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Abstract

An improved version of J.J. Polovina's ECOPATH program for the construction of steady-state multispecies
ecosystem models from fisheries data is presented. This new version, called "ECOPATH II," differs from the original,
aside from being more user-friendly, in a number of important features, among others: (1) use of a "generalized
inverse" matrix routine allowing the system oflinear equations used to estimate model parameters to be over- or
slightly underdetermined; (2) estimation of (almost) any set of unknowns and not only of biomasses; (3) explicit
consideration of respiratory, egestive and excretory losses (with defaults provided for inputs) and of the detritus
pathways; (4) estimation ofnumerous derived quantities on species group or whole-system basis, such as gross and
net efficiencies, trophic levels, food electivity, pathways and cycles involving any groups and "ascendancy" sensu R.E.
Ulanowicz. The preliminary version of an empirical multiple regression model for the estimation from easy-to
estimate parameters ofrelative food consumption by fish populations is presented; this model provides reasonable
values ofthe input into ecosystem models that were to date most difficult to estimate. An application to the coral reef
ecosystem ofFrench Frigate Shoals (Hawaii) is presented, along with some suggestions as to how this methodology
could be applied to Kuwait waters.

Introduction

In the last ten years, i.e., since the creation ofthe
Mariculture and Fisheries Department ofthe Kuwait
Institutefor ScientificResearch (KISR), a vast amount
of biological information on the various fisheries
resource species ofKuwait has become available (see,
e.g., contributions in Mathews 1985) which deepened
previous, les~ focused knowledge on the fishery
resources ofthe gulf(e.g., FAO 1981a, 1981b).

This information, gathered to answer fisheries
management questions, was recentlycomplemented,
moreover, by numerous basic studies on the
oceanography and marine biology of the gulf,

*ICLARM Contribution No. 627. Presented at the Ninth Shrimp
and Fin Fisheries Management Workshop, 7-9 December 1987,
KUWait.
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especially its inner part (e.g., Halwagy et al. 1986
and contributions therein).

We think that the time has come, therefore, for a
modelling effort to synthesize this information,
identifycrucialknowledge gaps andeventuallyallow
for a fisheries management scheme to emerge in
Kuwait which would consider all major resource
species simultaneously. Such scheme would, for
example, consider the biological (and economic)
effects of either exploiting or of not exploiting fish
known to consume large quantities of penaeid
shrimps (Pauly and Mathews 1986; Euzen 1987;
Pauly and Palomares 1987).

This contribution presents a recently developed
methodology and related computer program, called
"ECOPATH II" for straightforwardly constructing
and validating steady-state ecosystem models,
as could be used along with the generalizations
in Appendices A - D to construct a model of the
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ecosystem upon which Kuwait shrimp and fin
fisheries depend.

Description of a New Model

ECOPATH II is derived from the ECOPATH
program of Polovina and Ow (1983) and Polovina
(1984a, 1984b, 1985, 1986). The lattermaybeviewed
as a system ofbiomass equations whichfor anygiven
group (group of) species (i) can be represented for
any time interval by

Production by (i) - all predation on (i) - nonpredation
losses of (i) - catch of (i) = 0, for all i ...1)

As described by Polovina (1984a, 1985), the
ECOPATH model"expresses eachtermofthe budget
equation as a linear function ofthe unknown mean
annual biomass (Bi's), so the resulting biomass
budget equations become a system ofsimultaneous
linear equations". The inputs neededfor ECOPATH
are few and these will be presented further below
and contrasted with those required by ECOPATH
II. We shall first note here, however, five features of
ECOPATH II in which it differs markedly from its
predecessors:

1. The matrix inversion routine built in ECOPATH
and usedfor solvingthe system oflinearequations
cannot handle surplus information, Le., cannot
handle a situation where the system is
"overdetermined"inthat there are less unknowns
than equations (or "i's"). Also, ECOPATH as
implemented in Polovina and Ow (1983), can
handle only up to 20 groups while ECOPATH II
can handle up to 50.

2. The description ofECOPATH cited above appears
to imply that the system of equations "linear in
the Bi's" may be solved only for the biomasses.
This is obviously not so and, presumably, J.J.
Polovina chose this solution because it was the
one he needed for the system he was working on.

3. ECOPATH does not explicitly consider
respiratory, egestive or excretory losses (i.e., the
flows into and out of a group's "box" need not be
balanced).

