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The polar marine environment is characterised by low stable temperatures with seasonal variations ranging 
from 23°C at lower latitudes to only ?0.2”C at high latitudes. The Arctic basin is dominated by multi-year 
ice. whereas the Antarctic is subject to large seasonal changes in the cover by annual sea ice. Primary 
production is intensely seasonal nearshore but probably less so in offshore waters where significant 
production is associated with the marginal ice zone. Oxygen consumption in polar zooplankton is low 
compared with temperate and tropical species. Annual growth rates are generally slow and, especially in 
herbivores, highly seasonal. It is likely that fast growth rates are possible for polar zooplankton in areas 
of high food availability such as ice-edge blooms. but these growth rates are not usually achieved in the 
more oligotrophic open-ocean areas. Lipid stores in polar herbivorous zooplankton are generally high, 
although some euphausiids and gelatinous zooplankton also rely on degrowth to provide energy over 
winter. Ice-edge blooms are of great importance to the polar marine food web although the quantitative 
significance of winter feeding under ice has yet to be resolved. Comparison of data on lipid storage 
and oxygen consumption for polar zooplankton indicates that there are large differences in the energy 
requirements of benthos and crustacean zooplankton. This is probably related to the high metabolic cost 
of staying in the water column. In contrast gelatinous zooplankton (salps, ctenophores. medusae and 
siphonophores) have a low energy throughput, related to a body composition which renders them essentially 
neutral in buoyancy and a slow but efficient means of locomotion. Under good feeding conditions many 
species can therefore grow and reproduce very rapidly. This emphasises the distinct energetic regime of 
gelatinous zooplankton, now known to be a group of major ecological importance in most waters of the 
world. 
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Introduction 
The cold waters of high latitudes have long inter- 
ested physiologists because they represent one 
extreme of the range of conditions to which mar- 
ine organisms have become adapted. Although it 
is natural from an anthropocentric viewpoint to 
assume that polar waters somehow represent a 
harsher environment than the apparently more 
equable waters of the tropics, this is not necess- 
arily the case (Clarke & Crame 1989). 

A large amount of physiological and bio- 
chemical work has been undertaken on polar 

, marine organisms and a complete review is 
beyond the scope of this paper. We have chosen 
instead to examine a number of related topics 
with the common theme of energy storage and 
utilisation. We shall contrast the Arctic and Ant- ’ 

arctic where appropriate, using examples from 
both hemispheres, and attempt to highlight out- 

* Keynote lecturc presented at the Pro Marc Symposium on 
Polar Marine Ecology, Trondheim, Norway. 12-16 May 1990. 

standing problems. First, however, it is necessary 
to outline the relevant features of high latitude 
marine environments and the organisms that live 
there. 

The polar marine environment 

Although the Arctic and the Antarctic marine 
systems are often treated together, they differ in 
many ways. Both are cold and covered by sea ice 
for much of the year, but they differ in extent, 
topography, oceanography and age. In both areas 
seawater temperatures are low and frequently 
reach - 1.9”C. Seasonal variations in temperature 
are also small, although the amplitude is greater 
towards lower latitudes and is always more sub- 
stantial in surface waters. A summer thermocline 
may develop but the generally stormy nature of 
these latitudes means that wind-induced mixing 
often extends to considerable depths. Some areas 
are both exceptionally cold and stable. At 
McMurdo Sound, Antarctica, the maximum 
annual temperature range is only kO.2”C either 
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side of -1.7"C (Littlepage 1965), making this one Polar zooplankton 
of the most thermal$ stable areas on earth. 

Both the Southern Ocean and the Arctic basin 
are subject to sea ice but the nature of this ice 
differs in the two areas. In the Southern Ocean 
the ice is almost exclusively annual sea ice (pack 
ice). A synthesis of data from satellite imagery 
for 1973-1976 revealed a maximum cover of about 
20 x lo6 km? in September and a minimum of 
about 3 x lo6 km2 in February, although there 
were considerable year to year variations (Zwally 
et al. 1983). The Arctic differs in that the bulk of 
the sea ice is multi-year ice and even at the sum- 
mer minimum 45% of the surface (roughly 
6.5 x lo6 km?) remains ice-covered. In winter this 
increases to about 12.5 x 10" km2 so the overall 
seasonality of the sea-ice cover is much less than 
in the Southern Ocean (Parkinson et al. 1987). 

In both hemispheres the high latitude oceans 
show an intense seasonality of primary produc- 
tion. This is particularly marked in nearshore 
waters where summer chlorophyll standing stocks 
can exceed 50 mg/m3. although maxima of about 
20mg/m3 are more typical (Clarke et al. 1988; 
Holm-Hansen et al. 1989). The situation in the 
open ocean is more complex. Oceanic water 
blooms rarely reach the concentrations found 
closer inshore, and the distribution of phyto- 
plankton biomass is patchy. In the Southern 
Ocean, open water blooms only occasionally dev- 
elop to levels where nutrients are depleted, and 

' peak standing crops of 1-4mg/m3 are typical. 
The reasons for this are not fully understood, 
although the lack of water column stability 
because of the stormy conditions is generally 
accepted as the most likely explanation (Priddle 
et al. 1986). The role of grazing (both by macro- 
zooplankton and microbial consumers) in limiting 
phytoplankton standing crop is still highly con- 
tentious (Smetacek et al. 1990). 

