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Abstract
Single-species approaches to fishery assessment are not sufficient to avoid
the changes to ecosystems caused by fishing. These changes include the
replacement of high-trophic-level, high-value species, by low-trophic-level,
low-value species. Commercial fisheries practices and ecosystem effects
interact, producing serious depletion that: is usually detected too late,
resulting in fishery collapses and the failure of stocks to rebuild.
Multispecies management is required. Whole ecosystem modeling can
evaluate the impacts of fishing on nonharvested groups. Ecosystems and
their embedded fisheries can now be effect:ively modeled using the mass
balance system of Ecopath, and new routines, Ecosim and Ecospace, which
allow simulation of "what if' questions related to changes in time and
space by a fishery sector. Beyond the limits of numerical simulation, a
new method termed "Back to the Future" draws up ecosystem models of
current, past, unexploited, and alternative ecosystems. Archival and ar-
chaeological combined with traditional environmental knowledge may be
used in the construction of models of past ecosystems. Ecoval comprises
a new set of techniques for the valuation of alternative ecosystems and
their benefits to society. In natural aquatic ecosystems, past states pro-
vide the alternatives: in human-made systems, a wide range of possible
ecosystems, including present and unfished systems, may be compared.
Benefits evaluated can include total catch,. economic value, diversity of
fishery products, employment, biodiversity, and intersectoral conflict.
Using Ecoval, the ecosystem and associated fisheries that maximize total
benefit to society may be adopted as a policy goal, taking into account the
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costs of restoration. monitoring, and enforcement when shifting from the
present system.

Introduction
Fisheries management has a history 01' unpleasant surprises that have
dismayed its founders (e.g., Larkin 1996, Beverton 1998, Holt 1998) and
has lead some fishery scientists to consider no fishery as having ever
been managed in a sustainable fashion (Ludwig et al. 1993). At one time
vaunted by the Canadian government as the "best managed fishery in the
world" (Finlayson 1994), cod were historically one of the most prolific fish
stocks in the world (Kurlanski 1997). Serious mistakes have been identi-
fied in the assessment of the cod stock (e.g., errors in biomass estimation:
Walters and Maguire [1996]; failure to use spatial data: Hutchings [1996];
inexplicit and unachievable policy goals and instruments: Matthews [1995]).
There is even suspicion that political goals compromised scientific man-
agement of the fishery (Hutchings et al. ], 997). Even today, the Newfound-
land cod resource has not begun to recover despite 5 years of closure,
suggesting that management has missE~d the vital factor of ecosystem
change. Moreover, the lesson has not have been fully learned by other
fisheries managers as North Sea cod stocks are now in danger of collapse
(Cook et al. 1997). Three explanations lay behind collapses such as that in
Newfoundland.

Fisheries are embedded in aquatic ecosystems that are very imper-
fectly understood. One contributory reason underlying fishery disasters
is that management has generally not been designed to adapt and learn in
the face of errors in data, uncertain assessment, and ineffective control
instruments despite the long availability of sophisticated quantitative
methods for adaptive management (Walters 1986, Punt and Hilborn 1997,
Bundy 1998, Hilborn and Liermann 1998).

Moreover, overcapacity has been identified as a major worldwide
bioeconomic problem that is out of control, for which no one can propose
a method to arrest (Mace 1997). Generating overcapacity (Ludwig et al.
1993) has been termed "Ludwig's Ratchet" (Pitcher, In press). Unfortunately,
human responses to these difficulties in terms of management actions
and commercial fishing decisions tend to be maladaptive (Haggan 1998;
Hart and Pitcher 1998), despite advances in understanding how co-man-
agement may alleviate some of these problems (Pinkerton 1989, Pinkerton
and Weinstein 1995).

