has been an upsurge of interest in

research on microzooplankton (body dimensions between

20 and 200 ^m) in the marine ecosystem, owing to the

recognition of their importance in trophic dynamics. They

are ubiquitous and comprise a substantial portion of the

marine zooplankton community, even though their biomass

is usually less than the biomass of meso- and macrozoo-

plankton (Beers & Stewart 1969, 1971). However, due to

small body size, microzooplankton, particularly ciliated
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protozoans, have higher weight-specific physiological rates

such as feeding, respiration, excretion and growth (Fenchel

1987; Verity 1985) than large metazoans, and they are ca

pable of exploiting pico- and nanoplankton, which are inef

ficiently utilized by large metazoans such as copepods

(Nival & Nival 1976). They also act as a significant food

source for a variety of invertebrate and vertebrate predators

(Robertson 1983; Stoecker & Egloff 1987; Stoecker & Ca-

puzzo 1990; Fukami et al. 1999). Thus, microzooplankton

are an important link in transferring pico- and nanoplank

ton production to higher trophic levels (Gifford 1991).

Despite the evident importance of microzooplankton in

the marine pelagic food web, little has been studied of their

taxonomic composition, spatio-temporal distribution and
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actual trophodynamic roles in the Inland Sea of Japan

(Kamiyama 1994; Kamiyama & Tsujino 1996; Uye et al.

1996). In the western part of the Inland Sea of Japan, water

exchange is primarily through the Bungo Channel, and the

water from the Bungo Channel intrudes into the inner part

of the Inland Sea of Japan through mixing with inshore

water. Hiroshima Bay is one of the most eutrophic embay-

ments in the Inland Sea of Japan, since large amounts of

nutrients are supplied, mainly from the Ohta River (annual

load of total nitrogen and phosphorus: 3700 and 2901 re

spectively; Yamamoto et al. 1996) and municipal sewage

plants from densely populated cities like Hiroshima city.

Therefore, a remarkable eutrophic and oligotrophic gradi

ent is formed from Hiroshima Bay to the Pacific Ocean.

Across a eutrophic and oligotrophic gradient formed in the

eastern part of the Inland Sea of Japan, from Osaka Bay

through Kii Channel to the Pacific Ocean, Uye et al. (1998)

surveyed the geographical variations in plankton commu

nity structure and found that microzooplankton were most

abundant in heavily eutrophic Osaka Bay and declined to

wards the offshore oligotrophic area. It is of interest to in

vestigate the microzooplankton community in relation to

different degrees of eutrophication, since the response of

microzooplankton to eutrophication is not well documented

in the marine environment (Revelante et al. 1985).

The purpose of our study was to examine the geographi

cal, summer and winter variations in taxonomic composi

tion, abundance and biomass of microzooplankton and to

assess the production rate and grazing impact along a tran

sect from Hiroshima Bay to the Pacific Ocean. The seasonal

variations in taxonomic composition, abundance and the

grazing impact of microzooplankton were investigated in

the inner part of Hiroshima Bay (Kamiyama 1994:

Kamiyama & Tsujino 1996). At 21 stations scattered in the

Inland Sea of Japan, the abundance, biomass and produc

tion rate of microzooplankton were determined once per

season (Uye et al. 1996). This is the first study characteriz

ing the microzooplankton community across the trophic

gradient formed in the western part of the Inland Sea of

Japan through the Bungo Channel.

Materials and Methods

Cruises were made by the R/V Toyoshio Mam, Hi

roshima University, in June 1998 and February-March

1999 to cover 9 and 8 stations, respectively, along a transect

from Hiroshima Bay through the Bungo Channel to the Pa

cific Ocean off Kyushu (Fig. 1). In the latter cruise, how

ever, we could not navigate offshore beyond Stn 8 due to

limited ship time. Bottom depth was shallowest (28 m) at

Stn 2 beyond which it declined gradually to 110 m at Stn 8,

and then steeply declined to >2000m at Stn 11. At each

station, vertical profiles of temperature and salinity were

obtained by a cast of a Sea-Bird STD. Water samples were

collected with a pair of 10-liter Van Dorn bottles at 3 to 5

different depths shallower than 100 m. For chlorophyll-a
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Fig. 1. Map of study area with the locations of sampling sta

tions.

concentration, 20-200 ml of water were filtered through

glassfiber (Whatman GF/C) filters, which were then trans

ferred to plastic vials containing 6 ml of N,N-dimethylform-

amide and kept in darkness at ca. —20°C until measure

ment with a fluorometer (Turner Designs, Model 10).