Much higher standing crops, although still 
, below those found in nearshore waters, are found 

associated with sea ice. However two aspects of 
sea-ice associated primary production are of 
importance to polar zooplankton. The first is the 
bloom associated with the water column stability 
induced by the receding ice front (Sullivan et al. 
1988), the second is the possible role of under-ice 
grazing in supplying energy to zooplankton during 
the winter. The quantitative importance of this to 
adult zooplankton is still unclear but the sig- 
nificance to larval stages may be great (Daly & 
Macaulay 1988; Marschall 1988; Ross et al. 1988). 

Organisms living in the sea vary in size from 
viruses to whales, a scaling range of more than 
nine orders of magnitude. For the purposes of 
this review. however, we will limit ourselves to 
the conventional macroplankton (invertebrate 
zooplankton greater than 1 mm in size). Although 
many taxa have been investigated by physiologists 
over the years, most work has concentrated on 
crustaceans. particularly copepods and euphau- 
siids. We will therefore concentrate our discussion 
on these groups, touching on other organisms 
where relevant. Through the examination of data 
on growth rate, oxygen consumption, and energy 
storage, we attempt to distinguish the effects of 
temperature from those of seasonality, and we 
will conclude by contrasting the physiological 
ecology of zooplankton and benthos in an attempt 
to set these results in a (somewhat speculative) 
framework. 

Oxygen consumption 
Measuring the oxygen consumption of zooplank- 
ton presents a number of technical difficulties that 
are not always easy to overcome. These centre 
on the need to confine within a small space an 
organism adapted to an essentially limitless three- 
dimensional environment. The major problems 
are controlling for handling stress and locomotor 
activity, but a variety of other influences render 
oxygen consumption one of the most difficult 
physiological variables to measure in a meaningful 
way (see discussion in Childress 1977). 

It is usual for marine physiologists to separate 
the costs of locomotor activity (active metab- 
olism) from those of maintenance (basal, resting 
or standard metabolism). Routine metabolism 
(the oxygen consumption of an organism at an 
activity level representative of normal existence) 
falls somewhere between these two extremes. 
Routine metabolism for a benthic invertebrate or 
demersal fish thus includes the costs of foraging, 
searching for mates, vigilance and so on. For a 
pelagic organism which must expend energy to 
remain in the water column, these distinctions are 
less helpful. It could be argued, for example, that 
some fractions of the costs of locomotor activity 
should be included in basal metabolism, for with- 
out  this activity the organisms would drop out of 
the water column and die. 



In polar species these difficulties of definition 
may be compounded by an overall low rate of 
oxygen utilisation. In practical terms all these 
various difficulties together mean that different 
measurements on the same animal can give some- 
what different results. Clearly, even when the 
influence of the experimenter has been minimised 
there is no such thing as a definitive respiration 
rate for any marine invertebrate. 

Nevertheless there is a need for some form of 
representative value to use in energetic calcu- 
lations, or for comparison with other species. The 
major problem here is the influence of locomotor 
activity on oxygen consumption, for direct 
measurements of activity costs in large crus- 
taceans have suggested that these costs are sub- 
stantial (Torres et al. 1982; Torres & Childress 
1983). Since few reports of the oxygen con- 
sumption of marine zooplankton give any infor- 
mation on activity, the only practical approach 
with presently available studies is simply to accept 
the data we have and look for broad trends. 
One of the comparative aspects of respiratory 
physiology that has attracted much attention has 
been the relationship between respiration rate 
and temperature. 

There are two important aspects to this 
relationship. The first is the effect of acute tem- 
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perature change on metabolic rate, the second is 
the nature and extent of evolutionary adaptation 
to temperature. In general, following an acute 
rise in temperature, metabolic rate increases 
essentially in respone to thermodynamic con- 
straints. This acute effect may be modulated by 
periods of acclimation prior to making any 
measurement. Although there have been a few 
indications of unusually high temperature sen- 
sitivity in polar marine zooplankton (that is, high 
Q l o  values), these have generally not been sub- 
stantiated when studies are confined within a 
reasonable temperature span, when Q l o  values 
are usually within the normal biological range of 
1 to 4. 

