Christensen, V. and D. Pauly. 1992, A draft guide to the ECOPATH II program (version 2.1). ICLARM Software 6, 72 p.

A GUIDE TO THE ECOPATH II
SOFTWARE SYSTEM- (:VEBSION 2 1)

LYoy, ATA

Villy Christensen
and

Daniel Pauly

SOFTWARE 6

INTERNATIONAL CENTER FOR LIVING AQUATIC RESOURCES MANAGEMENT
MANILA, PHILIPPINES



by

A guidé-té; the ECOPATHH~ . '~
software system (version 2.1)

V. CHRISTENSEN
D. PAULY

Reprintad February 1993

Published by the Internatianal Center for Living
Aquatic Resources Management

MC P.O. Box 2631, Makati

Metro Manila 0718, Philippinas

Christensen, V. and D. Pauly. 1992. A guide to the ECOPATH Ii
softwara system (version 2.1). ICLARM Software 6, 72p.
International Center for Living Aquatic Resources Management
Manila, Philippinas.

Cover : Selected arganisms from the Bolinao reef ecosystem,
Northern Luzon, Philippines {(Drawing by O, Espiritu).

ISSN 0116-8984

ICLARM Contribution No. 837



No fish is an island...



2.

3.

4.

‘TABLE OF CONTENTS

ABSTRACT
INTRODUCTION

The ECOPATH II Model

ON ECOPATH II VERSION2.1

. 41  Changes from Version 1.0.t0 2.0
.. 4.2  New features in Version 2.1 -
". 4.3  Future upgrades

5

6.

4.4 Copyright and liability A
DEFINING THE SYSTEM
THE ENERGY BALANCE OF A BOX

- 6.1  Consumption

6.1.1 Producer
6.1.2 Import

.6.2 Mortality Coefficients

6.2.1 Immigration
6.2.2 Export
6.2.2.1 Catches
6.2.2.2 Emigration
6.2.3  Predation mortality
6.2.4  Other mortality
6.3 Respiration

PARAMETRIZATION

7.1  Consumption

7.2  Production

7.3  Predation

7.4  Nonassimilated food
7.5  Other mortality

INSTALLING AND RUNNING ECOPATH I

8.1 Installation
8.2 Running ECOPATH I

WO OV 0 WL W & N -



9. ENTERING THE DATA - ECODATA

10.

11,
12,

9.1 File comments

9.2  Parameter units
9.2.1 Energy-related units
9.2.2 Nutrient-related units
9.2,3 Time units

9.3  Detritus and total primary production
9.3.1 Detritus biomass
9.3.2 Detritus export and import
9.3.3  Total primary production

9.4 ing values for basic input parameters
9.4.1 Naming the groups/species
9.4.2  Producer, consumer or both?
9.4.3 Exports include catch or harvest
9.4.4 Total biomass
9.4.5 PB - the production/biomass ratio
9.4.6 OB - the consumption/biomass ratio
9.4.7 EE - the ecotrophic efficiency
9.4.8 GE - the food conversion efficiency
9.4.9 The harvest screen
9.4.10 Nonassimilated food
9.4.11 The diet composition

9.5  On the need for input parameters

9.6 Saving the data

EDITING THE DATA

10.1 Selecting an input file

10.2 Changing parameter values

10.3 Adding new groups

10.4 Deleting groups

10.5 Saving the changes

PRINTING THE INPUT DATA

ESTIMATING THE MISSING PARAMETERS

12.1 Selecting an input file

12.2 The estimation procedure

12.3 Evaluation of an ECOPATH II run
12.3.1 Arethe EE's between 0 and 1?
12.3.2 Ecotrophic efficiency of detritus
12.3.3 Are the "efficiencies” possible?