There is a third, and more fundamental, reason for fishery collapses,
that suggests future disasters will likely occur at an increasing rate. This
is the long-term impact of fishing on the species composition of aquatic
ecosystems. Through several direct and indirect effects, fishing alters
niches towards generalist, k-selected specIes. The result is "simpler" eco-
systems and higher volatility and lower trophic levels. The ecological pro-
cesses leading to these changes, termed "Odum's Ratchet" (Pitcher, In press),
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are difficult to reverse and are, as yet, imperfectly understood. However,
recent evidence supports this conjecture. There has been a progressive
decline in the trophic level of fish caught in all areas of the world, includ-
ing freshwaters (Pauly et al. 1998b), as fishers maintain their income by
switching to species lower down the food web when higher-trophic-level
fish become depleted. Fisheries thus sequester increasing proportions of
primary production (Christensen and Pauly 1995) and large high-value
species with specialized niches are rapidly lost (Christensen and Pauly
1997). A consequence is that "trash" fish come to replace high-value table
fish, a process which has reached disaster levels in many areas of the
world, e.g., the Gulf of Thailand (Christensen 1998), and is proceeding
unchecked almost everywhere else (Pauly et al. 1998b). Moreover, the
emergence of new cephalopod fisheries independently supports the no-
tion of such a worldwide shift in the nature of exploited marine ecosys-
tems (Caddy and Rodhouse 1998).

Avoiding the profound changes in aquatic ecosystems that are wrought
by fisheries requires a major change in the philosophy underlying fisher-
ies management (Pitcher and Pauly 1998). Traditional single-species fish
stock assessment, although necessary for computing the details of age
structure and population biomass, is simply incapable of providing the
information to remedy or reverse this process (Pitcher, In press). What is
needed is an evaluation of the impacts of fishing on aquatic ecosystems,
and the adoption of policy goals that aim to maximize profits, or total
benefits to society, by comparing the fisheries in alternative exploited
ecosystems (Pitcher 1998a, In press, Pitcher and Pauly 1998). This agenda
requires multispecies, ecosystem-based stock assessment models.

The essential features of these techniques are, first, to model the re-
construction of past and alternative ecosystems, and second, to evaluate
their present economic value if they were to be restored, including the
costs and uncertainties of restoration. The policy goal for management
becomes the restoration of the ecosystem that maximizes net benefits to
society. We term this the "Back to the Future" (BTF) policy process. This is
a fundamentally different process from the conventional use of
sustainability as a policy goal, which, at worst, may serve only to sustain
the present misery (Pitcher and Pauly 1998). Adopting the BTF method
counters the tendency to use as a baseline the state of things as they were
at the start of our careers: a cognitive impediment to comprehending the
full effects of fishing on aquatic abundance and biodiversity (Pauly 1995)
that has been termed "Pauly's ratchet" (Pitcher, In press). In this paper we
outline the methodological basis for the BTF process, along with two ex-
amples of pilot work.

Ecosystem Modeling
Although multi species methods for assessing the exploitation status of
fisheries have long been recognized as being critically needed (e.g.. Larkin
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et al. 1984), there are as yet no methods that are generally accepted by the
fisheries research community. The contributions in Sissenwine and Daan
(1991) comprehensively review multispecies methods that showed prom-
ise at that time. In the past, most forms of ecosystem modeling have gen-
erally been of theoretical interest rather than practical relevance. Most are
complex, involve many hundreds of parameters, do not encompass the
whole ecosystem, and do not usually describe the fishery in sufficient
detail, for example, by gear sector, to be used directly in management.
Some examples are: Ulltang (1995) on the Barents Sea; Andersen and Ursin
(1977) and Ursin (1979) on the North Sea; and Laevastu and Larkins (1981)
and Low (1983) on the North Pacific. These models usually only include
part of the ecosystem. They also tend to confound physical oceanographic
(or limnological) processes not fundamental to understanding the fishery
with essential biological features. In general, there seems to have been
little advance on Larkin and Gazey's (1982) pioneering attempt to model
fish communities by multiple predator/prey models. Published models
tend to be highly site specific and so are difficult to generalize to new
sites, and, moreover, are not robust enough to make predictions or under-
stand ecosystem processes.

In recent years, a series of developments in ecosystem models based
on the simplifying assumption of mass balance have improved the situa-
tion. Ecopath is a practical trophic mass-balance model developed at
ICLARM (Christensen and Pauly 1992,1993), based on original work by j.].
Polovina at the National Marine Fisheries Service in Hawaii (Polovina 1984,
1985). Recent extensions to this comprise Ecosim (Walters et al. 1997), a
dynamic simulation technique, and Ecospace (Walters et al. 1998), a spa-
tial ecosystem modeling tool. These developments are described below.