Of wider interest is the rate of oxygen con- 
sumption of polar zooplankton in relation to 
species from lower latitudes. This topic has been 
reviewed recently (Clarke 1991) and so will only 
be outlined here. Several authors have pooled 
data from many studies and looked for tem- 
perature (and hence latitudinal) trends. The 
results are summarised in Fig. 1. Although the 
individual relationships differ in temperature sen- 
sitivity (Table l), the overall pattern is clear: 
polar marine invertebrates have a lower oxygen 
consumption than species from warmer waters. 
There is no evidence that the costs of growth or 

I I I I 1 
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Fig. 1. The relationship between respiration rate and tcmperature in different groups of marine organisms. 1 = zooplankton (Ikeda 
1974). 2 = zooplankton (Ikeda 1985). 3 = crustaceans (Ivleva 1980). 4 = non-idothcid isopods (Luxmoore 1984). From Clarke 
(1991). 



358 A. Clarke & L .  S .  Peck 

Table I .  Temperature and respiration in marine invertebrates (from Clarke 1991) .  

Range ("C) over 
Group Q,,i which Q,,, calculated Rcferencc 

Zooplankton I .76 1 .5  to 28.5 Ikeda 1970 
Zooplankton I 63 - I .1 to 30 lkeda 1985 
Crustaceans 2.27 0 to 30 lvleva 1980 
Isopods 2.98 - 1.5 to 25 Luxmoore 1984 
Gastropods 2.13 - 1  7 to 30 Houlihan & Allan 19x2 

locomotor activity vary with temperature 
(although the effect of viscosity, which itself varies 
with temperature, on the cost of locomotion 
should not be ignored). The most likely expla- 
nation of the shape of these curves is thus a 
variation in the cost of basal (maintenance) 
metabolism with temperature (Clarke 1983. 
1987a, 1991). Precisely what physiological pro- 
cesses constitute basal metabolism is not clear, 
but current data suggest that major components 
are protein turnover, cardiovascular, and osmotic 
work. It would clearly be of value to  see how the 
rate of these processes varies with latitude. 

Possible correlates of these reduced metabolic 
costs at low temperature include a reduced annual 
energy requirement, an increased ecological 
growth efficiency (Clarke 1987b), and a reduced 
requirement for an overwintering energy store. 

Growth rate 
I t  has been known from the earliest studies of 
polar organisms that high latitude marine invert- 
ebrates tend to grow slowly compared with those 
from lower, warmer water latitudes (Clarke 1983, 
1988; Siege1 1987). A corollary of these slow 
overall growth rates is that lifetimes are often 
long and reproductive maturity is often delayed. 

Why d o  polar marine invertebrates grow 
slowly? The initial. intuitively appealing expla- 
nation was that the processes of growth were 
simply slowed by the low temperatures. This 
hypothesis was later superseded by a more com- 
plex explanation involving a relatively high basal 
metabolism at low temperatures resulting in pro- 
portionately less energy being available for 
growth (so-called metabolic cold adaptation). 
Neither of these explanations now appears to be 
correct. There is an enormous volume of litera- 
ture showing clearly how within a given species 

of fish or aquatic invertebrate growth can be 
reduced by lowering the temperature and 
increased by increasing the ration levels (see 
Cushing 1975 for a series of examples for fish). 
These results are often mistakenly extrapolated 
to  the polar environment and used to  explain the 
slow growth of polar marine organisms simply on 
the grounds that the water is cold. This however 
seems unlikely given the extensive (though not 
always perfect) compensation for temperature 
which has been achieved in many physiological 
processes (see Clarke 1991 for a review). Meta- 
bolic cold adaptation is also unlikely to  provide 
an explanation for slow growth since the low 
resting oxygen consumption of polar marine 
invertebrates (Fig. 1) would rather suggest that 
more, not less, energy is available for growth. 

One of us recently proposed that slow growth is 
caused principally by seasonal resource limitation 
(Clarke 1988). This hypothesis is difficult to test, 
for if an animal is shown to be growing slowly it 
is often impossible to  tell whether growth is being 
limited by temperature or food (for a more 
detailed explanation of this point see Clarke 1991; 
Clarke & North 1991). The difficulty here is to  
decide whether polar marine organisms have been 
able to  evolve compensation for temperature in 
the growth process; in other words, how fast can 
they grow when food is available? Fortunately the 
seasonal nature of the polar marine enviroment 
allows us to examine this point. If growth in polar 
species is limited by food rather than temperature, 
we can make the following two predictions: 

1. Growth will be seasonal in herbivores, and less 
seasonal in carnivores (reflecting the differing 
patterns of seasonal abundance in their food). 

2 .  Growth rates of polar species in the presence 
of excess food will be comparable with those 
of related temperate or tropical species under 
similar conditions. 

The second prediction is difficult to  test, for non- 
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with obligate herbivores having growth (and in 
many cases reproduction) tightly coupled to the 
summer phytoplankton bloom, and carnivores 
often (but not always) decoupled. 

limiting food is a most unusual ecological situation 
in the sea, and many other constraints or con- 
founding factors may intervene. It may be poss- 
ible to test this prediction experimentally with 
larval or juvenile stages fed ad lib. in the labora- 
tory (Clarke & North 1991). A more practical 
approach however would be to test a third pre- 
diction: 

3. Maximum growth rates will be comparable 
with those of similar or related species from 
warmer waters. 

Seasonal growth 

Strongly seasonal growth is shown by many 
species of polar euphausiid including Meganycti- 
phanes noroegica (BBmstedt 1976; Falk-Petersen 
1981), Thysanoessa inermis, T.  raschii (Falk-Pet- 
ersen 1981), Euphausia superba and to a lesser 
extent E.  triacantha (Baker 1959; Siegel 1987). 
More rapid growth in summer has also been 
reported in the mysid Antarctomysis maxima 
(Ward 1984), the salp Salpa thompsoni (Foxton 
1966) and the amphipod Themisto gaudichaudii 
(Kane 1966). 