12.4 Printing the results

18

19
19
19
19
19
20

20
21

- 21

21

22
22
22
22
22
23
23
24

26
26

26
26
27
27
27

27
27

27
27
28
29
29
30
30



12.5

12.7
©12.8
12.9

13.1
13.2

14.1
14.2
14.3

Estimated parameters, indices and ratios
12.5.1 Flows to the detritus

12.5.2 Food intake

12.5.3 Amounts exported or eaten

.5.4 Net efficiency

5 Trophic levels

8

9

g
[\

N
hthhintn

6 The omnivory index
7 Respiration
Assimilation
Respiration/assimilation
.10 Production/respiration
.11 Respiration/biomass
statistics
Total system throughput
Total primary production
System primary production/respiration
System primary production/biomass
System biomass/throughput
Net system production
System respiration/biomass
The efficiency of the fishery
.6.9 Total system biomass and catches
12.6.10 Connectance index
12.6.11 System omnivory index
Breakdown of mortalities
Selection indices
Saving the results

NN

3
.
3
A d
-

NN
W

lodeoioiololelelalal i ia il N
SN AANE aia

Nhbhbbhhbhbhbn
VooND LA Wik

13. GRAPHICAL REPRESENTATION OF FLOWS

The do-it-yourself approach
Rules and recommendations
13.2,1 Using the Y-axis
13.2.2 Using the X-axis

14. CYCLES AND PATHWAYS

Selecting an input file

Printer or screen?

The cycles and pathways menu

14.3.1 From primary producers to consumer

14.3.2  From producers to consumer via a specified prey

14.3.3 From a prey to all top predators

14.3.4 All cycles
14.3.5 From producers to all top predators
14.3.6 Saving - no



15, NETWORK FLOW INDICES -

15.1
15.2
15.3
15.4

15.5

Ascendency

Cycling index

Trophic aggregation

Mixed trophic impacts

15.4.1 Graphical representation
15.4.2 Hard copy

Saving =

iﬁ. AGGREGATION OF GROUPS

16.1
16.2
16.3
16.4

Selecting an input file

Aggregation of specified groups
Minimizing the decline in ascendency
Saving and using the aggregated file

17. EXPORT TO SPREADSHEETS
18. SCOR WG

19. ACKNOWLEDGEMENTS

20, REFERENCES

APPENDICES
Appendix 1. Definition of some terms relevant to
the construction of steady-state trophic
ecosystem models.
Appendix 2., Dimensions, units and definitions

of some ecosystem indices presented
in Ulanowicz (1986).

Appendix 3. Definitions and symbols of variables

used in Appendix 4.

Appendix 4. Description of algorithms.

45
46
46
48
50
52
52
52
52
53
33
55
55
335
55

56

39

61

67



ICES mar. Sci, Symp., 193: 171-184. 1991

Two approaches for modelling fish stock interactions in the

Peruvian upwelling ecosystem?

Astrid Jarre, Peter Muck, and Danijel Pauly

Jarre, A., Muck, P., and Pauly, D. 1991, Two approaches for modelling fish stock

Interactions in the Peruvian upwelling ecosystem. — ICES mar. Sci. Symp., 193 171~
184,

Astrid Jarre and Daniel Pauly: International Center for Living Aquatic Resources
Management, MC P.0. Box 1501, Makati, Metro Manila 1299, Philippines. Peter

Muck: Instituto del Mar del Per, P, Box 22, Callao, Peri.

Introduction

The Peruvian upwelling ecosystem is a typical eastern
boundary current area (Parrish et al., 1983). During the
1960s and the early 1970s, it Supported the largest single-
species fishery in the world, that for the anchoveta
(Engraulis ringens) (Cushing, 1969; Ryther, 1969; Pauly
and Tsukayama, 1987). As defined here, this system has
an alongshore extension of 2100 km, from 3.5°S to
18.5°S, and an offshore extension of 200 nautical miles
(nm) or about 379 km, with a total area of about
780000 km? (Fig. 1). The shelf js wider in the north than
in the south; jts mean width is 60 nm. This paper is based
predominantly on data Pertaining to the northern and
central region of the system, i.e. from 4°S to 14°S,
corresponding to a tota] area of approximately
82000 km?, which covers the main distribution area of
anchoveta.

