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rich. Whether variability in food resources differs
quantitatively on continents and in the oceans is not
clear.

Fifth, could the apparent differences between ocea­
nic and continental food webs be artifactual? Attack­
ing the data of Briand & Cohen (1987), Moore et al.
(1989b, p. 238) argued that 'most of the difference in
chain length between habitats of different dimensions
appears to be an artifact of the completeness of the
web descriptions'. Compared with the three-dimen­
sional webs (many of them marine), they argued, the
two-dimensional webs (many of them terrestrial)
selectively omit top predators as well as the trophic
link from phytoplankton to zooplankton. Briand &
Cohen (1989, p. 239) confirmed that 'intertidal
ecologists generally do not report the phytoplankton­
zooplankton linkage' whereas oceanic ecologists rarely
lump phytoplankton and their zooplankton grazers.
However, Briand & Cohen (1989) argued that not all
the difference between two- and three-dimensional
webs is an artifact of incomplete description, and that
it is not generally justified to 'complete' reported two­
dimensional webs by adding a phytoplankton-zoo­
plankton link and top predators. Only the collection
of better data in the future can exclude artifactual
differences (Cohen et al. 1993a).

Sixth, the greater chain length of oceanic webs is
consistent with Schoener's (1989) productive-space
hypothesis. This hypothesis states that food-chain
lengths are limited by the area or volume of a habitat
times its NPP. 'More precise testing will necessitate
the difficult task of measuring areas or volumes
that particular food webs occupy' (Schoener 1989,
p. 1571).

In summary, the greater average and greater
maximal chain length of oceanic webs may be partly,
but not entirely, explained by each of the six explana­
tions above except the third. The first and fifth
probably do not account for the quantitative difference
observed; it remains to be determined whether the
others might.

(c) Animal body sizes

If oceanic organisms have much shorter average
generation times and much smaller body sizes than
continental organisms, one might expect animal body
sizes to be smaller in oceanic than in continental webs.

Cohen et al. (1993b) analysed the adult body masses
of animal predators and animal prey in 18 of the first
40 webs in the Briand-Cohen collection. The geo­
metric mean mass (table 3) of adult animal prey
(counting each species once, not weighted by biomass
or abundance) is 13 g in marine webs, 0.0072 g in
aquatic webs, 1.2 g in terrestrial webs and 3.4 g in
coastal webs. Using loglO(mass) to measure body size,
the marine versus terrestrial contrast is not likely to
have occurred by chance alone (0.025 < P< 0.05). The
geometric mean masses of adult animal predators
have the identical ordering by habitat (the marine
versus terrestrial contrast has p < 0.0005). Cohen et al.
(1993b, their table 2) give the uncertainties of these
estimates as the standard deviation of loglO (mass) .
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Contrary to expectation, the masses of both animal
predators and animal prey are larger in marine than
in coastal, terrestrial, or aquatic webs.

Possible explanations

If oceanic organisms have much smaller body sizes
than continental organisms, why are adult animal
predators and animal prey reported to be larger in
marine food webs than in continental webs? The
many possible explanations are not all lllutually
exclusive.

One possibility (pointed out by W. M. Post, 30 March
1993, personal communication) is that, because most
living biomass resides in microbes and plants, the
derivation of body sizes from turnover times applies
mainly to microbes and plants rather than to animals.
This possibility does not explain the difference
between marine and continental animal body sizes,
but merely weakens the expectation that marine
animals should be smaller than continental.

A second possibility is that marine animals depend
mainly on very small plants and micro-organisms,
whereas continental animals depend mainly on larger
plants, including trees, which are large enough to
buffer environmental fluctuations. Lacking relatively
large plants to support them, marine animals could be
selected to buffer environmental fluctuations with their
own bodies and hence be larger. The presence oftrees on
continents may be selected by the greater variabili ty
at short time scales of continental climate. However,
W. M. Post (30 March 1993, personal communication)
pointed out a problem with this explanation: if marine
phytoplankton are small because they do not need to
buffer high-frequency variability in temperature, why
cannot most marine animals be small also?