Many polar copepods overwinter as late cope- 
podite stages (frequently CIV or CV), with matu- 
ration, egg production, and the early copepodite 
stages being confined to summer. Representative 
examples are Calanus glacialis from the Arctic 
(Tande et al. 1985) and Calonoides acutus from 
the Antarctic (Andrews 1966). Voronina et al. 
(1980a) have modelled the seasonal pattern of 
growth in Calanoides acutus, showing how pro- 
duction is limited essentially to just five months 
of the year. Although the life cycle model on 
which this analysis was based is somewhat sim- 
plified, the results demonstrate very clearly the 
intensely seasonal production typical of high lati- 
tude herbivorous zooplankton. Some carnivorous 
species (for example Euchaeta spp.) produce eggs 
during winter, but this is at the expense of pre- 
viously stored lipid reserves (Clarke 1983). 

Species without strongly seasonal growth tend 
to be carnivorous; a good example is the chae- 
tognath Sagitta gazellae (David 1955). Chae- 
tognaths follow the seasonal migration of their 
copepod prey and their impact on the over- 

- wintering copepod population can be substantial 
(0resland 1990). 

Overall these observations are precisely what 
would be expected from a food-limited system, 

Maximal growth rate 

The seasonal growth of many species suggests 
that at the height of the production season instan- 
aneous growth rates may be quite high. Unfor- 
tunately the nature of much biological 
oceanographic research makes this difficult to 
test. Samples are usually taken only over a short 
time period in any one body of water and so a 
more general picture over a longer time span can 
be obtained only by combining many data sets. 
As a result, spatial and temporal detail is blurred 
by sampling error, geographical variation, and 
year to year differences. 

This point is neither new nor original, but it is 
germane to an understanding of data on zooplank- 
ton growth rates. It emphasises that the only 
way to obtain unequivocal growth rate data for a 
population is to obtain frequently spaced sequen- 
tial samples from a single population. This is not 
a simple task in the open ocean, and so it is not 
surprising that one of the best examples comes 
from the study of the major zooplankton in 
Balsfjorden, northern Norway. Samples were 
taken monthly and the growth and biochemical 
composition of three euphausiids and two cope- 
pod species were followed throughout their life- 
cycles (Falk-Petersen 1981; Hopkins et al. 1984). 

In 0-group T,hysanoessa inermis there was no 
growth over winter but growth was extremely 
rapid once the phytoplankton bloom got under- 
way. Dry mass peaked in September and then 
declined significantly (degrowth) over winter, fol- 
lowed by further growth in the subsequent 
summer. A similar picture was found for the 
sympatric T. raschii (Fig. 2 ) .  The herbivorous 
copepod Calanus finmarchicus reached asymp- 
totic wet mass within two months of spawning, 
and the carnivorous Metridia longa within three 
months (Hopkins et al. 1984). 

These results indicate that instantaneous 
growth rates of polar zooplankton can be quite 
high. Most data from oceanic populations, 
however, suggest slower growth rates. Antarctic 
euphausiids and mysids frequently show slow 
growth overall, and the fastest summer rates are 
not as rapid as those reported from Balsfjorden 
(Ward 1984; Siegel 1987). 
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Fig. 2. Growth (dry mass. mg) in two euphausiids from Balsfjorden. northcrn Norway. A .  Thysunoessu inermis. B. Thysmioessn 
raschii. Redrawn from Falk-Petersen (1981). The two symbols indicate differcnt year-classes sampled at the same time: the graphs 
thus do not represent continuous growth by a single cohort. The vertical scale means that winter degrowth is not clearly visible. 

A more varied picture is presented by studies 
of oceanic copepods. For example in Calanoides 
acutus from the southern Drake Passage the rate 
of development for early copepodite stages is 
about one month per stage (Huntley & Escritor 
1991). A similar growth rate has been reported 
from Ezcurra Inlet, King George Island 
(Chojnacki & Weglenska 1984). Other recent 
studies from slightly warmer waters further north 
have indicated, however. that faster rates are 
quite possible. Data for Calanoides acutus 
obtained by Andrews (1966) during the Discovery 
Investigations indicate that passage through the 
early copepodite stages (CI to CHI) may take 
place within a single month (Atkinson 1989). This 
is supported by samples taken by RRS William 
Scoresby and RRS Discovery I1 in 1928-1951 
from the Southern Ocean, and also the population 

structure proposed by Voronina et al. (1978), 
which indicates that passage through the early 
copepodite stages of Calanoides acutus and Cal- 
anus simillimus may be achieved within only four 
to six weeks (Atkinson 1991). Growth rates of 
several copepod species around South Georgia 
also appear to be high, although the data here is 
not conclusive (Atkinson 1989). 