Peruano-Aléman de Investigacion Pesquera (PRO-
COPA), based at the Instituto del Mar del Peni
(IMARPE), Callao, Peru, to construct a model of the
pelagic fisheries of the Peruvian €cosystem. It was antici-

———

'ICLARM Contribution No. 563,

pated that this mode] would be used either for real time
fishery management, i.e. for fleet deployment and the
identification of optimum responses to complex occur-

managers to environmenta) effects and their manage-
ment implications,

Major results of the analyses of field data from the
Project are contained in two books, one edited by Pauly
and Tsukayama ( 1987), the other by Pauly et al. (1989).
The contributions in these books present numerous time
series of Oceanographic and climatic data, covering the
period from 1953 to the mid-1980s on a monthly basis, as
well as time series of primary production (Chavezetal.,
1989; Mendo er al., 1989), and zooplankton and fish
biomass (Fig. 2). Also included are documentations of
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@ Anchoveta
@ Mackerel and horse mackerel

@ Hake and various pelagics

} All pelagics

Figure 1. Schematic representation of the Peruvian upwellin
movements of major resource species (see text).

on a monthly basis from 1953 to 1982 (and beyond),
combined with fishery catch data, were used to recon-
struct monthly anchoveta biomass and a number of
derived variables, e.g. estimates of the part of natural
mortality caused by the various predators (Fig. 3). These
results have made it possible to model the Peruvian
upwelling ecosystem as a whole. This paper briefly
documents what has been achieved to date.

Steady-state modelling

Steady-state trophic models are commonly used to
integrate biomass and rate estimates, to identify major
energy pathways and gaps in one’s knowledge of an
ecosystem (see, €.8., Steele, 1974; Silvert, 1982). In
view of the known variability of the Peruvian upwelling
ecosystem (see, €.8., Bohle-Carbonell, 1989; Muck,
1989b), we have opted for constructing several models
describing distinct periods during which the biomass of
major species (groups) or “boxes” did not fluctuate so
much as to render meaningless the estimation of mean
values. Pending analyses on a shorter time scale, we
present here results for three periods: (i) 1953-1959,
during which anchoveta was moderately abundant and
the fishery was limited; (ii) 1960-1969, during which
anchoveta biomass and fishery efforts and catches were
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(°s)

Latitude

LA

70 km
g system, showing axes of seasonal migration and/or diurnal

high, and (jii) 19731979, i.e., the period following the
1972/73 collapse of the fishery (Fig. 3, Table 1).

The basic concept of the EcopaTH model of J. J.
Polovina and associates (Polovina, 1984a, b, 1985; Polo-
vina and Ow, 1983; Grigg et al., 1984) as further devel-
oped by Pauly et al. (1987), was used for model construc-
tions.

In this formulation, for any species (group) (i) in a
system, the rate of change of biomass dB/dt = 0, i.e.

Production by (i) = all predation on (i) + non-
predatory biomass losses of
(i) + fishery catches of (i) + other
exports of (i) (1

For each of the species (groups), its energy balance is
given by

Consumption + import = predation mortality +
export + contributions to
detritus + respiration  (2)

Equation (1), applied to all components of the model,
leads to a system of linear equations which can be solved
for a given set of unknowns. Polovina and Ow (1983)
provide a computer program which implements this
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Table 1. Fishery catches (t X km~2) used for construction of

box models of the Peruvian upwelling ecosystem in Figures 4-6.
Data from IMARPE (1987), contributions in Pauly and
Tsukayama (1987) or Pauly et al. (1989).

Group 1953-1959 1960-1969 1973-1979
Macrobenthos 0.010 0.090 0.190
Anchoveta 6.820 110.240 32.150
Sardine 0.010 0.040 7.490
Mackerel 0.070 0.100 0.800
Horse mackerel 0.030 0.030 2.280
Bonito 0.060 0.050 0.060
Hake 0.070 0.070 1.610
Other pelagics 0.230 0.240 0.290
Other demersals 0.180 0.300 0.600
Other mammals 0.001 0.001 0.002

approach for the estimation of biomasses. The data
requirements are:

— estimates of mean total mortality (Z, per year) for
each box

— estimates of mean annual Q/B, the food consumption
(Q) per unit biomass (B) for each box

— estimates of ecotrophic efficiency for each box (the
fraction of the total production of a box that is con-
sumed by predators included in the model)

— an estimate of catch or of biomass for the top pred-
ator(s), as needed to solve the system of equations
from the “top down”

— a“diet-consumption matrix”, in which the fraction (in
weight) of each box in the diet of each other box is
indicated and in which the rows must add up to unity.

