
 

Instructions for use

Title NUTRITIONAL ECOLOGY OF MARINE ZOOPLANKTON

Author(s) IKEDA, Tsutomu

Citation MEMOIRS OF THE FACULTY OF FISHERIES HOKKAIDO UNIVERSITY, 22(1), 1-97

Issue Date 1974-05

Doc URL http://hdl.handle.net/2115/21857

Type bulletin (article)

File Information 22(1)_P1-97.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


I. 
II. 

III. 

IV. 

NUTRITIONAL ECOLOGY OF MARINE 

ZOOPlANKTON* 

Tsutomu IKEDA ** 

Faculty of Fisheries, Hokkaido University, Hakodate, Japan 

Contents 

Introduction 

Previous work .........................•.............................. 

Methods and materials ...............................................• 
Respiration and ammonia excretion 

1. Respiration 

2. Ammonia excretion 

3. O:N ratio 

Page 

1 

3 
6 

10 

V. Effect of hydrostatic pressure on the respiration of zooplankton ............ 23 

VI. Chemical composition .....................................•.......... 26 

1. Nitrogen 

2. Carbon 

3. Hydrogen 

4. Ratios of elements 

5. Changes in per cent of nitrogen and in per cent carbon of dry weight 

in some taxonomic groups with habitat temperature 
6. Discussion 

VII. Physiological effects of starvation on zooplankton ........................ 41 
1. Respiration 

2. Metabolic substrate 
3. Survival length of zooplankton under starvation 

VIII. General discussion on the nutritional ecology of marine zooplankton. .. ..... 49 

IX. Tentative estimation of carbon requirement for respiration and ammonia-

nitrogen excretion by zooplankton in natural seas ...................... 52 
X. Summary . ........................................................ 56 

XI. Acknowledgement................ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 58 
References 

Appendix 

I. Introduction 

Zooplankton are distributed more or less overall the worlds oceans inhabiting 

depths from the surface to the deep waters, so that their nutritional function is 

difinitely of great importance in marine ecology. Existence of zooplankton 

primarily depends on the primary production, directly or indirectly, which 

* This work was submitted in partial fulfillment of the requirements for the degree of 
Doctor of Fisheries Science at Hokkaido University in 1973. 

** Present address: Division of Functional Biology, School of Marine and Atmospheric 

Science, University of Miami, 10 Rickenbacker Causeway, Miami, Florida 33149, U.S.A. 
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differs geographically. The temperature of their habitats is also one of the most 

dominant factors which reflect on the geographical distribution of marine 

zooplankton. A great variation of the sea temperature, from near 30°C in the 

tropical seas to less than O°C in the polar seas, would be a major factor regulating 

the nutritional function of zooplankton. In early stage of the studies on the 

metabolism of poikilothermal animals it was observed that the animals in the cold 

waters were as active as those in warm waters in the natural conditions, in spite of 

the large difference of temperature, but Warm water animals often died with cold 

rigor when they were transferred into cold water. This fact suggested the 

existence of adaptation in cold water animals that makes it possible to maintain 

a high metabolic rate even at low temperature. Fox (1936) has reported for the 

first time that the metabolic rate of warm water marine forms (echinoderms, 

sipunculids and crustaceans) is higher than that of cold water forms at normal 

temperature in their habitats. Later extensive work of Scholander et al. (1953) 

dealing with aquatic as well as terrestrial animals in the tropical and arctic areas 

has shown that there occurred a distinct metabolic adaptation in arctic aquatic 

animals (crustaceans and fishes). Further, Wohlschlag (1964) and Edwards et al. 

(1970, 1971) ascertained that metabolic adaptation takes place in the antarctic and 

tropical fishes. Important findings by these workers are that the metabolic 

levels of animals in extreme circumstances such as tropical warmth or polar 

coldness are far different from those obtained in the laboratory experiments by 

graded temperatures. 

The experiments on the metabolism of zooplankton by the previous workers 

have been made on the boreal and temperate species and mostly on copepods and 

euphausiids. This author experimented on zooplankton species from tropical, 

temperate and boreal seas (Ikeda. 1970). Zooplankton are a link in food chain 

between the primary producers and nektonic and benthic animals in higher trophic 

levels. Their functions decrease phytoplankton populations through grazing 

(cf. Raymont, 1963, 1966), accelerate phytoplankton growth by excreting nutrient 

substances which are finally metabolized (Ketchum, 1962; Corner and Davies, 

1971); and supply themselves as food of predators. 

In the present studies rates of respiration and ammonia excretion in many 

species of marine zooplankton were determined with chemical analyses of their 

bodies in an attempt to test the assumption that body size and habitat temperature 

are major factors deciding physiological conditions of these animals. Attention 

was also paid to the physiology of zooplankton under starvation. The results of 

the experiments lead the author to conclude that the mode of nutritional function 

in marine zooplankton is beautifully associated with the temperature in their 

habitats, and, in turn, their geographical locations. 
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II. Previous work 

The first work on the respiration of marine zooplankton was made by Ostenfeld 

(1913) on Calanus hyperboreus, and then, Putter (1922, 1923, 1924-25) conducted a 

long series of measurements on mixed copepod populations (see the criticism of 

Krough, 1931). In 1935 Marshall et al. measured respiration of Calanus fin

marchicus in relation to environmental conditions such as temperature, hydrogen

ion concentration, oxygen content, salinity of medium water, and light. Olark 

and Bonnet (1939) observed the effect of temperature on the respiration rate of the 

same species. Effects of light, temperature, seasonal adaptation, reproduction, 

sexual difference, feeding and maintenance period in laboratory conditions of 

test animals on the respiration were studied on Acartia clausi and A. tonsa by 

Conover (1956). The works of Raymont and Gauld (1951), Gauld and Raymont 

(1953) and Raymont (1959) indicated that the oxygen consumption of some species 

of neritic copepods was related to their body length. Raymont and Oonover 

(1961) estimated the respiration rate of Calanus hyperboreus, Nematoscelis 

megalops and Neomysis americana in relation to the role of body carbohydrate as 

metabolic substrate. Marshall and Orr (1962) summarized the data published 

until 1962 together with their unpublished data on the respiration of copepods. 

Seasonal change in the rate of respiration was reported by Marshall and Orr 

(1958) on Calanus finmarchicus, by Conover (1959) on some neritic copepods, by 

Conover (1962) on Calanus hyperboreus, by Oowey and Oorner (1963) on Calanus 

helgolandicus, by Raymont et al. (1966) on Neomysis integer, by Marshall and Orr 

(1966) on small sized copepods, by Haq (1967) on Metridia lucens and M. longa, 

and by Oonover and Oorner (1968) on some boreal copepods. Berner (1962) and 

Lasker (1966) examined the rate of respiration of Temora longicornis and 

Euphausia pacifica respectively. Halcrow (1963) tested acclimation of the 

respiration to various temperature in Calanus finmarchicus. Effect of crowding 

of individuals on the respiration was investigated by Zeiss (1963). Anraku (1964) 

found that the respiration-temperature curve of Calanus finmarchicus, Pseudo

calanus minutus, Labidocera aestiva, Acartia tonsa and A. clausi was closely cor

related with the hydrographical conditions in 'nature in which these species occur. 

Respiration of Acartia clausi was reported by Lance (1965) in relation to the 

osmotic behaviour of this species. Oonover (1960) studied on the relationship 

between body size (weight) and respiration rate of various boreal zooplankton 

(copepods, amphipods and euphausiids), finding that there is a high correlation 

between these two factors. This relationship was further investigated together 

with the influence of temperature on Euphausia pacifica and Thysanoessa spinifera 

by Small et al. (1966), and on E. pacifica by Small and Hebard (1967) and Paranjape 

(1967). Pearcy et al. (1969) failed to observe a diurnal change of respiration in E. 
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pacifica, but observed the effect of body size on respiration rate in this species. 

Teal and Carey (1967a) demonstrated high capability of oxygen uptake on 

Euphausia mucronata inhabiting the oxygen minimum layer where the oxygen 

pressure is below 0.5% atm, in the eastern Pacific Ocean. Mullin and Brooks 

(1970) compared the respiration rate of Rhincalanus nasutus and Oalanus 

helgolandicus raised from eggs to adults in the laboratory with those collected 

from natural sea. Recently Lillelund and Lasker (1971) and Sushkina et al. 

(1971) reported the respiration rate of Labidocera spp. and Neomysis mirabilis 

respectively. Except the works of Conover (1960) and Conover and Corner 

(1968), zooplankters used for experiments above mentioned were those inhabiting 

boreal or temperate seas and most zooplankton species treated were limited to a 

few neritic copepods, euphausiids and mysids. Studies of Mc Whinnie and Mar

ciniak (1964) on the temperature response in oxygen consumption of antarctic 

krill, Euphausia superba, which is an inhabitant of oceanic waters is of great 

interest in this point. 

Rajagopal (1962) found that the respiration rate of a hydromedusa, 

ctenophores, copepods and a tunicate in the tropical sea was correlated with dry 

body weight. Respiration of a tropical chaetognath, Sagitta hispida, was reported 

by Reeve (1966) and Reeve et al. (1970). Respiration-temperature curve for 

tropical copepods from different bathymetric levels was reported by Champalbert 

and Gaudy (1972). In the previous studies of the author (Ikeda, 1970) on a total 

of 77 species of zooplankton covering almost all important groups of marine 

zooplankton from boreal, temperate and tropical sea areas it was concluded that 

respiration rate-body weight relation was a function of habitat temperature. 

The effect of hydrostatic pressure on the metabolic rate of deep-sea 

zooplankton is little known (see general review of Cattell, 1936; Morita, 1967; 

Schlieper, 1968). Napora (1964) measured the respiration rate and phosphorus 

excretion of a prawn, Systellaspis debilis, under the conditions of various degrees 

of hydrostatic pressure and temperature. The experiments of Teal and Carey 

(1967b) on euphausiids demonstrated that the oxygen consumption of animals was 

not affected by pressure in the normal range of depths of their natural habitats, but 

affected by varying temperature alone. Similar results were obtained by Pearcy 

and Small (1968) on Euphausia pacifica and Thysanoessa spiniJera. Recently, 

Teal (1971) experimented on the respiration of five decapod species and Macdonald 

et al. (1972) on Gigantocypris mulleri and Systellaspis debilis under the condition of 

high pressure. 

Data on excretion of nitrogenous substances by zooplankton are fewer than 

those on respiration. It is well documented in the field of comparative biochemistry 

of animals that end-products of nitrogenous substances in aquatic invertebrates 
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are largely In the form of ammonia* (Prosser, 1961; Baldwin, 1963). The 

experiments on Catanus finmarchicus and C. helgolandicus by Corner et at. (1965), 

Corner and Newell (1967) and Butler et al. (1970), and on Neomysis rayii and 

Euphausia pacifica by Jawed (1969) verified this point in zooplankton, i.e., more 

than 70% of total nitrogen excreted by these zooplankters was in the form of 

ammonia. The first estimation of ammonia excretion of zooplankton was carried 

out by Harris (1959) on mixed zooplankton specimens (mainly Acartia clausi). 

Change of excretion rate with developmental stages and with seasons was shown 

for Calanus finmarchicus and C. helgolandicus by Corner et al. (1965), Corner and 

Newell (1967), Corner et al. (1967) and Butler et al. (1969, 1970). Conover and 

Corner (1968) reported seasonal change of nitrogen excretion of several boreal 

copepods (Calanus hyperboreus, C. finmarchicus, Metridia langa, Pareuchaeta 

norvegica and others). Nitrogen excretion of Neomysis rayii and Euphausia 

pacifica was investigated by Jawed (1969). Ammonia excretion of Neomysis 

integer at different salinities of medium water was studied by Raymont et al. (1968). 

For tropical zooplankton species Beers (1964) and Reeve et al. (1970) measUred 

nitrogen excretion of a chaetognath, Sagitta hispida. Thus, experiments on the 

nitrogen excretion of zooplankton has been made on quite a limited number of 

species (Corner and Cowey, 1968; Corner and Davies, 1971). 

Studies on chemical composition of zooplankton have been diversified with 

workers due to different purposes of studies. One analyzed one or several gross 

organic matter such as protein, lipid and. carbohydrate (cf. Ikeda, 1972), while the 

others analyzed particular components such as amino acids (Corner and Cowey, 

1968), fatty acids (Yamada, 1972) and so forth. Analyses were made on mixed 

specimens of several species in some experiments but on a single species in other 

experiments. Here, the history of analyses of chemical composition of zooplankton 

is concerned with only elemental compositions. Earlier works on the elementary 

composition of zooplankton together with other marine organisms were compiled 

by Vinogradov (1953). Thereafter, Harris and Riley (1956) reported nitrogen and 

phosphorus on mixed zooplankton collected from Long Island Sound at different 

seasons of the year. Curl (1962a, b) investigated carbon, nitrogen and phosphorus 

in a single species of various zooplankton (Cnidaria, Ctenophora, Mollusca, 

Arthropoda, Chaetognatha and Tunicata). For tropical zooplankton Beers (1966) 

made one year measurements on the nitrogen, carbon and phosphorus contents of 

major zooplankton groups from the Sargasso Sea off Bermuda (copepods, 

euphausiids-mysids, other Crustacea, chaetognaths, fish and fish larvae, 

* Johannes and Webb (1965) and Webb and Johannes (1967) have reported that zooplank

ton release large amount of dissolved amino acids but their results were not confirmed 

in the experiments of Corner and Newell (1967) and Jawed (1969). Webb and Johannes 

(1969) discussed these conflicting results. 
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polychaetes, siphonophores, hydromedusae, pteropods and salps). Omori (1969) 

analyzed carbon, nitrogen and hydrogen of 33 zooplankton species collected mainly 

from boreal sea of the Pacific. The zooplankton species examined by Omori 

covered a dinoflagellate, pteropods, copepods, amphipods, a mysid, euphausiids, 

a decapod, a marine insect, chaetognaths and fishes and their larvae. Vinogradov 

et al. (1970) determined carbon and nitrogen on mixed specimens of several species 

and on single species such as Calanus cristatus, Gennadas borealis, Hymenodora 

frontalis, H. glacialis and Gnathophausia gigas sam:;Jlcd from different depths of the 

northwestern Pacific Ocean. 

III. Methods and materials 

Sampling: In one series of experiments, sampling was carried out in Oshoro 

Bay, west coast of Hokkaido (June-July 1970) and on the coast of Usujiri, outside 

of Volcano Bay, the northeast coast of Kameda Peninsula, southern Hokkaido 

(May-June 1971). Sampling of other series of experiments was made on board 

the Raiyo-Maru of the Fisheries Agency on her cruise to the South Africa (October 

1971-March 1972). In addition, sampling of material was also made only for the 

determination of chemical composition of zooplankton on the Nanae-hama coast, 

southern Hokkaido (March-April'1971) and off Kitami, northern coast of Hokkaido 

(September 1970). Locations of sampling the material are illustrated in Fig. l. 

On the seashore stations at Oshoro and Usujiri a specially designed net, 0.35 

mm in mesh aperture, 50 cm in mouth diameter, 150 cm in length, conical, with 

2 liter polyethylene wide tail bucket at the cod end which enabled us to obtain 

materials in good condition, was towed from a boat at about 2-4 hours after the 

sunset. The net was towed gently for 5-10 minutes through 0-10 meter depth. 

On board the Kaiyo-Maru a similar type of the net was towed for 15 minutes during 

the slow wind drift of the ship. Sometimes the materials were obtained from the 

samples taken by towing a fish larva net. Large agile zooplankton such as am

phipods, stomatopod larvae etc. were collected by this method. The larva net, 

130 cm in diameter, made of stramin in major portions and 0.33 mm mesh cloth 

near the cod end, was towed at 1-l.5 hours after the sunset. For collecting deep

sea zooplankton MTD vertical closing net and sometimes MTD horizontal closing 

net (Motoda, 1969) were used. 

Respiration and ammonia excretion: In the land experiments, zooplankton 

collected was diluted in large polyethylene buckets filled with raw sea water on 

the boat, transported to the land laboratory and then sorted according to species 

in one liter glass bottles filled with raw sea water dipped up from the sea at the 

same time of the net towing. The sorting of animals to a single species was made 

with various pore size pipettes. Sometimes, a binocular microscope was used for 

the sorting of small animals. The time required from the sampling to the comple-
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Fig. 1. Map showing locations where zooplankton were collected. 
Upper map: locations of Oshoro Bay, Usujiri, Nanae-hama coast and a station at off 
Kitami (open triangle). 
Lower map: stations covering during the cruise of the Kaiyo-Maru. Stations of 

zooplankton sampling for the measurements of respiration and ammonia excretion 
are shown in solid circle, and for chemical composition in open triangle.' Stations of 
deep-sea zooplankton sampling with MTD vertical closing net is shown as a cross. 

tion of sorting was not longer than 1.5 hour. In experiments on board, collected 

samples were sorted immediately in the laboratory of the ship within one hour 

after the sampling. Then, one liter glass bottles with sorted animals were dipped 

in a water bath for about one day. The temperature of the water bath was kept 

close to natural temperature for animals by pumping sea water in the land labora

tory and by using a thermoregulator on board. 
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Concurrent with the above procedure, the surface sea water dipped up from 

the same place as the net sampling was filtered thrOllgh glaJs fiber filter (Whatman) 

and aerated thoroughly at the natural temperature. The water was used as 

"conditioning water" described below. 

After the maintenance of animals for about one day in a raw sea water after 

sampling, one to several animals of the same size and the same species were trans

ferred into 250 or 300 ml BOD bottles or into one liter well stoppered glass bottle 

filled with conditioning water. Bottle size was determined for convenience by 

the animal size and water temperature during the incu1ation of animals. As a 

special case, at Oshoro Bay, a 100 ml oxygen bottle was used for the determination 

of the respiration of extremely small forms only. Then, a rubber stopper with an 

outlet tube and an inlet tube, the former covered with fine mesh net to prevent 

escape of animals and the latter connected to a large reservoir of conditioning 

water, was fitted firmly at the mouth of the bottle. Conditioning water was flowed 

gently through the bottle containing animals 6-7 times of the bottle volume to 

replace its content with conditioning water. Typical series experiments with 250 

ml BOD bottles, usually 8-9 bottles were successively prepared in this way, making 

the first and the last bottles as control without animals. Each bottle was wrapped 

with an alminium foil as soon as the replacement of conditioning water had been 

completed and immersed into the water bath again. The time for preparation of 

one series of bottles was about one hour. The time of incubation varied with 

animal size and water temperature, but roughly 12-24 hours in the land experi

ments and 4-10 hours for the on board experiments. Thus, the water temperature 

experienced by animals was the same throughout the. sampling to the end of the 

experiments. 

At the end of incubation, the conditioning water in each bottle was siphoned 

to a 100 mloxygen bottle for the determination of dissolved oxygen, and then, 50 

ml aliquot of sample water was pipetted out in two Erlenmyer flasks for the 

determination of ammonia. When dead animals were observed at the end of the 

incubation period, the results were abandoned. Some faecal pellets produced 

during the incubation were removed by means of a pipette. But, in most of all 

experiments no production of faecal pellet was observed. The animals remaining 

with a small volume of conditioning water were picked up with a dessecting needle 

on blotting paper and the excess of sea water adhering on the animal's body was 

removed. The animals were transferred into an air-tight plastic pot, the bottom 

being covered with a glass fiber filter or lining with an aluminium foil for jelly 

. forms. The pots were preserved in a desiccator in a deep freezer for a later 

measurement of body weight of the animals on land. 

Dissolved oxygen was analyzed following the Winkler method described by 

Strickland and Parsons (1965) with a slight modification for the small water sample 
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volume. The standard deviation of 11 replicates was 0.030 mIll on the air-saturat

ed sea water at 20°C (4.917 mIll). Analysis of ammonia was completed within 3 

hours after the end of incubation on board and at the land laboratory by the 

phenolhypochlorite method of Solorzano (1969) with a standard deviation of 0.43 

,Ltg-at Nil on 8 replicates at a concentration of 6.00 ,Ltg-at NHs-N/l. 

The rates of respiration and ammonia excretion were calculated from the 

difference of the concentration between the experimental and the control bottles . 

Since the respiration rate may be affected with a partial pressure of oxygen in the 

medium water as it is known in other marine animals (Zeuthen, 1955; Nicol, 1960; 

Wolvekamp and Waterman, 1960; Prosser, 1961; Kinne, 1970), the oxygen 

concentration of the experimental bottles at the end of incubation was kept at 

not less than 80% saturation. 

Metabolic rate was classfied according to the activity of the animals during 

the measurements, as a basal, standard and activity metabolism (Prosser, 1961). 

According to Prosser's difinition, the rates measured in the present studies fall 

between standard and activity metabolism. 

Respiration of deep-sea zooplankton under high pressure condition: On board 

the Kaiyo-Maru deep-sea zooplankton was collected from 2000 m to 1500 m by 

vertical tow of MTD vertical closing double net (Motoda, 1969) with a modified cod

end to prevent water passing through it while towing at undesired depths. Sampl

ings were carried out at 300 37.1'S 15°08.5'E (Nov. 23, 1971) and 26°30.0'N 17°00.4' 

W (Jan. 8, 1972). Time required for one haul was about 1 hour. As soon as the 

net came up on deck, the animals in the cod-end were transferred to a glass con

tainer filled with sea water of similar temperature to that of their habitats (ca. 

3-4°C). The collection of sea water from 2000-1500 m depths being unable to be 

carried out in the present case, surface sea water was used for the measurements 

of respiration, though the surface sea water was slightly higher in salinity than 

at 2000-1500 m depths. Animals were kept at 3-4°C in a water bath. During 

the period of rearing, Artemia nauplii were tried as food, however these nauplii 

were found to be unsuitable food for zooplankton. For the experiment under 

the condition of high pressure, a TSK pressurized deep-sea bacteria cultivator was 

employed. Two 100 ml oxygen bottles, one with animals and the other as control 

without animals, were placed into a cultivating tank made of stainless steel and 

filled with conditioning water. Adjustment of concentration of dissolved oxygen 

to that in situ for deep-sea zooplankton was difficult so that air-saturated sea 

water described above was used as conditioning water. The preparation of experi

mental and control bottles for the experiment was quite the same as the above 

mentioned. Two 100 ml of oxygen bottles were fitted with a rubber stopper 

through which pressure relief during the stoppering procedure was provided by 

means of an injection syringe. MOOr being pressurized to 200 atm (atmosphere) 
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the incubator was replaced into the water bath at 3-4°C and was kept in that 

condition for 1 or 3 days for small animals. To increase the prel:!sure to 200 atm, 

a few minutes were needed and the pressure was released rapidly to one atm at the 

end of incubation. Then, the water in each bottle was siphoned into 50 ml oxygen 

bottle for the determination of dissolved oxygen. Animals remaining in the bottle 

with a small volume of water was subjected to experiment under normal pressure 

(1 atm) again. Thus, the experiment under high and normal pressure was repeated 

in turn for the same individuals till the animals became lifeless. Accordingly, 

experimental animals were compelled to a starving condition throughout the 

successive experiment. 

Ohemical composition: Zooplankton collected were sorted into a single species 

as early as possible by means of a dessecting needle or pipette and was transferred 

into a blotting paper to remove water adhering on the body surface of the animals. 

The microscopic observation confirmed that almost all water adhering on the body 

surface was removed by this procedure. Then, the animals were replaced in the 

air-tight plastic pots covered at the bottom with a glass fiber filter or lining with 

an aluminium foil for jelly-forms. The pots were preserved in a desiccator (desic

cant: silica. gel) placed in a deep freezer. Prior to the analysis samples were 

desiccated at the room temperature till the constant weight was obtained. The total 

amounts of nitrogen, carbon and hydrogen were determined with the Hitachi 026 

CRN analyzer at the land laboratory. The capacity of the analyzer was 500-1500 

p,g of dry material so that for animals weighing less than 500 p,g several individuals 

were combusted together and for those weighing more than 1500 p,g an aliquot of 

ground animal combusted for a single determination. Seven replications of deter

mination of each element for a pteropod, Hydromyles globUlosa, gave 0.1, 0.2 and 

0.1 for a standard deviation of per cent nitrogen, per cent carbon and per cent 

hydrogen of dry weight, respectively. For fatty animals, the standard deviation 

of each element was slightly larger than this. 

IV. Respiration and ammonia excretion 

The rates of respiration and ammonia excretion are very variable with some 

factors. For example, Fig. 2 shows the variation of both rates in N eoca1anus 

gracilis, Euphausia krohnii and Phronima sedentaria held under laboratory condi

tions. Both respiration and ammonia excretion rates decreased with the progress 

of maintenance periods. At the end of four days maintenance, the rates were 

about one half for N. gracilis and E. krohnii to one fourth for P. sedentaria of the 

first day's figures, though the patterns of decrease differed with species. High 

respiration rate measured just after the sampling of animals has been reported by 

some workers for zooplankton (Marshall et al., 1935; Conover, 1956; Berner, 1962; 
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Fig. 2. Changes in the rates of respiration 
and ammonia excretion and the O:N 
ratio of zooplankton during the main
tenance in the laboratory after sampl
ing. Animals were collected at 13°48.7'8 
oo055.D'E on Nov. 27, 1971. Experi
ments were conducted at 19.7°C. 
Experimental animals were different 
individuals of the same catch for 
N eocalanus gracilis and Euphausia 

krohnii, and were the same two indivi
duals for Phronima sedentaria. 
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Ikeda, 1970). The O:N ratio varied irregularly owing to the difference in the 

changing patterns of respiration and ammonia excretion (Fig. 2). At present 

status, it is difficult to conclude whether the initial higher figures represented more 

realistic rates of zooplankton in the natural sea or whether the later lower figures 

Were normal rates. In a comparative sense, one way to overcome this difficulty 

is to conduct experiments under standard conditions. In the present experiments, 

as a standard condition, zooplankton species spending one day after their capture, 

at a water temperature close to their natural conditions, was taken for measure

ment. 

Data obtained in the present studies are summarized in the Appendix, and are 

arbitrary devided into four classes according to the habitat temperature of zoo

plankton. 

Tropical species (25.7-28.5°0); data obtained in the Kaiyo-Maru cruise 

Subtropical species (17.3-22.5°0); data obtained in the Kaiyo-Maru cruise 

Temperate water species (11.7-17.5°0); data. obtained at Oshoro Bay 

Boreal species (4.5-14.3°0); data obtained at Usujiri 
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A total of 112 species including 50 species for tropical, 13 species for subtropical, 

26 species for temperate and 27 species for boreal species were subjected to respira

tion measurement (Table 1), and 81 species including 46 species for tropical, 13 

species for subtropical, 7 species for temperate and 19 species for boreal species for 

ammonia excretion measurement (Table 2). These animals used for the present 

Table 1. Groups and number of species of boreal, temperate, subtropical and 

tropical zooplankton for. which respiration rate was measured. 

Groups Boreal I Temperate I Subtropical I Tropical 

Coelenterata 1 3 0 5 
Ctenophora 2 0 0 0 
Heteropoda 0 0 1 1 
Pteropoda 2 1 3 2 
Gastropoda 0 1* 0 0 
Polychaeta 0 1* 1 1 
Ostracoda 1 0 0 0 
Copepoda 7 10 2 12 
Mysidacea 2 1 0 1 
Cumacea 2 1 0 0 
Amphipoda 3 1 2 5 
Euphausiacea 3* 0 1 4* 
Decapoda 2* 2* 0 6* 
Stomatopoda 0 0 0 2* 
Chaetognatha 1 1 0 4 
Tunicata 0 1 2 4 
Pisces 1 3 1 3 

Total 27 26 13 50 

* Including larvae unidentified 

Table 2. GrOUp8 and number of 8pecies of boreal, temperate, 8ubtropical and 

tropical zooplankton for which ammonia excretion rate was measured. 

