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Since its development in the early 1980s, the mass-balance approach incorporated in
the Ecopath software has been widely used for constructing food-web models of
marine and other ecosystems. Generalizations on the structure and functioning of such
ecosystems, relevant to the issue of fisheries impacts, have been developed and these
have affected the evolution of the Ecopath approach. Thus, the description of the
average state of an ecosystem, using Ecopath proper, now serves to parametrize
systems of coupled difference and differential equations, which are used to depict
changes in biomasses and trophic interactions in time (Ecosim) and space (Ecospace).
The outcomes of these simulations can then be used to modify the initial parametriz-
ation, and the simulations are rerun until external validation is achieved. This
reconceptualization of the Ecopath approach as an iterative process, which helps
address issues of structural uncertainty, does not increase its input requirements
markedly. Rather, it has become possible, through a Bayesian resampling routine, to
explicitly consider the numerical uncertainty associated with these inputs. We present
the key features of the reconceptualized approach, and two indices based thereon for
quantifying the ecosystem impacts of fisheries. We conclude with a brief discussion of
its limitations, both present and intrinsic.
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Introduction

That fishing should have an impact on ecosystems is
obvious: removing biomass from a complex of species
feeding on each other is bound to affect the food web.
Evaluating the impact of fisheries, therefore, cannot
consist only of demonstrating that fisheries do affect
ecosystems. Rather, the task at hand, at least from the
standpoint of research, is to assess whether the impact of
a fishery (or of several) is likely to have indirect effects
on the long-term viability of other fisheries. From a
more conservation-orientated standpoint, the goal could
also be formulated as ensuring that the exploitation of
various resource species leaves the ecosystems with their
biodiversity and structural integrity maintained, thus
allowing for future services.

This implies that ecosystem representations (models)
are required that can describe the biomass flows between
the different elements of exploited ecosystems, and can
provide answers to “what if”’ questions regarding the
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likely outcomes of alternative fishing policies. Moreover,
for such models to be effective in a management context,
it should be possible to assemble them relatively quickly
—even in data-sparse environments — so that they will be
rejected equally quickly when they fail to match the
known features and behaviour of the ecosystem that
they aim to represent.

Several modelling approaches exist that meet some, or
all of these requirements (Daan and Sissenwine, 1991;
Silvert, 1993), and a balanced review cannot be provided
in the space available here. Rather, we describe the
Ecopath suite of software, now including Ecosim and
Ecospace, and their various components, which do fulfil
the above requirements. Elements of the Ecopath
approach have been around since the early 1980s
(Polovina and Tagami, 1980; Polovina and Ow, 1983;
Polovina, 1984, 1985; Griggs et al., 1984). However,
as we will show, the recent development of Ecosim
(Walters et al., 1997) and Ecospace (Walters et al., 2000)
and the addition of various new routines have not only
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increased the quantitative power of the approach (ease
of manipulating data, explicit consideration of uncer-
tainty), but have also allowed qualitatively new ques-
tions to be asked.

Ecopath proper

The master equation, originally proposed by Polovina
(1984), requires that, for each functional group i in an
ecosystem, mass balance should occur over a given time
period such that:

B, (P/B);- EE,=Y,+Y.B;-(Q/B);"DC; ..., (1)

where B; and B; are biomasses (the latter pertaining to j,
the consumers of i), P/B their production/biomass ratio,
equivalent to total mortality rate under most circum-
stances (Merz and Myers, 1998), EE; the fraction of
production that is consumed within, or caught from the
system, Y, is the fisheries catch (Y=FB; F is fishing
mortality rate), Q/B; the food consumption per unit
biomass of j, and DC;; the contribution of i to the diet of
j- Additional terms may be added on the left side to
reflect a change in biomass over the time period studied,
and/or net emigration (Christensen, 1995a).

Solving this system of linear equations is straight-
forward (Mackay, 1981). Once solutions are avail-
able, a quantified network of flows can be constructed
from the biomass, production, and consumption
estimates.