Pauly et al. (1987) modified the program of Polovina
and Ow (1983). Major changes are:

(i) The system of equations can be solved for un-
knowns other than the biomasses. Also, the routine
used for matrix inversion (Mackay, 1981) computes
least-squares estimates of the unknowns when the
system is overdetermined, and provides (non-
unique) solutions when the system is slightly under-
determined.

(ii) A number of physiological and ecological attributes
of the species (groups) included in each box are
automatically computed after their biomass, food
consumption, and production have been estimated.

(iii) The computed flows between “boxes” are used to
compute statistics relevant to Ulanowicz’s (1986)
theory of ecosystem phenomenology.

In this study, the biomasses were known (Fig. 2), or
could be straightforwardly approximated, as were the
mortalities and the food consumption estimates. Be-
cause of limited information on excretion and egestion
values of most boxes, default values of 5% for excretion
and 15% for egestion (Winberg, 1956) were accepted.

We used some of the attributes in (ii) above to assess
the mutual compatibility of our inputs. These attributes
were:

(a) Ecotrophic efficiency (see above), where
0 < EE < 1 serves as constraint.

(b) Gross transfer efficiency (all production from a box/
all inputs into that box); the range of which is usually
between 0 and 0.3.

(c) Ivlev's electivity index, defined by:
I=(r—p)(r:+p) ©)]

where r; is the relative count or biomass of a species i
in the diet of a particular predator, and p; is its
relative count or biomass in the ecosystem (i.e.
included in the model) (Ivlev, 1961; Parsons and
LeBrasseur, 1970). This index can range from —1
(prey is not consumed at all) to near +1 (prey is
consumed exclusively).

The construction of the model involved: (1) preparation
of an initial set of biomass and rate inputs and of an
initial diet-composition matrix; (2) estimation of model
parameters, and of the physiological and ecological
attributes listed above; (3) performing small changes in
the initial values and returning to item (2) until all
attributes examined took values within a range con-
sidered acceptable. (The initial and modified values for
each of the periods considered here arg given in Jarre et
al., 1989.)

Figures 4, 5, and 6 give the- results obtained. These
three graphs and their associated parameters indicate
that our quantifications of the biomasses and our con-
cepts of the interactions between various species
(groups) of the Peruvian ecosystem are mutually com-
patible within a factor of about two with their published
value. Major changes had to be made only (i) in the
initial estimate of the zooplankton biomass (by a factor
of three) for the 1950s and 1960s, probably due to our
limited knowledge on the actual mortality and consump-
tion rates of this species group; (i) the biomasses of the
heterogeneous groups of “other pelagics” and “other
demersals”, for which the official catch statistics might
not be the adequate basis for estimation of biomass; and
(iif) the mortality of the sardine, which had to be raised
from a published value that was very low to a value close
to that of anchoveta.

An interesting aspect of Figures 4, 5, and 6 is their
immediate visual impact, i.e. the strong difference in
ecosystem structure which they indicate. This impact
was achieved by two techniques, apparently not used
previously for the graphical representation of box
models, i.e.: (1) making the area of each box pro-
portional to the logarithm of the biomass it represents,
and (2) using the trophic level! of each box to arrange
the boxes vertically.

The graphs thus allow a direct assessment of the

"The trophic level of a species (group) is defined as one plus the
mean of the tropic levels of its prey items, weighted by their
fraction in the total diet.

175



1953-1959
4-14°S
0z
o8 08
' = 4 ]
1 ] 02
3 0.2
Bonilo 02 Hake Other demersais
Mackerel Horse mackeret A B Ba 201 Be 200
B. 257 Bat1174 X PB = 030 PB - 120
- <
o g S PB = 0BS5S ;] 0as J 3 :
fi ol Y,
h h A . L4
ks 0| -l =} of = © "
o83 oo .
Sardine Other pelag
g B = 2012 B~ 160
Ty P/B = 180 PIB = 180
>
2 y L .
h\ /7] v, N y, . A A
0 o} | | i
£ . 2 10
i M N A S
£
Anchoveta Macrobenthos
B8 = 1200 %
p,g D °gg; PB = 120
Zooplankion Meiobenihos
B = 3850 Q Ba 500
Ik P/B = 40 0D J PB ~ 900
18 A4
| 4274 o B @ 8
PN h A P, N M
59 8
o P L. =]
<] @ o
o s =] &
N
=
I\
v W W N .
Detritus
B8=91123 o
Phytoplankion Benthic producers
ot 81972
B «171 03
P8 « 7000 P8 = 1250

Figure 4. Box model of the Peruvian ecosystem for the period 1953-1959. A. Marine birds (cormorant, booby, pelican;
B=0.40tx km? P/B=0.04yr"). B. Sea mammals (sea lion, fur seal, and others: B = 0.07t X km~2, P/B = 0.09 yr~').