For microzooplankton analysis, 500 or 1000 ml of water

from each depth was fixed with 1% glutaraldehyde and was

kept refrigerated at ca. 3°C in darkness until microscopic

examination. The preserved samples were concentrated by

settling to a final volume of 25 ml, which was transferred to

settling chambers for counting, according to the method of

Utermohl (1958), under an inverted microscope. In this

study, we assigned tintinnid ciliates, naked ciliates and

copepod nauplii to the microzooplankton. Heterotrophic di-

noflagellates, which often comprise an important compo

nent of the microzooplankton (Lessard 1991), were not in

cluded. Counting was made on the species level for tintin-

nids according to the lorica morphology described by Ko-

foid & Campbell (1929), Marshall (1969) and Taniguchi

(1997). Naked ciliates were counted on the genus level, ac

cording to Maeda (1997). Copepod nauplii were treated as

a single group. Lengths of their appropriate body dimen

sions, e.g. length and diameter of lorica for tintinnids, short

and long diameters for naked ciliates and body length for

copepod nauplii, were measured to the nearest 1 fim using

an eye-piece micrometer. For tintinnids, lorica volume (LV,

/im3) was converted to body carbon weight (Ct, pg) using

the regression equation: Ct=444.5+0.053LV (Verity &
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Langdon 1984). Lorica occupancy was assumed to be

100%. Differences between fixation by formalin and glu-

taraldehyde in estimating the mean population volume are

generally low (Leakey et al. 1994), hence, a factor of 0.14

pgCjUm"3 was used to convert cell volume of naked cili-

ates to carbon weight (Putt & Stoecker 1989). Carbon con

tent of a copepod nauplius (Ct, ng) was calculated from

body length (BL, jl/m) with the regression equation: Ct=

1.51 X 10~5 BL294 (Uye et al. 1996).

For each taxonomic group, the production rate (P, jUg C

P'd"1) was estimated from biomass (B, fig C I"1) and the

empirically-determined specific growth rate (g, d~'):

P=BXg. For copepod nauplii, the regression equation that

describes the composite relationship between specific

growth rate and temperature (T, °C) for 8 copepod species

from the Inland Sea of Japan (Uye et al. 1996) was used:

g=0.057e0069r. For ciliates, the multiple regression: In

g= 1.52 In 7—0.27 InCV-1.44, where T is temperature

(°C) and CV is cell volume (jUm3), proposed by Miiller &

Geller (1993) was used. The cell volume of tintinnids was

back-calculated from their body carbon weight using the

conversion factor of 0.14pgC^m~3 used for naked ciliates.

Because the growth data used in the above regressions were

maximal or were derived from food-satiated laboratory

conditions, the computed production rates are considered to

be close to potential ones.

Results
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Fig. 2. Vertical distribution of temperature, salinity and chloro-

phyll-a concentration across the inshore-offshore gradient in the

Inland Sea of Japan and adjacent Pacific Ocean in June 1998.

In summer

There were distinct horizontal and vertical variations in

temperature, salinity and chlorophyll-^ concentration (Fig.

2). The surface temperature was lowest (17.5°C) at Stn 3

and increased inshore to 20.2°C at Stn 1 as well as offshore

to 25.7°C at Stn 10. The average temperature through the

water column (<100m) ranged from 16.4°C at Stn 5 to

20.9°C at Stn 10. Salinity was lowest (31.4) at the surface

at Stn 1 and gradually increased offshore, with average

water-column salinity ranging from 33.2 to 34.8. Chloro-

phyll-a concentration was highest (4.8 jug 1~l) at the surface

at Stn 1 and decreased with depth as well as with station

offshore. The lowest concentration (0.11//gl ') was

recorded at 100-m depth at Stn 11. The average total water-

column chlorophyll-^ concentration decreased from 2.56

jUg I"1 at Stn 1 to0.18^g I"1 at Stn 11.

Usually microzooplankton were most abundant at the

surface, decreasing with depth (Fig. 3). They were most

abundant (2190 indiv. I"1) at the surface at Stn 3, where

naked ciliates were overwhelming. At Stns 1-5, tintinnids

tended to be more abundant near the bottom. Their water-

column-averaged abundances were much higher (416^496

indiv. r1) at Stns 1-3 than at Stns 9-11 (110-135 indiv. I"1,

Fig. 4). Throughout the stations, naked ciliates numerically
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Fig. 3. Vertical variation in abundance of naked ciliates, tintin

nids and copepod nauplii across the inshore-ofTshore gradient in

the Inland Sea of Japan and adjacent Pacific Ocean in June 1998.
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dominated the microzooplankton community (overall

mean: 57%), followed, in order, by tintinnids (24%) and

copepod nauplii (19%).