4. No check is made as to whether the model
outputs (Le., estimated biomasses and flows) are
mutually compatible and thermodynamically
possible.

5. The outputs are underutilized; no use is made of
the rich, theoretical developments now available
to interpret systems ofbiomasses and flows (see
Platt et al. 1981; Ulanowicz and Platt 1985'
Ulanowicz 1986). '
To deal with (1), we have incorporated into

ECOPATH II a "generalized inverse" routine

(Mackay 1981) which allows for the system of
equations mentioned above to be solved even when
the number ofequations (i.e., ofi's) and the number
of unknowns are unequal. This routine, which
resolves a problem addressed, but not solved, by
Polovina(1986), computes least-square estimates of
the unknowns when the system of equation is
overdetermined. As an added bonus, this routine
also provides (non-unique) solutionswhenthe system
is slightly underdetermined.

To deal with (2), we have incorporated into
ECOPATH II routines such that (with few
exceptions) any parameter may be unknown and
hence estimated by the program. Thus, when
biomasses are known, other parameters such as
e.g., productionlbiomass (PIB) ratios, or relative
food consumption may be estimated, given sufficient
degrees of freedom.

To deal with (3), we have incorporated into the
interactive entry routine of ECOPATH II, for all
consumers, a request for the percentages ofingestion
that are lost due to egestion (feces) and to excretion
(urine), and provided default values ofl5% and 5%,
respectively (Winberg 1956). The entries (ordefaults)
are subsequently used for the computation of net
conversion efficiencies (see below) and of the flows
to the "detritus box". Detritus is derived from
nonpredatory "leaks" (including egestion and
excretion) of organic carbon (or other substances,
see below) from any trophic level.

To dealwith(4),ECOPATH IIwas provided with
checks for i's that do not balance, i.e., production
larger than or equal to food consumption is
unacceptable for any L Such simple verification
appears particularly useful in the case ofmodels in
which numerous species occur and in which
thermodynamically impossible "knots" can remain
Ion? undetected. Also, ecotrophic efficiency (EE),
whIch is, throughout, a required input for
ECOPATH, may be an output of ECOPATH II. 'dependmg on whether the two sets of equations for
estimating production balance or not (see below).

To deal with (5), finally, we have (a) added to our
program a number of routines for computing a
variety of straightforward statistics and (b)
incorporated into the'listing of ECOPATH II the
routines adapted from Ulanowicz (1986) for the
computation of the "ascendancy" and related
statistics of an ecosystem.

Some of the straightforward statistics derived
from each group - except for primary producers and
in addition to the biomass and flows already
estimated by the original ECOPATH - are:

• gross conversion efficiency (= production/
ingestion);

• net conversion efficiency (= production/ingestion
- egestion);



• mean trophic level (= 1 + trophic level ofpreys,
weightedoverall preys bythe amounts ingested);

• omnivory index (= variance of mean trophic
level);

• Ivlev's electivity index (I), defined for prey item
j of species (group) i as

Iij =(DCij - Brl (DCij + Br) .,,2)

where DC.. is the fraction ofthe preyj in the diet
of the pr~aator i (an input to the ECOPATH
program, see below), and Br. is the relative
biomass ofj in the ecosystem (lvlev 1961; Parsons
and LeBrasseur 1970).

• all pathways leading from the primary
producer(s) to group i; and

• all cycles of which group i is a part.
Incorporation ofapproaches in Vlanowicz (1986)

allows ECOPATH II to compute, once the biomasses
and derived i-specific statistics have been computed,
the following quantities, describingholisticproperties
of ecosystems: total system throughput, full
development capacity, full ascendancy, overhead on
inputs, overhead on exports, internal capacity,
internal ascendancy, tribute to other systems,
dissipation and system redundancy (see Vlanowicz
1986 and other contributions in this volume for the
theory leading to these quantities).

Inputs Required by ECOPATH
and by ECOPATH II

In the following, a commented list of the inputs
required for each group considered explicitly in a
given ecosystem by ECOPATH and/or ECOPATH II
ispresented.Thesecommentsreferto(1)methodsof
estimation with special emphasis on Kuwait waters
and/or, in the case ofECOPATH II, to (2) the reason
why a given input was added.