It must be emphasized that the logic of Equation (1)
does not require equilibrium or steady state. Rather, all
that is required is that the system, after for instance a
seasonal cycle of changes in biomass and fluxes, returns
to its earlier state (Jarre-Teichmann, 1995; Venier,
1997). When there is a seasonal cycle in B, P/B, Q/B,
and/or diet composition, and when relative values of
these parameters by season can be specified, appropriate
integrated rates over a longer time step can be con-
structed so that the overall mass balance is maintained.
In this case, the parameter estimates are interpreted as
seasonal maxima of the relative rates specified by the
model user (Walters, 1996).

Before the publication of Polovina (1984), Pauly
(1982) had applied a piecemeal method for constructing
trophic ecosystem models, which resulted in similar
flowcharts (Nauen, 1984). However, the versatility of
Equation (1) led Pauly ez al. (1993) to concentrate on the
Ecopath approach (see also Liew and Chan, 1987;
Ulanowicz, 1986; Pauly, 1987). Christensen and Pauly
(1992b) put the Ecopath II software on a solid footing,
enabling its wide distribution. An early result of this was
a poster session on ‘“Trophic models of aquatic eco-
systems’ at the ICES Council Meeting in October 1990
in Copenhagen (Christensen and Pauly, 1993a). The
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preface to the proceedings of that session describes much
of the historic background.

Generalizations

Ecopath applications to ecosystems ranging from low

latitude areas to the tropics, and from ponds, rivers, and

lakes to estuaries, coral reefs, shelves, and the open sea,
but all using the same metrics, allowed identification of
several general features of aquatic ecosystems:

e Multivariate comparisons demonstrated the basic
soundness of E. P. Odum’s (1969) theory of eco-
system maturation (Christensen, 1995b), including a
confirmation of his detailed predictions regarding
ecosystems near carrying capacity (Christensen and
Pauly, 1998). Conversely, this theory can now be used
to predict the effect of fisheries on ecosystems, which
tend to reduce their maturity, as illustrated by
the comparison of Ecopath models for the Eastern
Bering Sea in the 1950s and early 1990s (Trites
et al., 1999a, b), and to guide ecosystem rebuilding
strategies implied in “Back to the Future” approaches
(Pitcher, 1998; Pitcher et al., 2000).

e The importance (relative to fishing) of predation by
fish and marine mammals within marine ecosystems
as suggested by complex models in a few areas (North
Sea — Andersen and Ursin, 1977; North Pacific —
Laevastu and Favorite, 1977) was confirmed globally
by Ecopath models (Christensen, 1996; Trites et al.,
1997).

o Identification of trophic levels as functional en-
tities rather than as concepts for sorting species
(Lindeman, 1942; Rigler, 1975) implied the use of
non-integer values (computed as 1+ the mean trophic
level of the preys, as proposed by Odum and Heald,
1975) that express degree of omnivory (Christensen
and Pauly, 1992a), i.e., the extent to which feeding
occurs at different trophic levels (Pimm, 1982). Also,
trophic level estimated from analyses of stable iso-
topes of nitrogen has been shown to correlate well
with estimates from Ecopath models (Kline and
Pauly, 1998).

Estimates of transfer efficiencies between trophic
levels (Christensen and Pauly, 1993b; Pauly and
Christensen, 1995), previously a matter of conjecture
usually pertaining to single-species populations or even
to studies of a few individual animals (Slobodkin, 1972),
differed radically from earlier guesses by ecosystem types
(Ryther, 1969) used for inferences on the potential yields
of fisheries (Pauly, 1996), even though the mean was
unsurprising (about 10%; Morowitz, 1991).

Meta-analyses of published models

Combining calculated transfer efficiencies and estimates
of trophic levels for major species in the world catches
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Figure 1. Representations of fishing down marine food webs in the North-west Atlantic (data for FAO Area 21): A. Trends in catch
(circles) and their mean trophic level (dots), 1950-1997. B. Sequential plot of mean trophic level vs. catch. C. Trend in FIB index.
D. Distribution of landings ('000 t) by trophic level in 1950 and 1997.

from a wide variety of Ecopath applications en-
abled computation of the primary production re-
quired (PPR) to sustain global fisheries (Pauly and
Christensen, 1995), which is related to the emergy of
H. T. Odum (Christensen, 1994) and to the ecological
footprint concept (Folke et al, 1998; Wackernagel
and Rees, 1996). The PPR of global fisheries was
estimated at 8% globally, four times higher than an
earlier estimate (Vitousek ez al, 1986). More im-
portantly, PPR was shown to reach 25-35% on conti-
nental shelves, from which the overwhelming majority
of marine fish catches originate, close to the 35-
40% range estimated by Vitousek er al (1986) for
the human appropriation of terrestrial primary
production.