Bonito: B=0.72t x km~2, P/B = 0.91 yr-

!. Flows greater than 1tx km™2X yr™! are rounded to integer numbers; those

between 0.1and 0.9 t x km~2 yr™" are rounded to one digit. Flows of less than 0.1 t X km™2 X yr~', backflows to the detritus box,
respiration, and fishery catches are omitted for clarity (see text for interpretation).

differences between the three periods considered here,
e.g. anchoveta is more important in the 1960-1969
period than in the earlier and later periods; and sardine
is more important in the 1973-1979 period than in the
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two earlier periods. The trophic level of the top pred-
ators is increased as a consequence of increased con-
sumption of sardine instead of anchoveta as well as
increased consumption of mackerel and horse mackerel.
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box, respiration, and fishery catches are omitted for clarity (see text for interpretation).

Another approach for the interpretation of the
“weighted graphs” in Figures 4-6 is via the theory of
Ulanowicz (1986), who introduced a set of single-
number characteristics of ecosystems. The “ascend-

ancy” of an ecosystem is defined as the product of the
total system throughput (sum of all flows within the
system) and the “average mutual information”; the
latter index is computed from the network structure, and
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Table 2. Whole-system indices of the box models in Figures 4-6, and indices computed by Pauly (1987) from the models in Walsh

(1981).
This study Walsh’s model
Index 1953-1959 1963-1969 1973-1979 before 1972 after 1972
Number of boxes® 19 19 19 12 12
Total system throughput 29 600 29382 33539 370:7° 34591°
(t wet weight x km™2)
Full development capacity 57521 57358 61905 81529° 73484°
(t wet weight X km™~?)
Full ascendency (%) 39.4 374 36.4 64.6 61.6
System redundancy (%) 21.5 30.6 34.4 12.8 15.1
Fishery “trophic level” 2.4 2.2 2.7 - -
Fishery gross efficiency 0.0006 0.0093 0.0034 - -
2Excluding fishery.

bThe estimates of Walsh (1981) were converted from carbon to wet weight using 1 gC = 13.93 g wet weight (average of Cushing

(1971) and Ryther (1969)).

is maximized if (i) flows are equally distributed among
the boxes and (ii) each box has only one input and one
output (i.e. origin and destination of any flowbit are
determined). The “system redundancy” describes the
loss of information due to multiple flows between the
boxes of the ecosystem (i.e. the existence of multiple
ways of connecting any two boxes).

These summary statistics, computed for the three
models presented here, are given in Table 2. The
throughput of the system was similar during the 1950s
and 1960s, and increased in the 1970s, partly due to an
increase in primary production in the upwelling system
(Mendo et al., 1989). The ascendency decreased, which
in this case means a loss in “mutual information”, also
shown in the decrease of 12% of the corresponding
index from the 1950s to the 1970s. The increase in
redundancy is due to the fact that the anchoveta, pre-
viously of overwhelming importance to piscivores, was
in part replaced by other components of the system,
including anchoveta predators. This led to an increase in
parallel energy transfer, as mentioned above. Our pre-
liminary conclusion, based on the three periods con-
sidered here, is that the Peruvian ecosystem is less
mature (sensu Odum, 1969, see Ulanowicz, 1986, p.
122) after the decline of the anchoveta than it was
before.

