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The Effect of Laboratory Conditions on the Extrapolation 

of Experimental Measurements to the Ecology 

of Marine Zooplankton 
II. Effect of Oxygen Saturation on the Respiration Rate0 

Tsutomu IKEDA2) 

Rosenstiel School of Marine and Atomospheric Science, 
University of Miami, Miami, Florida U.S.A. 

Abstract 

The relationship between respiration rate and degree of oxygen saturation of water was 
examined in boreal zooplankton species (Euphausia pacifica, Cyphocaris challengeri, Parathemisto 
paci.fica, Holmesiella anomala, Calanus pacificus, C. plumchrus and Sagitta elegans) and subtropi
cal species (Undinula vulgaris, Euchaeta marina, Acartia tonsa and Sagitta hispida). As an 
index, the percentage of oxygen saturation at which the respiration rate of animals decreased 
to 50 % of the rate at saturation, P50, was used. No distinct relation was observed between 
body size or weight specific respiration rate of species and P 5o. However, species with high 
respiration rates were more affected by low oxygen concentration. Generally, animals which 
inhabit oxygen-rich environments were more sensitive to low oxygen levels. About 70-80 % 
saturation was suggested. as a general limit above which the respiration rate of zooplankton is 
little affected by ambient oxygen concentration, though there were a few exceptions. 

Introduction 

Since the study of MARSHALL, NICHOLLS & ORR (1935) on Calanus finmarchicus, the 

effect of oxygen concentration on the respiration rate of marine zooplankton has been 11ttle 

studied, except for the work of TEAL & CAREY (1967) on Euphausia mucronata which is 

characterized as an inhabitant of the oxygen minimum layer in the ocean. 

In the widely used method to measure respiration rate, the so-called "water bottle 

method", zooplankton are incubated in the bottle for varying periods of time, and after the 

incubation difference in the oxygen concentration between experimental and control bottles 

(prepared without animals) is taken as an amount of oxygen respired by the animals. The 

problem is in the final concentration of oxygen in the experimental bottles. It is a well

-established fact that the respiration rate of many animals is reduced by low concentrations 

of oxygen in their environment (cf. review of PROSSER, 1961). On the other hand, a larger 

difference between control and experimental bottles makes possible a more accurate respira

tion measurement. 

The present study seeks to evaluate the respiration rate of zooplankton from boreal and 

subtropical waters in relation to their environmental oxxgen concentration. 

l) 1rod-1'-ll!IJ~7":; :..-- ~ 1- :..--!:E~~tr..:to'-''-c '.i:rr~,~~~:m:~mrJi~lllJf.l-t ~ ~O)~~~ft-O)PJjJm: 

n.M•~~~ffi~~~~tr..~~~~-
:2) rilifB $tll Present address: Australian Institute of Marine Science, Townsville, Queensland, 

Australia. 
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Materials and Methods 

Boreal zooplankton species, Euphausia pacifica HANSEN, Cyphocaris challengeri STEBBING,. 

Parathemisto pacifica STEBBING, 1-Iolmesiella anomala ORTMANN, Calanus pacificus BRODSKY,. 

C. plumchrus MARUKA WA and Sagitta elegans VERRIL were collected from Saanich Inlet,. 

British Columbia (June-October, 1974). Subtropical species, Undinula vulgaris (DANA) and 

Euchaeta marina (PRESTANDREA), were collected from the Gulf Stream off Miami, andl 

Acartia tonsa DANA and Sagitta hispida CONANT were taken from Biscayne Bay, Miamii 

(May and December, 1974). After collecting by plankton net, animals were sorted out with 

a pipette and maintained in unfiltered natural sea water at the temperature close to their natural 

environment for no more than 36 h until the beginning of the experiment. 

To measure the respiration rate in relation to ambient oxygen saturation, a YSI oxygen 

monitor system was used in the manner described by IKEDA (1976). Experiments were car-

TABLE 1. NUMBER OF MEASUREMENTS, RANGES OF INDIVIDUAL NUMBER OF 

EXPERIMENT AL ANIMALS USED AND LENGTH OF TIME OF EXPERIMENT. 