Groups Boreal I Temperate I Subtropical I Tropical 

Coelenterata 1 1 0 3 
Heteropoda 0 0 1 1 
Pteropoda 2 0 3 2 
Polychaeta 0 0 1 1 
Copepoda 7 2 2 12 
Mysidacea 1 1 0 1 
Cumacea 1 1 0 0 
Amphipoda 1 0 2 5 
Euphausiacea 3* 0 1 4* 
Decapoda 2* 0 0 4* 
Stomatopoda 0 0 0 2* 
Chaetognatha 1 1 0 4 
Tunicata 0 0 2 4 
Pisces 0 1 1 3 

Total 19 7 13 46 

* Including larvae unidentified 
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experiments cover most of the major groups of zooplankton in the seas. 

1. Respiration 

It is well documented that the metabolic rate (respiration rate) of organisms 

is the power function of body weight (cf. Prosser, 1961). Mathematically this 

relationship is expressed as follows; 

R =aW
b 

(1), 

where R is total respiration rate CuI 02/animal/hr), W is body dry weight (mgJ 

animal), b is an exponential constant and a is a constant of proportionality. In 

terms of logarithmic form, equation (1) is rewritten as; 

logR=b.logW+loga (2). 

Similarly, the weight specific respiration rate (R/W: ,ttl 02/mg dry weightJhr) is 

derived from equation (1) by deviding through W as follows; 

log (R/W) = (b-l) log W + log a (3). 

The regression equation and the correlation coefficient between total respiration 

rate and body weight of zooplankton from tropical, subtropical, temperate and 

boreal waters were calculated and the results are given in Table 3. Prior to the 

calculation data of three tropical fish larvae collected with fish larva net were 

excluded, for they 'were very agile and unusual plankton for the present experi

ment. The correlation coefficients varied from 0.959 for boreal species to 0.886 

for tropical species, but were highly significant in all four groups (P<O.OOl). Fig. 

3 shows a scatter diagram of weight specific respiration rate and body weight for 

each group with regression lines, which were calculated from Table 3 in equation 

(3). The fact that weight specific respiration rate decreases with increase in body 

weight and with decrease in habitat temperature is well illustrated in Fig. 3. 

In the Table 3 remainder terms (log a in equation (2) ) increased with habitat 

Table 3. Regression statistics of log total respiration rate (R: III 02/anima,l/hr) 

on log body dry weight (W: my/animal) in zooplankton. 

pl::~ton I Temperature I n I 

Boreal 8.6°0( 4.5-14.3) 78 
species 

15.0°0(11.7-17.5) Temperate 64 
species 

Subtropical 20.2°0(17.3-22.5) 21 
species 

26.8°0(25.7 -28.5) Tropical 98 
species 

** Significant at 0.1% level. 

Equation of 
regression line 

log R=b log W + log a 

log R=0.783 log W +0.057 

log R=0.756 log W +0.127 

log~=0.664 log W +0.321 

log R=0.595 log W +0.481 
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Fig. 3. Relationship between weight specific respiration rate and body dry weight for 

tropical, subtropical, temperate and boreal zooplankton. Points encircled are data 

from tropical fish larvae collected with fish larva net. 

temperature and was accompanied by a decrease in the inclination of the regression 

line (b in equation (2)). Statistical test showed that the difference of the inclina

tion of each regression line was highly significant (Variance ratio F=7.89>Fo.o1 

[3, 253]=2.64). The same results were also obtained in the previous studies 

(Ikeda, 1970). To examine these relationships between log a and b and habitat 

temperature (T) the former two were plotted against the latter, and then by 

fitting the data to a straight line by the method of least squares the regression 

equations and the correlation coefficients were calculated as seen in Fig. 4. From 

the fact that high correlation was resulted, the respiration rate of zooplankton 

(R: ,ttl 02/animal/hr) will be predictable if its habitat temperature (T: DC) and its 

body weight (W: mg dry weight/animal) are known, from the log a-T and b-T 

relations, and equation (2) as; 

log R = (-0.01OS9T+0.S91S) log W + (0.0243ST-0.1S3S)* (4). 

The possible cause of the difference in the inclination (b) of regression lines 

among tropical, subtropical, temperate and boreal species cannot be attributed 

to the difference in habitat temperature of animals only, because the species and 

their size distributions of a particular animal group are not the same in the four 

zooplankton groups. For instance, experiments were conducted on copepods 

* Errors in the estimation of b and log a from T are calculated from following equation; 

4.3038y•xv'1.25+(17.65-T)2/179.15 (9596 confidence limits) 
where, 8y •x =0.02317 in boT relation and 

8y•x =0.04618 in log a-T relation. 

To estimate total errors for the calculation of R from equation (4) errors in R-W relations 

in Table 3 must be combined with the above. But the combined total errors are difficult 

to calculate for the present author, so that the latter source of error was neglected in the 

calculation of R from equation (4) in the following chapter (V and IX). 
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Fig. 4. Relationships between log a and habitat temperature (upper) and between band 

habitat temperature (lower) in respiration-body weight relationship. Vertical lines 

(solid) represent standard deviations and horizontal lines (dotted) ranges of tempera

ture. 

weighing from 2.27 mg to 0.0068 mg in boreal waters but the range of weight for 

tropical copepods used in these experiments was 0.818 mg to 0.0381 mg with no 

species common to in both habitats. According to Bertalanffy (1951) the relation 

between metabolism and body weight of various animal groups is classfied into 

three types, i.e., surface proportional (b=2/3), weight proportional (b=1) and 

intermediate between the two (b=2/3-1). He also found that the relation is, 

however, variable with physiological and experimental conditions of animals within 

a single species (Bertalanffy, 1964). Therefore, the present results of the systematic 

change in figureb with habitat temperature should be regarded as a general charac

teristic of zooplankton community from each habitat. 

The QIO of respiration was calculated from the relationship between respiration 

rate and body weight of zooplankton with different habitat temperaturefl shown 

in Table 3 and average QIO from equation (4), on the animals weighing 0.1 mg, 1.0 

mg and 10 mg as a. representative of animal weight (Table 4). The result indicated 
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Table 4. The QI0 for respiration rate calculated from the differences in the relationship 

between respiration rate and body weight in zooplankton taken from different 

habitats (Tabel 3), and average QIO from equation (4) in parenthesis. 

Boreal species (8.6°C)
Temperate species (15.0°C) 

Temperate species (15.0°C)
Subtropical species (20.2°C) 

Subtropical species (20.2°C)
Tropical species (26.8°C) 

Body dry weight (mgJanimal) 

0.1 1.0 10 

1. 4(2. 3) 1. 3(1. 8) 1.2(1.4) 

3.5(2.3) 2.4(1. 8) 1.6(1.4) 

2.2(2.3) 1. 7(1. 8) 1. 4(1. 4) 

that the effect of temperature on the zooplankton respiration was larger for 

the smaller forms than for the larger. Rao and Bullock (1954:) discussed the 

possible effect of animal's body size and its habitat temperature on the QI0 value 

of metabolic rate or other rate functions of animals. Their discussion concerned 

the QI0 value with not adapted but with acclimated animals. So that situation 

was too different from the present results to make any comparison. Scholander 

et al. (1953) studied metabolic response of aquatic and terrestrial animals, from 

tropical (30°0) and arctic (O°C), to graded temperature. According to them the 

respiration rates of tropical aquatic crustaceans and fishes at their natural habitat 

temperatures were as high as 4 to 6 times for their arctic aquatic counterparts. 

The QI0 value of respiration was thus calculated as 1.6-1.8, and the value did not 

change with body size of animals, differing from the present studies on zooplank

ton. Wohlschlag (1964) summarizing data on metabolism and habitat tempera

ture on fishes living from tropical to antarctic and arctic seas, proposed an 

empirical equation for the fish of the order of 5 g as log R=1.75+0.02T, where R 

was mg 02/Kg/hr and T was habitat temperature in °C. From this the QI0 for 

respiration was easily counted as 1.6. In the present studies the range of habitat 

temperature was narrower than those of Scholander et al. (1953) (average; 8.6-

26.8°C). The average of QIO value calculated for animals weighing 0.1 mg-IO mg 

based on the data of two extreme habitat temperatures of boreal and tropical was 

1.4-2.3, which covered the range mentioned by Scholander et al. (1953) and of 

Wohlschlag (1964). 

Here, the difference in the level of respiration originating from specific differ

ences is briefly discussed. More active animal groups such as Euphausiacea, 

Amphipoda and fish larvae respire at a slightly higher rate than the other zooplank

ton groups with the same size, while jelly-forms such as Coelenterata, Ctenophora 

and Tunicata and some benthos larvae are a group with a lower respiration rate. 

Conover (1960) and Conover and Corner (1968) reported that the respiration rate 

of carnivorous zooplankton species was higher than that of herbivorous specie!!. 
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Such a difference in the rate between herbivores and carnivores was not observed 

in the present and in the previous studies (Ikeda, 1970). For instance, the respira

tion rate of typical carnivorous animals of Ctenophora and Coelenterata was lower 

than that of other plankton animals with the same size as mentioned above. The 

reversed fact was also found in largely herbivorous forms of Euphausia pacifica. 

This different result observed by Conover (1960) and Conover and Corner (1968) 

might be caused from the experiments in which they were concerned with only 

crustaceans in contrast with taxonomically wide variety of animals as in the 

present case. It is noted that animals with higher respiratory rate had a highly 

developed respiratory gill organ. 

Among the few studies on the relationship between respiration rate and body 

weight in zooplankton, the results of Conover (1960) and Rajagopal (1962) are 

comparable to a great extent with the present results on boreal and tropical species 

respectively. Their experiments dealt with a variety of animal groups as well as 

body size range. Conover's results (1960) were almost the same as those of boreal 

species in the present studies. The results of Rajagopal (1962) showed a slightly 

higher value than those of tropical species in the present studies, even when the 

difference in experimental temperature and in body size were taken into considera

tion. This was especially true for smaller sized animals. In comparison with 

the previous studies by the present author (Ikeda, 1970), b-T relation shown in 

Fig. 4 were almost the same. However, log a-T relation obtained in the previous 

studies Was slightly different compared with the relation in the present studies, 

i.e., increase in log a with a raise in T was larger in the former study than in the 

present study. In the previous experiments, the dry body weight of animals was 

determined on specimens preserved in 10% formalin-sea water. This different 

condition might cause the different results as mentioned above, because most 

substances of body which are lost during the preservation of animals in formalin 

solution are nitrogen rich ones, i.e., protein (Fudge, 1968; Hopkins, 1968) and the 

proportion of protein in the total body substances increased with habitat tempera

ture. Hence, the effect of formalin preservation is larger in tropical species than 

in boreal species which stored higher level of fat. 

2. Ammonia excretion 

The relation between the rate of ammonia-nitrogen excretion and body weight 

of tropical, subtropical, temperate and boreal species was obtained by using the 

same procedure as for respiration. The results are given in Table 5. Data on three 

tropical fish larvae were omitted from those of tropical species for the same reason 

as mentioned in the experiments on respiration. The correlation coefficient was 

highly significant in all zooplankton groups (P<O.OOl). The remainder terms 

(log a in equation (2) ) increased with habitat temperature. While the inclination 
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Table 5. Regrea8ion 8tatiatic8 of log total ammonia-nitrogen excretion rate (E: p,g NHa-N/ 
animal/kr) on log body dry weight (W: mg/animal) in zooplankton. 

Zoo- Equation of 

I I plankton Temperature n regression line r Sy." Sb 
log E=b log W + log a 

Boreal 8.2°C( 4.5-14.3) 53 log E=0.790 log W -I.l98 0.932** 0.321 0.043 
species 

15. 0°C(13. 8-16. 0) Temperate 19 logE=0.635 log W -0.857 0.964** 0.225 0.042 
species 

Subtropical 20. 2°C (17. 3-22. 5) 21 log E=0.654 log W -0.767 0.921** 0.255 0.063 
species 

27. 3°C (25. 7-28.5) 94

1 

Tropical log E=0.591Iog W -0.639 0.843** 0.320 0.039 
species 

•• Significant at 0.1% level. 

(b in equation (2)) tended to decrease with the increase of habitat temperature, 

the difference of the inclination of each regression line was statistically highly 

significant (variance ratio F=4.47>Fo.o1 [3, 179]=3.90). Accordingly, the effect 

of habitat temperature on the relationship between the rate of ammonia-nitrogen 

excretion and body weight was quite the same as in the case of respiration. Re

gression equations of weight specific rate of ammonia-nitrogen excretion versus 

body weight was calculated from Table 5 and were given in the scatter diagram of 

Fig. 5. Weight specific excretion rate of ammonia-nitrogen increased with the 

decrease in body weight and increase of habitat temperature. In the section of 

respiration it is described that Euphausiacea, Amphipoda and fish larvae belonged 

to a higher rate group, and Coelenterata, Ctenophora, Tunicata and some benthos 
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Fig. 5. Relationship between weight specific excretion rate of ammonia-nitrogen and 
body dry weight for tropical, subtropical, temperate and boreal zooplankton. Points 
encircled are data for tropical fish larvae collected with fish larva net. Symbols as 
in Fig. 3. 
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Fig. 6. Relationships between log a and habitat temperature (upper) and between band 
habitat temperature (lower) in ammonia elteretion-body weight relationship. Vertical 
lines (solid) represent standard deviations and horizontal lines (dotted) ranges of 
temperature. 

larvae were of a lower rate group compared with those of average zooplankton. 

The same tendency was also observed in ammonia excretion. Among the lower 

rate group, those of decapod megalopa larvae of tropical species Were conspicuous. 

Then, b and log a in the Table 5 were plotted against habitat temperature 

(TOO), and regression equations and correlation coefficients were calculated by 

fitting the data to a straight line by the least square method (Fig. 6). In the 

relation of b-T, b the temperate species deviated rather largely from the regression 

line, resulting in a correlation coefficient of 0.886 lower than 0.975 for b-T relation 

in the respiration. The correlation coefficient of log a-T relation for ammonia

nitrogen excretion (0.958) was somewhat lower than that of respiration (0.980). 

However, these differences are not significant statistically (P>O.5), owing to the 

small amount of data. 

Accordingly, the excretion rate of ammonia-nitrogen for average zooplankton 

(E: ",g NHa-N/animal/hr) was estimated by knowing its individual body weight 
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Table 6. The Ql0 for ammonia-nitrogen excretion rate cak1dated from the differences 

in the reZatiO'1lJ8hip between ammonia-nitrogen excretion rate and body weight 

in zooplankton from different habitats (Table 5), and average Ql0 

from equation (5) in parenthe8is. 

Body dry weight (mg/animal) 

Boreal species (8.2°0)
Temperate species (15.0°0) 

Temperate species (15.0°0)
Subtropical species (20.2°0) 

Subtropical species (20.2°0)
Tropical species (27.3°0) 

0.1 

5.4(2.4) 

1. 4(2. 4) 

1.9(2.4) 

1.0 10 

3. 2(l. 9) 1. 9(1. 6) 

1. 5(1. 9) 1. 6(1. 6) 

1. 5(1.9) 1.2(1. 6) 

(W: mg dry weight/animal) and its habitat temperature (T: °C) from the following 

equation; 

log E=( -0.00941 T +0.8338) log W + (0.02836T-1.3665)* (5). 

Table 6 gives the QIO for ammonia-nitrogen excretion rate of animals weighing 

0.1 mg, 1.0 mg and 10 mg dry weight calculated from Table 5, and average QI0 of 

the rate from equation (5). Apparently, the QI0 value increased with a decrease 

in the body weight of animals. In comparison to the average QIO value of respira

tion from equation (4) the value of ammonia-nitrogen excretion from equation (5) 

was higher, indicating larger effect of temperature on the excretion rate than the 

respiration rate. 

The results of nitrogen excretion in zooplankton by other authors were com

pared with the present results, taking into consideration such differences as experi

mental temperature and body size of experimental animals. Harris's figure (1956) 

for the average excretion rate of nitrogen of mixed popUlations of zooplankton 

(mainly Acartia clausi) was 1.5 ftg N/mg drywt/hr at 4.5-18.5°C. The mean of 

body weight per individual was calculated as 4 ftg. In the present experiment, 

the rate of the same species weighing 6-11 ftg/animal at 14-16°C was 0.5-1.1 ftg N/ 

mg dry wt/hr, which was roughly comparable to the figure of Harris. Here, one 

should keep in mind that there are many sources of error in the experiments on 

smaller forms under a crowded condition. The loss and death of animals by 

handling and cannibalism during the incubation period are common phenomena 

and are especially serious in the experiment on mixed species by Harris. More

over, Harris used unfiltered natural sea water as conditioning water which con

tained some food materials for animals in his experiment. Feeding of zooplankton 

* Errors in the estimation of b and log a from T are calculated from following equation; 

4.303Sy ... ~1.25+(17.675-T)2/195.9475 (95% confidence limits) 

where, Sy ... =0.04868 in boT relation and 

Sy ... =0.08386 in log a-T relation. See foot note on page 14. 
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accelerated the rate of excretion (Corner et al., 1965; Butler et al., 1970). Converse

ly, ammonia thus excreted in the water was utilized simultaneously by plant 

populations in it. For such a complex balance of positive and negative effects on 

the nitrogen excretion measurements of animals, some corrections should be made. 

For C. finmarchicus and C. helgolandicus rates of ammonia excretion by some inves

tigators (Corner et al., 1965; Corner and Newell, 1967; Corner et al., 1967; Butler et 

al., 1969) fall in the range of the present result, though Butler et al. (1970)'s figures 

were slightly lower. The results of some boreal zooplankton presented by Conover 

and Corner (1968) agreed fairly well with the present results. Similar results were 

also obtained by Jawed (1969) on Neomysis rayii and Euphausia pacifica, and 

Beers (1964) and Reeve et al. (1970) also on Sagitta hispida. 

3. O:N ratio 

When pure protein (16% nitrogen and 1.04 1 O2 needed for complete combus

tion of 1 g) is burned only in the body of animals and nitrogenous end-product is 

entirely in the form of ammonia, the ratio of oxygen respired and ammorua

nitrogen excreted is approximately 8 by atoms, and the ratio close to 24 when the 

equivalent amount of protein and lipid (2.02 1 O2 is demanded for complete 

combustion of 1 g) is burned simultaneously. Thus, the O:N ratio is a good index 

to deduce the metabolite in the animal body under starvation conditions. When 

the ratio is higher than 24, a major metabolite is fat quantitatively and when it 

is lower than 24, protein becomes a major metabolite. Carbohydrate is not 

considered here, because its relative amount in zooplankton body is too small to 

serve for a major metabolite under starved condition (Raymont and Krishnaswamy, 

1960; Raymont and Conover, 1961; Ikeda, 1971a, 1972). 

From Tables 3 and 5 the regression coefficients of the rates of respiration and 

of ammonia excretion and the body weight were nearly the same in tropical, 

subtropical and boreal species (temperate water species were an exception). This 

indicates that the O:N ratio is not related to body size. 

The relative frequency of the ratio was represented in each zooplankton group 

(Fig. 7). It is apparent from Fig. 7 that the O:N ratio of tropical, subtropical and 

temperate species tend to concentrate into low figures. While that of boreal 

species exist widely at 7 to 93. In some cases, ammonia excretion was not detected 

in some boreal species so that the O:N ratio was infinitive. These infinitive ratios 

were neglected in the calculation of relative frequency showed in Fig. 7. In 

tropical species, the O:N ratio of decapod megalopa larvae was more than 100. 

This seems to be an exceptional case. For tropical, subtropical and temperate 

species, the majority of the O:N ratio was lower than 24, suggesting that the major 

metabolite was protein. For boreal species, nearly half of the ratios obtained were 

larger than 24, indicating that the major metabolite of these boreal species was 
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Fig. 7. Relative frequency (%) of the O:N ratio by atoms, calculated from respiration 
and ammonia-nitrogen excretion, for tropical, Bubtropical, temperate and boreal 
zooplankton. 

fat. In some animals, the O:N ratio was lower than 8, which was the lowest figure 

calculated theoretically on pure protein. In addition to experimental errors, the 

deviation of each elementary composition of body protein from that of pure protein 

caused these different results. For instance, Raymont et al. (1968) estimated 

13.3% nitrogen, instead of 16%, for body protein of Neomysis integer from amino 

acid composition in the body. 

Harris (1959) reported the ratio of 7.7 for a mixed populations, composed 

mainly of Acartia clausi. The figure was comparable to that of the same species 

in the present studies. Comer et al. (1965) showed that the ratio was 9.8-15.5 on 

O. helgolandicus. Conover and Comer (1968) revealed that the O:N ratio changed 

with seasons in a given species. For example, the ratio of O. hyperboreus was the 

highest at the period of vernal blooming of phytoplankton, and decreased toward 

the minimum level in winter and early spring the next year. The O:N ratio 

obtained in the present studies was concerned only in a certain season, but such 

a wide variability of the ratio of boreal species seemed to be a charactor for boreal 

species. In their statistical analysis Conover and Comer (1968) indicated that 

herbivorous species showed a higher ratio than that of carnivorous species. The 

same tendency was also seen in boreal species in the present studies, and the ratio 

of herbivores was more variable from lower value to higher one according to the 

difference of nutritional conditions as compared with carnivores. This phenomenon 

was not clearly seen in tropical species. According to Reeve et al. (1970), the O:N 
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ratio for Sagitta hispida Was 6.8. This value was low compared with those of 

tropical chaetognaths in the present studies. 

It is well known that the average plankton material in the sea has the ratios 

of C:N:P=106:16:1 (Redfield et al., 1963). Richards (1965) constructed a model 

of an average organic matter in the sea using these ratios. The empirical formula 

and its biological oxidation are as follows; 

hence, 

(CH20)lo6(NHsh6HsP04+10602=106C02+16NHs+HsPO,+106H20 

16NHa+3202=16HNOa+16H20 

(CH20ho6(NH3h6HaPO, + 13802=1 06C02 + 122H20 + 16HNOa + HaPO ,. 

It was noted that the end-product of nitrogenous substances in zooplankton was 

not nitrate, but ammonia. Thereupon, the O:N ratio was calculated as 106 X 2/ 

16=13. The present results deversified too much with species and with habitats 

to justify this value, whereas in the sense of generosity this figure falls in the 

center of ranges of tropical and subtropical species. 

The present author's conclusion are as follows: the O:N ratio changes not with 

the body size of zooplankton but with the habitat temperature. A ratio lower 

than 24 observed in the majority of temperate, subtropical and tropical species 

suggests that protein occupies the major metabolite during the starvation period 

in these species. While a ratio higher than 24 observed in some boreal herbivorous 

species means that fat is an important metabolic substrate. In the other boreal 

species including both herbivores and carnivores a ratio lower than 24 is found. 

Thus, herbivorous species in the boreal seas have a wide variety of the O:N ratio, 

possibly on account of their nutritional conditions. The difference of the O:N 

ratio related to food habits of animals is not distinct in temperate, subtropical and 

tropical species. 

V. Effect of hydrostatic pressure on the respiration of zooplankton 

Most of the results of respiration hitherto obtained were those of the epipelagic 

zooplankton. The effect of pressure on the metabolism of marine animals includ

ing zooplankton is little known. Napora (1964) worked on the pelagic decapod, 

Systellaspis debilis, which was characterized by an extensive diurnal vertical 

migration, and he showed that the increase of pressure accelerate the metabolism of 

the animal just enough to offset the effect of temperature decrease, so that the level 

of metabolism of animals remained constant at various depths in the ocean. 

Recently, Teal (1971) obtained similar result on five species of decapod. Similar 

types of experiments were followed by Teal and Carey (1967b) and Pearcy and 

Small (1968) on some euphausiids and decapods. They concluded that the respira

tion Was determined largely not by pressure but by temperature alone in the normal 
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range of depths in the seas. 

There exist some evidences suggesting that temperature has a more important 

factor than hydrostatic pressure to limit the distribution of zooplankton. The 

present author has experienced commonly that the maintenance of bathypelagic 

zooplankton is not so difficult by adjusting only temperature of culture to in situ 

temperature apart from hydrostatic pressure. On boa:rd the Kaiyo-Maru, for 

instance, bathypelagic zooplankton survived from several weeks to mo~e than 3 

months, the end of her cruise, by adjusting the te:::nperature only. Such survivors 

of the zooplankton species were Metridia princeps, Chirundina streetsi, Pareuchaeta 

sp., Desseta palumboi, Euchirella bitumida, E. pulchra etc. This fact indicated that 

bathypelagic zooplankton can tolerate the decrease of a hydrostatic pressure. 

Anemia nauplii were given as food during the period of maintenance, but they 

did not take that food as already mentioned. Sometimes, faecal pellets of the 

animals on the bottom of the rearing bottles were observed suggesting an occurrence 

of cannibalism or necrophagy. For shallow water species, it is well known that 

there are equatorial submergence of some cold water species of zooplankton and an 

ontogenetic migration to deep-layers for some species inhabiting the seas at high 

latitudes (Ekman, 1953; Vinogradov, 1968). 

The present author took interest in whether the level of metabolism of bathy

pelagic zooplankton in their natural habitats was the same to that of epipelagic 

counterparts or not, differing from that of the previous workers whose interests 

were largely focussed into the vertical migration of animals. In other words, 

whether the relations among respiration, body size and habitat temperature of 

epipelagic species of zooplankton verified above are applicable or not to bathypela

gic zooplankton. The results of experiment in which the respiration rate of some 

bathypelagic zooplankton species measured under successive conditions of high 
pressure and normal pressure were shown in Fig. 8. From that figure it is evident 

that the effect of pressure on the respiration of bathypelagic zooplankton apparent

ly differed with species. The respiration rate of three species of copepods and a 

species of ostracod augmented with an increasing pressure, but the reverse Was 

the case for a nemertean species. The variation of the rate was larger in an ostracod 

and in a nemertean species than in three copepod species. Macdonald et al. 

(1972) observed an increase of the metabolic rate of a decapod, Systellaspis debilis, 

and a decrease of an ostracod, Gigantocypris mullen, under the condition of high 

pressure. The respiration rate of some speoies increased in the present studies 

as successive incubation progressed (Fig. 8). It is difficult to give an explanation 

to this. The data on each species under the condition of pressure were averaged 

and plotted against the body weight in comparison of metabolic level of those 

zooplankton which was predicted from equation (4) (Fig. 9). Respiration rate of 

Gennadas sp., on which experiment was carried out under pressurized condition 
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only, was added in Fig. 9. In spite of small numbers and large scatter of data, 

the level of respiration rate which was directly measured in some bathypelagic 

zooplankton did not deviate so largely from that predicted from respiration-body 

weight in relation to epipelagic zooplankton at 3.5°C. Although further accumula

tion of data under a simulated in situ condition of animals is apparently necessary 

for conclusion, as far as the present studies are concerned, it supported the hypothe

sis that the metabolic level of deep-water zooplankton did not so differ from that 

of shallow water relatives in their normal habitats. In other words, there is a 

possibility to apply the respiration relations obtained on epipelagic zooplankton to 

bathypelagic counterparts. Childress (1971) mentioned that deep-living species 

respired at a lower rate than those of shallow-living species under comparable 

conditions. In his comparable conditions, both temperature and pressure were 

far different from those in nature for deep-living species so that his result was not 

comparable with the present result mentioned above. 
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Fig. 9. Relationship between total respiration rate measured near their natUral condi

tions in temperature and hydrostatic pressure and body dry weight for bathypelagic 

zooplankton. Regression line was predicted from respiration-body weight relation for 
epipelagic zooplankton at the average experimental temperature of 3.5°C. Dotted 

and chain lines represent 95% and 99% confidence limits of the predicted line respec

tively. 