Subsequently, it was shown that the weighted mean
trophic level of the fish landed (estimated for relevant

species and species groups included in FAO fisheries
statistics, 1950s to 1990s) has been declining in most
areas for which sufficiently detailed data were available,
a process identified as “Fishing down marine food
webs” (Pauly et al, 1998a; Fig. 1A). Large, slow-
growing predators have been largely extirpated and
replaced by small, fast-growing forage fish and in-
vertebrates. Further, as impacts on key elements of
the food webs increase, the upward transfer of produc-
tion becomes impaired and plots of trophic levels
versus catch bend backwards (Fig. 1B). Not only the
mean of the trophic levels changes, but also their
distribution (Fig. 1D). Caddy et al (1998), while not
disputing these processes, suggested that they cannot
be documented based on FAO’s series of landing
statistics. A response may be found in Pauly er al
(1998b).
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However, one problem with using a declining trend of
mean trophic level of landings as evidence of the increas-
ing impact on the ecosystem of a given fishery is that
moving down the food web may be the result of a
deliberate choice, for which justification may be found in
the ever-increasing, world-wide demand for animal pro-
tein. After all, biological production does increase by a
factor of around 10 as one moves down one trophic level
in typical marine ecosystems. Thus, one could argue that
a fair evaluation of the impacts of a fishery should not
be based on an index which simply declines as the fishery
moves down the food web of a particular ecosystem.
Rather, such an index should decline only when catches
do not increase as expected. Here, we propose an index
that enables us to assess whether a fishery is balanced
(FIB) in ecological terms or not. The FIB index for any
year i in a series is defined by

FIB=log(Y; - (I/TE)™) — log(Y, - (1/TE)™), )

where Y is the catch, TL the mean trophic level in the
catch, TE the transfer efficiency, and 0 refers to any year
used as a baseline.

Figure 1C illustrates a time series of the FIB index in
the western North Atlantic, with TE=0.10 (Pauly and
Christensen, 1995). From 1950 to the mid-1960s, the
index shows a steady upward trend owing to increases of
both catches and mean trophic level, suggesting that the
fishery was expanding to stocks previously not, or only
lightly, exploited. Catches peaked in the late 1960s;
thereafter, the index shows a stepwise decline, owing to
the decrease in TL not being matched by a correspond-
ing increase in catches, except in the 1980s. This analysis
does not consider the aggravating effect of a decline in
trophic level due to a reduction in mean size within
species, which in fish is positively related to trophic level
(Pauly et al., 1998b).

Ecosim

So far ecosystem simulation models have not been used
much — if at all — for fisheries management. There are a
number of causes for this, notably the difficulty in
constructing, parametrizing, calibrating, and validating
such models (Larkin and Gazey, 1982). Moreover,
fisheries scientists and managers have until recently
been almost exclusively concerned with single-species
management issues.

The trends in Figure 1 clearly illustrate the need for
fisheries policies that explicitly consider trophic inter-
actions in an ecosystem context, as also recently empha-
sized by NRC (1999). Here, the task is not one of setting
a total allowable catch in a given fishery, but one of
exploring the ecosystem implications of a given policy,
e.g., of targeting forage fish. Ecosim was developed to
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address issues of this sort (Walters et al., 1997; Pauly,
1998).

The basics of Ecosim consist of biomass dynamics
expressed in the form of coupled differential equations
derived from Equation (1):

dB,/dt=g; C;;—Y.C;;+L,— (M, +F;+¢,)B,, (3)
J J

where dB/dt is rate of change in biomass, g is growth
efficiency, F is fishing mortality rate, M is natural
mortality rate (excluding predation), e is emigration
rate, I is immigration rate, and C; (C;) is the consump-
tion rate of type i (j) biomass by type j (i) organisms.
Consumption rates are calculated by:

(a) dividing the biomass of each prey i into a vulnerable
and an invulnerable component (Walters et al.,
1997); the transfer rate (v;) between these two
components (adjustable by the user) determines if
control is top-down (Lotka-Volterra), bottom-up
(donor-driven), or intermediate;

(b) keeping, in case of split pools (juveniles versus adults
of the same species), account of the numbers that
recruit from the juvenile to the adult stages (using
the Deriso-Schnute delay-difference model, which
leads to emergent stock-recruitment relationships)
as part of the outputs.