We cannot conclude from these analyses that 
all polar zooplankton are capable of rapid growth 
under the right circumstances, but the evidence 
is suggestive. Two points are worth making in this 
context. The first is that the ability to grow fast 
in polar waters would indicate a substantial (but 
not necessarily perfect) degree of temperature 
compensation in growth rate. This has been sug- 
gested for Calanus finmarchicus (Matthews 1968) 
and also in populations of estuarine harpacticoid 
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further review will not be attemped here. Fol- 
lowing are the major points that have emerged 
over the past 15-20 years: 

copepods along a latitudinal cline alone the east- 
ern seaboard of the United States (Lonsdale & 
Levinton 1986). 

The second point is that growth rate would be 
expected to vary from place to place, and from 
year to year, because of differences in food avail- 
ability. Copepod egg production has long been 
known to respond to food level both in the field 
(Gatten et al. 1980) and in the laboratory (Hirche 
1989, 1990). Demonstrating a response in growth 
rate is more difficult, but this has recently been 
shown clearly for seven species of cladoceran by 
Gliwicz (1990), and has long been known for 
fish (see Cushing 1975 for an excellent series of 
examples). 

Overall we must conclude that although there 
is some evidence that polar zooplankton can 
achieve fast growth rates in some areas, we cannot 
confirm that these rates are fully comparable with 
those in species from warmer waters. If food 
availability is the primary driving force in deter- 
mining field growth rates in polar zooplankton, 
this would explain why open-ocean growth rates 
are generally slower than those in animals associ- 
ated with ice-edge blooms, and why production 
cycles tend to track the retreat of the ice edge 
(Vorinina et al. 1980). In the more oligotrophic 
open-ocean areas it is probable that the potential 
for fast growth present in polar marine zooplank- 
ton is simply not realised. Similar considerations 
apply to carnivorous species such as pteropods, 
chaetognaths, amphipods, and gelatinous species 
which prey on the herbivores feeding on the ice- 
edge bloom. We urgently need of more physio- 
logical measurements from zooplankton sampled 
during the production season at the ice-edge. 

Energetics during winter 
The intense seasonality of primary production in 
the polar oceans means that food for herbivorous 
zooplankton is severely limited in winter. Many 
species thus enter a non-feeding mode and over- 
winter at depth, utilising lipid reserves synthesised 
the previous summer. These reserves may be used 
to fuel both maintenance metabolism and the 
production of eggs to be spawned at the beginning 
of the next bloom. 

The lipid reserves of polar zooplankton have 
been reviewed on several occasions (Clarke 1983, 
1984a; Bimstedt 1986; Hagen 1988), and so a 

1. Polar copepods (summarised by Bimstedt 
1986) and euphausiids (Falk-Petersen 1981) 
tend to synthesise larger lipid stores than 
species from warmer waters at lower latitudes 
(Fig. 3). This is because the effect of the 
increased seasonality of food availability for 
herbivores at high latitudes outweighs the ben- 
efits to be gained from a reduced maintenance 
metabolism (Fig. 1) and hence necessitates a 
greater overwintering energy reserve. 

2. Lipid stores tend to be wax ester (WE), 
especially in copepods, although triacylglycerol 
(TAG) is frequent and alkyldiacylglycerol also 
found in some species (Clarke, 1984a; Hagen 
1988). It is noteworthy that the polar fresh- 
water copepod Pseudoboekella poppei stores 
TAG rather than WE (Clarke et al. 1989), and 
this may be general for freshwater zooplankton 
(Morris 1983, 1984). 

3. Carnivorous zooplankton tend to synthesise 
smaller lipid reserves than herbivorous species, 
though exceptions do occur (for example car- 
nivorous copkpods and amphipods can both be 
rich in lipids). The function of the lipid stores 
in chaetognaths and some gelatinous zooplank- 
ton is unknown. They may serve as energy 
reserves, an aid to buoyancy, or may represent 
a way of sequestering excess lipid from the 
diet (Clarke 1984a; Hagen 1988; Larson & 
Harbison 1989). 

4. Benthic species tend to have low lipid contents. 
Although in many species maturation of the 
ovary increases the lipid content, the latter 
never reaches the levels found in zooplankton 
(Clarke 1983, 1984b). 

Most measurements of zooplankton lipid 
reserves have been spot measurements. There 
have been few seasonal studies although these are 
necessary for elucidating the role of lipid reserves. 
Important studies are those of Littlepage (1964) 
on Euphausia crystallorophias and Euchaeta ant- 
arctica at McMurdo, and Falk-Petersen (1981) on 
euphausiids in Balsfjorden, northern Norway. 

