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Understanding the trade-off relationships between ecological, economic and social
objectives is important in designing policies to manage or restore ecosystems. Using the
northern South China Sea (NSCS) as a case study, we explore the trade-offs between
conservation and socio-economic objectives in managing fisheries in tropical marine
ecosystems. Using a numerical optimization routine and ecosystem modelling (Ecopath
with Ecosim), the study shows that current management of the NSCS is sub-optimal both in
terms of conservation and economic objectives. Therefore, improvement in both
conservation status and economic benefits can be achieved by reducing fishing capacity.
However, the implementation of conservation plans may be hindered by the reduced
number of fisheries-related jobs and the lack of alternative livelihoods. Similar trade-offs
are apparent in many tropical marine ecosystems. Thus, this paper supports claims from
previous studies that solving the alternative livelihood problems appears to be a priority for
improving management and conservation in these ecosystems. A buy-back scheme that is
funded by fishers might be effective in reducing fishing capacity. However, public funds are
required if management objectives focus strongly on conservation. This might be justified
by the direct or indirect benefits to society that could be provided by well-conserved
ecosystems. This study highlights the conflict betweenmaximizing conservation and social
objectives, although win–win solutions between conservation and economic objectives may
be possible.
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1. Introduction

Over the past few decades, over-exploitation of fishery
resources has caused depletion, or extirpation in some
extreme cases, of marine populations (Pauly et al., 2002;
Dulvy et al., 2004; Hilborn et al., 2004a). A challenge to
managing exploited marine ecosystems is the trade-offs
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between ecological, social and economic objectives. Here,
trade-offs is defined as giving up some of one thing to getmore
of something else. Given a set of alternative allocations or
system configurations, the system is considered to be in
Pareto-optimum if improvement of any one individual or
objective would reduce the performance of the others. The
Pareto-frontier is the set of system configurations that are all
.

offs between conservation and socio-economic objectives in
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Fig. 1 – Possible trade-off relationships between two fisheries
management objectives: (A) linear, (B) convex, (C) concave.

Fig. 2 – Schematic diagram comparing total revenue and total
cost that can theoretically be obtained from joint
productions of a multi-species fishery. The broken
lines represent the hypothetical fishery revenue from
catching the three species: Species A, B, and C have high,
medium and low productivity, respectively. Total revenue
from fishing for all three species is represented by the solid
line. The shape of this curve is due to the disappearance of
less productive species as fishing effort increases. The
fishing effort, F(MSY), that achieves the revenue at
Maximum Sustainable Yield R(MSY) for all three species
leads to under-exploitation of Species A, over-
exploitation of Species B and extirpation of Species C. MER
represents the Maximum Economic Rent from the
fishery. Unregulated fishing (fishing effort at BE) leads to the
over-exploitation of all species, with the less productive
Species B and C extirpated.
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in Pareto-optimum. It can be graphically represented on a plot
showing how different objectives are traded off (Fig. 1). Points
located within the Pareto-frontier are inefficient or sub-
optimal, because one objective can be improved without
causing a loss in the other. Evaluating the trade-off relation-
ships helps us understand the “efficiency” of the fisheries in
achieving the specifiedmanagement objectives. Also, to make
well-informed policy decisions, policy makers and the public
need to understand the costs and benefits associated with
such trade-offs.

The trade-offs between conservation and socio-economic
objectives are complex in a multi-species or ecosystem
context. Conventional resource management approaches
aim to maximize the long-term sustainable yield of the
resources being targeted (Rosenberg et al., 1993; Pitcher,
1998). However, most fisheries (particularly the tropical
multi-species fisheries) catch a mixture of species and stocks
with different productivity. Thus, the fishing effort required to
achievemaximum sustainable yieldmay over-exploit, deplete
or even extirpate some of the least productive species or
stocks, while the most productive stocks may be under-
exploited. Particularly, if the fisheries are open access or if
illegal fishing is prevalent, the ecosystem may be fished to a
bionomic equilibrium (BE) — the point at which the total
revenue from fishing is just enough to cover the total cost
(Fig. 2). At BE, the less productive species/stocks may be over-
exploited or extirpated (Walters et al., 2005) (Fig. 2). To restore
and conserve over-exploited and vulnerable species, fisheries
management may need to trade-off the exploitation of
productive species that are targeted by the same fisheries.
Moreover, when the ecosystem has already been over-
exploited, most management policies that restore depleted
populations or improve the profitability of the fisheries would
require reduction of fishing capacity. The associated social
problems may be more serious in developing countries where
alternative livelihoods for fishers are lacking and the social
benefit system is not well-developed. The above trade-offs
becomemore complicated when trophic linkages between the
species or stocks are considered. A holistic approach is
therefore needed to understand the trade-offs that may
emerge from different management objectives at the ecosys-
tem level.
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
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1.1. The case of the northern South China Sea

Understanding the trade-offs between conservation and
socio-economic benefits are of considerable interest in the
northern South China Sea (NSCS). The NSCS is defined as the
continental shelf (less than 200 m depth) ranging from
106°53′–119°48′ E to 17°10′–25°52′ N (Fig. 3). It falls largely
within the Exclusive Economic Zone of the People's Republic
of China, but Vietnam also shares part of the Gulf of Tonkin. It
is a tropical ecosystem where diverse habitats including coral
reefs, estuaries, mangroves, seagrass beds, and others provide
habitats for a rich marine biodiversity.