A total of 42 species of tintinnids belonging to 8 genera

were identified, although their detailed distribution pattern

will be reported elsewhere (Godhantaraman & Uye, in

preparation). Of these, 23 species belonged to the genus

Tintinnopsis. Tintitmopsis beroidea, T. brevicollis, T. nana

and Stenosemella nivalis were most common at all stations

and they accounted for ca. 40-60% of total tintinnid abun

dance. Tintinnid species diversity decreased from inshore to

offshore stations. Of naked ciliates, only 2 genera, i.e.

Strombidium and Strobilidium were identified, the former

comprising 55% on average of the numerical total.

The water-column-averaged biomass of microzooplank

ton showed a similar inshore-to-ofTshore pattern (Fig. 4),
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Fig. 4. Geographical variations in abundance, biomass and esti

mated production rate of microzooplankton across the inshore-

offshore gradient in the Inland Sea of Japan and adjacent Pacific

Ocean in June 1998. Values are depth-weighted water-column av

erages. ND indicates no data.

being highest (4.24 fig C I ') at Stn I and lowest (0. 39/ig

C I"1) at Stn 10. In terms of biomass, the contribution of

copepod nauplii was largest (overall mean: 47%), due to

their heavier individual body weight compared to naked cil-

iates and tintinnids, which comprised 28 and 25%, respec

tively.

The estimated production rate of microzooplankton also

showed a similar geographical pattern (Fig. 4) to that noted

above. The water-column-averaged production rate was

highest (2.74/ig C I"1 d"1) at Stn 1 and lowest (0.54 fig C

l~l d™1) at Stn 10. The contribution by ciliate protozoans

was remarkable: on average 50% by naked ciliates and 35%

by tintinnids.

In winter

Temperature, salinity and chlorophyll-^ concentrations

were more or less vertically homogenous (Fig. 5). The

water-column-averaged temperature was lowest (11.3°C) at

Stn 1 and increased to 16.7°C at Stn 8. Average salinity var

ied from 32.8 to 34.6. Average chlorophyll-a concentration

was highest (2.14^ug 1"') at Stn 1 and decreased to 0.75/ig

r1 at Stn 5, beyond which it increased to 1.57/ig I"1 at Stn

8.

Each taxonomic group exhibited its own specific distri

bution pattern (Fig. 6). Naked ciliates were distributed ho

mogeneously near the surface at all stations and their den

sity decreased gradually with depth. Tintinnids were aggre

gated at the surface at Stn 3 and near the bottom at Stn 1.

Their abundance declined to <40 indiv. 1~! at Stn 4 and off

shore. Copepod nauplii were most abundant near the bot

tom at Stn 1 and decreased offshore. The average abun

dance of total microzooplankton throughout the water-col

umn was highest (260 indiv. I"1) at Stn 1 and declined grad

ually offshore to 105 indiv. I"1 at Stn 8 (Fig. 7). Over the

transect, tintinnids were numerically overwhelming (overall

mean: 46%), followed, in order, by naked ciliates (37%)

and copepod nauplii (17%). Tintinnids were particularly

important at Stns 1-3, where they accounted for >50%,

while naked ciliates were more important at Stns 6-8,

where they comprised >45%.

In winter, the total number of tintinnid species identified

decreased to 20, representing 3 genera. Of numerical im

portance were Stenosemella nivalis and Tintinnopsis

beroidea, which were also common in summer. There was a

clear decline in species diversity from inshore to offshore

stations. Of the naked ciliates, only the genus Strombidium

was identified.

The geographical variation in biomass was different from

the pattern observed for numerical abundance, the highest

value (1.19/ig C I"1) being recorded at Stn 4 (Fig. 7). This

was due to the relatively large contribution of copepod nau

plii to the microzooplankton biomass, with an overall mean

of 55%. Tintinnids and naked ciliates accounted for 29 and

16%, respectively.