These assumptions lead to the rate equation
C;=via;BB/(v;; +v;;+a;B)), 4)
where the v and v’ parameters represent rates of behav-
ioural exchange between invulnerable and vulnerable
states and a; represents rate of effective search by
predator j for prey type i.

One interesting aspect is that Ecopath parametriz-
ations can be quickly evaluated in terms of the dynamics
they imply. For example, one can quickly identify
over-aggregated groups, whose ability to consume a
wide range of prey enables them, through “unfair com-
petition”, to drive other groups into extinction (Walters
et al, 1997). This allows addressing, at least in part,
some of the structural uncertainty associated with the
definition of the pools in Ecopath models.

Several applications to policy exploration exist.
Shannon er al. (2000) and Stevens et al. (2000) have
applied Ecosim from a wider perspective on the
Borguela upwelling system and on Chondrychthyans,
respectively. Kitchell et al. (1999) used Ecosim to study
the ecosystem effects of fishing down top predators in
the Central Pacific, and Pitcher ef al. (in press) evaluated
the relative benefits of artificial reefs protected inside
marine reserves to six sectors of the Hong Kong fishing
industry.

Trites et al. (1999a, b), using detailed models of
the Eastern Bering Sea, were unable to move from the
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ecosystem state prevailing in the 1950s to that prevailing
now solely on the basis of different exploitation patterns
(e.g. fishing down whales or different fish groups). They
interpreted this as indirect evidence for effects of
mechanisms other than included in Ecosim (fishing+
predation) on the recruitment of the now very abundant
Alaska pollack. The well-documented regime shift in the
North Pacific in the 1980s comes to mind here (Beamish
and Bouillon, 1993; Polovina et al., 1995).

In contrast, Christensen (1998) showed that fishing
alone could drive the Ecopath model of the Gulf of
Thailand trawling grounds in 1963 (before the devel-
opment of the trawl fishery) into the, independently
estimated, 1983 configuration. Conversely, reduction of
the trawling effort prevailing in 1983 led to a system
configuration similar to that in 1963.

A simulation of the multispecies, multigear fisheries of
San Miguel Bay, Philippines, by Bundy (1997) showed
that Ecosim results depend strongly on the assumed
vulnerabilities of the biomass pools. This allowed iden-
tification of a few robust policies that applied over a
wide range of v;; settings and their differentiation from
policies whose outcome depended entirely on the setting
of the v;; and therefore would remain uncertain until
subjected to rigorous testing under an adaptive manage-
ment scheme (Walters, 1986).

Multisystem comparisons using Ecosim have involved
policy evaluation for upwelling fisheries (Mackinson
et al., 1997). Vasconcellos et al. (1997) showed that
increasing detritus recycling in ecosystems correlates
with increased resilience to perturbations — as postulated
by Odum (1969) — rather than being an expression of
stress — as suggested by Baird et al. (1991).

We present another multisystem comparison dealing
with the possible influence of the quality of the data used
in constructing the models on their dynamic behaviour.
This question is important because much of what has
been written about ecosystem stability has been based
on ecosystem models consisting of coupled differential
equations with arbitrary or random parameters (May,
1972; Pimm, 1984). Yet it could be argued that, of the
infinite number of potential values, only those combi-
nations of parameters occur in nature that allow eco-
systems to persist. Hence, models representing real
ecosystems constructed from high quality data may be
more stable than models constructed from low quality
data (Walters et al., 1997).

Three relevant indices were assembled for two groups
of ecosystem models, coastal systems (n=8) and shelf
systems (n=7): (1) ranked model ‘“quality”: derived by
ranking the models within the two types of systems in
terms of the amount of local data that went into the
parameter estimation relative to the application of
generic parameter estimates exported from other areas;
(2) ranked ecosystem “persistence’’: refers to the level of
vulnerability (v;;) beyond which pools start to drop out
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of the system, given a small perturbation (cf. Fig. 5 in
Walters et al., 1997); (3) ranked Finn’s index of detritus
recycling: expresses the amount of detritus that is
recycled relative to the amount that flows through. This
index was found earlier to correlate with system
resilience (Vasconcellos et al., 1997).