VI. Chemical composition 

Table 7 shows a list of zooplankton groups and number of species analyzed. 

All data obtained in the present studies are given in the Appendix. Analyzed 

zooplankton Were grouped according to habitat temperature. 

Boreal and deep-water species (ca. 0-13°0); zooplankton collected off Kitami, 

Usujiri and Nanae-hama coasts, and on the Kaiyo-Maru with MTD vertical 

closing net from 1500-2000 m depths 

Temperate water species (ca. 12-18°0); zooplankton collected at Oshoro Bay 

Subtropical species (ca. 17-24°0); zooplankton collected on the Kaiyo-Maru 

Tropical species (ca. 26-28°0); zooplankton collected on the Kaiyo-Maru. 

One hundred and eleven species in total, including 38 species of tropical, 14 species 

of subtropical, 17 species of temperate and 48 species of boreal and deep-water 

species, were analyzed. Among the boreal species animals collected from off 

Kitami were distinguished from the others because of extremity low habitat 

temperature. 
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Table 7. GrOUp8 and number of 8pec,iea of boreal and deep-water, temperate, 

aubtropical, and tropical zooplankton aubmitted to chemical analyaia. 

Boreal & 

I 
Groups Deep water Temperate Subtropical Tropical 

(off Kitami) 

Coelenterata 1(1) 0 1 1 
Ctenophora 0 1 0 0 
Heteropoda 0 0 0 1 
Pteropoda 2(1) 1 1 5 
Polychaeta. 0 0 1 1 
Ostracoda 1 0 0 0 
Copepoda 14(5) 6 4 8 
Isopoda 0 0 1 0 
Mysidacea 2(2) 1 1 1 
Cumacea 3 1 0 0 
Tanaidacea. 1 0 0 0 
Amphipoda 4(1) 1 1 5 
Euphausiacea 4*(1) 0 2 4* 
Decapoda 4*(1) 2* 0 5* 
Stomatopoda 0 0 0 2* 
Insecta 0 0 0 1 
Chaetognatha 2(1) 1 1 1 
Tunicata 0 0 -I 0 
Pisces 3 3 0 3 

Total 41(13) 17 38 

* Including larvae unidentified 

1. Nitrogen 

Nitrogen expressed as per cent of dry body weight for tropical, subtropical, 

temperate, and boreal and deep-water species was plotted against dry weight of 

animals (Fig. 10). The values scattered widely and no consistent trend was shown. 

15 

5 

x' ." 

" Tropical species 
• Subtropical speciH 
• Temp.rat. wat.r species 
o Bor.m & o..p wat.r sp.cies 

(. off Kitami) 

8om-~~~~Q~m~~~~ru~~~~I~D~-L~~10--~~~WO~~~~IOOO~~ 

Body dry wt (mg/anima\) 

Fig. 10. Relationship between per cent nitrogen of dry weight and the body dry weight 
for tropical, subtropical, temperate, and boreal and deep-water zooplankton species. 
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However, the upper limit of nitrogen tended to increase slightly with a decrease of 

dry body weight. The maximum per cent nitrogen of dry weight was 13% for 

most of the four zooplankton groups and the minimum value was 0.4% for a salp. 

The higher value of nitrogen showed no difference among the tropical, subtropical, 

temperate, boreal and deep-water species. The lower value, however, was held by 

most of the tropical and subtropical species. With regard to taxonomical groups 

of animals, copepods, euphausiids, chaetognaths, mysids and fish larvae had higher 

values, and salps, pteropods, medusae, decapod larvae (megalopa), ostracods and 

cumaceans had lower values. Some animals other than common plankton such 

as Tanais sp., Pleustes panopla, Pontogeneia sp., Ooropkium uenoi, ldotea metalica 

and a species of Portunidae belonged to the low nitrogen group. 

According to the results of Ourl (1962b) the highest and the lowest values 

were 7.8% for Sagitta elegans and 0.2-0.4% for Mnemiopsis sp. (Otenophora) and 

Pyrosoma sp., respectively, collected from continental shelf waters, south of New 

York; Beers (1966) also reported that the highest and the lowest values were 11.17-

11.18% for copepods an~ polychaetes and 0.98% for siphonophores from the 

Sargasso Sea, off Bermuda; Omori (1969) showed the highest value of 12.9-13.1% 

for copepods, Pleuromamma xipkias and Labidocera acutifrons, and the lowest 

value of 1.5% for Limacina iriflata respectively from largely boreal zooplankton. 

Vinogradov et al. (1970) ascertained that a nitrogen content of 10.3% for mixed 

zooplankton (predominantly copepods) was the highest and 6.7% for Gennadas 

borealis was the lowest. These specimens were collected from different depths in 

north western Pacific. 

Thus, the maximum and the minimum levels of nitrogen content of the animal 

body differed with workers reflecting the difference in the zooplankton species 

analyzed. The works of Ourl (1962b) and Omori (1969) were more comparable to 

the present results in respect of the large variety of zooplankton groups employed. 

At any rate, it is expected that 13% of body dry weight corresponds to the upper 

limit of nitrogen content in the body of zooplankton. It is concluded from the 

present results that nitrogen content of zooplankton changes greatly from species to 

species and· that there exists no consistent relation to body size and to habitat 

temperature. 

2. Oarbon 

The carbon percentage of dry weight was plotted against dry body weight of 

animals in each group of zooplankton (Fig. 11). As in the case of nitrogen, no 

consistent trend is shown in the diagram. However, there was a remarkable 

difference between the' boreal and tropical species. It was observed that the 

carbon content of most of tropical species did not exceed 45% of dry weight, and 

some of boreal species contained more than 65% of dry body weight. The values 
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Fig. II. Relationship between per cent carbon of dry weight and the body dry weight 
for tropical, subtropical, temperate, and boreal and deep-water zooplankton species. 

Symbols as in Fig. 10. 

for subtropical and temperate species were distributed between the two extreme 

values of tropical, and boreal and deep-water species. A tropical insect, Halobates 

sericeus, showed 54.6% of dry weight of animal. This value exceeded the 52.6% 

obtained by Omori (1969) on this species. Although Halobates is collected frequent

ly with plankton net at certain sea areas, this insect does not live in the sea but 

lives on the surface of the sea. This different life form from general zooplankton 

means different type of nutrition, so that data on chemical composition of Halobates 

was not included in the figures. 

Among higher carbon values observed in some boreal species, the highest one 

Was 63.3-66.7% of dry weight of Pseudocalanus minutus. Copepods, a decapod 

and mysids in boreal species also contained a higher amount of carbon. A salp 

showed the lowest value of 4.6% of dry weight. Medusae, pteropods, amphipods, 

cumaceans and decapod larvae of tropical and subtropical species belonged to a 

lower carbon content group. Besides these, animals such as Tanais sp., Pleustes 

panopla, Pontogeneia sp., Coropkium uenoi, Jdotea metalica and a species of Por

tunidae showed a lower value of carbon percentltge of dry body weight as well as 

nitrogen. 

Curl (1962a, b) found the maximum and the minimum value of per cent carbon 

of dry weight was 46.8% for Lopkogaster sp. and 3.6% for Salpa sp. respect.ively. 

Beers (1966) reported 47.6% for copepods and 3.0% for siphonophores. Further, 

a maximum of 63.6% for Metridia okhotensis and a minimum of 17.0% for Lima

cina inflata were observed by Omori (1969) and a maximum of 65.23% for 

Gnatkopkausia gigas and a minimum of 41.00% for mixed zooplankton (mainly 

copepods) were obtained by Vinogradov et al. (1970). The results obtained in 

this study covered the range of values of carbon content by these previous workers. 
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It is concluded that carbon content of the animal body is more variable with 

species than in nitrogen content. The variation of carbon content depends not 

on body size, but on habitat temperature. The latter fact is not the case in nitro

gen. 

3. Hydrogen 

The distribution pattern of per cent hydrogen against body dry weight was 

nearly the same that of carbon. A correlation between hydrogen percentage of 

dry weight and ha.bitat temperature was observed. For tropical and subtropical 

species the upper limit of values of hydrogen content stayed at 7%, with an except

ion of 8.2% in Haloba1es. For boreal species the highest value was 10.7% in 

Oalanus cristatus. On the other hand, Omori (1969) also obtained the highest 

value of 10.1% in O. cristatus in his studies. 

4. Ratios of elements 

According to Corner and Cowey (1964, 1968) and Raymont et al. (1968) protein 

nitrogen generally amounts to more than 75% of total nitrogen in the body of some 

zooplankton species. A low value of about 50% has been reported for Sagitta 

hispida (Reeve et al., 1970). Generally, planktonic animals contain less amount of 

inorganic carbon (carbonate) in their bodies than benthic forms (Vinogradov, 1953). 

Curl (1962b) found measurable quantities of carbonate carbon (less than 3% COs-

C/dry weight) in only few zooplankton species (Limacina sp. and ldotea metalica). 

From these results it is considered that most of the nitrogen, carbon and hydrogen 

measured here were derived from organic matter in the animal body. 

Ratios of elements largely concern the nature of organic constituents of the 

animal body. Table 8 shows the average composition of nitrogen, carbon and 

hydrogen of protein and of fat presented by Rogers (1927). Carbohydrate was 

neglected here since its quantity in the total dry matter of zooplankton body was 

about 1-3% dry weight (Raymont and Krishnaswamy, 1960; Raymont and 

Conover, 1961; Beers, 1966; Ikeda, 1972) and was too small to contribute to the 

Table 8. Average composition oJ organic matter 

taken from Rogers (1927). 

Element 

C 
N 
H 

HJN 
C/H 
CJN 

Lipid 

69.05 
0.61 

10.00 

16.4 
6.9 

113.2 
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Fig. 12. Relationship between per cent hydrogen and per cent nitrogen of the body dry 
weight for tropical, subtropical, temperate, and boreal and deep-water zooplankton 

species. Symbols as in Fig. 10. 

total nitrogen, carbon and hydrogen. It is known that protein and fat were major 

constituents in the body and occupied 70-90% of dry weight of animals (Nakai, 

1955; Ikeda, 1972). 

H:N ratio: According to the results of Rogers the H:N ratio was about 0.4 

for protein and 16.4 for fat. Therefore, this ratio is a good index to the relative 

proportion of protein and fat in the body of zooplankton. In Fig. 12 the percent

age of nitrogen was plotted against hydrogen percentage. For tropical, subtropi

cal, temperate and some boreal and deep-water species the per cent hydrogen was 

correlated to the per cent nitrogen in a parabolic manner, while in other boreal 

and deep-water species, which were collected mainly at off Kitami, large deviation 

from this tendency occurred. This fact suggested deposition of fat in animal 

bodies. 

C:H ratio: Fig. 13 shows a scatter diagram of per cent content of hydrogen 

and per cent content of carbon of animal body. The percentage of hydrogen was 

correlated to the carbon percentage in a linear manner for all groups of zooplank

ton. Such a fact was observed from Rogers's results in Table 8. In short, the 

O:H ratio is not a suitable index to distinguish protein from fat. In the present 

studies the O:H ratio was around 6-7 as in Fig. 13 for all groups of zooplankton 

with exception of 5-6 for some boreal species from off Kitami. 

Vinogradov et al. (1970) analyzed carbon and hydrogen in the lipids extracted 
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C:H=6-7 with chloroform from some boreal 

zooplankton. Their results of 77-

79% of carbon and 11.5-12.5% of 

hydrogen were slightly higher when 

compared with those of Rogers, but 

the C:H ratio remained around the 

same value. In the present studies, 

the highest value of carbon and 

nearly the highest value of hydrogen 

was 64-67% and 9--10% respective

ly of dry weight of Pseudocalanus 

minutus collected from off Kitami. 

These figures of carbon and hydro

gen were similar to those lipid of 

Rogers and Vinogradov et al. The 

fact that the body of P. minutus 

from off Kitami comprized a con

siderable amount of fat was easy to 

explain from a visual examination 

in Fig. 19. 

O:N ratio: Rogers's results 

(Table 8) suggested that the C:N 

ratio was a useful index to dis-

tinguish protein from fat, because 

10 the ratio differed greatly from each 

other (about 3 for protein and over 

100 for fat). Fig. 14 indicates a 

relative frequency of the ratio for 

5 10 15 tropical, subtropical, temperate, and 

H (% dry wt) boreal and deep-water species in the 

Fig. 13. Relationship between per cent car- present studies. Throughout the 
bon and per cent hydrogen of the body groups of zooplankton a high fre-
dry weight for tropical, subtropical, 
temperate, and boreal and deep-water quency was found in the ratio of 3 
zooplankton species. Symbols as in Fig. and 4. Compared with other three 

10. zooplankton groups, a relative fre-

quency of a higher ratio than 4 was found in boreal and deep-water species, which 

was attributed largely to the materials from off Kitami (Fig. 14). 

Redfield (1934) pointed out at first that the C:N ratio in zooplankton was 

6.24 (7.28 in atomic ratio) and was identical with that in phytoplankton and in 

ocean water (Redfield et al., 1963). Curl (1962b) showed that the ratio varied 
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Fig. 14. Relative frequency (%) of the C:N ratio by weight in the body of tropical, sub
tropical, temperate, and boreal and deep-water zooplankton species. 

greatly from 4.5 for Centropages spp. to 45 for Aequorea vitrina (calculated by the 

present author). On the other hand, Beers (1966) showed that in subtropical 

zooplankton the C:N ratio was quite constant (3-4) with the exception of two 

extremes (2.4 for hydromedusae and 6.9 for pteropods). Omori (1969) also report

ed that the ratio was 3 and 4 with the maximum value of 11.1 for Limacina inflaJ;a. 

Vinogradov et al. (1970) observed that the highest ratio was 11.2 for Gennadas 

borealis and the lowest was 5.2 for mixed zooplankton (mainly copepods). Except 

for the high ratio obtained by Curl (1962b), the ratio reported by previous authors 

coincided with the results of the present studies. The high value of Curl (1962b) 

may have resulted from a low value of nitrogen due to an incomplete hydrolysis in 

nitrogen determination. 

The relation between the percentage of nitrogen and the percentage of carbon 

are illustrated in Fig. 15. The per cent of nitrogen increased with the per cent of 

carbon in a linear manner up to approximately 45% for carbon, and then, it 

decreased with the increase of the percentage of carbon. In the linearly propor-

- 33-



70 

60 

50 

~40 
>... 

"C 

~ 
u 

30 

20 

10 

Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

5 10 15 
N f:1. dry wt) 

Fig. 15. Relationship between per 
cent carbon and per cent nitro
gen of the body dry weight for 
tropical, subtropical, temperate, 
and boreal and deep·water zoo
plankton species. Symbols as in 

Fig. 10. 

tional phase of the per cent of nitrogen to the per cent of carbon, the slope was 

between 3-5 as known in Fig. 14. This suggests that the main body constituents 

are largely protein for the majority of tropical, subtropical, temperate and roughly 

half of the boreal and deep-water species. The other half of the boreal and, deep

water species showing an inverse relationship between the per cent of nitrogen 

and the per cent of carbon were mostly those collected from off Kitami. The 

high carbon value means a high proportion of organic matter in the animal body, 

and the low nitrogen value indicates the low proportion of protein. Therefore, 

high percentage of carbon and low percentage of nitrogen in some boreal and deep

water species suggested that a larger amount of fat was stored in the body in these 
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Fig. 16. Relationship between per cent carbon of body dry weight and the C:N ratio for 
tropical, subtropical, temperate, and boreal and deep.water zooplankton species. 
Symbols as in Fig. 10. 

species. Fig. 15 shows that the large deposition of fat in the body was occupied 

by the animals with carbon content more than 45% body dry weight. 

C:C/N ratio: The percentage of carbon of dry weight as an indicator of the 

proportion of organic matter in the animal body was plotted against the C:N ratio 

(Fig. 16). As seen in Fig. 16 a high C:N ratio in boreal and deep-water species 

means a higher amount of organic matter in the body but a lower amount of 

organic matter in the tropical and subtropical species. Animal groups belong to 

the higher case were almost all the species from off Kitami and lower case were in 

limited taxonomic groups such as shelled pteropods, decapod megalopa larvae 

and tunicates. High C:N ratio in tropical shelled pteropods is caused from low 

nitrogen content compared with that of boreal shelled pteropods (cf. Appendix). 
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5. Changes in per cent nitrogen and in per cent carbon of dry weight in some taxo

nomic groups with habitat temperature 

Some taxonomic groups of animal collected from most of sea areas covering 

tropical to boreal were analyzed for per cent content of nitrogen, per cent content 

of carbon and the C:N ratio of the animal body. Further, for an index of propor

tion of organic matter in the animal body the sum total of the per cent nitrogen 

and the per cent carbon were arranged on the basis of the habitat temperature of 

animals (Fig. 17). 

In copepods, the per cent of nitrogen tended to increase with increase of habi

tat temperature and in euphausiids, decapods and mysids there was no consistency 

with the habitat temperature. In amphipods and chaetognaths the percentage of 

nitrogen in the animal body decreased with an increase in habitat temperature. 

Thus, as seen in Fig. 10 the per cent nitrogen related to neither body size nor 

to the habitat temperature of animals is treated as a total in disregard of taxonomi-

~ 40 
U 

3. 

Chaetog- Fish & 
nattla Fish larva 

Fig. 17. Changes in per cent nitrogen, per cent carbon and the C:N ratio, and the sum 

total of per cent nitrogen and per cent carbon with habitat temperature for taxonomic 

groups of zooplankton. Average value is shown as a dot and its range by length of 
column (Bk; boreal species collected off Kitami, BD; other boreal species and deep

water species, Te; temperate water species, S; subtropical species, Tr; tropical species). 
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cal difference of animals. However, there exists an interspecific difference as 

shown in Fig. 17. 

The per cent content of carbon decreased with the increase of habitat tempera

ture in all taxonomic groups and was especially conspicuous in copepods and 

decapods. These different patterns of change in nitrogen and in carbon with 

habitat temperature reflected the C:N ratio of animals in each taxonomic group. 

The decrease in the C:N ratio was observed in copepods and in decapods, especially 

in the upper limit of carbon per cent. The same tendency, although not so 

remarkable as in copepods, was seen in mysids and amphipods. The C:N ratio 

remained almost at a constant level in euphausiids, chaetognaths and fish larvae. 

The sum total of the per cent nitrogen and the per cent carbon can be taken as 

an index for the estimation of proportion of organic matter in the animal body, 

because carbon and nitrogen are major constituents of organic matter. The per 

cent hydrogen was neglected here because it was proportional to the per cent 

carbon as seen in Fig. 13. The total of per cent nitrogen and per cent carbon 

tended to decrease with an increase of habitat temperature in all taxonomic groups. 

This suggests that the proportion of organic matter in the body decreases with the 

increase of habitat temperature. 

The number of species in each taxonomic group differed and except for cope

pods only a few species were measured. It is possible however to generalize on 

the interspecific difference of the effect of habitat temperature on the chemical 

composition of the body (Fig. 17). 

6. Discussion 

Biochemical composition of zooplankton will change with seasons and with 

sampling locations even in a given species (Marshall et al., 1934; Orr, 1934a, b; 

Fisher, 1962; Linford, 1965; Raymont et al., 1966; Conover and Corner, 1968; 

Raymont et al., 1969a; Reeve et al., 1970; Raymont et al., 1971). There are 

several explanations for this variation. The most important is the change in the 

amount of available foods for most animals, which is highly variable from season 

to season especially at high latitudes. According to the studies by Conover and 

Corner (1968), the amount of fat deposited in the bodies of some boreal copepods 

increased through spring blooming with phytoplankton and decreased with the 

progress of seasons. It reached its minimum just before the next spring bloom. 

In spite of such a large variation of fat a constant level of per cent nitrogen of dry 

weight of animals held throughout all seasons of the year .. 

The collection of boreal zooplankton in the present studies were made in 

September 1970 off Kitami, in March 1970 at Nanae-hama coast and from May to 

June 1971 off Usujiri. Concunent with the sampling of zooplankton for the 

present studies, the standing crop of phytoplankton, measured in terms of chloro-
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phyll a, was about 1-3 mg/m3 at 0-50 m depth of off Kitami (Fac. Fish., Hok

ka.ido Univ., 1972). Since there is no simultaneous data. on phytoplankton 

standing crop off Usujiri, a previous result of about 1.2 mg chI. a/m3 of water in 

the same month (July 1968) (Shiga., 1969) is used. At Nanae-hama coast, the 

net was clogged with phytoplankton during vernal blooming. Thus, the boreal 

species analyzed in the present studies have not been deficient in food available 

when they were collected. 

Fig. 18 shows a particular case in which the chemical composition of Oalanus 

cristatus and O. plumchrus of boreal species is affected according to their specific 

difference in their abilities of temperature tolerance (eurythermal or stenothermal) 

throughout their life cycles. According to Beklemishev (1954) and Heinrich (1962), 

the reproduction of O. cristatus and O. plumchrus, both being dominant species 

of copepods in northern North Pacific Ocean, occurred in winter with one brood a 

year. The new brood developed into the I-II copepodite stages by the beginning 

of the period of phytoplankton growth. In these stages they fed on phytoplankton 

Ca/anus cristatus Ca/anus p/umchrus 
Salinity (., .. ) C:N ratio 

3~.S :J.O 3is 3~.0 b i. 
C:N ratio 

~~i.~~~8 
Temp.(OC) Dry wt(mg,animal) 

O~~681'01'd ~ ~ ~ 
Dry wt(mg lanimal) 

i ~ 

1--. 1 

100 r\ \ = 0 .. .,,_ 
IIiI'Z&I Carbon 
_ Nitrogen 

X-X C:N ratio 

200 \ \ 
400 ~. 
500 T ~ I 

r----' 
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Fig. 18. Changes in body dry weight, and in amount of carbon, nitrogen and the C:N 
ratio, with depth, in the body of two representative of boreal copepods, Oalan'U8 
eriBtat'U8 (V stage) and O. plumchrus (V stage), collected off Kitami (Sept. 1970). 
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and rapidly grew to stage V copepodite. They stored large reserves of fat. The 

stage V copepodite began to sink to the deep-waters in late summer. Mter they 

molted to adults in the deep-sea, the masticatory edges of their mandibles degene

rated and they no longer took any food. They subsisted, at depths greater than 

200 m, on the fat stored in their bodies. 

In the present studies sampling was carried out in September corresponding to 

the sinking season for both species. As shown in Fig. 18, dry weight, carbon 

content, nitrogen content and the C:N ratio of the animal body for C. plumchrus 

did not change with depths, but. these increased with depths for C. cristatus. 

Coloration of C. cristatus from deeper depths was bright red, while that from 

shallower depths was faded red. The body length was 7.3-7.7 mm for C. cristatus 

and 3.7-3.9 mm for C. plumchrus throughout the depths. A difference of body 

length with depths was not observed in the two species. 

Such differences between these allied copepods may be explained on the 

basis of results obtained by Beklemishev (1954) and Heinrich (1962). Therefore, 

in the present studies C. cristatus sampled from deep-layers was in good nutritive 

condition through the vernal blooming of phytoplankton. While, lean C. cristatus 

obtained from shallow depths was more delayed in development than those in 

deep-layers and it could not feed on enough phytoplankton in the euphotic layer 

because of the establishment of a thermocline. It was then forced to sink beneath 

the thermocline. C. plumchrus, differing from C. cristatus, is a eurythermal species. 

Hence, the establishment of the thermocline had no effect on the feeding behavior 

of this species. In fact, surface tow at night indicated that C. plumchrus migrated 

through the thermocline to the surface. 

In respect to the chemical composition of animal body, the deposition of a 

large amount of fat in the bodies of the majority of boreal and some of deep-water 

species is a remarkable fact, which is indicated in Figs. 12, 13 and 16 in the present 

studies. Further, Fig. 17 shows that the deposition of fat was negatively correlated 

with habitat temperature, though its degree differed with taxonomic groups. 

Intraspecifically, this relation was well represented in Acartia clausi from Nanae

hama coast and Oshoro Bay, and in Calanus plumchrus from off Kitami, off Usujiri 

and Oshoro Bay in the present studies (see Appendix). Relevant here, Wimpenny 

(1941) reported that the stored fat of the mixed zooplankton from upper layers 

of the sea increased from low to high latitudes. Littlepage (1964) reported the 

negative correlation between the amount of fat and the habitat temperature on 

Euchaeta antarctica and Euphausia crystallorophias from the antarctic. Extensive 

studies on many species of copepods by Lee et al. (1971) revealed that more fat 

was deposited in copepods of higher latitudes and of deeper-waters in the sea. 

In some species of boreal copepods with transparent body, fat deposited Was 

easily observed by naked eye, and has been called the "oil-sac" or "oil-droplets" 
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Fig. 19. Various shapes of oil-sac in the bodies of different copepods (lateral view). Verti
cal bars alongside of animals show a relative length of 1 mm. Oalanus criBtatus V 
(1), O. plumcknt8 V (3), O. glaciaZia (4) and Eucalanus bungU bungii (2) were colleoted 
from the Bering Sea (June-Aug. 1968); Metridia okhotensi8 (5) a.nd P8eudocalanus 

minutus V (7) off Kitami (Sept. 1970); Rhincalanu8 naautus (6) off Cape Garnet, 
Spanish Sa.hara, Africa (Jan. 1972) and ParacaZanus parvus (8) from Oshoro Bay 

(June-July 1970). 

(cf. Marshall and Orr, 1955). As seen in Fig. 19, there was a difference in the shape 

and in the dimension of oil-sac among certain species though these differed with 

individuals of the same species. For instance, the shape of the oil-sac of Euca1anus 

bungii bungii was almost spherical, differing distinctly from the one of an allied 

species Rhincalanus nasutus. During the cruise of the Kaiyo-Maru, raw materials 

of tropical copepods examined under the microscope had no oil-sac in their 

transparent bodies. The same was true for specimens taken from sea areas where 

the water temperature higher than 25°C. At stations where water temperature was 
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about 20°0, N eocalanus gracilis with a small oil-sac occurred in small numbers. 

In tropical and subtropical seas most of the environmental factors are almost 

uniform in all seasons and the primary production is low but continuous throughout 

a year, in contrast with a high but great variability in the seas at high latitudes 

(Ryther, 1963; Strickland, 1965). Beers (1966) ",tudied the chemical composition 

of major zooplankton groups in the Sargasso Sea, off Bermuda, monthly through

out the year. Variation of the percentage of carbon of dry weight, which was 

a more variable element than nitrogen and hydrogen as verified in the present 

studies, ranged from 35.2% to 47.6% in copepods. That range was similar to the 

present results for tropical and subtropical copepods. This range of carbon content 

was far narrower compared with that of 38.3%-66.7% for boreal copepods found 

in the present studies at certain periods of the year, indicating that seasonal varia

tion of chemical composition in the body was less pronounced in tropical zooplank

ton. 

