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(10) Seabirds (11) Monk seals
879 (12) Sharks, jacks, tuna
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(5) Small pelagics (6) Lobsters and crabs (7) Reef fishes (8) Bottom fishes (9) Green turtles

B= 1,864 B= 1,203 B= 14,989 B=89 B= 13
P= 2,050 P= 626 P= 22,404 P=29 P=2

9,132...L2,898 2,004 J!,260 29,603 ~1,432 68 ~29 ~5
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(3) Zooplankton (4) Heterotrophic benthos

B=993 B=77,025
P= 39,721 P=231,075

67,508 1 j!.82,718 204,115 J,?39,172
- -

(13) Detritus, export
and burial

L of all flows to this
box = 2.73 x 105 (1) Phytoplankton (2) Benthic algae

B= 3,805 B=74,001
P= 266,342 P= 925,013

1- Calculated primary production = 1.19 x 10S
-

2.42 X 105
Observed primary production
P= 3.58 x 105 (mainly benthic algae)

Fig. 3. "Backflows" of French Frigate Shoals model, as estimated using ECOPATH II (see Fig. 2 for flows up the food web). Note large
sum of flows to detritus box (units are kg·km·2 and kg·km·2·year·1, based on an area of 1,200 krn).

ECOPATH II can be expected to provide, given a
feeding matrix such as illustrated here by Table 2.

In fact, these constraints are so powerful that
they resulted in the failure ofour initial attempts to
identifY, based on a feeding matrix ofKuwait fishes,

for the marine ecosystem in question, a set of
parameters that are biologically tenable.

Two approaches may be pursued to make the
constraints (i.e., the known catches, biomasses, PIE
ratios, etc.) compatible with a food matrix. One of
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Table 5. Electivity index values ofvarious preys for the consumers ofthe French Frigate Shoals ecosystem, as computed by ECOPATH
II, based on the data in Tables 1 and 2.a

Predator

Prey 3 4 5 6 7 8 9 10 11 12a 12b 12c 12d

1. Phytoplankton 0.95
2. Benthic algae 0.65 0.33 0.26 0.36
3. Zooplankton 0.99 0.57 0.94 0.90 0.89 0.80 0.97
4. Heterotrophic benthos 0.49 0.38 0.02 0.26
5. Small pelagics 0.70 0.84 0.97 0.77 0.65 0.77 0.96
6. Lobster and crabs 0.45 0.91 0.91 0.76 0.89
7. Reef fishes 0.18 0.69 0.27 0.82 0.53 0.83 0.81 0.04
8. Bottom fishes 0.96 0.99
9. Green turtle 0.99

10. Seabirds 1.00
11. Monk seals 0.99

12a. Tiger sharks 0.95
12b. Reef sharks 0.99
12c. Jacks 0.96 0.92
12d. Tuna 0.98 0.98

'Dashes, implying total avoidance ofa given item and actually corresponding to an electivity of -1, are here left out for the sake ofclarity.

Table 6. Summary statistics of various marine and brackishwater ecosystems.'

A Area Chesapeake Baltic Celtic Celtic Benguela Peru Current Peru Current French Frigate
Bayb Seab Sea lb Sea lIb Currentb 1< 1I< Shoalsd

B Type of estuary brackish temperate temperate kelp bed upwelling, upwelling, coral reef
ecosystem sea sea sea before 1972 after 1972

C Number of 39 13 12 12 7-8 13 13 16"
boxes

D Currency Carbon Carbon Carbon Nitrogen Carbon Carbon Carbon Wet weightf

E Total system 8,989 620 4.55 15.37 8,864 2,660 2,485 2,605
throughput (4,973)

F Capacity 28,522 1,844 15.00 49.35 24,941 5,857 5,279 538,692
(8,893,465)

G Ascendency 54 54 58 52 67 64.6 61.4 45.3
(%) (14.2)

H Respiration 25 2.3 12.9 0 8.1 24.3 17.6 36.5
overhead (%) (74.8)

Redundancy 15 16.7 24.4 40 24.6 12.8 15.1 18.2
(%) (11.0)

aSee UIanowicz (1986) and other contributions in this volume for the background of these summary statistics and their interpretation.
bFrom Fasham et al. (1985).
<From Pauly (1987), based on box models in Walsh (1981) and BASIC program in UIanowicz (1986).
dThis study (see Tables 1 and 2 for inputs, and Figs. 2 and 3 and Tables 3 to 5 for other outputs); values in brackets consider direct flow from

primary producers to detritus, the other values do not; wet weight in t·km-2•

"Computations all performed with the 15 groups in Tables 1 and 2, plus one implicit detritus compartment (only 12 respiration; 13 boxes are
shown in Figs. 2 and 3).

£Wet weight is approximately =carbon x 10.
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them is to modify the constraints such that a
biologically tenable model emerges when they are
combined with the food matrix. (This would imply
the assumption that the catches, biomasses, PIB
ratios, etc. ofKuwait fisheries are not as accurately
known as the diet composition of Kuwaiti fishes).

The more promising approach, we believe, is to
assume the constraints to be correct and to use them
alongwith e.g., the empirical equations inAppendices
A-D and similar relationships to derive, indirectly, a
"possible" diet matrix.
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Appendices

AppendixA

where f is the ratio of regenerated/total production,
a, band c are fitted parameters, and PP is the total
primary production in g Cm-2year-1.

Fig. Al reproduces Eppley's data, and our fitted
line, derived for the equation

The following four appendices present empirical
relationships linking important features of marine
ecosystems as can be used for ecosystem modelling.
In all four cases, data points were read offpublished
graphs, and fitted with an equation "which captures
the major qualitative features of the data" (Silvert
1981).

