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Organisation in the pelagic ecosystem
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ABSTRACT: A continuous, steady-state theory has been developed for the abundance of
organisms in the pelagic ecosystem as a function of their body weight. It is based on accepted
relationships for the weight-dependence of metabolism and growth, in a context where
individual organisms are assigned to one of a series of size classes for which the nominal
weights increase in a geometric progression. Analysis of the biomass flow in such a represen-
tation leads to the conclusion that, in the steady state, the total biomass in any given size
class decreases in a regular manner with increasing size. Explicitly, b(ws)/b(w;)~(walwz)—0.22,
where b(wg) and b(w;) are the total biomasses in the size classes characterised by weights ws
and wy, respectively. The exponent (~0.22) represents a balance between catabolism and
anabolism, based on published reviews concerning the revelant parameters. This result agrees
favourably with data collected by other workers in the subtropical oceans. The theory can
be used to draw conclusions about the functional dynamics of the pelagic ecosystem, such as
community respiration and rate of biomass flow.

INTRODUCTION

Many of the important processes in the lives of organisms are size-dependent;
that is, their rate can be expressed as a simple function of the individual’s body
weight. In theoretical descriptions of physiological processes, it is therefore often
convenient to use body weight as a scaling factor. It has long been known that these
ideas could be applied to both the metabolism and growth of organisms, but the
extreme generality of the relationships was, perhaps, not fully appreciated until the
recent articles of synthesis by Dickie (1972), Fenchel (1974) and Banse (1976).

The universality of the relationships describing the size-dependence of metabolism
and growth is so strong that one has been tempted to use them as the basis for a
theory of the distribution of organisms by size in the pelagic food chain of the open
ocean (Platt & Denman, in press). Interest in such a theory arises from the fact that
data on the size distribution of organisms in the sea can be collected automatically
for the size range 1-100 um (Sheldon et al., 1972, 1973), and that instrument deve-
lopment is in progress to extend the size range over which continuous, automatic
census can be made (Parsons & Seki, 1969).

In this paper, we present an outline of the theory of size-distribution in the
pelagic ecosystem, deduce some consequences relating to the flux of energy through
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the system and to the total community metabolism, and give a numerical example
based on data from the Sargasso Sea.

THEORY OF THE SIZE-DISTRIBUTION

Let B(w) be the total biomass b(w) in the size-class characterised by weight w,
divided by the width of the size-class Aw

Blw) == 1)

It is convenient (both mathematically, and in practical measurement) to arrange
the size-classes in an increasing octave-scale. In other words, the characteristic weight
of each size-class is double that of its smaller neighbour, and one half of that cor-
responding to its larger neighbour. At any instant in time, every organism in the
system may be assigned (regardless of its species), uniquely, to one of the size-
classes on this octave scale. With this arrangement of size-classes, the class widths,
Aw, are, to within a constant factor of order unity, equal to the characteristic
weight w

Aw o2 . (2)
Then the quantity B(w) takes the form
b
Blw) o —(wﬂ . (3)

We call f(w) the normalised size-spectrum: it is an estimate of
the number density of organisms in each class w. To find an expression for f(w) we
follow the flow of biomass (or energy) through the spectrum as it passes from
smaller- to larger-sized particles. It is important to make a distinction between this
kind of calculation, and a calculation following the growth of an individual particle.

We define F(w) to be the steady-state flux of biomass leaving the spectral band
characterised by mean weight w. In our simplified theory, we suppose F(w) to be a
one-way flux; that is, we assume the flow of energy is always from small-scale to large-
scale, rather than the reverse. One can think of cases where this will not be true, but in
general the hypothesis of a unidirectional flux F(w) does not conflict with accepted
ideas on the structure of the pelagic ecosystem (e.g. Sheldon et al., 1973).