Zoo plankton No. of Individual No. Length of ti me of 
measurements of animals experiment (hr) 

Boreal species: 
Euphausia pac~fica 12 1-7 1. 0-4. 0 
Cyphocaris challengeri 4 2-4 1. 0-3. 0 
Par~themisto pacifica 7 4-24 1. 0-3. 0 

Holmesiella anomala 5 1-4 1. 5-4. 5 
Calanus pacificus 13 17-52 1. 2-4. 4 

Calanus plumchrus 2 30, 54 1. 8-3. 4 
Sagitta elegans 10 8-24 1. 0-2. 8 

Subtropical species: 
Undinula vulgaris 6 15-35 1. 0-1. 5 
Euchaeta marina 4 14-24 1. 0-2. 0 
Acartia tonsa 13 154-806 0.3-0.5 
Sagitta hispida 12 24-54 0. 6-1. 3 

rieJ out at the temperature close to the in situ conditions of animals (13°C for boreal species 

and 22°C for subtropical ones). Numbers of animals used and time for each series of ex

periments differed for each species (Table 1). Usually, adjustment to 100 % oxygen saturation 

at the start of the experiment was not possible, since animals in the chamber consumed 

oxygen during first few minutes which were needed to stabilize the electrode. In addition, 

the sea water was found not to be always completely saturated initially. Recording of oxygen 

concentration (as percent saturation) in the chamber with animals was continued until the 

animals died, or no further decrease in the content of oxygen was observed. After the ex

periment, the animals were removed from the chamber and dried in a desiccator over silica 

gel at room temperature for the later determination of their dry weight. From the record 

of decreasing oxygen concentration in the chamber with the progress of time, respiration 

rate of animals was calculated at 10 % intervals of oxygen saturation down to 10 % saturation 

or 5 % saturation when the animals survived. The effect of decreasing oxygen on respiration 
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was estimated conveniently as the lowered relative respiration rate, taking respiration rate 

as 100 % at 80-90 % oxygen saturation. 

In this case, 100 % saturation is equivalent to 6.49 and 4. 75 ml 0 2/l at l3°C and 22°C 

11."espectively. 

Results 

Preliminary experiments were carried out to test the effect of laboratory maintenance of 
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Fig. 1. Changes in respiration-ambient oxygen relation with the length of· laboratory mainte
nance in Acartia tonsa and Sagitta hispida. Relative respiration rate taken 100 % the 
rate at 80-90 % oxygen saturation is shown in left upside of each figure. 

;animals on the respiration-environmental _oxygen concentration relation. The results of Acartia 

tonsa and Sagitta hispida are shown in Figure 1. Maintenance of animals under laboratory 

.conditions caused a decrease in the respiration rate in A. tonsa while the reverse tendency 

·was observed in S. hispida, though the variation was large m the latter species. In both 

·Cases, the effect of lowering oxygen concentration was large m animals respiring at a fast 

:rate. During the maintenance period special attention was paid to keep the water well 

.aerated and to supply sufficient food. This laboratory maintenance effect was not so distinct 

- 21-



22 

m boreal zooplankton species, such as Euphausia pacifica, Ilolmesiella anomala; Parathemisto· 

pacUica and Sagitta elegans, studied here. 

Euphausia pacifica (Figure 2a): Movement of swimming legs ceased when the oxygen 

saturation of the medium water dropped to 10-20 %, and completely stopped at 10-15 %.: 
TEAL & CAREY (1967) demonstrated that the respiration rate of Euphausia mucronata from 

oxygen minimum layer was largely independent of oxygen concentration, in contrast with_ 

intolerance to low oxygen in euhausiids and decapods inhabiting usual environments. 
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Fig. 2. Respiration-ambient oxygen concentration (% saturation) relation in boreal zooplank
ton species. a. Euphausia pacifica; b. Cyphocaris challengeri and Parathemisto pacifica; 
c. Holmesiella anomala; d. Calanus pacificus and C. plumchrus; and e. Sagitta elegans. 