These equations may be used as components of
simulation models or to check whether estimates
derived using ECOPATH II are acceptable.

Regenerated productionl
total production

0.325 + 0.675 exp (-0.0046PP)

o O'----,OLO---20Lo---3-'-,O'O---40-'-O---50-'-O---l600

Primary production (gC",-2 year-')

c: 1.0
o
g0.9
"0e0.8
C-

o"2 0
.
7

"-20.6

g 0.5
"0

~O.4

]! 0.3

~ 0.2
c:
Q)

~O.I
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The efficiency with which zooplankton organisms
transform their food (mainly phytoplankton) into ani­
mal biomass accessible to other consumers is usually
difficult to estimate. Cushing(l973) estimated ''trans­
fer efficiencies" of zooplankton in the Indian Ocean.
These efficiencies, roughly corresponding to ecologi-

and which may be used, e.g., to assess the fraction of
total primary production which, in a given system,
should be flowing into the detritus box to be later
released as recycled nutrients (see Kirchman and
Ducklow 1987 for a recent review).

AppendixB

Fig. AI. Ratio of regenerated to total primary production as a
function oftotal production. Squares are observations from Fig. 2
in Eppley (1981).

••.A2)

•..AI)

f= 0.325 + 0.675 exp (-0.0046PP)

f = a + b exp (c * PP)

Primary production, in aquatic systems, is gen­
erally based on two types of nutrients:
1. nutrients that cycle through the system (and

lead to "regenerated production");
2. nutrients that are added to, or "flow through,"

the system, leading to "new production".
Values of the ratio "f' of regenerated production

to total production have been compiled and plotted
as a function of total annual primary production by
Eppley (1981). We have fitted these data with an
equation ofthe form
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Fig. A2. Transfer efficiency (roughly equal to ecological efficiency)
from primary production to secondary(i.e., zooplankton) production
expressed as a function of primary production. Adapted from Fig.
7 of Cushing (1973), with. referring to the NE monsoon, and' to
the SW monsoon, in the Indian Ocean, from 25°N to 40 0 S.

Fig. A3. Relationship between primary production and benthic
respiration in US and Canadian estuarine and nearshore waters
(from Nixon 1986, with solid line added).

where TE is the transfer efficiency, in percent. This
equation (and the scatter ofdata on Fig. A2) may be
used to assess whether one's estimates of ecological

cal efficiencies, decline as a function of primary pro­
duction and this is shown in Fig. A2.

We have fitted Cushing's data, after standardizing
the ordinate for "180-day monsoons" to a whole year,
with the equation

TE = 3 - (97 exp (-0.01(142 + PP)) ...A3)

efficiency in tropical zooplankton are compatible
with Cushing's data.

Appendix C

Nixon (1986) presented data showing, for tem­
perate estuaries and nearshore waters at least, that
benthic respiration (i.e., "remineralization") is a
close linear function of primary production (plus
other organic inputs). This is shown here in Fig. A3,
which suggests

BR = 0.276 (PP + ORG.INPUTS) ...A4)

Appendix D

where BR is the benthic respiration, and PP the
primary production, in g·C·m-2·year-1.

It should be considered with regard to this equa­
tion, that no points referring to tropical locations are
includedinFig.A3, and that the relationship applies
only to shallow water (down to 5-7 m).

ECOPATH II and related models express
biomasses on a per area basis (e.g., m-2); the explicit
inclusion of detritus as an element of an ecosystem
thus requires that this component also be expressed
on a surface area basis.

As detritus standing stock estimates in the litera­
ture are generally expressed on a volume basis (e.g.,
gCm-3), we present here one of the few readily
available dataset on detritus standing stock per
area, for various areas ofthe world ocean (Table AI).
This dataset was fitted with the equation

Table AI. Data used to derive a multiple regression model for
prediction of pelagic detritus abundance as a function of primary
production and euphotic layer depth, including observations from
all three oceans, from temperate to tropical waters.a

No. Primary Euphotic Detritus
production depth (m)b (gCm·2)

(g·Cm·2·year-1)

1. 25 150 5.2
2. 30 150 5.5
3. 31 150 8.0
4. 40 150 5.8
5. 150b 8c 2.0d

6. 70 75 11.0
7. 100 75 15.8
8. 200 40 8.0
9. 44 100 13.5

10. 73 30 2.2
11. 45 50 10.0
12. 150 20 9.0
13. 190 40 20.0
14. 350 10 8.0

aValuesfrom Table 1 and Fig. 4inFinenkoandZaika(1970),except
for no. 5.

bFrom Lenz (1981).
cFrom Krey (1974).
dFrom Tables 1, 2 and 4 in Lenz (1974). loglOD = -2.41 + 0.954 loglOPP +

0.863 loglOE ...A5)
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where D is the detritus standing stock in g'C'm-2, pp
is the primary production in g'C'm-2-year-1 and E is
the euphotic depth, in m. This equation, with R =
0.718, explains 52% ofthe variation in the dataset in
Table lA, andbothofits partial regression coefficient
are significant (s.e. =0.305 and 0.256, respectively,
df= 11). Fig. A4 shows a plot ofobserved us. predicted
detritus standing stockvalues. As might be seen, the
fit is not particularly tight, but might be considered
sufficient in cases where no other information is
available.
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Fig. A4. Relationship between observed (from Table AI) and
detritus standing stock as predicted using equation A5 (see text).