We can estimate the magnitude of F(w) as the total biomass 5(w) in band w,
divided by its turnover time 7(w)

b(w) Blw) w

w(w) T ew) ®
Fenchel (1974) gives an empirical expression for the weight-dependence of turn-

over time:

Flw) o2

(w) ~ Aw*, (5)
where A and x are constants. Then, an expression for F(w) takes the form

Flw) ~ A—18(w) w!—=. (6)
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We now seek an expression for the rate of change of the flux with weight,
dF(w)/dw. To find this we consider the possible ways in which biomass (or energy) is
lost in the transformation of energy from smaller to larger sized particles. The two
most important loss terms are likely to be first, metabolism; and second, the loss to the
detritus food chain through unassimilated ration. A third possibility, which we shall
not consider explicitly for the open ocean case, is the direct loss through sinking.
Thus, we can write

dF(w) g 2],

L |sw)a e )

This equation requires some explanation. The minus sign indicates that we are
dealing with loss terms. The flux of energy is diminishing as it is transferred from
smaller to larger particles. The first term on the right represents the loss due to meta-
bolism. It is estimated from the number of particles respiring multiplied by their
metabolism per unit weight, where we have used the well-known relationship, aw?,
for the weight dependence of metabolic rate (e.g. Fenchel, 1974). The second term on
the right represents the loss to the decomposer food chain through unassimilated
ration. It is estimated as a constant loss rate g operating on the turnover of the in-
dividuals in a particular size class.

Eqn. (7) may be rewritten as follows:

dF(w)

) ] pwyawrt 4 ®)

If we substitute for F(w) in eqn. (8) and set the result equal to the derivative of
eqn. (6), we find

Flw) ]

dp(w

Blew) (1-2) s + wi— Y02 () + ghw)w—] . ()

It is shown by Fenchel (1974) that, to a very good approximation, y + x == 1.
With this simplification, eqn. (9) becomes

dﬁ(”’) {(1 —x)+ Aa + qJ dw (10)
which may be integrated to yxeld
w w \ —(1—~x+ad+gq)
ﬂ/(so) ~( Wo ) i (11)

where the integration is from some band (B, wo), say, up to some arbitrary band
(B(w), w). Eqn. (11) represents the final, analytic result for the normalised biomass
spectrum obtained by Platt & Denman (in press), where it is shown that the coefficient
g may be neglected compared to (1—x+aA). A simpler form of eqn. (11) is then

Blw) ( w )——-(I—x+aA)
—_—~ | . 12
2 w, (12)
Fenchel (1974) gives a value of x (dimensionless) = 0.28 with no apparent

variation between unicells and heterotherms. The product a4 (dimensionless) may
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be estimated from the data in Fenchel (1974) to be ~0.5 for heterotherms and ~0.1
for unicells. Taking, for the sake of a specific example, the data for heterotherms,
we find the exponent in egn. (12) to be —(1-0.284+-0.5) or —1.22. For the purpose of
comparing this result with data collected in the field, it is convenient to convert to a
biomass spectrum b(w), using eqn. (3). Then we have

sz

On the assumption that the metabolic rate constants measured in the laboratory
are representative of the performance of organisms in the wild, eqn. (13) implies
that the biomass spectrum measured in the open ocean should have a slope, on a
logarithmic plot, of about —0.22 throughout most of its range, but should be less
negative at smaller scales because of the smaller value of aA for unicellular or-
ganisms. This result is in good agreement with the open ocean examples presented
by Sheldon et al. (1972, 1973).

THE BIOMASS FLUX F(w)

Combining eqns. (6) and (11) gives us an expression for the biomass (energy)
flux F{w)
Fw) ~ A=, |—2 )‘“"‘““”) w!

\ Wo

—=, (14)

Using eqn. (6) we can get fo in the form
Bo ~ AF(w,) - wo*— 1), (15)
whence (14) may be rewritten as

— (ad +
Flw) ~ F(w,) (%’ | Tt (16)
[
Let us now choose the reference size class wo to be the band such that F(ws) is
equal to the net primary production P,. Then we can write

F(w) ~ P, (%—)“”A T (17)

where w, now refers to the primary producers. Note that this approach to an ex-
pression for the biomass flux is oversimplified to the extent that in practice we
expect the primary production to be spread over several size classes rather than
concentrated in one single band. Nevertheless we expect that an equation analogous
to eqn. (17), that is a flux decreasing roughly as w—27, will hold for all size classes
in the system larger than some upper limit beyond which there is no further auto-
trophic production. Based on eqn. (17) we may formulate an expression for the
loss rate dF(w)/dw as

dF(w) P, ( w )—-—(1+aA+q)
“dw ~—(ad + q) w0, \w, .