Cyphocaris challengeri and Parathemisto pacifica (Figure 2b): A similar pattern to that 

of E. pacifica was obtained for these two amphipods. However, these animals were more: 

tolerant than E. pacifica to low oxygen levels; a faint movement of swimming legs was. 

observed even when there was no consistent decrease in oxyen concentration in the chamber 

below 0-7 % saturation level. 

llolmesiella anomala (Figure 2c): This mysid was collected only when the net touched_ 

the bottom; it is assumed to be a benthic species. Although the number of animals -ex

amined was small, the results showed that tolerance of this species to low oxygen environ-

- 22 -



BULL. PLANKTON. SOC. JAPAN VOL. 24, NO. 1 0977) 23 

men ts was high. The movement of limbs of the animals in the chamber did not change at oxygen 

concentrations as low as 1-3 % saturation. No apparent death was confirmed for this species 

because a faint movement of limbs was observed even at near 0 % satuation level of oxygen. 

In the experiments on the respiration rate in relation to oxygen saturation, JAWED (1973) 

reported that mysids (Archa(!omysis grebnitzkii and Neomysis awatschensis) from the inter

tidal zone, where oxygen changes in the range of 16-34 %, died at about 13 % oxygen satura

tion, indicating less tolerance than H. anomala used here. 

Calanus pacificus and C. plumchrus (Figure 2d): Animals became .moribund at oxygen 

saturation levels less than 10 % and motionless at 0-0.5 % saturation. The death of animals 

could not be confirmed in these species due .to their neutral buoyancy. In Calanus firmar

chicus, a species allied to Calanus pacificus studied here, MARSHALL, NICHOLLS & ORR (1935) 

reported that the respiration rate was held at a constant level above approxima.tely 50 % 
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Fig. 3. Respiration-ambient oxy.gen concentration (% saturation) relation in subtropical zoo
plankton species. a. Undinula vulgaris and Euchaeta marina; b. Acartia tonsa; and c. 
Sagitta hispida. 

100 

oxygen saturation. In two series, C. plumchrus showed a high capacity to tolerate oxygen 

deficiency. Apparently, these animals were inactive when they were sampled and the 

respiration rate was quite low (0.4-0.5 µl 02/mg dry weight/h at 13°C) compared with those 

from other sea areas measured by the author (0.7-1.0 µl 02/mg dry weight/h, at 5-10°C, 

IKEDA, 1971 and 1974). This lower respiration rate might be related to the oxygen-deficient 

habitat of C. plumclzrus in the present sampling site (see Discussion). 

Sagitta elegans (Figure 2e): The oxygen consumption rate became close to zero at the 

0-4 % saturation. The animal was motionless in the chamber so that a check of lowering 

activity with decreasing oxygen saturation was difficult for this species. 

Undinula vulgaris and Euchaeta marina (Fig~re 3a): These species are typical offshore 

forms. The animals were heavier than sea water and were very active, swimming up and 

down in the chamber. Animals settled down on the bottom of chamber at 25-32 %, and 
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died in the range of oxygen concentration of 15-30 % saturation. These two copepods were 

more sensitive to low oxygen than Ca/anus mentioned above. 

Acartia tonsa (Figure 3b): Animals were suspended in the water by the continuous 

short hopping movement and their respiration rate decreased almost directly with the decrease 

in ambient oxygen concentration. In the comparison with U. vulgaris and E. marina, 

decrease in respiration with decreasing oxygen saturation was more gradual and oxygen 

saturation at which animals died was lower in A. tonsa (10-13 %) than in U. vulgaris and 

E. marina (15-30 %). 
Sagitta hispida (Figure 3c): This animal is smaller and a more active swimmer than 

S. elegans. Respiration-oxygen relationship of S. hispida was similar to that of S. elegans. 

Animals became motionless and settled down on the bottom of chamber at 1.2-2 % oxygen 

saturation. 

Discussion 

According to PROSSER (1961) there are two types m a respiration-oxygen relationship. 

In one type, animals regulate their respiration rates in a reduced oxygen environment down 

to some critical pressure (Pc) below which their respiration rates decline rapidly, i.e., they 

show a wide range of oxygen independence. In the other type, respiration decreases as the 

environmental oxygen decreases. Recently, MANGUM & WINKLE (1973) and WINKLE & 

MANGUM (1975) studied respiration rate-oxygen concentration ~elationships on 31 species of 

marine invertebrates and proposed some mathematical models to fit the relationship. 