A third possibility (suggested by M. Pascual, 28
March 1993, personal communication) is that a
concentrated oceanic food resource could support
larger animals than the marine average would sug­
gest. I t is not known whether the variability in food
resources differs quantitatively on continents and in
the oceans.

A fourth possibility is that oceanic organisms do not
really have much smaller body sizes than continental
organisms; the apparent difference may be an artefact
because global estimates of terrestrial turnover omit
the microbial loop in the soil (e.g. Fitter et al. 1985, p.
349). The apparent difference in body sizes between
oceans and continents may diminish when microbial
loops in both habitats are considered.

A fifth possibility (suggested by Daniel Weihs, 15
July 1993, personal communication) is that the much
greater density and viscosity of water compared with
air select for greater muscle in marine animals com­
pared with terrestrial animals. For animals with a
characteristic length L, muscular mass and power
scale roughly as L 2+8 with 0 < 8 ~ 1, whereas drag
scales roughly as L 2. The advantage in muscular
power of greater body mass outweighs the disadvan­
tage due to increased drag.

A sixth possibility (also suggested by Daniel Weihs,
15 July 1993, personal communication) is that the
greater average dilution of potential food in the oceans



compared to the continents selects for anirnals with
greater reserves to sustain them between meals.

A seventh possibility suggested by Thomas W.
Schoener (21 June 1993, personal communication) is
that the carbon-flux data weight species by abun­
dance, unlike the food-web data, and that small
species are relatively more abundant in oceans than
on continents.

An eighth possibility also suggested by Thomas W.
Schoener (21 June 1993, personal communication) is
that food-web data disproportionately neglect very
small organisms. This bias against small organisms
could affect pelagic more than terrestrial systems
(Schoener 1989, p. 1569, col. 2).

In summary, the first two proposals are not satisfac­
tory explanations. Whether the remaining proposals
are satisfactory remains to be determined.

5. SIMILARITIES BETWEEN MARINE AND
CONTINENTAL FOOD WEBS

I have reviewed apparent differences between oceanic
and continental food webs. However, some generaliza­
tions govern oceanic and continental food webs alike.

(a) Animal body sizes and feeding relations

Cohen et al. (1993b) analysed data on the adult body
sizes of animals in community food webs. H..elations
between body size and food web structure were
uniform across oceans and continents. This uniformity
supports Elton's confident prediction that 'future work
will no doubt show that the relation [between the sizes
of consumers and their prey] is fairly regular through­
out all animal communities'.

In about nine-tenths of the feeding links among the
animal species with known sizes, a larger predator
consumes a smaller prey. This empirical finding
provides strong, but not perfect, support for Platt &
Denman (1978, p. 62): 'we assume that in all of the
significant trophic interactions, large organisms eat
small ones, and not the opposite.' Larger predators eat
prey with a wider range of body sizes than do smaller
predators. The geometric mean predator size increases
wi th the size of prey. The increase in geometric mean
predator size is less than proportional to the increase
in prey size, i.e. has slope less than one on log-log
co-ordinates. Invertebrates are commonly eaten by
vertebrate ectotherms, and both invertebrates and
vertebrate ecotherms are commonly eaten by verte­
brate endotherms, but it is very rare for any of these
relations to be reversed. Obviously parasitism played
Ii ttle role in these data. Mean sizes of prey increase as
the metabolic type of prey changes from invertebrate
to vertebrate ectotherm to vertebrate endotherm, but
the same does not hold true for predators.

Prey and predator sizes are positively correlated in
links from invertebrate prey to invertebrate predators.
In links with other combinations of prey and predator
metabolic types, the correlation between prey and
predator body sizes is rarely large when it is positive,
and in some cases is even negative.

Species' body sizes are roughly lognormally distri­
buted. When body size is taken as the physical
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interpretation of the ordering assumed in the cascade
model (Cohen et al. 1990), as was first suggested in
print by Warren & Lawton (1987), and when the
body sizes of different animal species are taken as
lognormally distributed, many of the empirical find­
ings can be explained by the cascade model.