• Production/biomass ratio (P/B): equal to
instantaneous rate oftotal mortality (Z) in steady
state systems, when the growth of individual
animals can be described by the von Bertalan:flY
growthfunction(VBGF,seeAllen1971).Numerous
methods exist for estimation ofZ infish and other
aquatic animals (reviews in Ricker 1975; Gulland
1983; Pauly 1984) and they have been widely
discussed and applied by KISR researchers (e.g.,
contributions in Mathews 1985). PIB is harder to
estimate in primary producers, but indirect
methods (empiricalequations)existforproduction
of PIB in phytoplankton (Lafontaine and Peters
1986),while useful PIB estimates for benthic algae
and seagrasses may be found in Mann (1982).
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• Diet composition (DC): for a given (group of)

species (i), the diet composition is the fraction of
each species (groups) it consumes, usually
estimated from studies of stomach contents.
Note that it does not matter much which
weightingschemeis usedfor quantifyingrelative
stomach contents; volume, calories, weight, etc.
may be used (Macdonald and Green 1983). Note
also that only species (groups) occurring within
the system may be consumed and, that, at least
in ECOPATH II, care should be taken to have
some species (group) feeding on detritus, as also
happens in reality. Thus, in the French Frigate
Shoals examplebelow, the heterotrophicbenthos
should feed at least in part on dead benthic algae
(detritus) rather than derive all its energy from
algae presumed to be grazed while alive. A few
food and feeding studies of Kuwait fishes of the
type needed here are available (Abdullah and
Hussein 1977; Euzen 1987) which could be used
for model construction.

• Annual fishery catch(orquantitykilledbyfishing
and discarded): needed for all exploited species.
Estimates ofthis quantity are available for major
species taken in Kuwait waters.

• Habitat area: this is an input of ECOPATH
which was deleted from ECOPATH II, as it
app~ars straightforward to adjust biomass and
flows to any standard area.

• Ecotrophic efficiency: an input of ECOPATH II
expressing the fraction of total production
consumed by predators or caught by a fishery
and usually assumed to range from 0.7 to 0.9
(Ricker 1969; Polovina 1984a, 1984b). In
ECOPATH II, ecotrophic efficiency (EE) must
be either entered (when biomass is unknown) or
is estimated by the program (when biomass is
known and was entered). In ECOPATH II, the
fraction 1-EE of production is directed toward
the detritus box, from which it may be exported
out of the system.

• Primary production (PP, in g,C'm-2'year-1); PP is
not an input for ECOPATH. However, this is a
required input for ECOPATH II, in order to (1)
encourage users to obtain independent, i.e.,
"external"estimates ofa parameterwhichclosely
correlates with a number of important
characteristics of a system; (2) to allow for
validation of internally generated PP (which
should be smaller than or equal to the externally
input value) and more importantly; (3) to allow
for the difference between observed (= external)
and computed (= internal) PP to be added to the
detritus box and thus quantify a linkage
important in virtually all ecosystems (i.e., the
transfer ofuningested, dead phytoplankton and
algal biomass to the detrital pool, from where it
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Thunnus albacores
Aspect ratio: 9.3

Epinephelus tauvina
Aspect ratio: 1.4

Fig. 1. Definition ofaspect ratio (A =h2/s)in two fishes (hamoorand
yellowfin tuna) with different surface areas (s, in black) and height
(h) oftheir caudal fins. High A values correspond to a high level of
activity and hence to high food consumption.

i
height

~

than suggested by Pauly (1982) and Caddy and
Sharp (1986); this is due to the use by these
authors of(uncorrected) feeding data from captive
fish generally fed to satiation. Note that, for
obvious reasons, Q/B - (egestion + excretion)
must be higher than PIE (or Z) for any consumer.

becomes available to a variety ofconsumers and!
or for burial or export).

• Detritus biomass: this is not an input in
ECOPATH, but is needed by ECOPATH II for
various computations when detritivores are
included in a system, e.g., to compute the
"electivity" of detritivores for detritus. An
empirical equation is provided in Appendix D
which provides rough estimates of detritus (in
g'C'm-2) as a function ofprimary production and
euphotic depth.