Ecopath tallies the flows of matter within the major components of a
system, defines the trophic level of each component, and can be used to
estimate biomass (8) given information on diet, mortality (Production, P,
to biomass, B ratio, which equals the total mortality rate, Z), and con-
sumption rates (consumption, Q to B ratio). It is not the intention here to
provide full details of the method, but the basic Ecopath approach is to
solve a set of simultaneous linear equations, one for each group, i, in the
system:

[Production of i) -[all predation on i) -
[non predation losses of i) -[export of i) = 0

This may be expressed more explicitly as:

[{B; X (P/8)/ x EEi } -1: { (Bj x (Q/B)j + DCj;} -EX; -Bacc(i)] = 0
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where,
B; = mean biomass of group i;
(P/B); = production/biomass, or (at equilibrium) total mortality

rate of group i;
EEl = ecotrophic efficiency, the fraction of the production of i

(=P;(P/B» that is either consumed within the system or
exported out of the system;

1: = summation for j = 1 to k, predator trophic groups;
(Q/B)j = food consumption/biomass of the predator j;
Bj = mean biomass of predator j;
DCj; = fraction of i in the diet of predator j;
EX; = exports (catches + emigration) of group i; and
Baccti) = accumulated biomass of i.

An equation like this is drawn up for each functional group in the system
(up to 50 groups may be considered, including different types of detritus,
and discarded bycatch), and the set of simultaneous equations solved us-
ing a robust algorithm (Mackay 1981). The model uses four parameters
for each group (derivation of the model equations from the general prin-
ciple set out above may be found in Christensen and Pauly [1992] and in
the "help" files associated with the Ecopath software package): the pro-
duction to biomass ratio, FIB; the consumption to biomass ratio, Q/B; the
biomass, B, usually expressed in tonnes per square kilometer; and the
ecotrophic efficiency, EE, expressing the proportion of a group's produc-
tion that is utilized within the system. In addition, exports from each
group, and the proportion of each group's diet represented by each other
group in the ecosystem, are estimated. Three of these four parameters are
required as input and the remaining parameter is estimated for each group.
As methods exist for the field estimation of biomasses and P/B, and Q/B
can be estimated from laboratory experiments, or comparative studies, it
is usually EE which is left unknown, to be estimated when the above sys-
tem of equations is solved by Ecopath. These estimated values of EE, which
must range between 0 and I, can then be used as diagnostic for groups
that are not balanced within the system, leading to adjustments of the
input data until the system is balanced (i.e., all the EE values range be-
tween 0 and 1). Overall, drawing up a preliminary ecosystem model is not
so hard as might be imagined, given that data required as input exist in
unpublished form in most research laboratories, or have been published.

Many ecologists worry about the validity of the mass-balance assump-
tion, yet it is consistent with the work of most aquatic biologists, whose
state and rate estimates represent averages applied to a certain period.
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Here state and rate estimates are applied during an arbitrary period. In
many cases, the period considered will be a typical season, or a typical
year, but the state and rate estimates used for model construction may
refer to different years. For example, models may represent a decade or
more, during which little change has occurred. When ecosystems have
undergone large changes, two or more models may be needed, represent-
ing the ecosystem before, during, and after the changes, such as before
and after the advent of large-scale industrial fishing.

Ecopath mass balance models can be built without requiring vast
amounts of survey data: input variables can be estimated by back calibra-
tion, i.e., by using the match of independently observed quantities, such
as trophic levels, with Ecopath estimates of the same quantities (Kline and
Pauly 1998), to adjust input values. The resulting models are robust in that
even preliminary, incomplete models are still helpful and useable and may
be improved when more accurate and extensive data become available.
They are quite easy to explain to nonscientists, and relatively easy to build
and validate by junior and student scientists through the software.

Ecologists have also worried that uncertainty was not taken account of
in earlier versions of Ecopath. The Ecoranger module in the most recent
releases of the Ecopath software now remedies this by allowing input of
error distributions (uniform, triangular, normal, or log-normal) to be at-
tached to all the model inputs. Random values are drawn from these distri-
butions in a Monte Carlo fashion for one model run, and the process repeated
thousands of times. Of the models that pass a selection criteria (such as
mass balance, and match between observed and predicted trophic levels),
the best-fitting one is chosen using a least square criterion, and its error
bounds evaluated from the runs completed, a process involving prior and
posterior distributions, analogous to Bayesian estimation. Note that among
the selection criteria, Ecopath can also include observed levels of persis-
tent pollutants in the tissues of the organisms in different functional groups,
in which case Ecopath functions as a "fate model" (Dalsgaard et al. 1998a).