The production rate was relatively high (i.e. >0.4jt/g C
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phyll-a concentration across the inshore-offshore gradient in the

Inland Sea of Japan and adjacent Pacific Ocean in February-

March 1999.
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I"1 d"1) at Stns 1-3 and 8, and was lowest (0.27 fig C I"1

d"1) at Stn 5 (Fig. 7). The overall mean was 0.40 jug C 1~'

d~'. The production rate of ciliated protozoans contributed,

on average, 83% of the total production rate.

Discussion

Abundance and biomass

In general, temperate waters, and eutrophic waters in par

ticular, are known to show remarkable seasonal changes in

taxonomic composition, abundance and biomass of micro-

zooplankton, and these parameters are usually highest in

summer and lowest in winter (Burkill et al. 1987; Dolan &

Coats 1990; Leakey et al. 1992; Edwards & Burkill 1995).

Such seasonal variations have also been demonstrated in

the innermost part of Hiroshima Bay by Kamiyama (1994)

and Kamiyama & Tsujino (1996). Our surveys were con

ducted only in June and February-March, and hence repre

sent the microzooplankton community in summer culminat

ing and winter depressing conditions. Excluding the data

obtained from the most offshore 3 stations (i.e. Stns 9-11)

in summer, the overall mean abundances and biomasses of

total microzooplankton were comparable; they were 386
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Ocean in February-March 1999. Values are depth-weighted water-

column averages.

indiv.P1 and 2.41 /ig C 1"' in summer and 162 indiv. I"1

and 0.86/ig C I"1 in winter, respectively. Compared to the

large, i.e. one to two orders of magnitude, difference in nu

merical abundance observed by Kamiyama (1994), our

summer and winter variance was only 2.4 fold. Mean

chlorophyll-a concentration, an indicator of the potential

phytoplanktonic food supply for microzooplankton, was

only slightly higher in summer (2.56 jug I"1) than in winter

(2. l4//g P1). Hence, the higher proliferation of microzoo

plankton in summer may be attributed mainly to higher

temperatures rather than higher food concentrations; both

factors have been reported as the most important factors af

fecting the growth rates of microzooplankton (Heinbokel

1978; Taniguchi & Kawakami 1983; Verity 1986).

However, there was a shift in numerical dominance with

season; between loricated ciliates and aloricated ones, the

former group was more abundant in winter while the latter

dominated in summer. A similar seasonal shift between

these two protozoan groups was also observed by

Kamiyama (1994) in Hiroshima Bay, indicating that the re

productive response of these groups to the seasonal envi

ronmental factors may not be the same.

In both seasons, there were marked decreases in micro

zooplankton abundance from inshore to offshore stations.

The highest water-column-averaged abundance observed in

our survey was 496 indiv. I"1 at Stn 3. This was higher than

the value (212 indiv. I"1) observed in June by Uye et al.

(1996) at a station near Stn 1. Kamiyama (1994) investi

gated the seasonal change in microzooplankton abundance

in the more eutrophic part of Hiroshima Bay shorewards of

our Stn 1, and his numerical data from 2-m depth in June

were much greater (ca. 5000 to 10000 indiv. I"1) than the

maximum density we observed at the surface at Stn 3 (2190

indiv. r1). At. Stns 4-7, where the water is less eutrophic

(water-column-averaged dissolved total phosphorous and

nitrogen ranged from 0.17 to 0.48/ig-at I"1 and from 4.8 to

13. 1 jt/g-at I"1, respectively) compared to Hiroshima Bay

(ranges 0.3 to 0.58jUg-at I"1 and 3.03 to 14.7 //g-at I'1, re

spectively, Hashimoto et al. 1996), the densities were 116-

375 indiv. I""1, almost comparable to those (128-238 indiv.

I"1) reported by Uye et al. (1996) at stations near Stns 5 and

7. At Stns 9-11, where the water is largely of oceanic ori

gin, because of intrusion by the highly oligotrophic

Kuroshio-associated water, microzooplankton densities

were lowest (110-135 indiv.P1). A similar inshore-high

and offshore-low gradient of microzooplankton density was

demonstrated along a eutrophic and oligotrophic transect

drawn in the eastern part of the Inland Sea of Japan through

the Kii Channel (Uye et al. 1998). To combine results from

these previous works (Kamiyama 1994; Uye et al. 1996,

1998) and those from the present study, the geographical

distribution of microzooplankton in the Inland Sea of Japan

and adjacent waters can be roughly summarized as follows.

They are always most abundant in heavily eutrophic embay-

ments like Osaka Bay and Hiroshima Bay and gradually de

crease towards the Pacific Ocean through Kii Channel and

Bungo Channel.