In conclusion, chemical composition of zooplankton sampled from tropical, 

subtropical, temperate and boreal seas and from deep-waters in terms of per cent 

nitrogen, per cent carbon and per cent hydrogen of dry weight is not related to 

body weight of animals. Among three elements, the amount of carbon is directly 

proportional to the amount of hydrogen (or vice versa). Both elements, the 

percentage of carbon and the percentage of hydrogen of dry weight, increase with 

a decrease in habitat temperature. Such a fact indicates the deposition of fat in 

the body of boreal and deep-water species. The results suggest a possibility of 

the difference in the effect of habitat temperature on the chemical composition of 

animal body in each taxonomic group. 

VII. Physiological effects of starvation on zooplankton 

From the results above mentioned it is supposed that zooplankton inhabiting 

higher habitat temperatures need a larger amount of food continuously due to 

acceleration of the metabolic rate with habitat temperature. Further, the propor

tion of organic matter, especially fat as a energy reserve, in the animal body tended 

to decrease with the increase of habitat temperature. These characteristics in 

zooplankton nutrition due to the habitat temperature suggest that zooplankton 

living in the warmer waters have little tolerance against starvation compared with 

those in the colder waters. To ascertain the above fact a knowledges of the 

ability of metabolic regulation and metabolic substrate of zooplankton under long

term starvation is necessary. 

In the present studies the change in the respiration rate and metabolic sub

strate under the long-term starvation were ascertained. Some factors which 

determine the survival time under starvation were also investigated. 
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1. Respiration 

Three species of boreal copepods, Oalanus cristatus, O. plumchrus and Eucala

nus bungii bungii, were starved for about 2 months and their respiration rates at 

the end of starvation period were compared with those at the beginning of the 

starvation period (Table 9). In O. cristatus the rate lowered roughly to a half of 

those at the beginning of the starvation period, while in E. bungii bungii the 

decrease of the rate was not so large as compared with O. cristatus. In O. plum

chrus the respiration rate remained almost unchanging. In previous works, the 

respiration rate of Acartia clausi and A. tonsa decreased to a half and to a 

third when artificial fasting lasted for 6 days (Conover, 1956). Oalanus hype!f

boreus reduced its metabolism under starved condition (Conover, 1962, 1964). O. 

cristatus maintained without food for a month showed a lower metabolic rate 

(Ikeda, 1971a). The degree of reduction of metabolic rate in both O. hyperboreus 

(Conover, 1962, 1964) and O. cristatus (Ikeda, 1971a) was about a half of the initial 

rate. Reduction of metabolic rate under starvation is general phenomenon 

throughout all animal kingdom from protozoan to higher animals (Krogh, 1916; 

Winberg, 1956; Vernberg, 1959; Farmanfarmaian, 1966; Jf2lrgensen, 1966; and 

references therein), but exceptions are noted by Stikle and Duerr (1970). 

Table 9. Ohange in the respiration rate of zooplankton during starvation. Animals 

were collected from off Usujiri (May 1971) and were maintained 

at near their natural habitat temperature. 

Animals 
Culture Starvation period Respiration rate 

No. in days Cui O./animalfhr) 

Oalanus cristatus V 1 1 2.33 
2 1 1. 74 

1+2 52 1.20 

Oalanus plumchrus V 1 1 0.48 
2 1 0.63 
1 60 0.43 
2 67 0.76 

Eucalanus bungii bungii 1 1 0.84 
2 1 0.75 
1 64 0.69 
2 64 0.57 

2 . Metabolic substrate 

Table lO shows the results of a boreal copepod, Oalanus cristatus, for a 13 

day's starvation. A decrease of all organic matter of the body, but of chitin, was 

very rapid in the first 7 day's starvation. Absolute loss was larger in protein 

than lipid, but in terms of per cent loss of initial (0 day) amount, the lipid was the 

largest. Change in the amount of carbohydrate was little. In previous studies 

(Ikeda, 1971a), the rate of decrease for each kind of organic matter of the same 
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Table 10. Changes in dry weight, total lipid, total protein, total chitin, and in total carbo

hydrate in Calanus cristatus (V 8tage) during starvation (fig/animal: mean of eight 

determinationB±8tandard deviation). Analytical method8 u8ed are the 8ame a8 in Ikeda 

(1971a). Animals were collected in the Bering Sea (54°17'N 167°58'W, June 18 1969) 
and were maintained at 6-9°C. 

s~:tf:n I Dry weight I Ash weight I Lipid I Protein [ Chitin I Carbohydrate 

0 2203 308 474 131l±143 94±9 14±1 
3 1599 355 218 931±125 82±12 12±3 
7 1209 348 35 715±103 99±10 12±1 

13 1218 308 108 696±129 9H1l 14±2 

species was slower than that observed in the present experiments and some chitin 

was lost during the starvation. The reasons causing the different results are 

uncertain. 

In Calanus plumchrus, Acartia clausi and A. longiremis changes in dry weight, 

and in carbon, nitrogen and hydrogen in the body were studied under starvation 

conditions (Table 11). Decrease of body weight was well pronounced, but the 

change in each element expressed as per cent of body dry weight was not so re

markable in three species, especially in C. plumchrus. The slight decrease in the 

percentage of nitrogen for A. clausi and a similar decrease in the percentage of 

carbon for A. longiremis suggested that the relative utilization of nitrogen as 

metabolite was larger for the former species and reversed fact was the case for the 

latter species. There is no doubt that in both species of A. clausi and A. longi

remis the major substrate utilized as metabolite during the starvation period was 

protein. For this reason, the C:N ratio, close to that of protein in Rogers's result 

(Table 8), remained unchanging during the starvation periods. Identically, the 

maintenance of the same C:N ratio of C. plumchrus through the starvation period 

suggested that a large amount of protein was metabolized in this species. 

Table 12 shows the result of longer starvation period than that in Table 11. 

Since the number of individuals of animals analyzed were few, the reliability of the 

result was low. Compared with the initial percentage obtained in the beginning 

of experiment, the decrease of nitrogen, carbon and of hydrogen was large in all 

species. Loss in the percentage of carbon of dry weight larger than 50% of initial 

value was observed in C. cristatus and· E. bungii bungii. The C:N ratio decreased 

with the progress of starvation period and fell to about 3 in all species at the end 

of the experiment. This C:N ratio of about 3 closed to that of protein from 

Rogers's result which has already been described in the chapter of chemical compo

sition, indicating that relatively more carbon than nitrogen ,was utilized as a 

metabolic substrate. A certain amount of fat in the body was exhausted and 

consequently protein occupied a major constituent of the body through starvation 

-43-



Mem. Fac. Fish. Hokkaido Univ. [XXII, I 

Table II. Changes in dry weight, per cent nitrogen, per cent carbon, per cent hydrogen, the 

starvation. Animals were coUeded from Oshoro Bay (June 1970) and on the coast of 

Animals Temp. (OC) Starvation No. of animals 
period (days) analyzed 

CalanU8 plumchrUB V (0) 13.8-16.0 0 3 
3 
3 
3 

14 3 
2 
5 

Acartia clausi (0) 13.8-14.5 0 30 
35 

5 64 
68 

Acania longiremis (U) 11.8-14.3 0 100 
100 

2 100 
100 

10 100 
100 
100 

(0): at Oshoro Bay, (U): at Usujiri Coast 

Table 12. Changes in dry weight, per cent nitrogen, per cent carbon, per cent hydrogen, the 

starvation. Animals were collected from off U8Ujiri (May-June 1971) and were main-

Days of No. of animals 
Average 

Animals dry weight 
starvation analyzed (mgJanimal) 

Copepoda 
Calanus cristatus V 0 4 1.53 

37 1 1.03865 
39 1 0.38341 
70 1 0.95950 
70 1 0.53915 

CalanU8 plumchrUB V 0 23 1.03 
62 1 0.48903 
74 1 0.25330 

EucalanU8 bungii bungii 0 4 0.942 
47 1 0.53942 
99 1 0.50200 

113 3 0.206 

M dridia pacijiea 0 6 0.221 
28 3 0.09105 
30 4 0.07551 

Amphipoda 
ParathemiBto japonica 0 7 5.14 

38 1 4. 89 
58 1 3. 78 
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sum total per cent nitrogen plu8 carbon, and in the C: N ratio in zooplankton during 

Usujiri (June 1971), and were maintained at near their natural habitat temperature. 

Average Percent of body dry weight 

dry weight 

I I I 
Carbon + 

CarbonI 

(mg/animal) Nitrogen Carbon Hydrogen Nitrogen 
Nitrogen 

0.38640 8.9 49.5 7.8 58.4 5.5 
0.27054 8.7 42.4 2.0? 51.1 4.9 
0.26299 8.8 42.4 7.4 51.2 4.8 
0.36535 9.0 49.5 T.9 58.5 5.5 

0.26538 8.3 46.5 7.3 54.8 5.6 
0.29430 8.3 46.6 7.4 54.9 5.6 
0.25877 9.5 44.5 7.7 54.0 4.7 

0.00927 12.6 41. 7 - 54.7 3.2 
0.00922 12.9 42.1 - 55.0 3.3 

0.00637 11.0 39.4 5.8 50.4 3.6 
0.00640 10.8 42.1 6.5 52.9 3.9 

0.01025 11.8 42.1 6.0 53.9 3.6 
0.00973 11.7 41.9 6.0 53.6 3.6 

0.00668 14.4 40.3 5.9 54.7 2.8 
0.00689 11.3 39.8 5.6 51.1 3.5 

0.00584 11.0 37.8 5.4 48.8 3.4 
0.00576 14.4 37.7 5.3 52.1 2.6 
0.00626 11.2 38.1 5.4 

I 
49.3 3.4 

sum total of per cent nitrogen plu8 carbon, and in the C:N ratio in zooplankton during 

tained at near their natural habitat temperature. 

Percent of body dry weight 

I I I 
Carbon + 

CarbonI 

Nitrogen Carbon Hydrogen 
Nitrogen 

Nitrogen 

8.4 49.8 8.2 58.2 5.9 
5.5 29.5 5.2 35.0 5.3 
7.7 30.9 4.4 38.6 4.0 
5.1 19.6 3.2 24.7 3.8 
2.8? 23.4 5.1 26.2? 8.3? 

8.0 57.6 9.3 65.6 7.2 
6.5 42. 7 6.8 49.2 6.5 

10.8 35.5 5.6 46.3 3.2 

9.7 38.3 6.4 48.0 3.9 
7.3 20.7 3.7 28.0 2.8 
8.9 15.2 2.8 24.0 1.7 
6.8 20.4 3.8 27.2 3.0 

11.7 40.8 6.9 52.5 3.9 
9.9 34.6 5.0 44.5 3.5 

10.0 33.1 4.7 43.1 3.3 

7.5 40.5 6.1 48.0 5.4 
7.3 36.0 5.4 43.3 4.9 
8.0 29.4 4.3 37.4 3.7 
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periods in these boreal zooplankton. Omori (1970) observed that the C: N ratio 

of a representative herbivorous copepod, Oalanus cristatus, decreased during the 

long journey in the submerged Oyashio current. 

A decrease of body weight under the starvation occurred in all zooplankton 

species in the present studies. For animals with a hard exoskeleton such as 

crustaceans, the decrease of body weight was not accompanied by a decrease of 

body length. The fading of body color occUrred in some species. For animals 

without a exoskeleton, a shrinkage of body length followed the decrease of body 

weight. Fig. 20 shows the decrease of body length ofa boreal chaetognath, 

Sagitta elegans. Lalli (1970) and Reeve et al, (1970) reported the same phenome

non in a pteropod, Olione limacina, and also in a chaetognath, Sagitta hispida. 

Cowey and Corner (1963) and Linford (1965) stated that protein was mainly 

utilized in Oalanus helgolandicus, Praunas neglectus and N eomysis integer under 

starvation conditions. Conover (1964) and Lee et al, (1970) showed that fat 

decreased in Oalanus hyperboreus and O. helgolandicus respectively under starva

tion.. The difference of metabolite utilized under starvation is apparently the 

result of the initial condition of animals, that is, whether the experimental animals 

was fatty or lean. Conover and Corner (1968) studied the seasonal change of 

chemical composition of boreal copepods. Their results agreed with the conclu

sion of the present author. That is, dry weight of animal and the percentage of 

fat in dry weight decreased toward the end of winter, while the percentage of 

nitrogen in dry weight of animal remained at a constant level. The fact suggests 

that fat was utilized in a larger amount than protein as metabolic substrate. The 

24 

22 

16 

14 

r! ! ! , Ii I , ! ! 10' , , , 15' , , '20' I ! '25' , , I 30 
Starvation period (days) 

Fig. 20. Shrinkage in body length of 2 specimens of Sagitta elegans with the progress of 
starvation period. The cross denotes the death of animal. 
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extensive review of Giese (1966) on lipids in marine invertebrates stated that some 

animals utilized lipids as energy source under the starvation, but other animals 

metabolized protein or carbohydrate under the condition. In zooplankton, how

ever, carbohydrate cannot be a major metabolite under starvation, because of the 

small quantity of body content as mentioned above. 

In conclusion, although the utilization of metabolic substrates under starva

tion will vary with the difference of species in zooplankton, a major substrate is 

two substances, protein and fat. In a prolonged starvation, when fat stored has 

been exhausted, a major substrate was occupied by protein. In animals such as 

Acartia with little amount of stored fat, protein will be metabolized at the beginn

ing of starvation. From the results of O:N ratio and chemical analysis of the 

animal body mentioned above, the situation will be analogous in most of temperate, 

subtropical and tropical zooplankton. 

3. Survival length of zooplankton under starvation 

Ivlev (1955) has first stressed the significance of a phenomenon of starvation 

in the feeding ecology of fishes. In his starvation experiments on fishes the 

decrease of body weight during a certain period of starvation was larger in small 

fishes. Recently, Edwards et al. (1971) reported the same fact on tropical fishes. 

In the present studies showed in Table 11 the temperature and the duration of 

starvation were not standardized and the calculated daily loss in body weight was 

1 % for O. plumchrus, 6% for A. clau,si and 1.5% (2-10 days starvation)-16% (0-2 

days starvation) for A. longiremis. Such a large decrease of body weight in smaller 

size animals will be caused by a higher metabolic rate per unit weight in smaller 

animals and the metabolic rate did not decrease so largely under a starving condi

tion. Thus, it is reasonable that the level of weight specific metabolic rate is a 

major factor which decides the survival length of time of starved animals. 

When 1.2 l O2 is oxidizable 1 g organic matter, the product of (1/1.2) and 

weight specific respiration rate CuI 02/mg dry wtjbr) of zooplankton shows the 

speed of loss in bodily organic matter per I hour. Further, the reciprocal of the 

product becomes the length of time when all bodily organic matter are utilized for 

the respiration of animals. Hence, the survival time (days) of animals under 

starvation (SL) will be 

SL = 1.2.1000·0/(24. WRR) = 50·0/WRR (6), • 

where, WRR is weight specific respiration rate and 0 is a constant indicating the 

degree of loss in body organic matter that causes death of animals under starva

tion. When 0 is 1, equation (6), means that animals can survive under starved 

condition by metabolizing the total amount of organic matter in the body. In 

fact, 0=1 is unlikely and usually 0 falls between 0 and 1 (0<0<1). To make 
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sure of the relation between SL and WRR species of boreal, temperate and tropical 

zooplankton were maintained without food. The relation between the length of 

time when just a half of initial (0 day's) number of individuals died (TltaD) as a 

representative value of SL and the weight specific respiration rate at the beginning 

of starvation was examined. Initial number of individuals varied from 20 to 60 

depending on species. Fig. 21 illustrates the result. By using the least square 

method regression equation between TltaD and WRR becomes; 

SL - T1/aD = 38.8/WRR+1.9 

From equations (6) and (7), 

C = 0.78+0.038WRR 
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Fig. 21. Scatter diagram showing the relationship between weight specific respiration 
rate and Tl/2D for tropical (Undinula vulgaria) , temperate (Paracalan'U8 parv'U8) and 
boreal zooplankton species (Oalanus criatat'U8 V, O. plumchrUB V, Euealan'U8 bungii 

bungii, Metridia pacifica, Acartia longiremis, Parathemiato japonica and euphausiid 

Cyrtopia larva). Dotted line represents 95% confidence limits of the regression curve. 

See text. 
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EquatiO'n (8) suggests that the value O'f a increases with WRR and exceeds 1 when 

WRR becO'mes 5.9 (,al 02jmg dry wtjhr). This is hO'wever unreasO'nable theO'retical

ly. Alternative explanatiO'n to' this is that the degree O'f reductiO'n O'f metabO'lic 

rate under the starvatiO'n, which is nO't cO'nsidered in the abO've calculatiO'n, is 

larger fO'r animals with high metabO'lic rate than thO'se with lO'W metabDlic rate. At 

any rate, zO'O'planktO'n seem to' be able to' survive withO'ut fO'O'd till their bO'dy 

O'rganic matter lO'SS is nearly 80% O'f the initial amO'unt. AlthGugh the differences 

O'f chemical cO'mpO'sitiO'n O'f the animal bO'dy (especially fatty O'r lean) and the 

degree O'f reductiO'n O'f metabO'lic rate in experimental animals were nO't taken intO' 

accO'unt, a fairly high correlatiO'n cO'efficient (0.859, P<O.OOl) was O'btained. The 

result leads to the cO'nclusiO'n that a main factO'r which decides the survival time 

O'f zooplanktO'n under starvatiO'n is the weight specific respiratiO'n rate, O'r body 

size and habitat temperature O'f animals. It is reasO'ns that the respiratiO'n rate O'f 

zO'O'planktO'n is the functiO'ns O'f the latter twO'. 

The hyperbO'lic curve in Fig. 21 indicates that fO'r animals with a lO'W weight 

specific respiratiO'n rate, a slight change in the rate results in large effect O'n the 

survival time, whereas this effect is nO't sO' large fO'r the animals with high weight 

specific respiratiO'n rate. This is very impO'rtant to' the nutritiO'nal ecO'IO'gy O'f 

zO'O'planktO'n. FO'r trO'pical zO'O'planktO'n with high metabO'lic rate the reductiO'n 

O'f the rate under the cO'nditiO'n O'f fDod shortage is not an effective survival mecha

nism. But, the reductiO'n O'f the metabO'lic rate has high survival value under the 

cDndition Df starvatiO'n fO'r bO'real zDDplanktO'n with IO'W metabO'lic rate, even 

thO'ugh the degree O'f the reductiO'n is small. 

In the present starvatiO'n experiments, the chemical cO'mpO'sitiO'n and respira

tion O'f animals are prO'bably O'verestimated, because the animals tested were O'nly 

thO'se which survived to' the end O'f experiment and animals dying during the 

cO'urse O'f starvation were nO't taken intO' accO'unt. 

VIII. General discussiO'n O'n the nutritional ecolO'gy 

of marine zoO'plankton 

It is knO'wn that there exists geO'graphical variatiO'n in primary prO'ductiO'n; 

at high latitudes it is generally high but very variable due to' the seasO'nal variatiO'ns 

O'f sO'lar radiatiO'n, water temperature, and O'f water stratificatiO'n. Therefore, fO'r 

animals depending directly O'n phytO'planktO'n any shortage O'f fO'O'ds would be 

seasonal in these sea areas. In cO'ntrast, such seasO'nal variatiO'ns are negligible at 

lO'W latitudes SO' that the primary prO'ductiO'n is IO'W but cO'ntinuO'us thrO'ughout a 

year (Ryther, 1963; Strickland, 1965). FrO'm the present studies the mO'de O'f 

nutrition O'f ZO'O'plankton inhabiting various sea areas seems well fit to the manner 

of primary productiO'n in their habitats. 
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Tropical species, which are less tolerable to food shortage due to higher meta

bolic rate and to a lean body, are well adapted to the continuous food production 

in tropical seas. A higher metabolic rate indicates faster turnover times of some 

elements in the body of the animal and such a phenomenon would support a 

continuous but low production of phytoplankton in tropical seas and vice versa. 

The turnover time of almost all tropical copepods studied here was about 5-10 days 

in nitrogen and 2-6 days in carbon. While, boreal species with a large amount 

of fat and with lower metabolic rate due to lower habitat temperature would be 

well suited to survive through the food shortage periods at high latitudes as was 

indicated well in Fig. 21. Fat is superior than protein and carbohydrate as energy 

reserve, for its heat production of unit weight is more than two times that of the 

latter two. This large deposition of fat in the body has long been known for both 

invertebrates and vertebrates with no-feeding periods such as migration and hiber

nation in their life spans (cf. Giese, 1966). Among the boreal species, certain 

species do not deposit a large amount of fat in the bodies, such typical carnivorous 

forms as chaetognaths, amphipods and fish larvae. These animals take animal 

foods which are more stable than plant foods in boreal regions. The difference in 

chemical composition of the body of zooplankton species also reflected the difference 

of their metabolites under starvation, i.e., the major metabolite of tropical and 

boreal species without a large amount of fat is protein and that of boreal species 

with plenty of fat is fat as supported in the O:N ratio and in the starvation experi

ments previously discussed. 

The habitat temperature and body size are two major factors in the nutrition of 

zooplankton. There are some reasons to assume that the body size of animals is 

related to the habitat temperature of animals. This is known as Bergmann's rule 

(Bergmann, 1847, cited from Mayr, 1971) intraspecifically for warm-blooded 

vertebrates. In the recent reviews by Kinne (1970) and Garside (1970) the rule· 

of the larger size in the colder habitat held in many marine organisms. In 

zooplankton, body size-habitat temperature relationship has been also observed 

(Sverdrup et al., 1942; Wimpenny, 1966). From detailed examination of common 

taxonomic groups of zooplankton inhabiting surface waters, it is clear that the 

rule of the larger size in colder habitats was applicable not intraspecifically as 

Bergmann's rule but interspecifically to copepods of Family Calanidae and to 

euphausiids of Genus Euphausia in which a large number of herbivorous species is 

contained (Amaku, 1963; Anraku and Omori, 1963; Mullin, 1966; Nemoto, 1967). 

The rule is not true for such carnivores as chaetognaths and amphipods. 

Larger body size in boreal herbivorous species has a great advantage; it helps 

the animal to survive food shortage periods because body size is a main factor. to 

determine the survival length of time of animals under the starvation as already 

mentioned. Thus, the mode of nutrition of zooplankton seems to be well fit to 
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the condition of food production in their habitats but of their trophic levels also 

not only. 

In the present studies most zooplankton species employed were limited in body 

size large enough to be sorted by naked eye. However, in natural seas from tropical 

to boreal areas there exist many zooplankton species too small in size to be sorted 

by naked eye. A small body size means higher metabolic rate and such an animal 

requires a continuous supply of food materials. This mode of nutrition is com

monly observed in tropical seas as mentioned above. In boreal seas, animals with 

such a mode of nutrition cannot survive depending on phytoplankton, unless they 

have resting stages such as resting egg or diapause at unfavorable periods. In 

marine zooplankton such resting stages are not verified to date (Conover, 1964). 

Possibly, they may subsist on more stable food sources like omnivorous or carnivor

ous feeding, or feeding on detritus in boreal seas. 

In the seas at higher latitudes, the fauna in neritic areas is different from that 

in oceanic areas. In neritic areas small size animals such as Acartia, Paracalanus, 

cladocerans, etc. are abundant. Generally, standing stocks of phytoplankton and 

particulate organic matter are richer in neritic areas than in open oceans, though 

the seasonal change of standing crop is large (Jf/Jrgensen, 1966). Considering the 

food requirement of zooplankton populations, high standing stock of food materials 

in neritic waters means the superabundance of foods for zooplankton. Such regions 

are suitable for the inhabitation by small size zooplankton. A large accumulation 

of fat in the body of neritic zooplankton collected from Oshoro Ba.y and Nana.e

hama coast was not observed and this result supports the above assumption. 

Conover (1968) maintained, from respiration-body weight relation in zooplank

ton, that small, tropical or neritic zooplankton was limited in the storage of energy 

substances. For the justification of his hypothesis the following two assumptions 

must be allowed in a rigid sense 1) metabolic rate does not decrease significantly 

under starving, and 2) deposition of large amount of fat as energy reserve is not 

the case in small neritic species compared to large size oceanic zooplankton. These 

two assumptions were well proved in the results of the present studies. 

Only a few experiments were conducted to determine the metabolic rate of 

deep-sea zooplankton. The small amount of data obtained suggested that meta

bolic rate-body weight-habitat temperature relationships of shallow water zoo

plankton were possibly applicable to deep-water species. The chemical composition 

of deep-water species collected by means of the MTD net resembled that of 

boreal species. Raymont et al. (1969b) observed large deposition of fat in the 

body of bathypelagic mysids. Recently, Lee et al. (1971) analyzed lipids from 

various species of copepods collected from wide areas of different waters, and also 

reported large amounts of lipid in the body of copepods from deep-water and cold 

water habitats, and the similarity of some chemical nature of lipids of copepods 
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from both habitats. Thus, some similarities in the mode of nutrition are expected 

between zooplankton inhabiting deep-waters and those seas at high latitudes. 

One of the marked difference, however, is the lack of representative herbivorous 

species in deep-waters. Vinogradov (1962, 1968) discussed food sources of deep

sea zooplankton and proposed a scheme of "ladder migrations" through which 

organic matter produced in the euphotic layer by photosynthesis of phytoplankton 

was actively transferred to deep-layers. Usually, food sources for the animals 

at higher trophic levels are more stable, for they can make good use of adaptations 

of the prey animals in turn. Therefore, it is reasonable to suppose that the food 

supply for deep-sea zooplankton is stable. Then, a question arises: why do deep

sea species have fat in their bodies even in the tropical sea areas where food produc

tion for zooplankton is largely continuous~ The author thinks that the fat deposit

ed in the bathypelagic species is an energy reserve for the youger stages of the 

next generation, i.e., in deep-layers there would be a shortage in food materials 

for young animals. The concentration of particulate organic matter is too low to 

support younger stages (Vinogradov, 1962, 1968) as their locomotive activity is 

too poor to help them catch and eat prey animals for carnivorous feeding. The 

production of small numbers of large eggs which is observed in some deep-sea 

zooplankton (Vinogradov, 1968) assures the hatch out of large larvae and is an 

adaptation of the same direction. This possible food shortage in the younger 

stages in deep-sea zooplankton contrasts markedly with the food shortage in older 

stages for zooplankton inhabiting the seas at high latitudes where rapid develop

ment of younger stages concur with the spring blooming of phytoplankton. 

IX. Tentative estimation of carbon requirement for respiration and 

ammonia-nitrogen excretion by zooplankton in natural seas 

Although there are many factors which control the size of phytoplankton crop, 

grazing by zooplankton is the most important factor, especially at high latitudes 

(cf. Raymont, 1963, 1966). The ecological significance of respiration of animals is 

largely centered around the estimation of minimum food requirement of anirilals. 