In addition to its use in evaluating fisheries and ecosystems, Ecopath
has a number of heuristic advantages:

1. Requiring the modeler to review and standardize all available data on
a given ecosystem, and identify information gaps.

2. Requiring the modeler to identify estimates (of states, or rates) that
are mutually incompatible.

3. Requiring the modelers to interact with disciplines other than their
own.

In addition, the Ecopath files for a model act as a consolidated database,
accessible to all, that stores all references and notes about the sources
and methods of estimating values (see www.ecopath.org).
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Simillation of Changes in Ecosystems-Ecosim
The need for a dynamic version of the static Ecopath mass-balance model
of an ecosystem has long been recognized. Ecosim is based upon a simple
idea, the substitution of rate of change of biomass for the mass-balance
equation of Ecopath, but the resulting simultaneous differential equations
are both conceptually and computationally challenging. Walters et al. (1997)
have provided a practical solution and their paper lists a range of ex-
amples of the successful validation of the technique. Ecosim, which is
based on Ecopath files, has proven capable of reproducing changes that
have been observed in a number of ecosystems, such as Lake Victoria
(Walters et al. 1997) and the Gulf of Thailand (Christensen 1998). The first
published examples of the use of Ecosim are an investigation of the influ-
ence of small pelagic fish and their fisheries on ecosystems by Mackinson
et al. (1997), and an exploration of the stability of exploited ecosystems
by Vasconcellos et al. (1997).

Ecosim is capable of evaluating the impact of changes in fishing rates
on the ecosystem for each of the modeled fisheries. Clearly, Ecosim has
great potential to be used in fisheries management in this way, although it
is premature and risky to place great reliance on exact results (see contri-
butions in Pauly 1998). Management plans have to be devised in such as
way as to learn from the monitoring of changes that result from new poli-
cies, and to be flexible enough to adapt to unexpected outcomes.

Simulation of Spatial Dynamics of Ecosystems-

Ecospace
Another recent development, Ecospace, introduces the facility to spatially
model ecosystems that have been summarized by Ecopath (Walters et al.
1998). This will be especially useful in the evaluation of the benefits of
closed areas.

The model enables the layout of a gridded map including coastlines,
areas of higher productivity, habitat preferences of ecopath groups, and
shapes and sizes of areas closed to fishing. It includes the movement
characteristics of each Ecopath group and the bioeconomic spatial behav-
ior of the fishers.

Reconstructing Past Ecosystems
In the Back to the Future (BTF) approach, these tools are used to construct
and evaluate present and alternative ecosystems. Ecosystems that existed
in the past are reconstructed using historical documents, archaeology and
traditional or local environmental knowledge (TEK and LEK) (Pitcher 1998a,
1998b, In press). For some human-made ecosystems like freshwater or
brackish impoundments (e.g. Lake Nasser, Pitcher 1999, 1997), BTF is clearly
not appropriate, but in these cases a range of alternative ecosystems can
be constructed.
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Although direct simulation modeling of major ecological shifts is likely
to remain infeasible for the foreseeable future, the Ecopath approach has
made it possible to bypass this problem. The method makes it credible to
use other information to construct models of past and alternative ecosys-
tems. The first steps are to draw up likely species compositions and the
resulting predation matrix. For example, data can be used from similar
systems that may exist elsewhere, or may have existed in the recent past.
Alternatively, information on likely diet and metabolic parameters may be
borrowed from models of similar systems, or from FishBase (see Froese
and Pauly [1998] and www.fishbase.com). By 1998 nearly 100 Ecopath
models have been, or will soon be published (see, for example, contribu-
tions in Christensen and Pauly [1993]; see also Ecopath files posted in
www.ecopath.org). The ability to run checks on the internal consistency
of the model, by comparing respiration rates, is valuable here. Where spe-
cies are globally extinct, modeling may be more approximate, but still
feasible (e.g., Steller's sea cow; Pitcher 1998b).