• Food consumption perunit biomass: the number
of times per year a population of, e.g., hamoor
(Epinephelu8 tauvina) consumes its own weight
peryear. This quantity (obviously not needed for
primaryproducers) is usuallydifficult to estimate
andPolovina (l984b), in the absence ofanything
better, used estimates ofconsumption by Pacific
salmon for the reef fishes in Fig. 2. Polovina
(1984a, 1984b) called this input the "food
required" (FR). Following Pauly (1986), we shall
instead use the notation "Q/B", with the caveat
that such estimates must refer to age-structured
populations, i.e., consider the fact that there
usually are, in natural fish populations, more
young than old fish, and that the former eat (per
unit weight) more than the latter.

An analytical methodhas beenrecentlydeveloped
by Pauly (1986) which is well suited to estimate QI
B, andwhichhas been successfullyappliedto Kuwaiti
fishes (Pauly and Palomares 1987). This method,
however, still requires inputs that may be hard to
obtain in some fish species, and we present an
empirical model which allows direct, if preliminary
estimates of Q/B:

lnQ/B = 1.117 - 0.202lnW~+
0.612lnT + 0.5161ogIaA + 1.26f ••.3) Application Example

of ECOPATH II
where Q/B (year-I) is as defined above, W~ the
asymptotic weight (as defined by the VBGF) of
the fish of a given population (live weight, in g),
A an index of the mean activity level of the fish
ofa given species, derived from the shape ("aspect
ratio") of their caudal fin (see Fig. 1) and the food
type (f) - here either: carnivore, f=O, or herbivore,
f=1.

The derivation ofthis model is documented in
Palomares and Pauly (1989). It is based on Q/B
estimates for 33 demersal and pelagic fish stocks
ranging in size from myctophids to tuna and
occurringinwaters withmean annual temperatures
ranging from 10 to 28°C. Eighty percent of the
variance in the original dataset was explained by
equation (3), which hence provides reasonable
estimates of Q/B for modelling purposes.

This model provides lower estimates of Q/B

Pending the construction of a model of the
marine ecosystem off Kuwait, we present here
an application ofECOPATH II using the data set
used by Polovina and Ow (1983) to document the
operation of their program for implementing
ECOPATH (Tables 1 and 2). This dataset differs
in details from that in Polovina (1984a), whose
estimated primary production was very close to
observed primary production (see also Atkinson
and Grigg 1984).

Fig. 2 shows the model of French Frigate
Shoals estimated from the data in Tables 1 and 2
by either ECOPATH or ECOPATH II. As might
be seen, the figure presents only that part of the
flows that go up the food web and omits backflows
to the detritul'l as well as respiration (fishery
catches are here omitted because French Frigate
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Table 1. Input values for ECOPATH model of the French Frigate Shoals ecosystem, as given in
Polovina and Ow (1983).a

No. Group name Biomassb PlBc QlBd Habitat areae

1. Phytoplankton 70.000 1,200
2. Benthic algae 12.500 700
3. Zooplankton 40.000 280.00 1,200
4. Heterotrophic benthos 3.000 12.50 700
5. Small pelagics 1.100 7.50 1,200
6. Lobster and crabs 0.520 8.20 700
7. Reef fishes 1.500 9.50 700
8. Bottom fishes 0.320 3.60 300
9. Green turtle 0.150 3.50 1,200

10. Seabirds 15.00 5.400 80.00 1,200
11. Monk seal 63.00 3.000 40.00 1,200

12a. Tiger sharks 42.00 0.500 4.50 1,200
12b. Reef sharks 0.175 3.80 1,200
12c. Jacks 0.350 3.80 1,200
12d. Tuna 0.660 5.30 900

aThese values differ slightly from those in Polovina (1984b), but were used here because they are
part ofthe complete dataset distributed with the original listings of the ECOPATH program.

bMissing biomasses (here: kg'km.2) are estimated by ECOPATH and ECOPATH II; the three values
provided here help to estimate the parameters of the model from the "top down".

CEquivalent, under the steady-state assumption, to an estimate of total mortality (Z, year'!).
dTermed FR, i.e., "food required" in Polovina and Ow (1983) and in all of Polovina's contributions.
eIn km2; not an input in ECOPATH II (in which the biomass estimates for nos. 10, 11 and 12a were

adjusted by the ratio 1,200/700).

Table 2. Diet composition of components ofthe French Frigate Shoals ecosystem (from Polovina and Ow 1983)."