(b) Topological structure of community food webs

Community food webs assemble trophic links in a
stochastically consistent way (Cohen 1988, 1989b; for
technical details, see Cohen et ale (1990)). An analogy
may help explain what this means. In population
biology and demography, though it is very difficult to
predict the length of life of a single organism, the
fraction of individuals who survive from birth to any
given age is often predictable. Similarly, though every
two real food webs differ in detailed structure in ways
that remain difficult to predict, some consistent pat­
terns have been discovered in ensembles of food webs.
The empirical patterns cross the boundaries between
oceans and continents.

The empirical patterns are not all logically indepen­
dent. Simple stochastic models reduce the number of
independent assumptions required to explain the
patterns. For example, as pointed out above, if the
ra tio of links to species in one web is larger than the
ratio in another, then according to the cascade model
the mean chain length in the first should exceed that
in the second in a predictable way. The stochastic
models also cross the boundaries between oceans and
continents.

One empirical pattern has become clearer as more
and better webs have become available. The increase
in the number of trophic links L with increasing
numbers of trophic species S was originally described
by Briand (1983) as a power law L = cS a with a
slightly greater than one. While recognizing that the
relation could be nonlinear, Cohen & Briand (1984)
approximated it linearly as L = cS because the data
then available did not require a> 1. I t is now clear
that, while L = cS describes webs with 50 trophic
species or fewer, the power law with 1.3 < a < 1.5
is required to describe webs with larger numbers
of species. Many, although not all, of the remain­
ing empirical generalizations have proved robust
(Schoener et ale 1989; Sugihara et ale 1989; Schoenly et
ale 1991; Havens 1992) in spite of legitimate criticism.
Doubtless present generalizations and models are not
the last word.

6. CONCLUDING REMARKS

Carbon stocks and flows give a picture of marine and
continental biotas that differs from that based on food
webs. Little evidence is available to discriminate
among the many possible explanations for the differ­
ences. The food web data are inadequate in quality
and quantity (Cohen et ale 1993a). The data on the
productivity and carbon stocks of the oceans are also
limited. For example, in a compilation of 8000
measurements of oceanic productivity made from
1944 through 1985, the number of determinations per
10° square of longitude by latitude varied from 150 to
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zero (Berger 1989, pp. 441-442). In some southern
portions of the major oceans, no one knows what
productivity is. Berger (1989, p. 442) put it clearly:
'Guesswork is unavoidable in producing a global
productivity map, given the amount and quality of
existing information.' Better data on both food webs
and carbon stocks and flows will determine whether
the contrasts reported here are real and, if they are
real, will provide clues to reconciling them.
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Discussion

T. FENCHEL (Marine Biological Laboratory, University of Copen­
hagen, Denmark. ) Your conclusions depend on including the
huge amounts of structural plant materials (cellulose, lignin,
etc.) of trees in the inventory of living reduced carbon of
terrestrial ecosystems. Is it reasonable to include this as
Iiving biomass? I t would seem that if only living plant tissue
is included the 'paradoxes' (regarding average body sizes) in
the comparison between marine and terrestrial ecosystems
might disappear.

J. E. COHEN. I cannot find a quantitative estimate of the
fraction of structural plant materials in the biomass carbon
of terrestrial ecosystems, but I can estimate the fraction
required so that marine and continental ecosystems would
have equal carbon turnover times. Excluding structural
plant materials would not alter the estimates of net primary
productivity (NPP) in marine and continental ecosystems.
The aggregate NPP per year of the continents would remain
roughly twice (that is (50 ± 15)/(25 ± 10)) as large as the
aggregate NPP per year of the oceans. For biomass carbon
to have equal turnover times in marine and continental
ecosystems, the continental biomass stock of carbon would
have to be roughly twice the marine biomass stock of
carbon. The oceans have roughly 2 rnillion million kg C, the
continents 560 million million kg C (table 1). The structural
plant materials would have to account for 556 million mil­
lion kg C (99.3% of continental biomass carbon) to reduce
the amount of 'active' continental biomass carbon to twice
the marine biomass stock of carbon.