Although utilisation of lipid reserves is the most 
obvious mechanism used to supply energy over 
winter in polar zooplankton, some euphausiids 
appear to utilise body protein. This results in a 
loss of mass (degrowth) during winter. Degrowth 
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Fig. 3. The lipid content (% dry mass) of copepods from high (polar). intermediate and low latitudes. Species have also been 
subdivided into shallow (0) and deep (0) water forms. Redrawn from Birnstedt (1986). itself based on Clarke (1983) and the 
initial diagram of Lee & Hirota (1973). 

has been clearly demonstrated in several Arctic 
species (Falk-Petersen 1981; BBmstedt 1976) and 
in the laboratory for Euphausia superba (Ikeda 
& Dixon 1982). Whether degrowth occurs in the 
wild in the latter species is unclear, although 
Ettershank's analysis (1983) of samples taken in 
winter by Stepnik at Arctowski station, King 
George Island, strongly suggests that it does. 

The role of sea ice 
The potential importance of sea ice to the ecology 
of polar zooplankton has long been recognised. 
However it is only in the last ten years that the 
complexity of this interaction has been realised 
(Carey 1985). It is not within the remit of this 
paper to review the interaction of zooplankton 
and sea ice. but several points are germane to 
polar zooplankton physiology: 

1. It is likely that ice-associated blooms represent 
the best feeding conditions encountered by 
open-ocean (as distinct from nearshore) polar 

2 .  

zooplankton. The fastest growth rates and/or 
largest reproductive output will therefore be 
found in these areas. This will apply alike to 
herbivorous species and the predators (both 
invertebrate and fish) that consume them. The 
precise quantitative importance of ice-associ- 
ated biological activity in the overall pattern of 
carbon and energy flow in polar oceans has yet 
to be established, but current evidence suggests 
i t  is substantial. 
Sea ice may contain a significant biomass of 
microbial organisms at, or close to, its lower 
(sea water) interface. This is used as a source 
of food by a range of zooplankton including 
copepods, arnphipods, and euphausiids; pred- 
atory organisms such as ctenophores have been 
noted feeding on these herbivores. Again the 
precise quantitative importance of this system 
is unknown, although i t  has been proposed that 
ice algae may be of vital significance to the 
over winter survival of larval and immature 
Euphausia superba (Daly & Macaulay 1988; 
Marschall 1988; Ross et al. 1988). 
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A comparison of the energetics of 
plankton and benthos 
In this final section we will attempt a broad-brush 
picture of the energetic differences between living 
in the water column and living on the sea bed. 
This will inevitably be somewhat speculative, but 
we believe that the intense seasonality at high 
latitudes accentuates this contrast, highlighting 
patterns which although present at lower latitudes 
may not be so clear there. We shall examine in 
turn lipid storage, oxygen consumption, and total 
energy flux. 

Lipid storage 

We have already highlighted the tendency for 
polar zooplankton to have larger lipid reserves 
than related species from lower latitudes (Fig. 3). 
In Fig. 4 we have plotted all the lipid data for 
polar marine invertebrates known to us, with data 
for plankton and benthos grouped separately. 
Because of possible differences in the pattern of 
food availability, we have also separated each 
category into herbivores and omnivores/ 

8o r 

8 

carnivores, making a total of four basic 
categories. 

In general those polar benthic herbivores that 
have so far been examined have low lipid 
contents. The lipid contents of benthic carnivores 
are somewhat higher, but still lower, than plank- 
tonic herbivores. Pelagic invertebrates show a 
range of lipid contents and composition. These 
vary from the low amounts of lipid dominated by 
triacylglycerol in gelatinous species, chaeto- 
gnaths, and the predatory annelid Vanadis ant- 
arctica, through intermediate levels (amphipods) 
to the very high lipid contents dominated by wax 
ester typical of calanoid and euchaetid copepods. 
Part of this variability is undoubtedly associated 
with size and developmental stage. Smaller 
species tend to have higher percentage lipid con- 
tents and this may be due in part to mass-specific 
metabolism being higher in smaller organisms. 

A similar difference in tissue energy con- 
centration between benthos and plankton in Kos- 
terfjord, Sweden, was demonstrated by Norrbin 
& BAmstedt (1984). They found that when 
organisms were classified according to tissue 
energy content (expressed as cal/mg AFDM), 
there was almost complete separation of benthic 

0 

0. 
0. 
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Benthos Plankton 

Fig. 4. Lipid contents (% dry mass) for high latitude benthic and pclagic marine organisms. Open symbols denote herbivores and 
closed symbols carnivores/omnivores. The data for gelatinous zooplankton are shown as squares. The data arc from lkeda (1972). 
Lee (1974. 1975). Clarke (1977, 1984a. b). Percy (1979). BBmstedt (1980. 1986). Pcrcy & Fife (1981). Sargcnt & Falk-Petersen 
(1981). Lawrence & Guille (1982). Falk-Petcrscn ct al. (1982). and Larson & Harbison (1989). Note that many data points overlap, 
Modified from an unpublished manuscript by Peck & Clarke. 
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and planktonic species. The planktonic species 
had the more energy-rich tissue, and Norrbin & 
Bgmstedt suggested this was due to the high lipid 
contents of many planktonic marine organisms. 
Low energy contents were also found in 121 
species of Arctic benthic invertebrate by Wacasey 
& Atkinson (1987). These suggestions are con- 
firmed by the data summarised in Fig. 4. 