All zooplankton species examined here generally fell between these two extreme types 

so that no sharp critical pressure (Pc) was observed. To compare the tolerance of animals 

to decreasing ambient oxygen saturation, two tolerance indices were selected. These were: 

(1) the o,xygen saturation at which the respiration rate decreased to 50 % ?f initial value at 

80-90 % oxygen saturation (P50), and (2) the oxygen saturation at which the animal died (Pa) 

(Table 2). It is seen in the Table 2 that the effect of oxygen saturation on the respiration 

of zooplankton is highly specific. There also appears relationships between the P5o and Pa 

and the habitat characteristics of animals .. Among the boreal zooplankton ·species tested, 

less active animals such as Sagitta elegans, ·Ca/anus plumchrus and Holmesiella. anomala 

were less sensitive to low oxygen than active ones such as Cyphocaris challengeri, Parathemisto 

pacifica and Euphausia pacifica. 1-IERLINVEAUX (1962) and .Hoos. (1970) reported that 

oxygen is deficient throughout most of the year in "the depth below 100 m in Saanich Inlet.. 

Therefore, specific differences in respiration-oxygen relationship of boreal species·. obtained 

here is suggestive of some connection with this oxygen-deficient layer in this area .. Hoos 

(1970) observed that Ca/anus plumchrus was abundant below 100 m, although. ·Euphausia 

Pacifica, Cyphocaris challengeri and Parathemisto pacifica were not. Among subtropical 

species, two oceanic anim<;1ls, Undinula vulgaris and Euchaeta marina, were highly intolerant to 

low oxygen saturation. Both species are typical epipelagic copepods in the Gulf Stream (OWRE 

& FOYO, 1967) so they never meet oxygen-deficient environments in their life cycles, differing 
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from Acartia tonsa and Sagitta hispida which inhabit neritic waters. TEAL & CAREY (1967) 

and CHILDRESS (1971) studied the respirtion of Euphausia mucronata and Gnathophausia 

ingens, and reported their extreme capacity to withdraw oxygen at low oxygen environments. 

Both species are inhabitants of the oxygen minimum layer (02; 2-3 % saturation). 

PROSSER (1961) stated that "relative independence of oxygen may be related to body 

size. In large animals without special respiratory organs or circulation, long diffusion distance 

may result in 02 dependence. . . . . . . . In some species with a circulation, the large individuals 

tend to have higher critical pressures". Euphausiids, am phi pods and mysids have a well

developed gill organ, in contrast to simple diffusion of oxygen through body surface in co

pepods and chaetognaths. In these studies, however, no distinct effect of body size on the 

respiration-oxygen relation of both animals with and without a gill organ was observed (cf. 

Table 2). 

TABLE 2. DRY DODY WEIGHT OF ANIMALS AND OXYGEN CONCENTRATION 

(% SATURATION) WHEN THE RESPIRATION RATE OF ANIMALS DE

CREASED TO 50 % OF THE INITIAL RATE (P~o), AND AT WHICH THE 

ANIMALS DIED (Pa). 

Zooplankton Body dry weight P~o 
,------r----. 

(mg/animal) Range Mean 

Boreal species: 
Euphausia pacifica 0.470-8.50 13-37 18 
Cyphocaris challengeri 5.59-7.33 17-19 17 
Parathemisto pacifica 0. 953-1. 85 10-30 17 
Holmesiella anomala 3. 32-11. 27 -13 <8 
Calanus pacificus 0.236-0.470 21-31 25 
Ca/anus plumchrus 0.975 6-12 9 
Sagitta elegans 0. 564-1. 59 5-17 10 

Subtropical species: 

Pa 

2-15 
5-7 
0-6 

0-9 
2 

0-4 

Undinula vulgaris 0. 192-0.240 31-43 35 16-30 
Euhaeta marina 0.258-0.340 30-40 33 15-23 
Acartia tonsa 0.0062-0.0070 13-50 36 10-13 
Sagitta hispida 0. 138-0.200 -29 <7 1-2 

In Figure 4 weight specific respiration at 80-90 % oxygen saturation was plotted against 

P 50 • Intraspecifically, animals which respire at a higher rate are more sensitive to low oxygen. 