Marshall et al. (1935) estimated that the daily food requirement for Oalanus fin

marchicus was 1.3-7.6% of its body weight. Menzel and Ryther (1961) reported 

a daily requirement of 12% of body weight for mixed zooplankton at the Sargasso 

Sea. Pomeroy and Johannes (1966, 1968) measured directly the respiration rate 

of ultt·aplankton (size < 10 p,) by gentle concentration. From the activity of the 

respiratory electron transport system Packard et al. (1971) estimated indirectly the 

respiration rate of "plankton". i.e., substances remained on the Gelman type A 

glass filter, through which the natural sea water filtered. In both cases i.e., 

Pomeroy and Johannes (1966, 1968) and Packard et al. (1971) measurement or 

estimation concerned organisms which escaped in the usual sampling procedure 
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with a plankton net. 

Harris (1959) studied the nitrogen cycle in Long Island Sound and found that 

77% of the nitrogen required daily for phytoplankton growth was supplied by 

ammonia excreted by zooplankton. Ketchem (1962) emphasized that in many 

parts of the ocean primary production by phytoplankton would exhaust the avail

able nutrients in the water in a few days, but the production depending upon the 

direct excretion by zooplankton continues for much longer periods. This process 

is unquestionably of great importance but it has so far been inadequately evaluated. 

Recent studies revealed that ammonia was used preferentially by phytoplankton as 

nitrogen source when both ammonia and nitrate were present in their media 

(Grant et al., 1967; Strickland et al., 1969). A similar phenomenon was ascertained 

in the natural sea with the use of I5N-labeled compound (Dugdale and Goering, 

1967; MacIsaac and Dugdale, 1972) and it was remarkable in oligotrophic seas 

(MacIsaac and Dugdale, 1972). Thomas (1967), and Thomas and Owen (1971) 

also emphasized the significance of ammonia as nitrogen source for phytoplankton 

in the eastern tropical Pacific Ocean. 

The present studies gave a reasonable result for the estimation of carbon 

requirement by the respiration of "net" zooplankton which was composed of 

species of various size and for ammonia-nitrogen regeneration by "net" zooplankton 

in the sea, in consideration of differences in body size and habitat temperature of 

animalR. At first, total respiration of zooplankton (SR) in a certain sea area is 

given from equation (1) as; 

SR = a(W~ ·BI + W~ .B2 + W~ .Ba+ ... + W~ .B .. ) = aL:W~ ·B, (9), 

where, WI' W2, Ws,.·.·· .Wn are body weight of each zooplankton species and 

BI , B2, Ba, ...... B .. are the number of individuals in each body weight category. 

Little is known of the size distribution of zooplankton. Hence, as a first approxi

mation, 

(10), 

where, L:W, is total biomass in terms of mg dry weight converted from wet weight 

multipling by 0.1, and L:B, is a total of individual numbers in the biomass. Accord

ingly, equation (9) is rewritten as; 

SR = a(L:WdL:B,)b. L:B, (11) 

or log SR =b.log (L:WdL:B,)+ loga+ log L:B, (12). 

Here, log a and b are determined by habitat temperature only from equation (4). 

Then, to convert total respiration to total carbon requirement, it is assumed that 

assimilation efficiency is 100% and respiratory quotent is 0.7 (fat metabolism) for 

boreal species and 0.8 (protein metabolism) for tropical species. It is expressed 

in the following equation, 
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Total carbon requirement = SR· (0.8 or 0.7) ·12/22.4 (13). 

Similarly, as in equations (10), (11) and (12), ammonia-nitrogen regeneration by 

total "net" zooplankton biomass is calculated as, 

Total nitrogen regeneration = a(I;W,/I;B,)b . I;B. (14), 

where, log a and b are determined from equation (5) by knowing the habitat 

temperature. 

Table 13. Tentative estimation of carbon requirement for respiration and ammonia-nitrogen 

excretion by net zooplankton in the euphotic layer of natural 8exs 

(95% confidence limit8 in parenthesis) . 
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I 
50 5 31123) 5004) 650 0.36 28.6 ~ 5.5 

(12.6-65.0) (1.2-24.8) 
Northwestern 

I 
100 25 3233 ) 28-535) 130 0.051 27.4 5.6 

subtropical (10.7-70.2) (0.9-33.8) 
Pacific!) 

1) Average of four stations (52°30', 56°30', 57°30' and 59°30'N on 178°30'W, June 1968) 
2) 22°00'N 141°50'E, Jan. 1967 
3) Wet weight X 0.10 
4) Not simultaneous measurement, but measured in the same month of the previous year 
5) Not simultaneous measurement, but obtained near the station 

Table 13 shows results calculated from data obtained by the T.S. Oshoro-Ma.:ru 

cruise to the Bering Sea (ocean part) and northwestern subtropical Pacific Ocean. 

In the Bering Sea, the daily carbon requirement by "net" zooplankton was only 

about one twentieth of the primary production and the supply of ammonia

nitrogen in the euphotic zone by the excretion of zooplankton was small compared 

with the large standing stock of ammonia. In the northwestern Pacific, the daily 

carbon requirement by zooplankton was significant, attaining nearly the same level 

as primary production. Approximately, one twentieth of the standing stock of 

ammonia-nitrogen in the euphotic zone is contributed by zooplankton excretion 

in this area. It must be borne in mind, however, that upper and lower values of 

95% confidence limits are fairly large in the estimations of carbon requirement and 

ammonia-nitrogen excretion through present calculations. Apart from this diffi-
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culty, it is noted that zooplankton biomass in the northwestern Pacific is about 

one tenth of that in the Bering Sea but the daily carbon requirement of zooplankton 

and nitrogen excretion by zooplankton is almost at the same level as those in the 

Bering Sea, due to smaller body size and higher habitat temperature. This rapid 

metabolic rate of tropical zooplankton would be suggestive of the rapid growth 

rate (or higher production rate) of the tropical zooplankton, as indicated by 

Engelmann (1969), Hughes (1970) and McNeill and Lawton (1970) on terrestrial 

and aquatic (benthic) animals. 

In the comparison with primary production, the carbon requirement of zoo

plankton in the northwestern Pacific cannot be compared directly with that of 

in the Bering Sea, for relative proportion of carnivorous species in the total zoo

plankton species increase with the rising of habitat temperature (Vinogradov, 1968). 

Carnivorous species depend on other zooplankton species, which depend primarily 

on phytoplankton. Thus, more phytoplankton is necessary to support the life 

of unit biomass of carnivorous forms than that of herbivorous forms, even if both 

of them have the same metabolic rate because ecological efficiency is always less 

than 100%. 

Of course, this is a tentative calculation and our attention is not focussed on 

the accuracy of all parameters which affect to the result (error considered in Table 

13 is only for the estimation of constants a and b in equations (4) and (5)). This 

author cannot say how close the result is to natural conditions. A knowledge of 

the size distribution of zooplankton species is very important for the accurate 

calculation. In addition, it is not possible to tell how close the rates of respiration 

and excretion measured on a single species confined to a bottle without food, as 

in the present studies, are to those in nature. Ikeda (1971a) attempted to measure 

respiration rate of Oalanus cristatus under the closed condition of natural habitat 

of this species in the Bering Sea by means of continuous flow system of natural 

sea water. The maximum rate obtained was about two times as high as that 

measured using closed bottle technique adopted here. However, this result is 

not conclusive because of small amount of data. Petipa (1966) reported from 

field observation of accumulation and consumption of fat droplets III Oalanus 

helgolandicus, that the metabolic rate of this species was 35 times higher than that 

measured in the laboratory. This finding was denied by Vlymen (1970).* Besides 

* In connection with this subject, a recent study by Schmidt·Nielsen (1972) concerning 
the energy cost of swimming, flying and running of animals is of great interest. He 

showed that the energy cost increased with the decrease of the body size of the animals 
in the three types of locomotion. According to his Fig. Ib, the linear relation between 

the body weight of animals and its energy cost of swimming (cal./g wet wt/km) on log
log graph, energy cost of swimming of Oalanua helgolandicua weighing 1 mg wet weight 

(=0.2 mg dry weight) is calculated roughly as 20 cal./g wet wt/km. If it is assumed 
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plankton animals, there is little information on the respiration rate of aquatic 

animals under the natural environment. Mishima and Odum (1963) and Edwards 

(1967) studied the respiration of a mollusc and a fish using Zinc-65 under natural 

conditions. They found that the rate under such conditions was twice as high as 

that measured under laboratory conditions. For nitrogen excretion, Corner et al. 

(1965), Conover and Corner (1968) and Butler et al. (1970) observed a slowdown of 

the rates in Calanus helgolandicus and C. hyperboreus during prolonged starvation 

periods. 

The estimation of the physiological activities of zooplankton in the natural 

seas has been worked upon by many scientists by means of laboratory studies and 

field observations (on this account, see the recent review of Mullin, 1969). 

In the present studies, an important approach to the nutrition of zooplankton 

was presented taking into consideration body size and the habitat temperature 

of zooplankton species. 

x. Summary 

1) Rates of respiration and ammonia-nitrogen excretion, and the chemical 

composition (nitrogen, carbon and hydrogen) of zooplankton collected from tropi

cal, subtropical, temperate and boreal waters were studied in relation to their body 

size and habitat temperature. The zooplankton used for the present studies were 

112 species for respiration, 81 species for ammonia-nitrogen excretion and III 

species for chemical composition. In addition, the studies on the chemical compo

sition and the respiration rate of animals under the condition of pressure were 

carried on deep-sea zooplankton. 

2) Both rates of respiration and ammonia-nitrogen excretion of zooplankton 

are well correlated to the body weight and the habitat temperature of zooplankton. 

For the animals with W mg dry weight and in the habitat temperature of TOC, the 

respiration rate R (,ul Oa/animalfhr) and rate of ammonia-nitrogen excretion E 

(,ug NHa-N/animal/hr) is given as; 

log R=(-O.OI089T+0.8918) log W+(O.02438T-O.1838) 

log E=(-O.00941T+0.8338) log W+(0.02836T-l.3665). 

3) The ratio of oxygen respired and nitrogen excreted in the form of ammo-

that animals were engaging in a diurnal vertical migration in the order of 100 m, the 
total energy cost for migration would be 4 cal./g wet wt/day (=3.2 ,ttl Oz/mg dry wt/ 
day). The respiration rate of animals was estimated from equation (4) as 82,ttl 02/mg 

dry wt/day in the present studies assuming water temperature of 20°0. The result of 
this oalculation suggests that the energy expenditure for swimming by zooplankton is 
negligible compared with the energy expenditure for maintenance, which were measured 
in the closed bottles in the laboratory conditions (metabolic rate thus measured fell 
between standard and activity metabolism). Accordingly, we reached to the same 
conclusion of Vlymen (1970), but through a different method of calculation. 
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nia (O:N ratio) was not related to the body weight but to the habitat temperature. 

This suggests that the major metabolite of zooplankton under starvation was 

occupied by protein for tropical species, and by fat for some boreal species. 

4) The respiration rate of certain bathypelagic zooplankton did not differ 

so much from the rate predicted by the above equation in the measurement under 

near in situ hydrostatic pressure and habitat temperature. 

5) No consistency was observed between the chemical composition, in terms 

of per cent nitrogen, per cent carbon and per cent hydrogen of dry weight and the 

body dry weight of zooplankton. Only the percentage of carbon and of hydrogen 

of dry weight, not the percentage of nitrogen, increased with the decrease of their 

habitat temperatures. The proportion of organic matter in the body, estimated 

from the sum total of per cent nitrogen and per cent carbon, decreased with the 

increase of habitat temperature in all taxonomic groups of zooplankton. 

6) The chemical composition of zooplankton is highly variable specifically. 

But, the ratios of C:N and C:H remaind constant (C:N=3-5, C:H=6-7) without 

the specific difference. A slight deviation in these ratios Was observed in boreal 

and deep-water species due to the deposition of a large amount of fat in their 

bodies. 

7) From the starvation experiment it becomes clear that the reduction of 

the respiration rate was not so large, about a half of the initial rate at the most, 

and the major metabolite in such condition was protein and fat. Further, the 

factor which decided the survival length of time under the starvation was proved 

to be body weight and habitat temperature of zooplankton. 

8) Tropical zooplankton, which could not survive long under starvation 

conditions due to a lean body and higher metabolic rate, was well suited to low 

but continuous primary production in their habitats. In higher latitudes where 

the variation of primary production was high due to the seasons, zooplankton was 

characterized by lower metabolic rate, deposition of a larger amount of fat and 

a larger body size. Such a kind of adaptation was more conspicuous in herbivorous 

forms than in carnivorous forms in boreal species, while it is not definite in tropi

cal species. The situation between deep-sea zooplankton and boreal zooplankton 

may be analogous. A possible food shortage for younger stage animals of deep

sea zooplankton in their habitats was suggested. 

9) From the difference in body size and habitat temperature of zooplankton, 

an important approach to estimate the carbon requirement for respiration and 

ammonia-nitrogen excretion by the total "net" zooplankton populations, in the 

natural sea, was proposed. Tentative calculations led to the conclusion that the 

biomass of zooplankton in the Bering Sea corresponded to ten times that in the 

northwestern subtropical Pacific, whereas the daily carbon requirement and 

ammonia-nitrogen excretion calculated were almost at the same levels as those in 
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the northwestern subtropical Pacific. 

XI. Acknowledgement 

The author would like to express his sincere thanks to Professor Teruyoshi 

Kawamura of the Faculty of Fisheries, Hokkaido University, for his encouragement 

given during this study and his critical reading of the manuscript. The author 

is very grateful to Professor Tokimi Tsujita, Professor Tsuneyuki Saito and 

Associate Professor Takashi Minoda of the Faculty of Fisheries, Hokkaido Univer

sity, for their kind criticisms of the results in the present study. The author is 

particularly indebted to Dr. Sigeru Motoda, Professor Emeritus of Hokkaido 

University, for his generosity in giving many invaluable suggestions during the 

study. Thanks are due to Dr. Akira Taniguchi, Dr. Moriyuki Kotori, Dr. Shiroh 

Uno and other colleagues, for the courtesy shown by them during the work. The 

author wishes to thank Dr. Ikuo Ikeda, Far Sea Fisheries Research Laboratory, 

for his permission to undertake the work on board the Kaiyo-Mar-q, and the Captain 

Tetsuro Jinno and Mr. Kanichi Yamanaka, and other research staff of the Kaiyo

Maru for their co-works on board. He also thanks Associate Professor Takao 

Igarashi and Dr. Kunio Amaoka who identified decapods from Usujiri and some 

tropical fish larvae respectively. 

References 

Anraku, M. (1963). Feeding habits of planktonic copepods. Inform. Bull. Planktol. 

Japan 9, 10-35. (In Japanese with English abstract). 
Anraku, M. (1964). Influence of the Cape Cod Canal on the hydrography and on the 

copepods in Buzzards Bay and Cape Cod Bay, Massachusetts. II. Respiration 

and feeding. Limnol. Ocen,nogr. 9, 195-206. 
Anraku, M. and Omori, M. (1963). Preliminary survey of the relationship between the 

feeding habit and the structure of the mouth-parts of marine copepods. Limnol. 

Oceanogr. 8, 116-126. 
Baldwin, E. (1963). Dynamic aspect8 of biochemistry. (4th ed.). (Translated from English 

by Egami, F. et al.), 488p. Iwanami Shoten, Tokyo. (In Japanese). 
Beers, J.R. (1964). Ammonia and inorganic phosphorus excretion by the planktonic 

chaetognath, Sagitta hispida Conant. J. cons. perm. into Explor. Mer 29, 123-
129. 

Beers, J.R. (1966). Studies on the chemical composition of the major zooplankton groups 
in the Sargasso Sea off Bermuda. Limnol. Oceanogr. 11, 520-528. 

Beklemishev, K.V. (1954). The feeding of some common plankton copepods in the Far 
Eastern seas. Zool. J. 33, 1210-1230. (In Russian). 

Berner, A. (1962). Feeding and respiration in the copepod Temora longicornis (Miiller). 
J. mar. biol. Ass. U.K. 42, 625-640. 

Bertalanffy, L. von. (19,51). Metabolic types and growth types. Amer. Nat. 85, 111-
117. 

Bertalanffy, L. von. (1964). Basic concepts in quantitative biology of metabolism. Helgol. 

Wiss. Meereaunters. 9, 5-37. 

Butler, E.I., Corner, E.D.S. and Marshall, S.M. (1969). On the nutrition and metabolism 
of zooplankton. VI. Feeding efficiency of Oalanu8 in terms of nitrogen and 

-~58 -



1974] T. Ikeda: Nutritional ecology of marine zooplankton 

phosphorus. J. mar. bioZ. Ass. U.K. 49, 977-1001. 

Butler, E.I., Corner, E.D.S. and Marshall, S.M. (1970). On the nutrition and metabolism 

of zooplankton. VII. Seasonal survey of nitrogen and phosphorus excretion by 
Oalanus in the Clyde Sea-Area. J. mar. bioZ. Ass. U.K. 50, 525-560. 

Cattell, M. (1936). The physiological effects of pressure. Biol. Rev. 11, 441-476. 

Champalbert, G. and Gaudy, R (1972). Study of the respiration of copepods from various 
bathymetric levels in the South Moroccan and Canarian area. Mar. BioZ. 12, 159-

169. (In French with English abstract). 

Childress, J.J. (1971). Respiratory rate and depth of occurrence of midwater animals. 
LimnoZ. Ocearwgr. 16, 104-106. 

Clarke, G.L. and Bonnet, D.D. (1939). The influence of temperature on the survival, 
growth and respiration of Oalanu8 jinmarchicus. BioZ. BuZZ. 76, 371-383. 

Conover, RJ. (1956). Oceanography of Long Island Sound, 1952-1954. VI. Biology of 
Acania claU8i and A. tcmsa. BuU. Bingham Ocearwgr. OoU. 15, 156-233. 

Conover, RJ. (1959). Regional and seasonal variation in the respiratory rate of marine 
copepods. Limnol. Ocearwgr. 4, 259-268. 

(',anover, RJ. (1960). The feeding behavior and respiration of some marine planktonic 
Crustacea. BioZ. BuZZ. 119, 399-415. 

Conover, RJ. (1962). Metabolism and growth in Oalanus hyperboreus in relation to its 
life cycle. Rapp. Proc.-Verb. Oons. Int. Expwr. Mer 153, 190-197. 

Conover, RJ. (1964). Food relations and nutrition of zooplankton. Proc. Symp. Exp. 

Mar. Ecol., Univ. Rhode Island, Occas. PubZ. 2, 81-91. 
Conover, RJ. (1968). Zooplankton-life in a nutritionally dilute environment. Am. 

Zoologist 8, 107-118. 
Conover, RJ. and Corner, E.D.S. (1968). Respiration and nitrogen excretion by some 

marine zooplankton in relation to their life cycles. J. mar. bioZ. Ass. U.K. 48, 

49-75. 
Corner, E.D.S. and Cowey, C.B. (1964). Some nitrogenous constituents of the plankton. 

Ocearwgr. Mar. Biol. Ann. Rev. 2, 147-167. 
Corner, E.D.S. and Cowey, C.B. (1968). Biochemical studies on the production of marine 

zooplankton. BioZ. Rev. 43, 393-426. 

Corner, E.D.S., Cowey, C.B. and Marshall, S.M. (1965). On the nutrition and metabolism 
of zooplankton. III. Nitrogen excretion by Oalanu8. J. mar. biol. Ass. U.K. 

45, 429-442. 
Corner, E.D.S., Cowey, C.B. and Marshall, S.M. (1967). On the nutrition and metabolism 

of zooplankton. V. Feeding efficiency of Oalanus jinmarehicus. J. mar. bioZ. 
A8s. U.K. 47, 259-270. 

Corner, E.D.S. and Davies, A.G. (1971). Plankton as a factor in the nitrogen and phos
phorus cycles in the sea. Adv. mar. Biol. 9, 101-204. 

Corner, E.D.S. and Newell, B.S. (1967). On the nutrition and metabolism of zooplankton. 
IV. The forms of nitrogen excreted by Oalanus. J. mar. biol. Ass. U.K. 47, 

113-120. 
Cowey, C.B. and Corner, E.D.S. (1963). On the nutrition and metabolism of zooplankton. 

II. The relationship between the marine copepod Oalanus helgolandicus and 

particulate material in Plymouth sea water, in terms of amino acid composition. 
J. mar. bioZ. Ass. U.K. 43, 495-511. 

Curl, H. Jr. (1962a). Analyses of carbon in marine plankton organisms. J. mar. Res. 20, 

181-188. 

Curl, H. Jr. (1962b). Standing crops of carbon, nitrogen, and phosphorus and transfer 

between trophic levels, in continental shelf waters south of New York. Rapp. 

Proc.-Verb. Oons. Int. Expwr. Mer 153, 183-189. 

Dugdale, RC. and Goering, J.J. (1967). Uptake of new and regenerated forms of nitrogen 
in primary productivity. LimnoZ. Ocearwgr. 12, 196-206. 

- 59-



Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

Edwards, R.R.C. (1967). Estimation of the respiratory rate of young plaice (Pleuronectes 

plate88a L.) in natural conditions using Zinc·65. Nature 216, 1335-1337. 

Edwards, R.R.C., Blaxter, J.H.S., Gopalan, U.K. and Mathew, C.V. (1970). A compari

son of standard oxygen consumption of temperate and tropical bottom-living 
marine fish. Oomp. Biochem. PhY8iol. 34, 491-495. 

Edwards, R.R.C., Blaxter, J.H.S., Gopalan, U.K. and Mathew, C.V. (1971). Feeding, 

metabolism, and growth of tropical flatfish. J. expo mar. BioI. Ecol. 6, 279-

300. 
Ekman, S. (1967). Zoogeography of the 8ea. 417p. Sidgwick & Jackson, London. 

Engelmann, M.D. (1969). Energetics, terrestrial field studies, and animal productivity. 

Adv. Ecol. Re8. 6, 73-115. 

Faculty of Fisheries, Hokkaido University. (1972). Data Rec. Oceanogr. Ob8. Expl. Fi8h. 

No. 15. 

Farmanfarmaian, A. (1966). The respiratory physiology of echinoderms. p. 245-265. In 

Boolootian, R.A. (ed.), Physiology of Echinodermata. 822p. John Wiley & Sons, 

New York, London & Sydney. 
Fisher, L.R. (1962). The total lipid material in some species of marine zooplankton. 

Rapp. Proc.- Verb. Oons. Int. Explor. Mer 153, 129-136. 

Fox, H.M. (1936). The activity and metabolism of poikilothermal animals in different 

latitudes. I. Proc. Zool. Soc. London 945-955. 

Fudge, H. (1968). Biochemical analysis of preserved zooplankton. Nature 219, 380-

381. 
Garside, E.T. (1970). Structural responses. p. 561-573. In Kinne, O. (ed.), Marine ecology 

1 (part 1). 681p. John Wiley & Sons, London, New York, Sydney & Tronto. 

Gauld, D.T. and Raymont, J.E.G. (1953). The respiration of some planktonic copepods. 
II. The effect of temperature. J. mar. bioI. A88. U.K. 31, 447-460. 

Giese, A.C. (1966). Lipids in the economy of marine invertebrates. Physiol. Rev. 46, 

244-298. 

Grant, B.R., Madgwick, J. and Dal Pont, G. (1967). Growth of Oylindrotheca cloBterium 

var. OalifornicfJ, (Mereschk.) Reimann & Lewin on nitrate, ammonia, and urea. 

AuBt. J. mar. Freshwat. Res. 18, 129-136. 

Halcrow, K. (1963). Acclimation to temperature in the marine copepod, Oalanu8 finmar

chieu8 (Gunner.). Limnol. Oceanogr. 8, 1--8. 

Haq, S.M. (1967). Nutritional physiology of Metridia lucens and M. longa from the Gulf 
of Maine. Limnol. OceanOfl'. 12, 40-51. 

Harris, E. (1959). The nitrogen cycle in Long Island Sound. Bull. Bingham Oceanogr. 
Ooll. 17, 31-65. 

Harris, E. and Riley, G.A. (1956). Oceanography of Long Island Sound, 195~1954. 

VIII. Chemical composition of the plankton. Bull. Bingham Oceanogr. Ooll. 15, 

315-323. 

Heinrich, A.K. (1962). The life histories of plankton animals and seasonal cycles of 

plankton communities in the oceans. J. Oon8. perm. into Explor. Mer 27, 15-24. 
Hopkins, T.L. (1968). Carbon and nitrogen content of fresh and preserved Nemat08celis 

difficili8, a euphausiid crustacean. J. Oons. perm. into Explor. Mer 31, 300--304. 
Hughes, R.N. (1970). An energy budget for a tidal-flat population of the bivalve &ro

bieularia plana (Da Costa). J. Anim. Ecol. 39, 357-379. 

Ikeda, T. (1970). Relationship between respiration rate and body size in marine plankton 

animals as a function of the temperature of habitat. Bull. Fac. Fi8h., Hokkaido 
Univ. 21, 91-112. 

Ikeda, T. (1971a). Changes in respiration rate and in composition of organic matter in 

Oalanus cri8tatu8 (Crustacea COpepoda) under starvation. Bull. Fac. Fi8k., Hok
kaido Univ. 21, 280--298. 

Ikeda, T. (1971b). Preliminary shipboard culture experiments on the feeding and respira-

- 60~-



1974] T. Ikeda: Nutritional ecology of marine zooplankton 

tion of an oceanic copepod, Calanus cristatu8 in the Bering Sea. Bull. Plankton 

Soc. Japan 18, 5-14. 

Ikeda, T. (1972). Chemical composition and nutrition of zooplankton in the Bering Sea. 
p. 433-442. In Takenouchi, A.Y. et al. (ed.), Biological oceanogr,J,phy of the 

northern N orlh Pacific Ocean. 626p. Idemitsu Shoten, Tokyo. 

Ivlev, V.S. (1955). Experimental ecology of the feeding of fishes. (Translated from Russian 
by Kodama, Y. and Yoshiwara, T.), 261p. Shin Kagaku Bunken Kankokai, 

Yonago. (In Japanese). 

Jawed, M. (1969). Body nitrogen and nitrogenous excretion in NeomY8is rayii Murdoch 
and Euphausia pacifica Hansen. Limnol. Oceanogr. 14, 748-754. 

Johannes, R.E. and Webb, K.L. (1965). Release of dissolved amino acids by marine 
zooplankton. Science 150, 76-77. 

Jfllrgensen, C.B. (1966). Biology of 8uspension feeding 357p. Pergamon Press, Oxford, 
London, Edinburgh, New York, Paris & Frankfurt. 

Ketchum, B.H. (1962). Regeneration of nutrients by zooplankton. Rapp. Proc.- Verb. 
Cons. Int. Explor. Mer 153, 142-147. 

Kinne, O. (1970). Invertebrates. p. 407-514. In Kinne, O. (ed.), M,J,rine ecology 1 (part 

1). 681p. John Wiley & Sons, London, New York, Sydney & Tronto. 

Krogh, A. (1916). The respiratory exchange of animals and man. 173p. Longm'l.ns, Green 
& Co., London. 

Krogh, A. (1931). Dissolved substances as food of aquatic organisms. Biol. Rev. 6, 412-

442. 
Lalli, C.M. (1970). Structure and function of the buccal app'l.ratu9 of Clione limacina 

(Phipps) with a review of feeding in gymnosomatous pterop:>ds. J. expo mar. 

Biol. Ecol. 4, 101-118. 

Lance, J. (1965). Respiration and osmotic behaviour of the copepod Acartia tons:]' in 
diluted sea water. Compo Biochem. PhY8iol. 14, 155-165. 