Table 1 summarizes the results. The (zero-order) rank
correlation between persistence and quality is 0.45 for
coastal systems (Fig. 2A) and 0.56 for shelf systems (Fig.
2B). The corresponding partial rank correlations, after
accounting for the effect of detritus recycling, are 0.65
and 0.58. The former would be significant (p=0.05) if
tested as a zero-order rank correlation, given the absence
of a formal test for first-order rank correlation (Siegel,
1956). Thus, we suggest that a positive relationship
between quality of Ecopath input data and the persist-
ence of the Ecosim model based thereon might exist.

To follow up on this, we have recently enabled the
entry of a “pedigree” (Funtowicz and Ravetz, 1990) for
each Ecopath input (Equation [1]), identifying whether it
is a mere guess, imported from a similar system, or
represents a rough or a precise estimate based on local
data. Each input is then linked to a (user-modifiable)
default estimate of the associated confidence interval.
This allows the computation of an overall index of
model quality, and provides prior distributions for
Ecoranger, which incorporates a Bayesian approach for
explicitly considering uncertainty in Ecopath inputs
(Fig. 3), based on McAllister et al. (1994) and Walters
(1996).

The existence of a link between model quality and
persistence, if confirmed by future work, would have
profound implications for our understanding of eco-
system functioning and the research required for
ecosystem-based management.

Ecospace

Real ecosystems are more complicated than mass-
balance fluxes in Ecopath models, however large the
number of functional groups included. Real ecosystems
also have dynamics far more complex than represented
in Ecosim. However, in evaluating the realism of simu-
lation software, the issue to consider is not how complex
the processes represented therein are. Rather, the ques-
tion is which structure allows a representation of the
basic features of an ecosystem, given a limited amount
of inputs. On such criteria, the major deficiency of the
Ecopath/Ecosim approach was its assumption of homo-
geneous spatial behaviour. This was recently remedied
through the development of Ecospace (Walters et al.,
2000), a dynamic version of Ecopath, incorporating all
key elements of Ecosim.

Ecospace dynamically allocates biomass across a grid
map (to be decided by the user but typically defined by
20 x 20 cells), while accounting for: (1) symmetrical
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Table 1. Data for testing association between ranked indices of quality and persistence and Finn’s
index of Ecopath models (documented in Christensen and Pauly, 1992a, 1993; Liew and Chan, 1987,

Pauly and Christensen, 1993). N: number of pools.

Finn’s index

Quality Persistence Ranked Y% N
Coastal models
Maputo Bay 1 2 7 5.8 10
Schlei Fjord 2 1 2 29.4 10
Etang de Thau 3 8 8 4.2 11
Gulf of Thailand, 10 m 4 6 3 21.5 15
Celestun Lagoon 5 3 4 14.6 15
Gulf of Mexico 6 5 5 9.5 15
Lingayen Gulf 7 4 1 38.4 16
Off Campeche 8 7 6 8.9 18
Shelf models
North Sea 1 2 1 22.6 28
Venezuela 2 1 7 2.7 16
Off Yucatan 3 5 6 12.6 20
Gulf of Thailand, 50 m 4 6 2 19.1 15
Brunei Shelf 5 3 4 16.3 13
Malaysia 6 4 3 17.4 13
Northern Gulf of Mexico 7 5 5 12.8 23
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Figure 2. Relation between ranked indices of quality of input data to Ecopath models and of persistence of functional groups in

Ecosim runs: A. Coastal systems. B. Shelf systems.

movements from a cell to its four adjacent cells, modi-
fied by whether a cell is defined as preferred habitat or
not (running means over adjacent sets of five cells allows
for smooth transitions between habitat types, which are
also user defined); (2) user-defined increased predation
risk and reduced feeding rate in non-preferred habitat;
(3) levels of fishing effort by fleet in each cell that are
proportional to the overall profitability of fishing in that
cell, and whose distribution can also be made sensitive to
costs (e.g. of sailing to certain areas).