Predator

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

1. Phytoplankton
2. Benthic algae
3. Zooplankton
4. Heterotrophic benthos
5. Small pelagics
6. Lobster and crabs
7. Reef fishes
8. Bottom fishes
9. Green turtle

10. Seabirds
11. Monk seals

12a. Tiger sharks
12b. Reef sharks
12c. Jacks
12d. Tuna

0.91
0.09 0.85

0.15
0.94

0.06

0.021
0.979

0.248
0.170
0.459

0.123

0.104
0.258
0.125
0.018
0.469
0.026

0.90
0.10 0.05

0.68

0.15

0.10
0.02

0.15
0.85

0.36

0.08 0.05 0.08 0.48
0.14 0.05 0.12
0.28 0.90 0.80 0.08

0.08
0.01
0.30
0.08
0.01
0.03
0.05
0.02

Sum

aDashes represent zeros.

1.00 1.00 1.00 1.000 1.000 1.000 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Shoals is an unexploited ecosystem; both ECOPATH
and ECOPATH II can handle fisheries catches).

Fig. 3, derived using ECOPATH II, presents
backflows as should occur in an ecosystem such as
French Frigate Shoals. They consist of:

• all egested and excreted matters (here 10 and
5%, respectively, offoodconsumption, see above);
and

• the production not consumed by predators (i.e.,
(B'ZH1-EE», important in apex predators.

Fig. 3 also shows respiration for all boxes for
which this parameter could be straightforwardly
computed, i.e., from the difference (assimilated food
- excretion) - production. ECOPATH II has a routine
to identify and list cycles within food webs. Such
cycles may be zero-order cycles (i.e., involving only
one box which cannibalizes itself), first-order cycles
(involving two predators that are also mutual prey,
as often occurs with fishes in the course of their
ontogeny), second-order cycles, etc.

The data in Table 1, used here to construct a
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Table 3. Food flows (pathways) leading, in the French model using ECOPATH II, do not imply more than
FrigateShoalsecosystem, from the primary producers zero-order cycles; hence, this routine of ECOPATH
(#1 and 2) to the seabirds (no. 10); see Figs. 2 and 4 for

II cannot be illustrated here (note that the Frenchthe numbers of the other groups.
Frigate Shoals ecosystem probably includes, in

1 ~ 3 ~ 10 reality, a large number offirst-, second-, and higher-
2 ~ 3 ~ 10 order cycles, especially when detritivory is
1 ~ 3 ~ 5 ~ 10 considered; note also that Fig. 2 suggests a first-
2 ~ 3 ~ 5 ~ 10 order cycle between the seabirds and box 12; this is
1 ~ 3 ~ 7 ~ 10 an artifact of grouping).2 ~ 3 ~ 7 ~ 10
2 ~ 4 ~ 7 ~ 10 ECOPATH II also has a routine to identify all
2 ~ 7 ~ 10 pathways leading from the primary producers to a
1 ~ 3 ~ 5 ~ 12 ~ 10 given box. Table 3 provides, as an example of this
2 ~ 3 ~ 5 ~ 12 ~ 10 type of output, a list of all flows leading from the1 ~ 3 ~ 7 ~ 12 ~ 10
2 ~ 3 ~ 7 ~ 12 ~ 10 primary producers up the food web to the birds. As
2 ~ 4 ~ 7 ~ 12 ~ 10 might be seen, even animals as peripheral as these
2 ~ 7 ~ 12 ~ 10 birds are involved in a large number of pathways,
1 ~ 3 ~ 6 ~ 12 ~ 10 despite the outward simplicity of a graph such as2 ~ 3 ~ 6 ~ 12 ~ 10
2 ~ 4 ~ 6 ~ 12 ~ 10 Fig. 2.
1 ~ 3 ~ 5 ~ 8 ~ 12 ~ 10 Table 4 presents some important biological
2 ~ 3 ~ 5 ~ 8 ~ 12 ~ 10 statistics extractedby ECOPATH II from the data in
1 ~ 3 ~ 7 ~ 8 ~ 12 ~ 10 Tables 1 and 2, while Table 5 presents the electivity2 ~ 3 ~ 7 ~ 8 ~ 12 ~ 10
2 ~ 4 ~ 7 ~ 8 ~ 12 ~ 10 indices for all consumers in the French Frigate
2 ~ 7 ~ 8 ~ 12 ~ 10 Shoals model. These two tables, examined jointly
1 ~ 3 ~ 6 ~ 8 ~ 12 ~ 10 with Figs. 2 and 3, help characterize the role of a
2 ~ 3 ~ 6 ~ 8 ~ 12 ~ 10 given group within the system.2 ~ 4 ~ 6 ~ 8 ~ 12 ~ 10
1 ~ 3 ~ 8 ~ 12 ~ 10 Table 6 compares some holistic properties of the
2 ~ 3 ~ 8 ~ 12 ~ 10 French Frigate Shoals ecosystem with the same
2 ~ 4 ~ 8 ~ 12 ~ 10 properties of seven other ecosystems.
1 ~ 3 ~ 12 ~ 10
2 ~ 3 ~ 12 ~ 10