Lasker, R. (1966). Feeding, growth, respiration and carbon utilization of a euphausiid 
crustacean. J. Fish. Res. Bd. Canada 23, 1291-1317. 

Lee, R.F., Hirota, J. and Barnett, A.M. (1971). Distribution and importance of wax 

esters in marine copepods and other zooplankton. Deep-Sea Res. 18, 1147-1165. 

Lee, R.F., Nevenzel, J.C., PafIenhOfer, G.-A. and Benson, A.A. (1970). The metabolism 

of wax esters and other lipids by the marine copepod, Calanus helgolandicus. J. 

Lipid Res. 11, 237-240. 

Lillelund, K. and Lasker, R. (1971). Laboratory studies of predation by marine copepods 
on fish larvae. Fish. Bull. 69, 655-667. 

Linford, E. (1965). Biochemical studies on marine zooplankton. II. Variations in the 
,lipid content of some Mysidacea. J. Cons. perm. into Explor. Mer. 30, 16-27. 

Littlepage, J.L. (1964). Seasonal variation in lipid content of two antarctic marine 
Crustacea. Actual. Scient. Ind. 1312, 463--470. 

Macdonald, A.G., Gilchrist, I. and Teal, J.M. (1972). Some observations on the tolerance 
of oceanic plankton to high hydrostatic pressure. J. mar. biol. Ass. U.K. 52, 

213-223. 

MacIsaac, J.J. and Dugdale, R.C. (1972). Interactions of light and inorganic nitrogen 

in controlling nitrogen uptake in the sea. Deep-Sea Res. 19, 209-232. 

Marshall, S.M., Nicholls, A.G. and Orr, A.P. (1934). On the biology of Calanu8 finmarchi

cus. V. Seasonal distribution, size, weight and chemical composition in Loch 

Striven in 1933, and their relation to the phytoplankton. J. mar. biol. Ass. U.K. 

19, 793-827. 

Marshall, S.M., Nicholls, A.G. and Orr, A.P. (1935). On the biology of Calanus finmarchi

cus. VI. Oxygen consumption in relation to environmental conditions. J. mar. 

biol. Ass. U.K. 20, 1-27. 

Marshall, S.M. and Orr, A.P. (1955). The biology of a marine copepod Calanus finmarchicus 

- 61-



Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

(Gunnerus). 188p. Oliver & Boyd, Edinburgh & London. 
Marshall, S.M. and Orr, A.P. (1958). On the biology of Oalan'U8 jinmarchic'U8. X. Sea

sonal changes in oxygen consumption. J. mar. biol. A88. U.K. 37, 459-472. 

Marshall, S.M. and Orr, A.P. (1962). Food and feeding in copepods. Rapp. Proc.-Verb. 

Oons. Int. ExpZor. Mer 153, 92-98. 
Marshall, S.M. and Orr, A.P. (1966). Respiration and feeding in some small copepods. 

J. mar. biol. A88. U.K. 46, 513-530. 
Mayr, E. (1970). Population8, species, and evolution. 453p. The Belknap Press of Harvard 

Univ. Press, Massachusetts. 
McNeill, S. and Lawton, J.H. (1970). Annual production and respiration in animal popu

lations. Nature 225, 472-474. 
McWhinnie, M.A. and Marciniak, P. (1964). Temperature responses and tissue respiration 

in antarctic Crustacea with particular reference to the krill, Eupha'UlJia superba. 

Biol. Antarct. SOO8, Antarct. Res. Ser. 1, 63-72. 

Menzel, D.W. and Ryther, J.H. (1961). Zooplankton in the Sargasso Sea off Bermuda 
and its relation to organic production. J. cons. perm. into Explor. Mer 26, 250-

258. 
Mishima, J. and Odum, E.P. (1963). Excretion rate of Zn85 by Littorina irrorata in rela

tion to temperature and body size. Limnol. Oceanogr. 8, 39-44. 

Morita, R.Y. (1967). Effects of hydrostatic pressure on marine microorganisms. Ocean

ogr. Mar. Biol. Ann. Rev. 5, 187-203. 
Motoda, S. (1969). Devices of simple plankton apparatus IV. Bull. Fac. Fi8h., Hokkaido 

Univ. 20, 180-183. 
Mullin, M.M. (1966). Selective feeding by calanoid copepods from the Indian Ocean. 

p. 545-554. In Barnes, H. (ed.), Some contemporary studies in marine 8cience. 

716p. Ceorge Allen & Unwin Ltd., London. 
Mullin, M.M. (1969). Production of zooplankton in the ocean: The present status and 

problems. Ocoonogr. Mar. Biol. Ann. Rev. 7, 293-314. 

Mullin, M.M. and Brooks, E.R. (1970). Growth and metabolism of two planktonic, marine 
copepodsas influenced by temperature and type of food. p. 74-95. In Steele, J.H. 
(ed.), Marine food chain8. 552p. Oliver & Boyd, Edinburgh. 

Nakai, Z. (1955). The chemical composition, volume, weight, and size of the important 
marine plankton. Tokai Reg. Fi8h. Res. Lab., Spec. Publ. 5, 12-24. 

Napora, T.A. (1964). The effect of hydrostatic pressure on the prawn, SY8tellaspi8 debilis. 

Proc. Symp. Exp. Mar. Ecol., Univ. Rhode I8land, Occas. Publ. 2, 92-94. 

Nemoto, T. (1967). Feeding pattern of euphausiids and differenciations in their body 
characters. Inf. Bull. Planktol. Japan, Oommemo. No. of Dr. Matsue, Y. 157-

171. 
Nicol, J.A.C. (1960). The biology of marine animals. 707p. Sir Isaac Pitman & Sons Ltd., 

London. 

Omori, M. (1969). Weight and chemical composition of some important oceanic zooplank
ton in the North Pacific Ocean. Mar. Biol. 3, 4-10. 

Omori, M. (1970). Variations oflength, weight, respiratory rate, and chemical composition 
of Oalan'U8 cri8tat'U8 in relation to its food and feeding. p. 113-126. In Steele, 
J.H. (ed.), Marine food chains. 552p. Oliver & Boyd, Edinburgh. 

Orr, A.P. (1934a). The weight and chemical composition of Euchaeta norvegica Boeck. 
Proc. Roy. Soc. Edinb. B. 54, 51-55. 

Orr, A.P. (1934b). On the biology of Oalan'U8 jinmarchic'U8. IV. Seasonal changes in the 
weight and chemical composition in Loch Fyne. J. mar. biol. A88. U.K. 19, 

613-632. 

Ostenfeld, C.H. (1913). De danske Farvandes Plankton i Aarene 1898-1901. III: Phyto

plankton og Protozoer. K. dan8ke vidensk. SeZsk., Raekke 7, Naturvid. afd. 9, 113. 
(Cited from Marshall and Orr (1955) ). 

- 62-



1974] T. Ikeda: Nutri~ional ecology of marine zooplank1;on 

Packard, T.T., Healy, M.L. and Richards, F.A. (1971). Vertical distribution of the activity 
of the respiratory electron transport system in marine plankton. Limnol. Ocean
ogr. 16, 60-70. 

Paranjape, M.A. (1967). Molting and respiration of euphausiids. J. Fish. Res. Bd. 
Canada 24, 1229-1240. 

Pearcy, W.G. and Small, L.F. (1968). Effects of pressure on the respiration of vertically 
migrating crustaceans. J. Fish. Res. Bd. Canada 25, 1311-1316. 

Pearcy, W.G., Theilacker, G.H. and Lasker, R. (1969). Oxygen consumption of Euphausia 

pacifica: The lack of a diel rhythm of light-dark effect, with a comparison of 
experimental techniques. Limnol. Oceanogr. 14, 219-223. 

Petipa, T.S. (1966). On the energy balance of Calanus helgolandicus (Claus) in the Black 

Sea. p. 60-81. In Physiology of marine animals. Acad. Sci. USSR, Oceanogr. 
Comm. Scientific. Publishing House, Moscow. (Japanese translation by Lee, 
S.B.). 

Pomeroy, L.R. and Johannes, R.E. (1966). Total plankton respiration. Deep-Sea Res. 
13, 971-973. 

Pomeroy, L.R. and Johannes, R.E. (1968). Occurrence and respiration of ultraplankton 
in the upper 500 meters of the ocean. Deep-Sea Res. 15, 381-391. 

Prosser, C.L. (1961). Oxygen: Respiration and metabolism. p. 153-197. In Prosser, 
C.L. and Brown, F.A. Jr. (ed.), Comparative animal physiology. 688p. W.B. 
Saunders Co., Philadelphia & London. 

Prosser, C.L. (1961). Nitrogen excretion. p. 135-152. In Prosser, C.L. and Brown, F.A. 
Jr. (ed.), Comparative animal physiology. 688p. W.B. Saunders Co., Philadelphia 
& London. 

Putter, A. (1922). Die Frage der parenteralen Ernahrung der Wassertiere. Biol. Zbl. 

42, 72-86. 

PUtter, A. (1923). Der Stoffwechsel der Copepoden (zugleich ein Beispiel fUr die Verwend
ung der Korrelations-methode in der Physiologie). Pfliig. Arch. ges. Physiol. 201, 

503-536. 
PUtter, A. (1924-25). Die Ernahrung der Copepoden. Arch. Hydrobiol. 15, 70-117. 
RajagopaJ, P.K. (1962). Respiration of some marine planktonic organisms. Proc. Indian 

Acad. Sci., Ser. B 55, 76-81. 
Rao, K.P. and Bullock, T.H. (1954). Ql0 as a function of size and habitat temperature 

in poikilotherms. Amer. Nat. 88, 33-44. 
Raymont, J.E.G. (1959). The respiration of some planktonic copepods. III. The oxygen 

requirements of some American species. Limnol. Oceanogr. 4, 479-491. 
Raymont, J.E.G. (1963). Plankton and productivity in the oceans. 66Op. Pergamon Press, 

Oxford, London, New York & Paris. 
Raymont, J.E.G. (1966). The production of marine plankton. Adv. Ecol. Res. 3, 117-

205. 
Raymont, J.E.G., Austin, J. and Linford, E. (1966). Biochemical studies on marine 

zooplankton. III. Seasonal variation in the biochemical composition of N eomysis 

integer. p. 597-605. In Barnes, H. (ed.), Some contemporary 8tudies in marine 

science. 716p. George Allen & Unwin Ltd., London. 
Raymont, J.E.G., Austin, J. and Linford, E. (1968). Biochemical studies on marine zoo

plankton. V. The composition of the major biochemical fractions in Neomysis 

integer. J. mar. biol. Ass. U.K. 48, 735-760. 

Raymont, J.E.G. and Conover, R.J. (1961). Further investigations on the carbohydrate 
content of marine zooplankton. Limnol. Oceanogr. 6, 154-164. 

Raymont, J.E.G. and Gauld, D.T. (1951). The respiration of some planktonic, copepods. 

J. mar. biol. Ass. U.K. 29, 681-693. 

Raymont, J.E.G. and Krishnaswamy, S. (1960). Carbohydrates in some marine planktonic 

animals. J. mar. biol. Ass. U.K. 39, 239-248. 

- 63-



Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

Raymont, J.E.G., Srinivasagam, R.T. and Raymont, J.K.E. (1969a). Biochemical studies 

on marine zooplankton. IV. Investigations on M eganyctiphanes norvegica (M. 

Sars). Deep-Sea Res. 16, 141-156. 

Raymont, J.E.G., Srinivasagam, R.T. and Raymont, J.K.B. (1969b). Biochemical studies 

on marine zooplankton. VII. Observations on certain deep sea zooplankton. 

Int. Revue ges. Hydrobiol. 54, 357-365. 

Raymont, J.E.G., Srinivasagam, R.T. and Raymont, J.K.B. (1971). Biochemical studies 

on marine zooplankton. VIII. Further investigations on M eganyctiphanes rwr

vegica (M. Sars). Deep-Sea Res. 18, 1167-1178. 

Redfield, A.C. (1934). On the proportions of organic derivatives in sea water and their 

relation to the composition of plankton. James Johnstone Merrwrial Vol. Liver

pool Univ. Press, p. 177-192. 

Redfield, A.C., Ketchum, B.H. and Richards, F.A. (1963). The influence of organisms on 

the composition of seawater. p. 26--77. in Hill, M.N. (ed.), The sea: Ideas and 

observations on progre88 in the study of the seas. 527p. (Vol. 2). John Wiley & 

Sons, London & New York. 

Reeve, M.R. (1966). Observations on the biology of a chaetognath. p. 613--630. In Barnes, 

H. (ed.), Some contemporary studies in marine science. 716p. George Allen & 

Unwin Ltd., London. 

Reeve, M.R., Raymont, J.E.G. and Raymont, J.K.B. (1970). Seasonal biochemical com

position and energy sources of Sagitta hispida. Mar. Biol. 6, 357-364. 

Richards, F.A. (1965). Anoxic basins and fjords. p. 611-645. In Riley, J.P. and Skirrow, 

G. (ed.), Chemical oceanography. 712p. (Vol. 1); Academic Press, London & New 

York. 
Rogers, C.G. (1927). Textbook of comparative physiology. 635p. McGraw-Hill, New York. 

Ryther, J.H. (1963). Geographic variations in productivity. p. 347-380. In Hill, M.N. 

(ed.), The sea: Ideas and observations on progress in the study of the seas. 527 p. (Vol. 

2). John Wiley & Sons, London & New York. 

Schlieper, C. (1968). High pressure effects on marine invertebrates and fishes. Mar. 

Biol. 2, 5-12. 

Schmidt-Nielsen, K. (1972). Locomotion: Energy cost of swimming, flying, and running. 

Science 177, 222-228. 

Scholander, P.F., Flagg, W., Walters, V. and Irving, L. (1953). Climatic adaptation in 

arctic and tropical poikilotherms. Physiol. Zoot. 26, 67-92. 

Shiga, N. (1969). Plankton survey on the coast of Usujiri in Minamikayabe District. 

Graduation thesis of Undergraduate Course of Hokkaido University. 

Small, L.F. and Hebard, J.F. (1967). Respiration of a vertically migrating marine 

crustacean Euphausia pacifica Hansen. Limrwl. Oceanogr. 12, 272-280. 

Small, L.F., Hebard, J.F. and McIntire, C.D. (1966). Respiration in euphausiids. Nature 

211, 1210--1211. 

Solorzano, L. (1969). Determination of ammonia in natural waters by the phenolhypochlo

rite method. Limnol. Oceanogr. 14, 799-801. 

Stickle, W.B. and Duerr, F.G. (1970). The effects of starvation on the respiration and 

major nutrient stores Thais lamell08a. Compo Biochem. Physiol. 33, 689--695. 

Strickland, J.D.H. (1965). Production of organic matter in the primary stages of the 

marine food chain. p. 477-610. In Riley, J.P. and Skirrow, G. (00.), Chemical 

ocearwgraphy. 712p. (Vol. 1). Academic Press, London & New York. 

Strickland, J.D.H., Holm-Hansen, 0., Eppley, R.W. and Linn, R.J. (1969). The use 

of a deep tank in plankton ecology. I. Studies of the growth and composition of 

phytoplankton crops at low nutrient levels. Limrwl. Oceanogr. 14, 23-34. 

Strickland, J.D.H. and Parsons, T.R. (1965). A manual of sea water analysi8. (2nd. ed.). 

203p. Bull. Fish. Res. Bd. Canada 125. 

Shushkina, E.A., Kuz'micheva, V.I. and Ostapenko, L.A. (1971). Energy equivalent of 

- 64-



1974] T. Ikeda: Nutritional ecology of marine zooplankton 

body mass, respiration, and calorific value of mysida from the sea of Japan. 
Ocearwlogy 11, 880-889. 

Sverdrup, H.U., Johnson, M.W. and Fleming, R.H. (1942). The oceans: Their phy8ic8, 

chemiBtory and general biology. 1087p. Prentice-Hall, Inc., New York. 
Teal, J.M. (197l). Pressure effects on the respiration of vertically migrating decapod 

Crustacea. Am. ZoologiBt 11, 57l-576. 
Teal, J.M. and Carey, F.G. (196790). Respiration of a euphausiid from the oxygen minimum 

layer. Limrwl. Ocearwgr. 12, 548-550. 

Teal, J.M. and Carey, F.G. (1967b). Effects of pressure and temperature on the respira
tion of euphausiida. Deep-Sea Res. 14, 725-733. 

Thomas, W.R. (1967). The nitrogen nutrition of phytoplankton in the northeastern 
tropical Pacific Ocean. Proc. Int. OonJ. Trop. Ocearwgr. Stud. Trop. Ocearwgr. 

Miami 5, 280-289. 

Thomas, W.R. and Owen, R.W. Jr. (1971). Estimating phytoplankton production from 
ammonium and chlorophyll concentrations in nutrient-poor water of the eastern 
tropical Pacific Ocean. Fish BuZl. 69, 87-92. 

Vernberg, F.J. (1959). Studies on the physiological variation between tropical and tempe
rate zone fiddler crabs of the Genus Uca. II. Oxygen consumption of whole 
organisms. Biol. BuZZ. 117, 163-184. 

Vinogradov, A.P. (1953). The elementary chemical composition oJ marine organisms. 647p. 
No. II. Sears Foundation for Marine Research. Yale Univ., New Haven. 

Vinogradov, M.E. (1962). Feeding of the deep-sea zooplankton. Rapp. Proc.- Verb. Oons. 

Int. ExpZor. Mer 153, 114-120. 

Vinogradov, M.E. (1968). Vertical distribution oJ the oceanic zooplankton. 339p. Israel 
Program for Scientific Translations, Jerusalem. 

Vinogradov, M. Ye., Bordovskiy, O.K. and Akhmet'yeva, Yeo A. (1970). Biochemistry of 
oceanic plankton and chemical composition of plankton from different depths 
of the northwestern Pacific. OcearwZogy 10, 692-698. 

Vlymen, W.J. (1970). Energy expenditure of swimming copepoda. LimrwZ. Oceanorg. 15, 

348-356. 
Webb, K.L. and Johannes, R.E. (1967). Studies of the release of dissolved free amino 

acids by marine zooplankton. Limrwl. Ocearwgr. 12, 376-382. 

Webb, K.L. and Johannes, R.E. (1969). Do marine crustaceans release dissolved amino 
acids? Oomp. Biochem. Physiol. 29, 875-878. 

Wimpenny, R.S. (1941). Organic polarity. Some ecological and physiological aspects. 
Quart. Rev. Biol. 16, 398-425. 

Wimpenny, R.S. (1966). The plankton oJ the sea. 426p. Faber & Faber Ltd., London. 
Winberg, G.G. (1956). Rate of metabolism and food requirements of fishes. Belorussian 

State Univ., Minsk. USSR (Fish. Res. Bd. Oanada, Transl. Ser. No. 194). 

Wohlschlag, D.E. (1964). Respiratory metabolism and ecological characteristics of some 

fishes in McMurdo Sound, antarctica. Biol. Antara. Seas, Antara. Res. Ser. 

1, 33-62. 

Wolvekamp, H.P. and Waterman, T.R. (1960). Respiration. p. 35-100. In Waterman, 
T.H. (ed.), The physiology of Orustacea. 67Op. (Vol. 1). Academic Press, New York 
& London. 

Yamada, M. (1972). New observations on the lipids of aquatic origin. Mem. Fac. FiBh., 
Hokkaido Univ. 19, 35-136. 

Zeiss, F.R. Jr. (1963). Effects of population densities on zooplankton respiration rates. 
Limrwl. Ocearwgr. 8, 110-115. 

Zeuthen, E. (1955). Comparative physiology (respiration). Ann. Rev. Physiol. 17, 459-
482. 

-65-



1974] T. Ikeda: Nu~tional ecology of marine zooplankton 

Appendix 

1. Zooplankters with asterisks were typioal herbivores or filter-feeders and those 
without asterisk were carnivores whioh were olassified by the direot observation by the 
present author and by referring the previous literatures. 

2. In the tables of elemental composition of zooplankton, the figure in parenthesis 
denotes the number of replioation of determinations. 
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Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

(Usujiri, May-June 1971) 

Sampling Experimental No. of ani-
Animals mals/250ml date temp. (OC) 

bottle 

Coelenterata 
AgZantha digitale May 12 6.5-7.0 1 

May 23 9.6-10.7 3 

Ctenophora 
Pleurobrachia pileU8 May 17 7.0-7.5 2 

May 17 7.0-7.5 2 
Beroe c'UCumis June 15 12.6-12.8 1 

Pteropoda 
* Limacina helicina helicina May 11 4.5-5.5 7 

May 23 9.6-10.7 13 
Olione limacina limacina June 15 12.6-12.8 1 

Ostracoda 
Philomedes inter puncta cs May 21 8.2-10.5 19 

May 21 8.2-10.5 13 
May 21 8.2-10.5 12 
June 1 7.8-11.8 14 
June 1 7.8-11.8 9 

Copepoda 
*OaJ,anu8 cristatU8 V May 9 5.5-6.5 7 

May 9 5.5-6.5 5 
May 15 6.8-7.0 5 

*OaJ,anU8 pZumchru8 IV May 11 4.5-5.5 19 
May 11 4.5-5.5 10 
May 15 6.8-7.0 38 

V May 11 4.5-5.5 14 
May 11 4.5-5.5 8 
May 14 7.0 19 
May 21 8.2-10.5 13 
May 23 9.6-10.7 15 

* EucriZanu8 bungii bungii ~ May 9 5.5-6.5 9 
May 9 5.5-6.5 5 

* P8eudocaZanU8 eZongatu8 May 12 6.5-7.0 47 
May 12 6.5-7.0 42 
June 13 12.0-12.4 76 

* M drUia pacifica V May 15 6.8-7.0 34 
~ May 11 4.5-5.5 16 

May 21 8.2-10.5 32 
May 21 8.2-10.5 15 
May 28 8.5-9.7 33 
May 28 8.5-9.7 21 

* Acarlia Zongiremis May 17 7.0-7.5 75 
May 17 7.0-7.5 98 
May 17 7.0-7.5 97 
May 19 9.0 113 
May 19 9.0 145 
May 30 8.9-11.0 95 
June 3 8.4-11.0 454 
June 3 8.4-11.0 482 
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Average Respiration Excretion 

dry weight 
{Ll ol/animalfhrl {Ll °i,lr dry 

O:N ratio 
{Lg NRa-N/ I {Lg NHa-N/mg by atoms (mg/animal) 
animalfhr dry wt/hr 

2.98 4.09 1.87 0.20 0.070 24 
8.80 5.88 1.41 0.28 0.074 28 

7.50 1.08 0.14 - - -
4.10 1.17 0.28 - - -

18.94 4.62 0.88 - - -

0.421 0.85 0.88 0.048 0.10 10 
0.250 0.89 1.58 0.018 0.074 26 

22.58 20.0 0.88 8.02 0.184 8 

0.608 0.29 0.47 - - -
0.680 0.41 0.65 - - -
0.588 0.85 0.59 - - -
0.596 0.24 0.41 - - -
0.556 0.21 0.87 - - -

2.27 2.88 1.02 0.184 0.0814 15 
1.60 1. 74 1.08 0.172 0.107 12 
0.892 0.94 1.05 0.187 0.154 8 
0.284 0.25 0.87 0.0070 0.024 « 
0.289 0.80 1.08 0.0058 0.018 70 
0.217 0.29 1.85 0.0092 0.042 89 
0.528 0.48 0.98 0.012 0.028 48 
0.589 0.63 1.07 0.080 0.051 25 
O. 759 0.56 0.74 0.015 0.020 46 
1. 08 0.92 0.85 - - -
0.975 0.81 0.88 0.011 0.011 91 
1.01 0.84 0.83 0.041 0.041 25 
1.01 0.75 0.74 0.074 0.078 12 
0.0185 0.089 2.91 0.0025 0.18 19 
0.0188 0.088 2.47 0.0029 0.21 14 
0.0081 0.047 5.82 0.0014 0.17 42 
0.0804 0.068 2.07 0.0089 0.12 20 
0.171 0.28 1.69 0.021 0.12 16 
0.149 0.68 8.08 - - -
0.160 0.45 8.94 0.0061 0.041 98 
0.188 0.48 2.88 0.017 0.090 82 
0.187 0.« 2.40 0.019 0.10 28 
0.0086 0.082 8.72 - - -
0.0082 0.024 2.91 - - -
0.0076 0.025 8.28 - - -
0.0101 0.040 4.08 - - -
0.0104 0.084 8.26 - - -
0.0088 0.086 4. 08 0.0025 0.29 18 
0.0068 0.019 2.80 0.0022 0.82 10 
0.0068 0.017 2.59 0.0026 0.88 8 
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Sampling 

I 
Experimental 

No. of ani-

Animals mals/250 mI 
date temp. (°0) bottle 

* Acartia Zongiremia June 3 8.(-11.0 211 
June 8 11.8-14-3 279 
June 8 11.8-14.3 209 

Tortanus di8caudatus ~ Ma.y 14 7.0 49 
.lj! May 14 7.0 22 

Mysidacea. 
*Siriella sp. May 19 9.0 1 
* AcanthomyBiB sp. May 30 8.9-11.0 3 

Cumacea. 
Leptoeuma sp. June 16 12.8-13.3 11 
DiaBtyZia sp. ~ May 15 6.8-7.0 2 

May 15 6.8-7.0 1 
Amphipoda 

Parathemisto japonica ~ 

May 12 6.5-7.0 9 
May 12 6.5-7.0 5 
May 19 9.0 2 
May 19 9.0 2 
May 27 8.9-9.1 7 
May 27 8.9-9.1 5 

Pleustes panopla May 19 9.0 1 
Pcmtogeneia sp. .lj! June 1 7.8-11.8 15 

June 1 7.8-11.8 10 

Euphausiacea. 
*Cyrtopia larva May 15 6.8- 7.0 14 

June 8 11.8-14.3 16 
June 8 11.8-14.3 13 

* Euphausia pacifica .lj! May 14 7.0 1 
May 23 9.6-10.7 1 
May 23 9.6-10.7 1 
May 23 9.6-10.7 2 

*TkylJan0e8/Ja Zongipes ~ June 13 12.0-12.4 1 

Decapoda 
Macruran decapodid larva May 14 7.0 8 
Eualus gracilir08tri8 May 12 6.5-7.0 1 

Chaetogna.tha 
Sagitta elegans May 9 5.5-6.5 6 

May 9 5.5-6.5 4. 
May 14 7.0 3 
June 9 12.0-12.5 6 
June 9 12.0-12.11 7 

Pisces 
Ammodytes sp. juv. May 17 7.0-7.11 2 
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Average 
Respiration Excretion 

dry weight 
,Ill 02/animal/hr\ ,Ill O~~ dry 

O:N ratio 
,ug NH.-N/ \ ,ug NH.-N/mg by atoms 

(mg/animal) animal;hr drywt/hr 

0.0070 0.019 2.77 0.0014, 0.20 17 
0.0076 0.029 3.89 0.0018 0.23 20 
0.0073 0.033 4.63 0.0019 0.26 21 
0.0449 0.11 2.47 0.0053 0.11 26 
0.0689 0.13 1.96 0.010 0.15 16 