As yet, few applications are available for evaluation.
However, numerous test runs with a wide range of
available files suggest that Ecospace, like Ecosim, can
help resolve some of the structural uncertainty associ-
ated with the construction of Ecopath models. Thus,

predators assigned to a given habitat type must be able
to encounter sufficient prey in that habitat. Indeed, this
suggests that Ecopath models, though they do not
explicitly consider space, always should contain im-
plicitly spatial subsystems with distinct food webs, cor-
responding to habitat types to be defined in Ecospace
(Okey, 1998; Pauly, 1998). Moreover, definition of such
subsystems leads to more robust simulations under
Ecosim (less self-simplification). This obviously reflects
the fact that spatial patterns do generate refuges from
predation. It is those refuges that bring us to marine
protected areas (MPAs).

Given its structure, Ecospace allows users to explore
the potential role of MPAs as a tool to mitigate, and
perhaps reverse various ecosystem effects of fishing,
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Figure 3. Schematic representation of the Bayesian approach incorporated in Ecoranger, a routine of Ecopath allowing explicit
consideration of uncertainty in input values (prior distributions). Outputs include distributions of estimates and posterior
distributions of acceptable inputs. A “best” model can also be identified by various criteria, including least squares.

notably the effects of fishing down marine food webs.
The results obtained so far (Walters, 2000; Walters et al.,
1999) suggest that, due to trophic cascades within MPA
owing to local protection of predators and to net
movements of predators toward food concentrations
outside the MPA, the net effect of small areas may be to
increase the catch of fisheries because these will invari-
ably concentrate their operation near their perimeter.
Only large MPAs, with short perimeters relative to their
surface areas, would solve this problem, as would MPAs
in bays or gulfs with limited adjacency to exploited areas.

Some biomass pools may serve particular functions
related to, but not directly involving, trophic flows. For
example, macroalgae and sponges may act as critical
mediators of trophic relationships by providing hiding
places from predation and may be influenced both
directly and indirectly by fishing (Sainsbury, 1988).
Large predators may induce smaller fish to change their
distribution and behaviour (risk-avoidance reactions)
and thus alter their vulnerability to other predators.
Such effects, while not invalidating the static flow esti-
mates of Ecopath, call into serious question the dynamic

predictions from Ecosim/Ecospace. Thus, we recently
included in Ecosim/Ecospace a routine called “Medi-
ation”, which allows sketching the assumed shape of the
relationship between the biomass of a group, and the
vulnerability of prey i to a predator j and running under
the constraints generated by one or several such
shape(s). This will allow to test for instance whether
incorporating mediation effects resolves the apparent
paradox of small MPAs being able to retain relatively
large biomasses of predators (Roberts and Hawkins,
1997), despite the negative effects of trophic cascades
within, and strong fishing effort around, their periphery
(Walters et al., 1999).

Ecospace still needs much work to make it a useful
policy exploration tool for many ecosystems. Case
experience suggests in particular that it needs to include
representation of orientated migration (seasonal,
ontogenetic) as well as simple dispersal, and a better way
of specifying differences in trophic flows among habitat
types than is offered by aggregate Ecopath analy-
sis. Linkages of habitat type designations to variable
features of the physical habitat are also required.
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Conclusions

Some improvements are currently being implemented,
but progress has been slow mainly due to requirements
associated with making complex software accessible to a
wide range of users. However, the key improvement, we
believe, is not going to come from additional routines,
but from a better understanding by users of what the
approach can and cannot do. Properly used, it can lead,
through successive iteration involving Ecopath, Ecosim,
and Ecospace, to a reduction of structural uncertainty,
or at least to models that are dynamically stable. More-
over, some of the inherent uncertainty in the input
values may be accounted for by the Bayesian scheme
(Fig. 3).

While Ecopath offers much promise as a tool for
evaluating impacts of fishing on ecosystems, it is not
fully capable of representing the trophic flows associated
with the ontogeny of feeding relationships in many
larger aquatic species: many fish begin life as tiny
planktivores, feed later in different habitats on inverte-
brates, and finally emerge as piscivores. It is difficult to
identify a representative diet composition for a pool
labelled as a species or functional group with such
characteristics, and to represent the flow of biomass
across trophic levels represented by individuals gradu-
ating from one ontogenetic niche to the next. Ecosim
and Ecospace attempt to deal with this problem by
allowing users to split pools into juvenile and adult
components, with accounting of age structure, but this
partial solution may be inadequate for many situations.
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