The fishery fits in the model as an almost pure “ancho-
veta predator” in the 1950s and 1960s. Its “trophiclevel”
increased in the 1970s, after the anchoveta collapse, due
to the increased catch of anchoveta predators mackerel,
horse mackerel, and hake. The increase in fishing effort
from the 1950s to the 1960s is clearly reflected in the 15-
fold increase of the fishery’s gross efficiency (total catch/
primary production), and the collapse of the fishery after
1972 in the decline of its efficiency to only 36% of the
high value of the 1960s. It should be noted, however,
that the fishery still retained an efficiency which is more

than five times higher than the value from the 1950s. The
partitioning of the total fish predation among fishes,
birds, mammals, and the fishery (Fig. 7) shows the same
pattern, albeit less pronounced.

Pauly et al. (1987) computed the above summary
statistics from the model of the Peruvian upwelling
ecosystem presented by Walsh (1981). Since Walsh’s
models set focus on different parts of the ecosystem, and
hence had a different basic structure than the models in
the present study, it is difficult to directly compare the
values of ascendency and redundancy obtained. The
changes in the system, i.e. the decrease of mutual
information, the decline of ascendency and the increase
in redundancy, however, are apparent from Walsh’s
(1981) approach as well (Table 2).

Simulation modelling

Our simulation model of the fish resources and fisheries
of the Peruvian upwelling ecosystem is not complete.
However, its basic structure with regard to spatial resol-
ution and the role of sea surface temperature (SST) as
driving factor is established. SST is used as a key factor
because it has been shown by various authors to deter-
mine the distribution, hence the overlap and potential
for trophic interactions, of the various pelagic species of
the Peruvian upwelling ecosystem as follows:

1. When coastal SSTs are low, i.e. when the upwelling is
strong, anchoveta occur near the surface on the shelf
along the coast of Peru. Hake stay in the north
because the bottom O, concentration in the upwell-
ing area is low. Mackerel and horse mackerel stay
offshore as they are oceanic species requiring tem-
peratures of at least 20°C.

2. When coastal SSTs are high, anchoveta tend to crowd
within a few remaining pockets of cold water and/or
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1953 - 1959

Fish

1960 - 1969

1973 - 1979

Fish

Figure 7. Partitioning of total fish production among fishes,
birds, mammals, and the fishery, from the models in Figures
4-6. Contributions to detritus are disregarded.

to escape to greater depths, hence out of reach of
guano birds and purse seiners. Hake migrate south-
ward and feed on anchoveta, and mackerel and horse
mackerel move inshore and consume large quantities
of anchoveta.

The situation in (1) is typical of (austral) winter
conditions; that in (2) is typical of summer conditions,
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and particularly of El Nifio events, during which the
crowding of anchoveta and their consumption by hake,
mackerel, and especially by horse mackerel, become
extremely pronounced. A brief account is given below of
a simulation model which incorporates these features.

The large area of the Peruvian upwelling ecosystem
was divided into manageable units by grouping adminis-
trative “fishing areas” (areas de pesca) as defined by
IMARPE. This resulted in a total of 150 approximately
rectangular “local areas”, each of which extend one
degree latitude southwards (covering the range from
3.5°8 to 18.5°S) and 20 nm offshore, parallel to an
idealized coastline (Fig. 8A). To estimate the size of the
fish stock in each subarea at a particular time (month), a
“local potential distribution volume” has been defined.
Its size is assumed to depend on (i) the physical proper-
ties of this subarea; and (ii) the specific physiological
requirements of each species with respect to tempera-
ture and oxygen content of the water column (Fig. 8B,
C, D). We assume that the fish are homogeneously
distributed inside this volume. Species-specific “local
shelf preference indices” are introduced to account for
the depth preference of coastal and demersal species,
food related preferences and other factors. The size of a
population in a given subarea is proportional to the local
potential distribution volume divided by the total distri-
bution volume of the ecosystem.

For the calculation of the local potential distribution
volume, temperature tolerance limits were obtained
from field observations (Jordan, 1971; Zuta et al., 1983;
Espino et al., 1985; Serra and Tsukayama, 1988); they
are 14-21°C for anchoveta, 16-23°C for sardine, 15-
25°C for mackerel, 16-26°C for horse mackerel, and 14—
22°C for hake. Oxygen tolerance limits were taken as
1.8 ml O/l for anchoveta, mackerel, and horse mack-
erel (Villavicencio and Muck, 1985; Mathisen, 1989),
2ml O/l for sardine (Serra and Tsukayama 1988), and
0.4 ml O/l for hake (see Fig. 1 in Espino and Wosnitza-
Mendo, 1988).