1.10 2.82 2.55 - - -
1.89 3.10 1.64 0.13 0.072 28 

0.265 0.35 1.35 - - -
3.92 2.01 0.51 0.074 0.019 33 

4.93 3.02 0.61 0.076 0.015 49 

2.94 3.75 1.27 0.144 0.048 32 
1.94 3.37 1. 73 0.163 0.084 25 
4.69 6.95 1.48 - - -
4.57 6.49 1.41 - - -
5.76 7.57 1.31 0.497 0.086 19 
3.51 6.95 1. 97 0.389 0.110 22 
2.24 3.21 1.43 - - -
0.210 0.20 0.96 - - -
0.202 0.25 1.26 - - -

0.299 0.30 1.03 0.0095 0.032 40 
0.118 0.53 4.51 0.016 0.13 41 

0.102 0.46 4.62 0.010 0.10 55 
7.78 6.71 0.86 0.12 0.016 65 

16.60 17.24 1.03 0.540 0.032 39 

13.80 15.77 1.18 0.865 0.064 22 

8.94 15.30 1.71 0.939 0.105 20 

9.45 15.92 1.68 0.861 0.091 28 

0.419 0.45 1.07 0.011 0.026 50 
14.95 6.69 0.44 0.28 0.015 36 

1.67 1.50 0.90 0.268 0.15 7 
1.85 1.69 0.91 0.291 0.15 7 
1.35 1.21 0.89 0.096 0.070 15 
0.211 0.52 2.46 - - -
0.084 0.28 3.34 - - -

0.943 1.30 1.38 - - -
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(Oshoro Bay, June-July 1970) 

Animals Sampling date 
Experimental 

temp. (00) 

Coelenterata 
Rathkea octopunctata .Tune 10 14.5-17.5 
Aglamha digitaZe .Tune 10 14.5-17.5 
Ber06 eueumi8 June 11 14.5-16.2 

June 11 14.5-16.2 

Pteropoda 
* Limaeina helieina helieina .Tune 16 14.2-16.8 

June 16 14.2-16.8 

Gastropoda 
*Veliger larva ,Tune 14 11.7-16.11 

June 20 15.2-16.4 

Polychaeta 
Polynoe larva June 16 14.2-16.8 

Copepoda 
*Oalanus tenuieorni8 Sf. June 16 14.2-16.8 

June 18 15.0-16.7 
June 18 15.0-16.7 

*Oalanus plumehrus III June 10 14.5-17.5 
IV June 13 11.7-14.5 

* Paraealanus parous June 9 14.5-16.3 
June 13 11.7-14.11 
June 13 11.7-14.5 

Oentropages abdominali8 Sf. June 18 15.0-16.7 
;; June 18 15.0-16.7 

* Pseudodiaptomus marinus Sf. June 11 14.5-16.2 
;; June 11 14.5-16.2 
Sf. June 13 11.7-14.5 
;; June 13 11.7-14.11 

* Aeartia clausi June 9 14.11-16.3 
June 26 13.0-14.0 
June 26 13.0-14.0 

Tortanus di8eaudatus Sf. June 9 14.11-16.3 
Oyelopina longieornis Sf. June 11 14.11-16.2 

June 13 11.7-14.11 
June 20 111.2-16.4 

MaerOBetella sp. June 20 15.2-16.4 
June 20 15.2-16.4 

Oit1wna fallax Sf. June 26 13.0-14.0 

Cumacea 
Lamprops sp. June 9 14.5-11$.3 

June 10 14.5-17.11 

Amphipoda 
Oorophium uenoi June 14 11.7-16.11 

June 14 11.7-16.5 
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No. of animalsj Average Respiration 

100 (*) or 250 ml dry weight 
1'1 O2/ 

I 
I'l0z/mg bottle (**) (mgjanimal) 

animal/hr dry wtfhr 

10* 0.0089 0.027 3.02 
2* 0.236 1.25 5.29 
1** 4.00 3.51 0.87 
1** 2.85 2.52 0.88 

11* 0.0255 0.037 1.47 
4* 0.0313 0.024 0.78 

14* 0.0089 0.023 2.58 
10* 0.0106 0.0095 0.88 

7* 0.0135 0.062 4..62 

7** 0.0368 0.34 9.28 
2* 0.0307 0.12 4.18 
2* 0.0263 0.20 7.73 
2* 0.0503 0.29 5.79 
4** 0.160 0.31 1. 95 

13* 0.0032 0.027 8.29 
13* 0.0031 0.031 9.92 
23* 0.0051 0.035 6.74 
4* 0.0180 0.098 5.41 
5* 0.0153 0.073 4. 75 

14* 0.0145 0.101 6.92 
31* 0.0096 0.020 2.07 
16* 0.0187 0.063 3.39 
7* 0.0140 0.041 2.89 
8* 0.0101 0.034 3.33 

22** 0.00815 0.031 3.67 
19** 0.0083 0.028 3.41 
5* 0.0251 0.12 5.10 

15* 0.0072 0.010 1.39 
18* 0.0046 0.019 4.07 
13* 0.0036 0.026 6.99 
9* 0.0104 0.020 1.93 
6* 0.0168 0.020 1.20 

18* 0.00033 0.011 34.9 

8** 0.0691 0.12 1.73 
1* 1.12 1.50 1.34 

4* 0.0637 0.071 1.11 
11** 0.0598 0.12 2.08 



Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

Animals 

I 
Sampling date 

Experimental 
temp. (°0) 

Deca.poda 
Macruran mysis larva June 9 l4..5-16.3 
Brachyuran zoea larva June 9 l4.. 5-16. 3 

Ohaetognatha. 
Sagitta minima June 16 l4..2-16.8 

Copelata. 
*Oikopleura dioica June 16 14.2-16.8 

June 20 15.2-16.4 

Pisces 
OaUionymus sp. juv. June 10 l4.. 5-17. 5 
Hea;agrammQ8 otakii juv. June 14 11.7-16.5 

June 14 11.7-16.5 

(Oshoro Bay, June-July 1970) 

Sampling Experimental 
No. of ani-

Animals mals/250 ml 
date 1(emp. (°0) bottle 

Coelenterata. 
Ber06 eucumiB July 3 15.0-15.3 1 

July 3 15.0-15.3 1 
July 3 15.0-15.3 1 

Copepoda 
*Oalanus plumckrus V June 28 13.8-14. 5 15 

June 28 13.8-14.5 19 
July 9 15.8-16.0 8 
July 9 15.8-16.0 8 

* AcartitJ claUBi June 28 13.8-14. 5 64 
June 28 13.8-14. 5 68 
July 5 15.0-15.7 40 
July 5 15.0-15.7 17 

Mysida.cea. 
* AcantkomyBiB July 1 14. 5-15. 3 2 

pBeudomacropBiB ~ July 1 14. 5-15. 3 1 

Cumacea 
LampropB sp. July 5 15.0-15.7 26 

July 5 15.0-15.7 22 

Oha.etognatha. 
Sagitta minima July 1 14. 5-15. 3 5 

July 1 14. 5-15. 3 5 

Pisces 
Scombresocida.e sp. juv. July 9 15.8-16.0 2 

July 9 15.8-16.0 1 
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No. of animalsl Average Respiratian 

100(*) or 250 ml dry weight 
",10.1 

I 
",10./mg bottle (**) (mg/animal) animal/hr dry wt/hr 

9** 0.0663 0.23 3.57 
5* 0.0250 0.092 3.67 

5** 0.0404 0.19 4.80 

4* 0.0109 0.098 9.01 
3* 0.0418 0.20 4,97 

1** 1.98 3.76 1.89 
1** 0.604 1.73 2.87 
1** 3.12 4.58 1.47 

Average Respiration Excretion 
O:N ratio dry weight 

",10.1 ",10./mg pg NH.-NI ",g NH.-N/mg r by atoms (mg/a.nima.l) animalfbr dry wtfbr a.nimalfbr dry wtfbr 

33.24 13.8 0.41 0.841 0.025 20 
52.06 14.5 0.27 1.14 0.022 15 
71.10 19.2 0.27 1.59 0.022 15 

0.314 0.46 1.47 0.057 0.18 10 
0.328 0.50 1.53 0.035 0.10 17 
0.258 0.58 2.26 0.074. 0.28 9 
0.276 0.68 2.45 0.099 0.36 8 
0.0063 0.013 2.00 0.0035 O.M 4 
0.0064 0.030 4,75 0. 0071 1.10 5 
0.0104 0.035 3.M 0.0050 0.48 8 
0.0108 0.0« 4,27 0.0074 0.68 7 

2.40 4,45 1.85 0.697 0.28 8 
3.35 4,26 1.27 0.562 0.16 9 

0.085 0.13 I.M 0.022 0.25 7 
0.101 0.14 1.39 0.021 0.20 8 

0.086 0.34 3.95 0.085 0.98 5 
0.156 0.27 1.78 0.036 0.23 9 

1.07 2.23 2.07 0.165 0.15 16 
1.99 3.71 1.87 0.193 0.096 24 
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Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

(Kaiyo-Maru, Oct. 1971-Mar. 1972) 

No. of animals/ 

Animals Sampling Experimental 250 (*), 300 (**) 
data temp. (00) or 1000 ml (***) 

bottle 

Coelenterata 
Liriope tetraphyZla R12 27 •. 0 1* 

R15 26.6-27.1 2* 
Diphyes dispar R 1 26.3-27.0 2* 
Diphyes sp. R12 27.0 4** 
Abyla Zeuclcarti ? RIO 27.4-27.5 2* 
Ory8taJ1omia sp. R15 26.6-27.1 1** 

Heteropoda 
*Oxygyrus kerauilreni R20 22.2~22.5 1** 

Oardiapoda 8'lJblaevis R17 28.4 1** 
R17 28.4 1** 
R17 28.4 1** 

Pteropoda 
* EucZiQ cuspidata R20 22.2-22.5 1*** 
* Diaerea trispi1W8a R2 27.3-27.5 1* 
*Oavolinia globuZosa R2 27.3-27.5 2* 

R20 22.2-22.5 1** 
*Oavolinia uncinata R14 19.7 1* 
HydromyZes gZObuZo8a R2 27.3-27.5 7* 

R2 27.3-27.5 6* 
R2 27.3-27.5 4* 

. Polychaeta 
Naiades cantrainii R14 19.7 1** 
Tomopteris sp. R17 28.4 1* 

Copepoda 
*Oalanus minor V -9- R15 26.6-27.1 22* 

R15 26.6-27.1 28* 
R15 26.6-27.1 41* 

* N eocalanus gracilis -9- R3 27.8 6* 
R14 19.7 4* 
R14 19.7 4* 

* N eocalanus rolnistior Rl 26.3-27.0 6* 
*Undinula darwinii R3 27.8 29* 
*Undinula milgari8 -9- R4 27.8 16* 

R4 27.8 11* 
R5 28.5 13* 
R5 28.5 10* 
R5 28.5 5* 
R6 27·3-27.4 7* 
R12 27.0 9* 
R16 26.4 14* 
R16 26.4 12* 

* Eucalanus attenuatus -9- R 1 26.3-27.0 9* 
R3 27.8 8* 
R3 27.8 9* 
R6 27.3-27.4 6* 

Euchaeta flava -9- R6 27.3-27.4- 3* 
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Average Respiration Excretion 

dry weight O:N ratio 
pI Osl plOz/mg pgNHa-NI I pg NH.-N/mg by atoms (mg/animal) animaljhr dry wt/hr animal/hr dry wt/hr 

.-

I 
1.91 0.81 0.42 0.060 0.031 16 
2.63 1.81 0.69 0.11 0.042 20 
2.40 1. 22 0.51 - - -
3.05 2.42 0.79 0.084 0.027 35 
1.52 0.85 0.56 - - -

20.05 11.16 0.55 1.28 0.063 10 

14.60 15.11 1.03 0.97 0.066 19 
1.24 7.70 6.21 0.45 0.36 21 

11.71 14.33 1. 22 0.39 0.033 45 
10.31 9.90 0.96 0.51 0.049 24 

30.00 44.01 1. 46 3.8 0.12 14 
12.26 6.44 0.52 0.63 0.051 12 
14.34 10.20 0.71 1.08 0.075 11 
18.65 18.45 0.99 1.73 0.092 13 
18.50 11.71 0.63 1.04 0.056 14 
2.97 1.89 0.63 0.14 0.049 16 
3. 75 2.05 0.54 0.24 0.064 10 

3.38 - - 0.19 0.057 -

3.66 8.50 2.32 0.99 0.27 10 
2.44 6.16 2.52 0.23 0.094 33 

0.0381 0.20 5.26 0.020 0.53 12 
0.0412 0.22 5.47 0.023 0.56 12 
0.0409 0.21 5.32 0.019 0.47 14 
0.195 1. 36 6.96 0.10 0.52 16 
0.500 1.69 3.38 0.094 0.18 22 
0.500 1.59 3.18 0.11 0.23 16 
0.217 0.49 2.25 0.037 0.16 16 
0.0517 0.19 3.78 0.038 0.74 6 
0.166 1.17 7.09 0.104 0.62 14 
0.188 1.10 5.89 0.143 0.76 9 
0.183 2.16 11.80 0.150 0.81 18 
0.176 1.74 9.90 0.131 0.74 16 
0.192 2.58 13.42 0.145 0.75 22 
0.164 1. 06 6.46 0.14 0.88 9 
0.142 1.48 10.41 0.10 0.70 18 
0.143 0.64 4. 52 0.076 0.53 10 
0.152 . 0.66 4. 36 0.072 0.47 11 
0.0885 0.88 9.94 0.091 1.03 12 
0.129 0.84 6.52 0.054 0.42 19 
0.131 0.97 7.43 0.049 0.37 24 
0.201 0.93 4. 64 0.086 0.43 13 
0.174 1.05 6.01 0.084 0.48 15 
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Mem. Fac. Fish. Hokkaido Univ. [XXII,l 

No. of animals/ 

Animals 
Sa.mpling Experimental 250 (*), 300 (**) 

data temp. (OC) or 1000 ml (* .. ) 
bottle 

Oentropage8 brachiat'U8 R13 17.3 49* 
R13 17.3 38* 

Ple:uromamma rob'UBta ~ R3 27.S 9* 
Oarulacia aethiopica R12 27.0 S* 
Labidocera acuta R5 28.5 6* 

R5 28.5 7* 
R5 28.5 7* 

Labidocera ?Urii R16 26.4 5** 
R16 26.4 2** 

Pontella danae R18 26.4 1** 
R18 26.4 2** 

Mysidacea 
*Siriella thomp8oni R9 27.7-27.8 2* 

R9 27.7-27.S 2* 

Amphipoda 
Scina cornigera R20 22.2-22.5 1** 

R20 22.2-22.5 1** 
Vibuia sp. R9 27. 7-27. S 3** 

R9 27.7-27.S 2** 
Phronima sedentaria ~ R7 27.3-27.4 1** 

R7 27.3-27.4 1** 
R14 19.7 1** 
R14 19.7 1** 

H emityphiB tenuiman'U8 R16 26.4 3** 
R16 26.4 2** 

Thamneus platyrrhynch'U8 R7 27.3-27.4 3* 
R7 27.3-27.4 2* 

OxycephaZ'U8 porcell'U8 R7 27.3-27.4 1*** 

Euphausiacea 
*Cyrtopia larva R3 27.S 4* 

R3 27.S 7* 
* EuphaUBia diomedeae R11 27.2 1** 

R11 27.2 1** 
* EuphaUBia tenera R6 27.3-27.4 1* 

R6 27.3-27.4 2* 
RIO 27.4-27.5 3* 
RIO 27.4-27.5 5* 
RIO 27.4-27.5 2* 
R12 27.0 2** 
R12 27.0 2** 
R15 26.6-27.1 4** 
R15 26.6-27.1 4** 

* EuphaUBia diBtinguenda R19 25.7 3** 
R19 25.7 2** 

*EuphaUBia krohnii juv. R14 19.7 1()'t* 
R14 19.7 7** 

Decapoda 
Phyllosoma larva. R9 27.7-27.S 1*** 
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1974] T. Ikeda: Nutritional ecology of marine zooplankton 

Average Respiration Excretion 

dry weight 

I 

Ipg NHa-N/mg 
O:N ratio 

1'101/ plOI/mg pg NH.-N/ by atoms (mg/ animal) 
animal/hr dry wt/hr anima.l/hr dry wt/hr 

0.0203 0.12 6.20 0.010 0.50 15 
0.0192 0.11 6.06 0.012 0.63 12 
0.0494 0.61 12.43 0.030 0.62 25 
0.103 1.07 10.43 0.075 0.73 17 
0.222 - - 0.15 0.68 -
0.223 1.91 8.53 0.13 0.60 17 
0.240 2.23 9.31 0.16 0.67 17 
0.214 0.85 3.97 0.078 0.36 13 
0.228 2.18 9.57 0.20 0.90 13 
0.582 3.14 5.39 - - -
0.818 3.72 4.55 0.19 0.23 23 

1.62 9.44 5.83 0.74 0.45 15 
1.31 5.48 4.18 0.53 0.40 12 

2.98 5.04 1.69 0.24 0.083 25 
3.00 5.96 1.98 0.26 0.086 28 
1.26 6.75 5.35 0.35 0.27 24 
1.22 4.60 3.77 0.27 0.22 20 
6.86 20.95 3.05 2.16 0.31 12 

12.09 43.83 3.62 4. 05 0.33 13 
7.30 9.83 1.34 0.76 0.10 16 
7.28 10.27 1.41 0.69 0.094 18 
1.63 3.41 2.08 0.25 0.15 16 
1.60 3.05 1. 91 0.26 0.16 14 
2.78 13.71 4. 93 0.70 0.25 24 
2.10 6.51 3.10 0.29 0.14 27 

17.67 40.97 2.31 4.76 0.26 10 

0.588 2.90 4. 94 0.14 0.23 25 
0.493 1.68 3.42 0.15 0.30 14 
5.90 18.81 3.18 1.26 0.21 18 
3.27 12.46 3.81 1.11 0.34 13 
1.46 6.56 4.48 0.50 0.34 16 
0.607 2.29 3.78 0.30 0.50 9 
0.382 1.67 4. 36 0.34 0.90 6 
0.230 1.13 4.92 0.058 0.25 24 
0. 278 0.80 2.88 0. 081 0.29 12 
1.13 5.79 5.10 0.44 0.38 16 
1.50 7.47 4.98 0.58 0.39 15 
0.595 2.29 3.85 0.23 0.39 12 
0.748 2.57 3.44 0.28 0.38 11 
2.32 5.40 2.32 0.26 0.11 25 
1.45 5.69 3.92 0.58 0.40 12 
0.274 1.34 4. 90 0.12 0.45 13 
0.300 1.57 5.23 0.13 0.45 14 

91.47 39.15 0.42 5.02 0.054 9 
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Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

No. of animals/ 

Animals Sampling Experimental 250 (.), 300 ( •• ) 
data temp. (00) or 1000 ml ( ••• ) 

bottle 

Puerulus larva Rll 27.2 1*** 
Megalopa larva A R9 27.7-27.8 4* 

R9 27.7-27.8 4* 
Megalopa larva B RI8 26.4 2** 
Megalopa larva C RI8 26.4 2** 

RI8 26.4 2** 
Portunidae sp. R4 27.8 6* 

R4 27.8 5* 

Stomatopoda 
Coroniderichthus larva Rll 27.2 1** 

Rll 27.2 1** 
Rll 27.2 1** 

Alima larva R2 27.3-27.5 2*** 

Chaetognatha 
Sagitta enflata R6 27.3-27.4 1* 
Sagitta bipunctata RIO 27.4-27.5 1* 

RIO 27.4-27.5 1* 
Sagitta robU8ta R6 27.3-27.4 1* 

R8 27.4 3* 
Sagitta serratodentata R8 27.4 2* 

R8 27.4 3· 

Tunicata 
*lasis zonaria chain RI2 27.0 1** 
*Thalia democratica sol. RI3 17.3 3** 

RI3 17.3 4·* 
RI3 17.3 4** 

*Pegea confoederata sol. RI9 25.7 1** 
RI9 25.7 1** 
RI9 25.7 1*** 

*Salpa fusiformis chain R8 27.4 1** 
R8 27.4 1** 
R8 27.4 2** 
R8 27.4 1** 

*Salpa fusiformis sol. RI3 17.3 1** 
RI3 17.3 1** 

* PyrosDma verticillatum RI9 25.7 1** 
RI9 25.7 1*** 

Pisces 
Oypselurus sp. juv. RI6 26.4 1*** 
Galeoides sp. juv. RI8 26.4 1*** 
Longirostrum delicatissimus juv. RI8 26.4 1*** 

RI7 28.4 1** 
RI7 28.4 1** 
RI7 28.4 1*** 

Ranzania laevis Ostracion R20 22.2-22.5 3** 
hoops stage 
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1974] T. Ikeda.: Nut;ri1;ional ecology of marine zooplankton 

Average 
Respiration Excretion 

dry weight 

I 

O:N ratio 
pI O2/ plOg/mg pg NHa-N/ I pg NH.-N/mg bya.toms 

(mg/ animal) a.nimal;hr dry wt/hr animal/hr dry wt/hr 

50.68 35.14 0.69 - - -
2.60 2.11 0.81 0.022 0.009 115 

2.66 2.68 1.00 0.070 0.026 47 

5.50 10.47 1.90 0.12 0.023 102 

8.16 6.11 0.74 - - -
7.32 6.18 0.84 - - -
1./53 5.03 3.28 0.42 0.27 14 

1.61 3.58 2.22 0.30 0.18 14 

18.95 28.54 1.50 2.12 0.11 16 

16.88 34.02 2.01 1.99 0.11 21 

16.09 29.85 1.85 2.03 0.12 18 

30.14 15.90 0.52 2.59 0.086 7 

0.592 0.92 1.56 0.072 0.12 15 

0.400 3.17 7.93 0.081 0.20 48 

0.502 2.06 4.12 0.11 0.23 22 

1.11 5.27 4.72 0.41 0.37 15 

0.391 4. 09 10.46 0.23 0.59 22 

0.901 4.85 5.39 0.43 0.47 14 

0.566 3.09 5.45 0.46 0.82 8 

4.94 7.27 1.47 0.20 0.041 44 

3.01 2.12 0.70 0.21 0.070 12 

3.86 2.05 0./53 0.21 0.056 11 

2.04 1.13 0.55 0.13 0.065 10 

86.60 32.24 0.37 4. 08 0.047 9 

42.09 24.28 0.57 2.58 0.061 11 

117.20 34. 85 0.29 5.32 0.045 8 

5.69 13.88 2.« 0.80 0.14 21 

6.45 7.11 1.10 0.25 0.039 34 

1.91 5.78 3.03 0.23 0.12 30 

5.45 14.73 2.70 0.64 0.11 28 

13.00 4. 04 0.31 0.38 0.029 13 

10.27 5.37 0.52 0.43 0.042 15 

39.« 13.11 0.33 1.57 0.040 10 

90.60 43.87 0.48 5.93 0.065 9 

30.52 115.6 3.78 6.58 0.215 21 

43.94 197.2 4.48 13.64 0.310 18 

23.05 117.6 5.10 8.69 0.377 16 

12.20 54. 9 4. 50 4. 47 0.366 15 

18.70 85.0 4.54 6.82 0.364 15 

64. 30 259.0 4. 02 23.45 0.364 13 

1.67 9.11 5.« 0.81 0.48 13 
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Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

Date Locality Net used 

Rl Oct. 15, 1971 26°36.4'N ~28°26.8'E Ikeda net 
R2 Oct. 17, 1971 18°11.0'N 119°36.7'E Fish·larva net 
R3 

, 
Oct. 19, 1971 1l038.8'N 112°36.2'E Ikeda net 

R4 Oct. 21, 1971 05°24.0'N 107°14.7'E Fish-larva net 
R5 Oct. 22, 1971 02°36.9'N 104°40.6'E Ikeda net 
R6 Oct. 29, 1971 05°27.0'N 93°30.2'E Ikeda net 
R7 Oct. 31, 1971 01°54.0'N 84°26.3'E Fish-larva net 
R8 Nov. 2, 1971 01°46.0'8 76°05.1'E Ikeda net 
R9 Nov. 4, 1971 05°45.7'8 67°03.0'E Fish-larva net 
RIO Nov. 6, 1971 OS055.2'8 56°1S.8'E Ikeda net 
Rll Nov. S, 1971 13°47.S'8 46°19.8'E Fish-larva. net 
R12 Nov. 10, 1971 18°04.9'8 37°55.6'E Ikeda net 
R13 Nov. 23, 1971 30°37.1'8 15°0S.5'E Ikeda net 
R14 Nov. 27, 1971 13°4S.7'8 OO055.9'E Ikeda net 
R15 Dec. 1, 1971 03°27.5'N 12°23.7'W Ikeda net 
R16 Jan. 27, 1972 14°39.9'N 7003S.5'W Fish-larva. net 
Rl7 Feb. 5, 1972 07°18.2'N S3°16.5'W Ikeda. net 
RlS Feb. 7, 1972 09°0S.5'N 92°39.9'W Fish-larva net 
R19 Feb. 11, 1972 13°13.4'N 114°34.3'W Ikeda net 
R20 Mar. 1, 1972 24°10.S'N 171°2S.0'E Fish-larva net 

(Off Kitami, 8ept. 1970) MTD-Horizontal closing net 

8ampling Average 
Animals depth (m) Temp. ("C) dry weight 

(mgjanimal) 

Coelenterata 
Halicreas papilloaum 566 1.4.0 38.35 

Pterpoda 
Oliane limacina limacina 141 0.34 7.10 

Copepoda 
*OalanU8 criBtatU8 V 35 4.0 1. 98 

141 0.34 2.73 
424 1.40 5.95 
566 1.40 8.28 

<!l 566 1.40 4. 31 
*Oalanu8 plumchru8 V 35 4.0 0.99 

141 0.34 1.32 
283 0.95 1.69 
424 1.40 1.51 
566 1.40 1.35 

*P8eudocalanU8 elongatu8 V 350 1.20 0.02550 
0.02719 
0.02790 
0.02770 

Pareuchaeta japanica .If. 424 1.40 6.68 
* M etridia okhotensis .If. 283 0.95 0.4.3025 

0.45533 
0.40454 
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1974] T. Ikeda: Nutritional ecology of marine zooplankton 

Condition Percent of body dry weight 
of animals Carboni 
analyzed 

I I I 
Carbon+ Nitrogen 

(G: grind) Nitrogen Carbon Hydrogen 
(W: whole) Nitrogen 

G(2) 7.2 32.4- 5.6 39. 6 4.5 

G(2) 9.4 52.0 9.1 61.4 5.5 

G(3) 11.3 39.8 7.9 51.1 3.5 
G(3) 10.9 43.0 8.2 53.9 3.9 
G(3) 9.0 57.9 10.7 66.9 6.4 
G(4) 9.3 57.2 10.5 66.5 6.2 
G(2) 9.1 56.2 9.9 65.3 6.2 
G(6) 8.1 57.5 9.7 65.6 7.0 
G(5) 8.5 59.7 9.9 68.2 7.1 
G(5) 8.4 58.7 9.9 67.1 7.1 
G(4) 8.4- 60.3 10.2 68.7 7.3 
G(6) 8.1 61.4 10.2 69.4 7.6 
W 7.2 64..2 9.4 71.4 8.9 
W 6.4- 66.7 10.3 73.1 10.4 
W 6.5 66.6 9.9 73.1 10.2 
W 7.2 63.3 9.5 70.5 8.8 
G(2) 9.0 58.1 10.3 67.1 6.5 
W 8.5 52.8 9.1 61.3 6.2 
W 8.4 57.0 10.0 65.4 6.8 
W 8.6 53.1 9.0 61. 7 6.2 
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Mem. Fac. Fish. Hokkaido Univ. [XXII, 1 