(18)
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TOTAL COMMUNITY METABOLISM

Since f(w) may be interpreted as a number density spectrum, we may calculate
directly the total community metabolism R for the pelagic ecosystem as

R = [ f(w) awrdw (19)

where the integral is taken over all size classes present in the system. Substituting
for B(w) from eqn. (11) we find

R:aﬁowo(I—x-l-aA+q)fw———(1—x—y+aA+q)dw_ (20)

Using once more the simplification y+x~=1 based on Fenchel’s (1974) review
of the published experimental data, we find

R = afgwoll—3+ed+ ) fop—(ad +0) dp . (21)
Integration gives
aﬁowo(1~x+aA+q)[ } wy
— (1—aAd—g)
R 1 —gA—q @ ! w, (22)

where wy is the weight of the terminal predator in the system.

Now in the steady-state, the total community metabolism, R, should just
balance the gross primary production P, plus the small remaining biomass flux
F(w;). We may therefore write

aﬂowo(l—-x + ad + g)
P, =

[w,(zﬂA—q)_woa—aA—q)}

1—gAd—gq
ﬂowo(l—x) ( w; )—(aA+q)
+ q w, (23)

where eqn. (14) has been substituted for F(w). In practice, the second term in the
square bracket (lower limit of integration) will be negligible compared to the first,
such that

afow,! —* <w,= —(ad T q) [ Z——aA—q]
iy wo) wi+ 1. (24)

The second term in the square bracket will again usually be negligible, such that

aﬂo.wo(l —x+ad+g)
1—aAd—gqg

Notice that in this calculation it matters not whether the primary production is
concentrated in one band or spread over several bands. It is simply a consequence of
the steady-state requirement that the total primary production should equal the
total system metabolism.

Another point concerning eqn. (25) is that it is dimensionally inconsistent: the
units of P, are gm—3s—1, and of the right hand side m—3s—1, This inconsistency results
from the integration (19) over w, a quantity which occurs in the equations raised
to fractional powers and which had previously been treated as dimensionless. The
problem is aveided if a dimensionless weight @' = w/w, is used in the equations
from the beginning. Such a procedure is outlined in the Appendix.

P, =~

Py~ w1 —ad—aq), (25)
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A NUMERICAL EXAMPLE

Let us evaluate eqn. (25) for data collected in the Sargasso Sea, a location for
which the assumption of steady-state should not be far wrong. We have used the
data tabulated in Strickland (1960), where the entries for the Sargasso Sea are based
mainly on the work of Riley. We take o to be 2 X 10—7s—1 and the product a4 to be
0.5, following Fenchel (1974), and we set ¢ = 0O for the reasons given in Platt
& Denman (in press). For wi we take a value 10%g, corresponding to the larger tuna
species, and for w, a value of 10—8g, corresponding roughly to a cell 20 um in
diameter. Strickland gives values for the primary production of about 1 mg C m—3
day—1, roughly equal to 10-—8g m—3s—!. Substituting these values into eqn. (25) and
solving for f, gives an estimate for 8, of 0.5 X 106 m—3, equivalent to a biomass
bo of 5 mg m—3. The tabulation in Strickland (1960) indicates from 1 to 3 mg C m—3
for the particulate carbon concentration measured by conventional methods. This
crude calculation gives some measure of the internal consistency of the theory of
organisation of the pelagic ecosystem.

APPENDIX

Equations for size-dependent growth or metabolism often contain the weight w
of the organism raised to a non-integral power. Usually, it is sufficient to associate
the dimensions of the expression solely with the proportionality constant. However,
if an expression {which does not contain dw) is integrated over w as was done
in eqn. (19), a dimensional inconsistency will result. Such a problem can be avoided
by the use of nondimensional variables.

Let us define a nondimensional weight @' = w/w,. The expression for the rate
of metabolism per organism (units s—!) becomes

M = quwr
= g'w’”
where o = aw,” with units s™L.

Equation (19) becomes
wf
R= f B(w) owrdw
Wo
wi
= I a'woﬁowl—- (I —x+ad+q) w’ydw'
1
. w's
= wya'f, f w' —(ed+4) do'
1

wod! Bo .
o WolPo —fad+g—1)
1—ad—gq [wf M J]

which is the equation analogous to (22). The units of R are gm—3s—! and the units
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of the right hand side are just the units of w,a'f, which are gs—im—3. The dimensions
are now consistent.
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