Reconstructing past systems adds to the heuristic advantages of Ecopath
by requiring the modeler to interact with the holders of TEK, archaeolo-
gists, and historians. Evaluation of a series of reconstructed ecosystems
since ancient times can illustrate how past marine catches have foreclosed
our future economic options. The BTF methodology supplies a practical
direct use for the knowledge of maritime historians, archaeologists, eco-
logical economists, fisheries ecologists, and the TEK of indigenous peoples.
Interestingly, TEK, often denied a voice or trivialized in conventional fish-
eries science, is strengthened in the BTF process by a cross-validation with
ecological science Uohannes 1981,1987), and may thus be endowed with a
real and valuable role in shaping future fisheries policy.

Through use of carefully designed questionnaires and interviews, it is
possible to entrain TEK into ecological science. For example, presence and
absence, place and time, and abundance can be scored relative to other
times or organisms. This partnership between TEK and Ecopath can pro-
duce a powerful description of past ecosystems.

Figure 1 is a diagrammatic representation of the BTF method. The
triangles represent Ecopath models for the present day and for specified
past times. The Ecopath model is conventionally represented by triangles,
the vertex angle and height of the triangle reflecting overall system trans-
fer efficiency and size of biomass flux, respectively (see contributions in
Christensen and Pauly [1993]). The dotted lines represent limits to Ecosim
"what if' simulations employing species present at each stage only. The
boxes represent species, and the size of boxes, the relative abundance.
Note that boxes could equally well represent genetically distinct lineages
within a species. Arrows between boxes show the time line of species,
ending when local extinction occurs. Information about what species were
present comes from archaeology, traditional knowledge, or archival docu-
ments.
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Diagram illustrating the Back to the Future methodology for the evalua-
tion of past ecosystems. Triangles represent three Ecopath models, con-
structed at appropriate past times, where vertex angle and height is
inversely related to biodiversity and internal connectance. 7iming of
models depends on the locality. the dawn of quantitative documentary
evidence, and major shifts in resource history; a fourth model might be
drawn up for a pre-modern human, late Pleistocene era. Broken lines
next to triangles represent limits to Ecosim simulation modeling of "what
if?" scenarios based on the Ecopath models. 7ime lines of some represen-
tative species in the models are indicated, where the sizes of boxes indi-
cate relative abundance. Solid circles indicate local extinction. Sources of
information for constructing and tuning the Ecopath models are illus-
trated by the symbols for historical documents (document), archaeologi-
cal data (trowel) and the traditional environmental knowledge of
indigenous Peoples (voice balloon). For further details, see text.

Figure 1
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Policy Evaluation by Comparison of
Constructed Alternative Ecosystems-Ecoval
Under the BTF method, the policy objective for management becomes the
building of the ecosystem that would maximize economic benefit to society.
The Ecoval method for fisheries management using alternative ecosystem
evaluation comprises seven elements:

1. Ecopath model construction of present and alternative ecosystems.

2. Ecosim and Ecospace exploration of the limits to fishing, sector by
sector, for each alternate.

3. Evaluation of economic and social benefits for each system.

4. Choice of policy goal as the ecosystem that maximizes benefits to
society.

5. Design of instruments to achieve this policy goal.

6. Evaluation of costs of these management measures.

7. Adaptive implementation and monitoring of management measures.

Figure 2 illustrates the comparative policy evaluation process. The
triangles represent Ecopath models, which are drawn up for the current
ecosystem and its fishery alongside several alternative ecosystems with
different fishing regimes. One model, for example, might represent an
unfished ecosystem.

The vertical axis of the pyramid represents the trophic level of re-
sources that might be exploited. Schematic resources are illustrated at
three trophic levels. Vertical arrows leading to ovals at the top represent
fishery catches. In the ecosystem at the left, mainly top carnivores are
exploited. In the center, there are diverse fishery sectors with most of the
catch coming from middle trophic levels. In the ecosystem at the right,
catches are mainly from lower trophic levels. In addition, moving from
left to right represents a gradient of ecosystem depletion so that organ-
isms available for exploitation are at lower trophic levels. (This need not
necessarily be the case, but represents what we know has happened to
aquatic resources throughout the world [Pauly et al. 1998b].)