In addition to the geographical distribution pattern, mi

crozooplankton also showed clear trends in their vertical

distribution. In summer, the distribution of 3 taxonomic
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groups exhibited more or less similar cross-sectional pat

terns (Fig. 3), indicating that the factors affecting their dis

tribution were the same. Many previous studies (Revelante

& Gilmartin 1983; Revelante et al. 1985; Sanders 1987;

Kamiyama 1994; Uye et al. 1996) have demonstrated that

food supply is the primary factor influencing the spatial dis

tribution of microzooplankton. We examined the relation

ship between microzooplankton biomass and chlorophyll-a

concentration for all water samples (h=34), although our

chlorophyll values represented all size categories of phyto-

plankton. As shown in Fig. 8, a significantly (p<0.05) posi

tive correlation was obtained, supporting the previous find

ings on the importance of food supply. In winter, the cross-

sectional distribution pattern differed among taxonomic

groups; the difference between the protozoan groups was

particularly striking (Fig. 6). There was no significant rela

tionship between microzooplankton biomass and chloro-

phyll-o concentration (Fig. 8). In addition, there was no sig

nificant relationship between the biomass of each taxo

nomic group and chlorophyll-a concentration. This may be

due to lower growth rates of microzooplankton at the lower

winter temperatures, even when the same amount of phyto-

plankton food is available as in summer. The differences in

phytoplankton quality and predator abundance may also be

important regulators of the tightness of trophic coupling

(Verity & Villareal 1986; Verity 1987; Sanders 1987;

Stoecker & Capuzzo 1990).

10 11

Fig. 9. Geographical variations in grazing impact of microzoo

plankton as expressed by percent (%) removal of phytoplankton

biomass per day across the inshore-offshore gradient in the Inland

Sea of Japan and adjacent Pacific Ocean during summer and win

ter.

Trophodynamic roles

The average production rate of microzooplankton over

Stns 1 to 8 was 3.3 times higher in summer than in winter,

due to the combined effects of higher biomass and tempera

tures in summer. In both seasons, the majority (>83%) of

the production was attributed to ciliated protozoans. In con

trast to the remarkable inshore-offshore gradient in produc

tion rate observed in summer, the geographical variation

was moderate in winter, reflecting the relatively homoge

nous distribution of microzooplankton, particularly ciliated

protozoans.

The trophodynamic roles of microzooplankton, particu

larly as phytoplankton grazers, across the inshore and off

shore trophic gradient were assessed by estimating their

daily removal rate of phytoplankton biomass. For this, phy

toplankton carbon biomass was estimated from chlorophyll-

a concentration using a carbon: chlorophyll ratio of 40

(Parsons et al. 1984). The amount of phytoplankton food

required to meet the production rate was estimated assum

ing that the gross growth efficiency is 0.4 for ciliated proto

zoans (Fenchel 1987) and 0.3 for copepod nauplii (Ikeda &

Motoda 1978). As shown in Fig. 9, the potential percentage

of the initial phytoplankton biomass removed by grazing by

microzooplankton was relatively constant over the transect

except at Stn 11 in summer. In summer, it varied from 4.1

to 9.6% with mean of 7.2%, except at Stn 11 where it was

27%. In winter, the daily grazing impact varied from 1.5 to

3.9% with a mean of 2.6%. Kamiyama (1994) reported on

the seasonal variation in grazing rate of the microzooplank

ton community determined by the dilution technique

(Landry & Hassett 1982); it was high in summer and low in

winter with an annual mean of 19.1 and 11.6% at 2 stations

in Hiroshima Bay. Compared to his data, our results, partic

ularly in winter, were considerably lower. Hence, over the

extended study area, microzooplankton might play a rela

tively minor role as phytoplankton grazers, and their minor

importance held over the significant trophic gradient. The
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high removal rate found at Stn 11 in summer suggested that

the trophodynamic role of microzooplankton might be

more important in the offshore oligotrophic waters beyond

this station.

In conclusion, in summer, although microzooplankton

showed marked geographical variations in terms of numeri

cal abundance, biomass and estimated production rates

across the inshore to offshore gradient, their trophodynamic

role as phytoplankton grazers was relatively small and con

stant except at the most offshore station. In winter, micro

zooplankton were much fewer in number and exhibited less

geographical variation compared to summer. Their grazing

impact upon the phytoplankton was much less than in sum

mer and showed little geographical variation across the

trophic gradient.
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