Temperature and oxygen concentration vertical pro-
files were computed from SST based on relationships
given in Espino et al. (1985). SSTs were estimated from
the data from nine Peruvian shore stations (Mucket al.,
1989) and the offshore temperature series in Bakun
(1987), yielding a regression which was used to estimate
local SST within 70 nm from the coast. Coastal SSTs are
linearly interpolated between shore stations. For dis-
tances of more than 70 nm, SST is assumed constant
along offshore transects.

In any given subarea, the vulnerability of a particular
fish species to its predators (i.e. the degree of overlap of
water volume inhabited by predator and prey) and to the
fishery is determined by their distribution within the
entire water column (Fig. 8E). The amount actually
consumed is determined by the biomass of the pred-
ators, their temperature-mediated food requirements,
and the biomass and vulnerability of the prey, following
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Figure 9. Relative biomass of anchoveta, mackerel, and horse mackerel off Peru as a function of distance offshore and SST
regime, as estimated from the simulation model presented in the text.

Ursin (1967) and Andersen and Ursin (1977). The
fishery catches are modelled for any given subarea as a
function of (i) the biomass of the fish species; (ii) their
depth distribution, i.e. their vulnerability to purse seines
(Fig. 8E); and (iii) the fishing effort, i.e. the deployment
of purse seiners and trawlers in that area.

Figure 9 gives, as some preliminary results, the
offshore distribution of anchoveta and mackerels for
different SST regimes. The model will eventually be
parameterized using spatial distribution data based
on fisheries operation in the 1960s and 1970s, and it is
ntended to be interfaced with an economic submodel,
based on Agiiero (1987).

Discussion

The usefulness of top-down steady-state models of the
type described above lies particularly in the identifi-
cation of knowledge gaps, and of states or rate estimates
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that are mutually consistent (Silvert, 1981, 1982). In the
case of the three models derived here, no major inconsis-
tencies with previously published biomass estimates
were noted except for zooplankton. Also, most of the
available published estimates of key rates (food con-
sumption, total mortality, etc.) for the groups included
in the models did not have to be altered significantly to
balance the model (except for sardine, see above).
Hence, these models show the consistency of the con-
cepts and estimates used for their construction. Future
emphasis will be put on a more detailed representation
of the planktonic and benthic groups in the model, and
use of a shorter time interval.

The approach used to construct a spatially structured
simulation model of the fish and fisheries of the Peruvian
upwelling system may be as robust as our top-down
model. Temperature is a variable which has, off Peru, an
extremely strong impact on the distribution of major
groups of organisms. Thus any model which uses SST as



forcing variable is likely to be able to reproduce the key
features of the distribution of the biota and the fishery,
and the overlap of major predator and prey species.

Note that the model described here is still overly
simplistic, and it will be refined after testing. For
example, temperature distribution may need to be
modified to take account of seasonal oscillations, and
the offshore distribution of the major fish species may
need to be related to plankton occurrence.

A similar approach in which SST and parameters
directly dependent on SST were used to identify areas of
potential availability of tuna to purse seiners and other
gears has been presented by Sharp (1979) for the Indian
Ocean. The concept of the simulation model presented
here also corresponds, albeit indirectly, to the ideas of
McCall (1984) concerning the tendency of a fish popu-
lation to concentrate itself where conditions are optimal,
such that, overall, conditions for individual fishes are
similar over the whole area of distribution of that popu-
lation.

One potential use of the simulation model is to opti-
mize spatial deployment of the Peruvian purse seiner
fleet, based on SST data from coastal stations. Even if
the model is not used for real time management, it may
lead to an improved understanding by Peruvian fishing
managers and administrators of the factors that deter-
mine fishing success, and the consequences of fleet
deployment strategies particularly during El Nifio
events, when anchoveta tend to become highly vulner-
able.

Both models will allow us to follow up on some
implications of Ulanowicz’s theory. We will use the
simulation model to generate the biomasses within
boxes and some flows between boxes for various
“steady-states” representing various environmental and
fishing regimes. This will allow us to identify how Ula-
nowicz’s indices (see Table 2) actually track environ-
mental stress, or stress due to overexploitation.
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