The table below the diagram summarizes suggested evaluation cri-
teria. Evaluation of the relative benefits to be gained from alternative eco-
systems is rather different from conventional stock assessment. First, the
potential yield estimation procedure using an ecosystem model automati-
cally provides sustainable yields, since anything greater will alter the na-
ture of the ecosystem as detected by the Ecosim modeling. Second, in
addition to estimating the total catch and catch value, values may also be
put upon the diversity of the fishery products, the amount of employ-
ment, and secondary social and economic benefits of the fishery to local
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ECOSYSTEM B ECOSYSTEM C

Bl
B2
B3
B4
B5
B6
B7

Cl
C2
C3
C4
C5
C6
C7

ECOSYSTEM A

EVALUATION CRITERIA
Total Catch AI
Catch Value A2
Product A3
Employment A4
Sectoral Conflict AS
Social Benefits A6
Ecosystem A7

Figure 2. A schematic illustrating the Ecoval comparative policy evaluation pro-
cess. The triangles represent Ecopath models, which are drawn up for
the current ecosystem and its fishery alongside several alternative eco-
systems with different fishing regimes. The vertical axis of the pyramid
represents the trophic level of resources that might be exploited. Sche-
matic resources are illustrated at three trophic levels. Vertical arrows
leading to ovals at the top represent fishery catches. The table below the
diagram summarizes suggested evaluation criteria, including costs of
implementation. For further details, see text.

communities. Evaluation may further encompass conservation values such
as biodiversity, the preservation of endangered species, and benefits and
costs for multiple users of the aquatic resource.

Many will likely be surprised by the reconstruction of what the sys-
tem was like prior to heavy industrial fishing. This state might be de-
scribed as primal abundance and diversity (PAD), a concept that strikes a
chord with aboriginal peoples (Haggan 1998). Ability to determine the
PAD provides an important baseline for future simulations.

The BTF jEcoval procedure has social benefits too. Workshops held to
help build models of alternative systems can act as a neutral forum where
intersectoral discussions can proceed. Comparing species levels predicted
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by the model provides talking points. It is recognized that all participants
have something to contribute to the knowledge base for conservation and
wise use (see Okey and Pauly 1999). Focusing on the alternatives high-
lights what could be achieved, as opposed to fighting over present scar-
city. Moreover, when such policy goals are identified, an ecosystem-based
agenda means that, during rebuilding, the public can act as sentinels of
progress, and diverse groups can have roles in providing data (Pitcher
1998a).

Example 1: Hong Kong, South China Sea
The first specific example of the use of Ecosim and the BTF process has
been in evaluating alternative policy options for Hong Kong fisheries
(Pitcher et al. 1998). The South China Sea is an aquatic ecosystem that is
among the most devastated by uncontrolled fishing (see Christensen [1998],
Saeger [1993], and contributions in Silvestre and Pauly [1998]). Ecosim
has been used to predict the impact of different scenarios representing
changes in the management of fishing gear sectors on the relative abun-
dance of species in Hong Kong (Pitcher et al. 1998).

For example, halving the current fishing mortality from trawlers pro-
vides considerable benefits for all fishery sectors, and those elements of
the ecosystem with a conservation aspect such as marine mammals. The
model suggests that the full benefits of such a policy may, however, take
a decade to be realized. Associated modeling work in Hong Kong is evalu-
ating the benefits to the resource of an artificial reef/closed areas system
that is being established (Watson and Walters 1998, Pitcher et al. 1999).

Data from the 1950s suggest that large, high-value demersal croak-
ers, groupers, and snappers were common in the fishery. Comparison of
ecosystem models of the past state with that of the present day provides
a clear policy choice: restoration of just some elements of the past sys-
tem, even allowing for the establishment and monitoring costs, would
increase the existing resource value. Restoration that included the re-
establishment of heavily depleted species no longer present in the present-
day catch, and the reintroduction of high-value species that have become
extinct, would more than double this again. Moreover, social and gover-
nance advantages will likely accrue from the successful co-management
of the reserve/artificial reef system (Haggan et al. 1998b).

Example 2: Strait of Georgia, British Columbia
The historical times at which it may be appropriate to draw up models will
vary among sites. For example, in the Strait of Georgia, British Columbia,
Ecopath models have been constructed for the 1990s; for the late 1900s,
i.e., before the huge modern expansion of fisheries; and for a period 500
years before the present, i.e., before contact of native peoples with Euro-
peans and the expansion of the fur trade, in the context of a project de-
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