This was well shown in A. tonsa and S. hispida. CHILDRESS (1971) reported similar results 

in C. ingens. BELMAN & CHILDRESS (1973) measured the respiration rate of free-sw.imming 

larvae of decapods at different temperatures in relation to decreasing oxygen and found that 

the respiration rate enhanced by the rise in temperature was more easily. affected by the 

low oxygen. It is well known that higher respiration rates resulting from increased activity 

Qf animals and increased temperature are more sensitive to environmental oxygen concentra

tion (PROSSER, 1961). Interspecifically, a valid specific difference in the relationship between 

respiration rate and ambient oxygen concentration was observed. Thus, animals with high 

respiration rates are not necessarily less tolerant to low oxygen. 
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In terms of the technical problem of measuring the normal respiration rate of zooplank

ton, present results suggest that the oxygen-depleted condition of the medium at the end of 

incubation of animals could cause underestimation. Especially, this is serious for animals 

which respire at a fast rate. In the present experiment the effect of oxygen concentration 

on the respiration rate was determined for a short period of time, so that the effect is 

possibly overestimated by comparison with the water bottle method in which the animals 

are incubated for longer periods and at lower density. For example, incubation periods and 

animal densities of A. tonsa and S. hispida used here were 5-20 times shorter and 40~5000 

0 Euphausia pacifica 

• Cyphocaris challengeri 8 Paralhemislo pacifica 

28
_0 • Holmesiella anomala 

• Calanus pacificus 

er 
:::> 
0 20.0 
I 
;::: 
I 
f.!) 

w 
3:: 
>-
25 15.0 

C1' 

E 
' cf' 
3.. w 
~ a: 10.0 

z 
0 

~ 
a: a: 
(fl 
w 
a: 

a Calanus plumchrus 

• Sagitta elegans 

• Undinula vulgaris 

• Euchaeta marina 

• Acartia ronsa 

• Sagitra hispida 

Fig. 4. Relationship between weight specific respiration rate and P~o in 
marine zooplankton (see text). 

times higher respectively compared with those in a comparable water bottle method which 

I have previously used (IKEDA, unpublished data). Therefore, the speed of oxygen decrease 

in the medium of animals is 200-10,000 times faster in the present method than in that 

of the water bottle method. Under the condition of gradual decrease in oxygen during 

long experimental periods, animals should be able to acclimate themselves to minimize the 

effect of decreasing oxygen concentration (BOSWORTH, O'BRIEN & AMBERSON, 1936). In 

the present experiment, measurement of the respiration rate at 90-100·% oxygen saturation 

was not possible. From the shape of the respiration:-oxygen curve (Figures 2 and 3), however> 
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it is supposed to be nearly the same with the rate at 80-90 % saturation in most species 

examined here. Assuming this, ·about 70-80 % oxygen saturation should be taken as a general 

limit above which the respiration rate is little affected by the ambient oxygen concentration 

except for zooplankters inhabiting extremely oxygen deficient environments, like C. plumchrus 

and H. anomala studied here. Formerly, IKEDA (1974) took 80 % saturation from the literature 

on marine animals other than zooplankton in his respiratory measurements on various zoo

plankton species. As exceptions to this general rule, the respiration rate was nearly depen

dent on the ambient oxygen concentration in A. tonsa and S. hispida when the animals were 

very active (cf. Figure 1). Ecplogically, an important point is whether the higher or lower 

respiration rates of animals observed during the course of laboratory maintenance is more 

representative of the natural environment. This problem has been discussed since the finding 

by MARSHALL, NICHOLLS & ORR (1935) on Calanus finmarchicus, but little evaluated so far 

(MARSHALL, 1973; IKEDA, 1974). Apart from planktonic animals, HOLETON (1974) observed 

the change in the respiration rate of Arctic fishes in relation to the period of laboratory 

maintenance after capture, and made this phenomenon a base to claim a well-established 

hypothesis of "cold adaptation" in polar fishes by former workers. 
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