Oxygen consumption 

In Fig. 5 we have undertaken a similar analysis 
on all the measurements of the oxygen con- 
sumption of polar marine invertebrates known to 
us. A major difficulty with this type of com- 
parative study is allowing for the (sometimes very 
large) differences in size of the various organisms. 
For each species an absolute oxygen consumption 
was calculated from published data, for the 
middle of the size range over which measurements 
were made. Where the original data were pre- 
sented in volume terms, these were converted to 
molar units assuming STP. The absolute rate was 
then divided by the dry mass of the animal to 

loor 

produce a representative mass-specific rate of 
oxygen consumption. This does not remove the 
effects of size, for in most organisms mass-specific 
metabolic rate itself varies with size. However, 
the effect is relatively small. 

A comparison of the metabolic rates of the four 
species groups in Fig. 5 indicates that a clear 
distinction can be drawn between benthic and 
planktonic species. On average, the metabolic 
rate of a typical planktonic species exceeds that 
of a typical benthic species by a factor of about 
x 6. Since polar metabolic rates in general are low 
(Fig. 1). this emphasises that the metabolic rates 
of many polar benthic species are generally very 
low indeed (see, for example. Peck et al. 1986). 
This factor is, of course, an average value; it is 
clear from Fig. 5 that comparative studies of 
selected benthic and planktonic forms might 
reveal factors either much larger or smaller than 
x6. 

Some of the variation in Fig. 5 will be related 
to differences in size. However the allometric 
exponent for mass-specific metabolic rate (gen- 
erally of the order of 0.2-0.3) is too small to 

apco(> 100) 

H OIC H o/c 
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Fig. 5. Respiration ratcs of high latitudc benthic and pelagic marinc organisms. Oxygen consumption data arc prcscntcd as 
umo1.g- "h- '  on a dry wcight basis and havc bcen rccalculatcd from original data whcrc ncccssary. using mcasurcd values for % 
dry mass. Results for benthic spccics arc from Whitc (1975). Ralph & Maxwcll (1Y77a. b).  Houlihan & Allan (1982). Luxmoorc 
(1984). and Peck ct al. (19R6). and for pelagic organisms from lkcda (1970). lkcda & Hing Fay (1981). lkcda & Mitchcll (1982). 
Hirchc (1983. 1Y84). and Rcinkc (1987). Opcn symbols dcnotc hcrbivorcs and closcd symbols carnivorcs/omnivorcs. The data 
for gclatinous zooplankton arc shown as squarcs. All data was obtaincd hctwccn - I .S"C and + 1.5"C. Moditicd from an unpublished 
manuscript hv Pcck & Clarkc 
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in the energy requirements of benthic and plank- 
tonic existence? Since most measurements of oxy- 
gen consumption and total energy flux have been 
made during summer, the difference may reflect 
in part a greater rate of tissue synthesis in plank- 
ton compared with benthos (and the fast growth 
rates reported for some planktonic forms do not 
appear to be matched anywhere in the benthos). 
A more general explanation, in our view, is simply 
the cost of a planktonic existence. Although some 
indirect arguments have indicated a low cost to 
swimming activity in plankton (or strictly, a low 
incremental cost to vertical migration over the 
cost of staying at the same level in the water 
column) recent direct measures (Torres et al. 
1982; Torres & Childress 1983; Torres 1984) and 
theoretical analyses (Morris et al. 1983) have 
indicated that the energetic cost of swimming in 
planktonic crustaceans is high, especially at low 
speeds (Cowles et al. 1986). 

This preliminary analysis would thus suggest 
that there are two basic ways of making a living 
in the sea. One is to live on the seabed where 
costs are low but food can be sought essentially 
in only two dimensions. The other is to move 
into the water column where energetic costs are 
higher, but so are the rewards since food can be 
sought in three dimensions. Few, if any, polar 
benthic species appear to grow fast. If the high 
summer growth rates of some zooplankton during 
the bloom are found to be a widespread phenom- 
enon, this would emphasise further the dif- 
ferences in both the costs of and the benefits from 
a planktonic existence. However a more detailed 
examination of the data suggests an important 
third category, namely gelatinous zooplankton. 

account for differences of the order of that found 
here between plankton and benthos ( ~ 6 ) .  There 
is also the difficulty that the basis of the tissue 
mass calculation differs between groups. In par- 
ticular, values quoted for benthic herbivores 
(mainly molluscs) are in terms of dry flesh mass 
excluding shell, whereas those- for other groups 
(especially pelagic species) are on the basis of 
total dry mass. Since any error included by ignor- 
ing skeletal material in some benthos will have 
reduced the observed difference between benthic 
and pelagic species, these variations in math- 
ematical treatment will not have affected the over- 
all conclusion. 