Table 4. Some summary statistics of the groups considered in the French Frigate Shoals ecosystem.

Group A B C D

1. Phytoplankton 0.00 0.000
2. Benthic algae 0.00 0.000
3. Zooplankton 0.14 0.17 1.00 0.000
4. Heterotrophic benthos 0.24 0.28 1.15 0.167
5. Small pelagics 0.15 0.17 2.06 0.063
6. Lobster and crabs 0.06 0.07 2.15 0.001

7. Reef fishes 0.16 0.19 1.94 0.364
8. Bottom fishes 0.09 0.10 2.66 0.200

9. Green turtle 0.04 0.05 1.10 0.090
10. Seabirds 0.07 0.08 3.09 0.150
11. Monk seal 0.08 0.09 2.97 0.005

12a. Tiger sharks 0.11 0.13 3.52 0.292

12b. Reef sharks 0.05 0.05 2.96 0.003
12c. Jacks 0.09 0.11 2.98 0.005

12d. Tuna 0.12 0.15 2.72 0.317

A-Gross efficiency = production/food consumption.
B-Net efficiency =production/(food consumption - egestion).
C-Mean trophic level, as defined in the text.
D-Index of omnivory, as defined in the text.
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1.57 I L41 21

(10) Seabirds (11) Monk seals

B= 15 B= 63
15 (12) Sharks, jacks, tuna

B=509 P= 192 I-P= 81 P= 189, 180 i 2,142

r
19

253
210

1.373
6 I 17515

I~ 817
378

(7) ~eef fiSh:[)

! 2
8

(5) Small pelagics (6) Lobsters and crabs (8) Bottom fishes (9) Green turtles

B=1,864 B=1,203 B=14,989 ~ B= 89 B= 13
P=2,050 P= 625 P=22,484 P= 29 P=2

40 22,484 83

9,657

33

6
421

2f51 85,359 I~

13138 (3) Zooplankton (4) Heterotrophic benthos
60

B=993
124,207

~ ~
B=77,025

P=39,721 .P=231,075

5

263,025
35,314

818,385

(1) Phytoplankton - (2) Benthic algae
42

B=3,805 B= 74,001
P=266,342 25,025 P= 925,013

Fig. 2. Model ofFrench Frigate Shoals, as estimated using either ECOPATH or ECOPATH II from the input data in Tables 1 and 2, with
all biomasses expressed in kg and all flows in kg·year·I . Note absence of a detritus box and of detritivores (see Fig. 3).

Discussion

The present paper, which is intended to have a
methodological emphasis, is not the proper place to
discuss at length the results presented here (Figs. 2
and 3, Tables 3-6). Rather, we wish to stress how far
one can get in understanding a given ecosystem using
rather limited inputs (here: Tables 1 and 2) and an
appropriate model (here: ECOPATH 11).

We are confident that ECOPATH II could be
successfully used to describe the marine ecosystem
in the northern end ofthe Gulf, and hence increase

understanding ofthe system which forms the bases
of Kuwait shrimp and other fisheries.

The database available for such anexercise differs,
however, in some important characteristics from
that used here to illustrate the use ofECOPATH II,
the main differences being that:

1. a substantial catch is extracted from the
marine ecosystem off Kuwait; and

2. biomasses are known (atleast approximately)
for most resource species.

These two features represent extremelypowerful
constraints on the parameter estimates which
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(10) Seabirds (11) Monk seals
879 (12) Sharks, jacks, tuna

r- B= 15 B= 63 B=609 P= 102
- P =81 P= 189-

263 678

1

~827 434 l-!.,434

-
,

(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
- - - -

(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

a::

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).