Sampling Average 
Animals depth (m) Temp. (°0) dry weight 

(mg/animal) 

Mysidacea 
Eucopia sp. 566 1.40 6.82 
M eterythrops microphthalma (1) 566 1.40 11.M 

Amphipoda 
Primno menevillei 566 1.40 30.83 

Euphauaiacea '.' 
* Euphausia pacifica 283 0.95 23.59 

Decapoda 
H ymenodora frontalis 566 1.40 12.94 

Chaetognatha 
Sagitta elegans 141 0.34 5.97 

(Nanae·hama coast, March-April 1971) Water temp.=4.3-6.0°C 

Condition 

Sampling Average of animals 
Animals date 

dry weight analyzed 
(mg/animal) (G: grind) 

(W: whole) 

Coelenterata 
Aglantha digitale April 4 0.3704.5 W 

Copepoda 
* Eucalanus bungU bungii 

copepodid April 4 0.03595 W 
Eurytemora pacifica (1) April 4 0.01916 W 

(1) April 4 0.02531 W 

Jil. April 4 0.05575 W 
* Acarlia clausi March 28 0.01237 W 

March 28 0.01332 W 
March 28 0.01379 W 
April 4 0.01291 W 
April 4 0.01355 W 
April 4 0.01337 W 

Oithona fallax April 4 0.00565 W 
Zaus sp. April 4 0.01220 W 

Cumacea 
Hemilamprops Bp. March 28 0.08725 W 

Tanaidacea 
Tanais Bp. March 28 0.14564 W 

Amphipoda 
Pleustes panopla March 28 0.31227 W 
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1974] T. Ikeda: Nutritional ecology of marine zooplankton 

Condition Percent of body dry weight 
of animals 
analyzed 

Carboni 

I I I 
Carbon + Nitrogen 

(G: grind) 
Nitrogen Carbon Hydrogen 

(w: whole) Nitrogen 

G(2) 8.4 51.4 8.8 59.8 6.1 
G(2) 9.3 45.7 7.5 55.0 4.9 

G(3) 7.6 46.7 7.9 54. 3 6.1 

G(2) 10.6 46.5 7.9 57.1 4.4 

G(2) 7.3 59.6 10.2 66.9 8.2 

G(2) 12.4 41.0 7.8 53.4 3.3 • 

Percent of body dry weight 
CarbonI 

I I 
Nitrogen Nitrogen 

Nitrogen Carbon Hydrogen + Carbon 

11.0 30.2 4.4 41.2 2.7 

9.2 41.0 6.8 110. 2 4.4 
11.11 411.2 6.4 116.7 3.9 
11.0 44. 8 6.11 55.8 4.1 
12.4. 47.1 6.8 59.5 3.8 
12.5 4.3.9 6.2 56.4 3.11 
11.7 4.3.11 6.5 55.2 3.7 
11.2 44.7 6.6 55.9 4.0 
10.6 45.6 6.5 56.2 4.3 
10.8 45.5 6.6 56.3 4.2 
10.7 45.6 6.6 56.3 4.3 
- 4.7.8 7.4. - -

11.1 4.3.1 5.9 54.2 3.9 

9.0 29.5 3.7 38.5 3.3 

7.2 33.5 4.6 40.7 4.7 

6.6 36.2 11.4- 42.8 11.5 

-85-



• 

Mem. Fac. Fish. Rokkaido Univ. [XXII, 1 

Condition 

Sampling Average of animals 
Animals date 

dry weight analyzed 
(mg/animal) (G: grind) 

(W: whole) 

Decapod&. 
Macruran mysis larva April 4 0.04886 W 
Orangon sp. March 28 0.44661 W 

Cha.etognatha 
Sagitta elegans March 28 0.5920 W 

April 4 0.0646 W 

Pisces 
Theragra ckalcogramma juv. April 4 0.42615 W 

April 4 0.89409 W 

(Usujiri, May-June 1971) Water temp.=4.5-13.0°C 

Pteropoda. 
* Limacina helicina helicina May 12 0.52792 W 
Olime limacina limacina June 16 22.58 G(2) 

Ostracoda 
Philomedea inter puncta May 20 0. 580 G(2) 

Copepoda 
*Oalan'U8 cristat'U8 V June 7 1.58 G(2) 
*Oalan'U8 plumchrua IV May 12 0.65685 W 

May 12 0.28894 W 
May 12 0.82888 W 

V May 12 1.08 G(2) 
* Eucalan'U8 bungU bungU May 12 0.942 G(2) 

June 7 1.20 G(2) 
* Pseudocalanus elongatulJ May 12 0.01686 W 

May 12 0.01500 W 
June 13 0.01117 W 
June 13 0.01073 W 

* M etridia pacifica V May 16 0.03041 W 
Sj!. June 7 0.21977 W 

June 7 0.22313 W 
* Acarlia longiremis May 16 0.010~ W 

May 16 0.01058 W 
May 16 0.01015 W 
June 9 0.01025 W 
June 9 0.00973 W 

Tortan'U8 discaudat'U8 May 13 0.05027 W 
May 13 0.10035 W 

Mysidacea 
*Siriella sp. May 20 1.10790 W 
* Acanthomysis sp. May 31 1.89 G(2) 

Cumacea 
Leptocuma sp. June 17 0.31775 W 
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1974] 

Nitrogen 

-
10.3 

9.9 
11.8 

10.8 
10.3 

10.4 
6.1 

4.7 

8.4 
7.6 
8.3 
7.9 
8.0 
9.7 
9.8 

12.4 
12.3 
11.4 
11.7 
9.9 

11.4 
12.0 
12.0 
12.1 
12.3 
11.8 
11.7 
11.1 
11.2 

10.9 
10.7 

5.6 

T. Ikeda: Nutritional ecology of marine zooplankton 

Percent of body dry weight 

Carbon Hydrogen 

39.2 5.6 
49.1 6.6 

30.6 6.2 
39.2 6.7 

45.8 7.0 
45.8 6.9 

29.4 3.8 
28.1 4.7 

22.5 3.7 

49.8 8.2 
59.5 9.2 
53.9 8.3 
55.1 8.8 
57.6 9.3 
38.3 6.4 
41.2 7.1 
45.1 6.5 
46.5 6.9 
46.0 6.9 
45.8 6.9 
41.2 6.4 
47.4 7.3 
44.2 6.5 
44. 4 6.5 
44. 2 6.3 
44.5 6.5 
42.1 6.0 
41.9 6.0 
43.9 6.6 
43.9 6.6 

39.3 6.0 
41.4 6.1 

33.8 4.7 
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Nitrogen 
+ Carbon 

-
59.4 

40.5 
51.0 

56.6 
56.1 

39.8 
34.2 

27.2 

58.2 
67.1 
62.2 
63. 0 
65.6 
48.0 
51.0 
57.5 
58.8 
57.4 
57.5 
51.1 
58.8 
56.2 
56.4 
56.3 
56.8 
53.9 
53.6 
55.0 
55.1 

50.2 
52.1 

39.4 

Carboni 
Nitrogen 

-
4.8 

3.1 
3.3 

4.3 
4.4 

2.8 
4.6 

4.8 

5.9 
7.9 
6.5 
7.0 
7.2 
3.9 
4.2 
3.6 
3.8 
4.0 
3.9 
4.2 
4.2 
3.7 
3.7 
3.6 
3.6 
3.6 
3.6 
4.0 
3.9 

3.6 
3.9 

6.0 



Mem. Fac. Fish. Hokkaido Univ. [XXII,1 

Condition 

Sampling Average of animals 
Animals date dry weight analyzed 

(mg/animal) (G: grind) 
(W: whole) 

Leptoeuma sp. June 17 0.27416 W 
Diastylis sp. May 16 8.92 G(3) 

Amphipoda 
Parathemisto japonica May 12 1.40 G(2) 

May 26 5.14 G(3) 
Pontogeneia Bp. June 13 0.20847 W 

June 13 0.19067 W 

Euphausiacea 
*Calyptopis larva May 16 0.00470 W 
*Cyrtopia larva May 12 0.07056 W 

June 7 0.14902 W 
June 7 0.20857 W 

* Euphausia pacifica May 24 8.94 G(2) 
*Thyaa'fWe8sa longipe8 ~ June 14 9.45 G(2) 

Decapoda 
Ma.cruran decapodid larva May 15 0.35070 W 
Eualus gracilir08tris May 15 0.47977 W 

Chaetognatha 
Sagitta elegans May 12 1.105 G(2) 

Pisces 
Ammodyte8 sp. juv. May 18 0.97199 W 

May 18 0.91450 W 
Theragra chalcogramma juv. May 23 10.20 G(2) 

(Kaiyo-Maru, Oct. 1971-Mar. 1972) MTD-Vertical closing net, Water temp. 3-4°C 

Copepoda 
G(2) Ohirundina streetai .If. PI 8.32 

M etridia princeps .If. PI 1.05093 W 

1.18945 W 

1.11740 W 
Pareuchaeta norvegica V ! PI 6.66 G(2) 

Amphipoda. 
G(2) LanceoZa Bp. PI 2.71 

Cha.etognatha 
Eukrohnia fowleri P3 3.90384 G(3) 

Pisces 
Sternoptyx diaphana P2 25.28 G(2) 

Date Locality Sampling depth 

PI Nov. 1, 1971 0l002.7'N 81°57.O'E 2000-1500 m 
P2 Nov. 30, 1971 02°07.O'S 08°11.2'W 2000-1500 m 
P3 Jan. 8, 1972 26°30.0'N 17°00.4'W 2000-1500m 

-88-



1974] T. Ikeda: Nutritional ecology of marine zooplankt.on 

Percent of body dry weight 
CarbonI 

I I I 
Carbon+ Nitrogen 

Nitrogen Carbon Hydrogen Nitrogen 

6.3 33.8 4.6 40.1 5.4. 
5.1 29.8 4.1 34..9 5.8 

8.2 41.8 6.3 50.0 5.1 
7.5 40.5 6.1 48.0 5.4 
6.4 26.9 4.0 33.3 4.2 
6.3 27.1 4.11 33.4 4.3 

12.2 42.5 6.5 54..7 3.5 
11.0 43.7 6.5 54. 7 4.0 
11.5 41.2 6.8 52.7 3.6 
11.2 40.6 6.4 51. 8 3.6 
10.9 41.4 6.3 52.3 3.8 
10.5 40.7 6.0 51. 2 3.9 

10.8 40.8 6.3 51. 6 3.8 
10.0 38.2 5.9 48.2 3.8 

11. 7 40.8 7.0 52.5 3.5 

11.2 45.8 6.9 57.0 4.1 
11.4 45.2 6.9 56.6 4.0 
10.4 41.2 6.0 51. 6 4.0 

8.5 55.6 9.3 64.1 6.5 
7.2 48.0 8.2 55.2 6.7 
7.8 39.1 6.3 46.9 5.0 
7.2 41.1 6.9 48.S 5.7 
9.S 411.6 7.5 54. 9 4.9 

5.6 31. 4. 4.2 37.0 5.6 

8.9 36.4 6.1 45.S 4.1 

9.1 35.7 5.0 44.8 3.9 
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Mem. Fac. Fish. Hoklmido Univ. [XXII, 1 

(Oshoro Bay, June-July 1970) Water temp.=11.7-17.5°C 

I 
Condition 

Sampling Average of animals 
Animals 

date dry weight analyzed 
(mg/animal) 

I 
(G: grind) 
(W: whole) 

Ctenophora 
Beroe eucumiB June 11 100.24 G(4) 

Pteropoda. 
* Limacina helicina heZicina June 16 0.02552 W 

Copepoda 
*Oalanus tenuicornia .Ij2. June 16 0.03687 W 
*Oalanus plumehrua ill IV June 13 0.16079 W 

V June 28 0.38640 W 
June 28 0.27054. W 
June 28 0.26299 W 
June 28 0.36535 W 

*Paracalanus parous June 13 0.00516 W 
June 16 0.00774, W 

* Paeuilodiaptomua marinus .Ij2. June 10 0.01845 W 

<S June 10 0.014.91 W 
.Ij2. June 11 0.014.54. W 

<S June 11 0.00961 W 
.Ij2. June 13 0.01874 W 

<S June 13 0.01408 W 
* Aeania elausi June 24 0.00927 W 

June 24 0.00922 W 
July 5 0.01089 W 
July 5 0.0104.1 W 

Macr08etella sp. June 20 0.01040 W 

Mysidacea. 
* Aeantlwmyaia paeui1nmacropaia .Ij2. July 1 2.4.6 G(2) 

July 1 2.14. G(2) 

Cuma.cea. 
Lampropa sp. <s June 9 0.06914. W 

.Ij2. June 10 1.12280 W 
July 5 0.101111 W 
July 5 0.081144. W 

Amphipoda. 
O(Yrophium uenoi June 14 0.06879 W 

June 14 0.05980 W 

Deca.poda. 
Macruran mysis larva June 9 0.06684. W 
Brachyuran zoea. larva June 9 0.02505 W 

Cha.etognatna. 
Sagitta minima July 1 0.15690 W 

Pisces 
Scombresocida.e sp. juv. July 9 L 99068 G(I) 

July 9 2.15 G(2) 
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1974] T. Ikeda.: Nutritional ecology of marine zoopla.nkton 

Percent of body dry weight 

CarbonI 

\' \ \ 

Ca.rbon+ Nitrogen 
Nitrogen Carbon Hydrogen 

Nitrogen 

3.7 11.3 2.2 15.0 3.1 

6.8 25.4 2.5 32.2 3.7 

12.0 39.5 5.6 51.5 3.3 
8.0 36.2 5.7 44.2 4.5 
8.9 49.5 7.8 58.4 5.5 
8.7 42.4 - 51.1 4.9 
8.8 42. 4 7.4 51.2 4,.8 
9.0 49.5 7.9 58.5 5.5 

12.6 37.7 4,.6 50.3 3.0 
12.8 43.3 - 56.1 3.4 
8.4 39.6 - 48.0 4.7 

10.1 34.0 - 44.1 3.4 
9.3 38.3 4.5 47.6 4.1 
7.9 34,. 2 4.7 42.1 4.3 
9.4 39.7 5.3 49.1 4.2 

12. 8 42.9 4,.8 55.7 3.4 
13.0 41.7 - 54. 7 3.2 
12. 9 42.1 - 55.0 3.3 
12.4 39.9 4.6 52.3 3.2 
9.9 42.1 5.6 52.0 4.3 

13.1 47.0 6.1 60.1 3.6 

10.8 42.6 6.5 53.4 3.9 
11.8 45.9 6.7 57.7 3.9 

5.7 28.6 3.7 34.3 5.0 
7.4 30.0 4,.4 37.4 4.1 
6.2 28.5 4.2 34.7 4.6 , 5.4 28.0 4.1 33.4 5.1 

7.5 27.0 3.6 34. 5 3.6 
5.8 27.0 3.9 32.8 4.6 

8.3 37.0 5.2 45.3 4.5 
9.6 28.6 3.9 38.2 3.0 

10.9 SIS. 9 6.2 46.8 3.3 

11.2 44.4 6.4 55.6 4.0 
11.1 42.0 6.4 53.1 4.0 
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Mem. Fac. Fish. ~okkaido Univ. [XXII, 1 

Condition 

Sampling Average of animals 
Animals date dry weight analyzed 

(mg/animal) (G: grind) 
(W: Whole) 

Callionymua sp. juv. June 10 1.98905 G(2) 
Hexagramrrws otakii juv. June 14 0.60469 W 

June 14 3.12 G(I) 

(Kaiyo-Maru, Oct. 1971-Mar. 1972) 

Coelenterata 
Diphyes diapar C3 1.12341 W 
Abyla sp. CIO 10.70 G(2) 

Heteropoda 
Cardiapoda 8'Ublaevi8 CI8 1.77 G(l) 

Pteropoda 
*Cuvierina columnella f. 

columnella C 7 6.52 G(2) 
* Euclio balantium CI4 66.30 G(2) 
*Cavolinia globulosa C5 90.00 G(2) 
* Limacina bulimoides CIO 0.22902 W 

0.20003 W 
Clionina sp. CI4 15.84 G(2) 
Hydromyles globulosa C2 3.35 G(7) 

Polychaeta 
Naiades cantrainii CI2 28.39 G(2) 
Tomopteris sp. CI8 0.92246 W 

Copepoda 
*Calanu8 minor V !f- CI3 0.05106 W 

0.05243 W 
0.04903 W 

* N eocalanua gracilis !f- C3 0.221103 W 
0.16677 W 

Cll 0.58619 W 
0.65899 W 
0.58386 W 

CI7 0.18353 W 
*Undinula darwinii V !f- C6 0.06384 W 

0.07357 W 
* U ndinula vulgaris !f- C4 0.24014 W 

0.22572 W 
0.24718 W 

C8 0.19710 W 
0.21983 W 
0.21420 W 

* Eucalanu8 attenuatua !f- C3 0.14684 W 
0.12533 W 
0.18438 W 

CI6 0.24123 W 
0.27792 W 
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1974] T. Ikeda: Nutritional ecology of marine zooplankton 

Percent of body dry weight 
Carboni 

Nitrogen 
I 

Carbon 
I 

Hydrogen 
I 

Carbon+ Nitrogen 

Nitrogen 

9.0 40.0 6.1 49.0 4.4 
9.~ 40.8 5.9 50.6 4.2 
8.4 40.5 6.0 48.9 4.8 

4.1 15.6 2.7 19.7 3.8 
6.7 26.0 4.5 32.7 3.9 

7.2 31.4 4.2 38.6 4.4 

2.5 19.2 1.7 21.7 7.7 
3.3 20.5 2.2 23.8 6.2 
2.8 19.8 1.7 22.1 6.9 
3.7 25.8 3.0 29.5 7.0 
8.6 25.8 3.0 29.4 7.2 
8.1 89.2 6.2 47.3 4.8 
8.4 87.7 5.6 46.1 4.5 

8.5 41. 0 6.4 49.5 4.8 
9.8 40.1 6.1 49.4 4.8 

11.8 42.1 6.5 53.4 3.7 
11.3 42.9 6.6 54.2 3.8 
11.0 42.7 6.5 58.7 8.9 
9.5 46.4 7.1 55.9 4.9 
9.6 42.3 6.1 51. 9 4.4. 

10.4 45.6 6.7 56.0 4.4 
9.S 48.0 7.1 5tS 4.9 

10.4 46.4 7.4 56.8 4.5 
10.8 43.9 6.9 54.7 4.1 
10.7 48.2 6.6 53.9 4.0 
10.9 43.2 6.6 54.1 4.0 
10.8 43.0 6.3 53.8 4.0 
11.1 42.9 6.5 54.0 3.9 
11.0 42.6 6.5 53.6 8.9 
10.6 40.7 6.3 51.3 8.9 
10.8 41.2 6.6 52.0 3.S 
10.6 39.9 6.4 50.5 3.8 
9.2 39.7 5.9 48.9 4.3 
9.8 38.9 6.0 48.2 4.2 
9.5 39.7 6.2 49.2 4.2 
9.4 38.2 5.8 47.6 4.1 
9.4 39.1 6.0 48.5 4.1 
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:Mem. Faa. Fish. Hokkaido Univ. [XXII,1 

Condition 

Sampling Average of animals 
Animals data. dry weight analyzed 

(mg/animal) (G: grind) 
(W: whole) 

U ndeuchaeta pul'11UJ8a .!j1. 016 0.40813 W 
O.407il W 
0.385« W 

Oentropages brachiatus C9 0.02324- W 
0.02337 W 

Labidocera acuta C4 0.28367 W 
0.29830 W 
0.25001 W 

Labidocera detruncata (I; C 7 0.14081 W 
0.13651 W 

Pontella danae 019 0.58280 W 
0.81787 W 

Isopod&. 
ldotea metalica 010 47.06 G(2) 

:Mysidaoea 
*Siriella thomp8oni C8 2.60 G(2) , 

010 4. 03 G(2) 

Amphipoda 
V ibilia propinqua C7 1.02000 W 

1.42661 W 
I C9 2.32 G(2) 
Phronima 8edentaria C 5 9.48 G(2) 
Hemityphi8 tenuimanU8 C 7 0.66427 W 

0.64875 W 
ThamneU8 platyrrhynchU8 C5 4.15 G(2) 
OxycephalU8 porCellU8 C5 17.67 G(2) 

Euphausiaoea 
*Cyrtopia larva C3 0.48094 W 

0.39558 W 
* EuphaU8ia recurva 010 6.52 G(2) 
* EuphaU8ia diMnedeae C8 0.53087 W 

0.75365 W 
4.71 G(2) 

* EuphaU8ia tenera C 1 0.60745 W 
0.32175 W 

013 0.58580 W 
0.70558 W 
0.60048 W 

* EuphaU8ia di8tinguenda 018 2.24- G(2) 
* EuphaU8ia lucen8 C9 1.25754 W 

1.65678 W 
0.78295 W 

Deoapoda 
Phyllosoma larva C 7 

I 
91.47 G(2) i 

Leptochela sp. C4 2.87 G(2) 
:Megalopa larva C5 3.32 G(3) 
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1974] T. Ikeda: Nutritional ecology of marine zooplankton 

Percent of body dry weight 
Carboni 

I I 
Hydrogen 

I 
Carbon+ Nitrogen 

Nitrogen Carbon Nitrogen 

11.0 47.4 7.2 58.4 4.3 
11.5 46.0 7.2 57.5 4.0 
11.6 45.1 7.1 56.7 3.9 
10.1 41.6 6.5 51.7 4.1 
10.1 41. 8 6.5 51.9 4.1 
12.4 43.6 6.6 56.0 3.5 
12. 2 43.0 6.5 55.2 3.5 
12.1 42.8 6.4 54. 9 3.5 
11.5 43.9 6. 7 55.4 3.8 
11.5 43.8 6.5 55.3 3.8 
11.4 41.2 5.6 52.6 3.6 
12.6 44. 3 7.1 56.9 3.5 

5.1 31. 8 4.7 36.9 6.2 

9.8 38.6 6.0 48.4 3.9 
10.4 42.1 6.3 52.5 4.0 

6.8 32.6 4.9 39.4 4.8 
6.9 36.0 5.6 42.9 5.2 
7.6 36.7 5.6 44.3 4.8 
5.1 23.8 3. 7 28.9 4.7 
4.7 25.2 4.0 29.9 5.4 
4.5 211.0 3.9 29.5 5.5 
4.0 24.1 3.9 28.1 6.0 
5.5 24.1 3.6 29.6 4.4 

9.2 42.4 6.7 51.6 4.6 
10.0 41.4 6.5 51.4 4.2 
10.5 40.2 6.0 50.7 3.8 
11.2 38.7 6.4 49.9 3.5 
12.0 40.2 6.7 52.2 3.4 
9.6 38.0 5.6 47.6 4.0 

10.3 39.7 6.2 50.0 3.9 
9.5 39.9 5.8 49.4 4.2 
9.8 40.9 5.9 50.7 4.2 

10.4 40.3 6.5 50.7 3.9 
10.3 40.4 6.3 50.7 3.9 
10.6 41.3 6.4 51.9 3.9 
10.5 41.9 6.6 52.4 4.0 
11.8 41.8 6.8 53.6 3.5 
11.1 41.1 6.6 52.2 3.7 

8.3 45.8 7.2 54.1 5.5 
7.3 31.9 4.9 39.2 4.4 
3.8 23.4 3.4 27.2 6.2 
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Mem. Fac. Fish. Hokkaido Univ. 

Sampling Average 
Animals dry weight data 

(mg/animal) 

Megalopa larva CS 8.60 
Portunidae sp. C4 1.85 

Stomatopoda 
Coroniderichthus larva CS 20.24 
Alima larva C4 3.50 

Insecta 
Halobates sericeus CI9 2.21 

Chaetognatha 
Sagitta hexaptera CI6 1.10 
Sagitta enflata CIS 2.45 

0.304 

Tunicata 
*Thetys vagina sol. CI2 847.70 

Pisces 
Sardirwps Bp. juv. CI5 0.54432 

0.73256 
Myctophum spinosum C5 70.81 
Longirostrum delicatissimus CIS 31.73 

Date Locality 

C 1 Oct. 15, 1971 25°13.0'N 127°03.0'E 
C 2 Oct. 17, 1971 Isol1.0'N 119°36.7'E 
C 3 Oct. 19, 1971 1l03S.S'N 112°56.2'E 
C4 Oct. 21, 1971 05°24.0'N 107°14.7'E 
C5 Oct. 31, 1971 01°54.0'N S4°26.3'E 
C6 Nov. 2, 1971 01°46.0'S 76°05.1'E 
C 7 Nov. 4, 1971 05°45.7'S 67°03.0'E 
CS Nov. S, 1971 13°47.S'S 46°19.S'E 
C9 Nov. 23, 1971 30037.1'S 15°0S.5'E 
CIO Nov. 25, 1971 22°05.S'S 07°46.4'E 
Cll Nov. 27, 1971 13°4S.7'S oo055.9'E 
CI2 Nov. 29, 1971 05°13.9'S 05°43.0'W 
CI3 Dec. 1, 1971 03°27.5'N 12°23.7'W 
C14 Dec. 3, 1971 12°33.5'N IsoI4.S'W 
C15 Dec. 4, 1971 15°1O.S'N 17°14.5'W 
CI6 Jan. 19, 1972 26°54.9'N 27°40.5'W 
CI7 Jan. 21, 1972 25°24.9'N 3s02S.7'W 
CIS Feb. 5, 1972 07°1S.2'N S3°16.5'W 
CI9 Feb. 7, 1972 09°0S.5'N 92°39.9'W 
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[XXII, 1 

Condition 
of animals 
analyzed 

(G: grind) 
(W: whole) 

G(2) 
G(2) 

G(2) 
G(2) 

G(2) 

G(2) 
W 
G(2) 

G(3) 

W 
W 
G(2) 
G(2) 

Surface 
temp. (OC) 

26.4 
27.S 
2S.1 
2S.0 
27.4 
27.7 
2S.0 
26.9 
17.3 
19.0 
19.5 
23.9 
26.9 
26.9 
25.4 
20.0 
21.S 
2S.4 
26.4 



1974] T. Ikeda: Nutritional ecology of marine zooplankton 

Percent of body dry weight 
CarbonI 

I I ! 
Carbon + Nitrogen 

Nitrogen Carbon Hydrogen Nitrogen 

5.1 31.0 5.0 36.1 6.1 
6.2 29.3 4.2 35.5 4.7 

7.7 40.5 6.4 48.2 5.3 
8.6 39.9 6.2 48.5 4.6 

8.3 54.6 8.2 62.9 6.6 

7.8 33.5 4.9 41.3 4.3 
8.4 36.4 5.1 44.8 4.3 
7.4 33.6 4.9 41.0 4.5 

0.4 4.6 1.6 5.0 11.5 

9.5 39.7 5.6 49.2 4.2 
10.5 40.8 6.3 51.3 3.9 
9.7 37.3 5.6 47.0 3.8 

10.9 39.8 5.9 50.7 3.7 
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