Overall energy flux 
The data in Figs. 4 and 5 indicate that the meta- 
bolic rates of planktonic species are significantly 
greater than those of benthic species (sometimes 
substantially so). Since food for both groups of 
organism is presumably reduced to much the same 
extent in winter, it is not surprising that pelagic 
species should require a greater overwintering 
reserve. The ability of planktonic carnivores to 
continue energy intake over winter explains the 
slightly smaller size of their lipid reserves (as 
discussed above). However, it is interesting that 
the reverse pattern appears to be found in benthic 
species (although the overall size of lipid stores 
in benthos are smaller than in plankton). The 
reason for this is unknown, but the explanation 
may be associated with locomotor activity; most 
benthic herbivores analysed so far have been sess- 
ile filter feeders whereas most carnivores/ 
omnivores were errant species. 

It is notoriously difficult to estimate the total 
energy flux through a free-living marine organism. 
Most estimates for planktonic species are high, 
and for copepods in the production season some 
estimates have exceeded 100% body mass/day 
(see discussion in Cushing 1975). Euphausiids 
appear to consume about 20% body mass/day 
(Ross 1982; Stuart 1986; Clarke et al. 1988) and 
chaetognaths about 5-11% (0resland 1990). In 
contrast benthic invertebrate energy intake is usu- 
ally of the order 1-5% (Clarke 1990). These data 
are sparse and have been obtained with a variety 
of techniques and approaches. Generally, how- 
ever, they match the data for oxygen consumption 
in indicating a greater energy requirement for 
plankton than benthos. 

What might explain this substantial difference 

The specialised energetic niche of 
gelatinous zooplankton 
In Figs. 4 and 5 data for gelatinous zooplankton 
have been plotted separately from non-gelatinous 
species. There are peculiar difficulties in dealing 
with data for gelatinous species, particularly in 
that precise measures of either dry mass or organic 
content are technically difficult. These difficulties 
may mean that expression of oxygen consumption 
data on a dry mass basis (as here) may not be 
entirely valid because of the high level of mineral 
ash and the possible inclusion of some residual 
water in the dry mass value. 
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Nevertheless, the data we do have for polar 
gelatinous species, including both herbivores 
(salps) and carnivores (ctenophores, medusae, 
siphonophores) suggest that these groups have 
a quite distinct energetic strategy. They have a 
relatively low oxygen consumption, which is pre- 
sumably because the achievement of near neutral 
buoyancy has reduced the metabolic costs of a 
pelagic existence. Direct measures of the cost 
of locomotion in gelatinous zooplankton have 
generally been low (Trueman et al. 1984; Larson 
1987), although Daniel (1985) reported a high 
cost in small hydromedusae. Clearly, however. 
the costs of locomotion in gelatinous zooplankton 
cannot be high when oxygen uptake is low. Gel- 
atinous zooplankton also show no marked tend- 
ency to store large amounts of lipid, and 
laboratory experiments have indicated a well- 
developed ability to degrow during periods of 
food shortage (see for example. Morris et al. 
1983). 

Many gelatinous zooplankton can grow and 
reproduce very fast when feeding conditions are 
suitable: salps. ctenophores. and medusae can 
all produce substantial populations rapidly. This 
indicates that peak energy throughput may be 
quite high. Although this would be reflected in 
an increased respiration rate, the low locomotor 
costs of gelatinous species mean that total res- 
piratory costs would still be relatively low in 
comparison with, for example, crustacean zoo- 
plankton. Direct measures are badly needed. 

Although, as we have emphasised. the data can 
only admit of a somewhat speculative inter- 
pretation we would propose that marine invert- 
ebrates can be classified broadly into three 
categories on energetic terms: 

Benthic - Low locomotor costs, with small lipid 

Non-gelatinous pelagic - High locomotor costs, 

Gelatinous pelagic - Low locomotor costs, with 

stores; generally low energy throughput. 

with large lipid stores; high energy throughput. 

small lipid stores; variable energy throughput. 

The inclusion of nektonic species such as squid 
and fish. many of which have achieved near neu- 
tral buoyancy through lipid stores or swimblad- 
ders, would have introduced a fourth category 
into this classification. I t  may be that gelatinous 
zooplankton have been able to combine the 
advantage of a lower oxygen consumption with 
at least some of the locomotory and dispersal 

mechanisms available to pelagic species. Their 
feeding strategies do not require significant burst 
activity and although they are fed upon by a 
variety of predators they have not developed 
energy-intensive modes of escape. They are 
nevertheless widespread in all seas of the world, 
and of enormous ecological importance (see, for 
example, Harbison et al. 1978). These striking 
differences between the energetics of gelatinous 
and non-gelatinous species clearly need further 
investigation. 
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