Rapid expansion of fisheries in the region resulted in
depletion of most fishery resources and loss of biodiversity.
Fishery resources are exploited mainly by trawlers (demersal,
pelagic and shrimp), gillnets, hook and line, purse seine and
other fishing gears such as traps; many of them are small-
scale, family-based fisheries. Since the foundation of the
People's Republic of China (PRC) in 1949, there was a rapid
growth in marine capture fisheries. The growth slowed down
towards the 1970s. From the 1950s to 1970s, the fishing fleets
were mostly state-owned. However, since the end of 1978,
following economic reform, fishing fleets started to be
privatized and investment in fisheries increased (Pang and
Pauly, 2001). This resulted in a large increase in the number of
fishing boats and improvement in fishing technology. From
1978 to 2000, the number of mechanized fishing boats from
Guangdong, Guangxi and Hainan – the three provinces
bordering the coast of the NSCS – increased by almost 10-
fold from 8109 to 79,249. Simultaneously, catch-per-unit-effort
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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Fig. 3 – Map of the northern South China Sea. The area delineated by the broken lines is represented by the NSCS Ecopath
model.
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of bottom trawlers on 17 major commercial species in the
region declined by an average of over 70% from mid 1970s to
late 1980s (Cheung, 2007). Although the NSCS fisheries appear
to have a reasonably comprehensive set of fisheries legisla-
tions and regulations, insufficient enforcement and the high
level of illegal fishing (e.g., fishing without license) may have
driven the stocks to the bionomic equilibrium (BE). Some
vulnerable species, such as the Chinese bahaba (Bahaba
taipingensis), were nearly extirpated locally while numerous
other species were depleted or over-exploited (Sadovy and
Cornish, 2000; Sadovy and Cheung, 2003; Cheung and Sadovy,
2004). Previous modelling analysis suggested that approxi-
mately 20% of fishing grounds should be closed from fishing
and fishing effort should be reduced at an annual rate of 5% for
30 years in order to allow the NSCS ecosystem to recover
(Cheung and Pitcher, 2006). However, these cited studies did
not evaluate the socio-economic implications of the policy
initiatives and its cost-efficiency.

1.2. Buy-back as means to restructure fishing fleets

Fishing vessel or license buy-back has been proposed as a
means to reduce fishing capacity and restructure fishing
fleets to achieve specific management objectives (Cunning-
ham and Gréoval, 2001). Buy-back is a financial mechanism
to buy fishing vessels or licences from fishers or fishing
firms to reduce fishing effort and capacity (www.fao.org).
However, various factors may render a buy-back scheme
ineffective in removing fishing capacity (Cunningham and
Gréoval, 2001).

Internalizing the cost of a buy-back through a “fisher-paid”
scheme may improve the effectiveness of a buy-back scheme
(Clark et al., 2005). Conventional economic theory predicts
that, for an over-exploited system, the net benefits from the
system should increase if fishing capacity is reduced to a level
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
managing a tropical marine ecosystem, Ecol. Econ. (2007), doi:10
that produces the highest rent (largest positive difference
between the total cost and revenue) or Maximum Economic
Rent (MER) (Gordon, 1954, Fig. 2). Thus part of the increased
benefits gained by fishers who remain fishing may be used,
through taxation for instance, to internalize the cost of vessel
buy-back scheme (Pauly et al., 2002; Clark et al., 2005). This
paper attempts to identify the trade-offs between conserva-
tion and socio-economic objectives in managing a tropical
marine ecosystem exploited by multi-species fisheries. Also,
the possibility of using vessel buy-backs to achieve conserva-
tion goals is assessed.
2. Methods

The analyses in this study were based on dynamic simulation
models: Ecopath with Ecosim (Walters et al., 1997; Pauly et al.,
2000; Christensen andWalters, 2004a; Christensen et al., 2004).
An Ecopath model of the NSCS was used as a case study to
evaluate the trade-offs between different objectives in man-
aging tropical multi-species fisheries. Multi-objective decision
analysis was applied to identify and display policy trade-offs
under conflicting objectives (Enriquez-Andrade and Vaca-
Rodriguez, 2004). Particularly, Ecopath with Ecosim incorpo-
rates formal numerical optimization routines to search for
optimal fishing fleet configurations that maximize the bene-
fits under some stated management objectives (Cochrane,
2002; Christensen and Walters, 2004b).

2.1. Ecopath with Ecosim modelling

The NSCS ecosystem model represents a possible ecosystem
structure in the early 2000s (Cheung, 2007, see Appendix A.1).
The NSCS Ecopath ecosystem model consists of 38 functional
groups with six fishing sectors classified by their fishing gears
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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(stern and pair trawl, shrimp trawl, purse seine, gillnet, hook
and line and others). Theoretical and mathematical back-
grounds of Ecopath modelling approach are detailed else-
where (e.g., Walters et al., 1997; Christensen et al., 2004). In
brief, Ecopath is a steady-state, mass-balance model which
can be used to describe a snap-shot of the whole ecosystem at
a particular time period. Species, usually those with similar
biology and ecology, are aggregated into functional groups to
reduce the number of modelled units. The model is governed
by the mass-balance principle which is based on two basic
equations (Eqs. (1) and (2)). The first one ensures balance
between production, consumption, predation, fishery, migra-
tions and other mortalities among functional groups:

P=Bð Þid Bid 1� EEið Þ � Bjd Q=Bð Þjd DCji � Yi � Ei � BAi ¼ 0 ð1Þ

The second equation ensures balance between total food
consumption (Q), production (P) and respiration (R) within a
group i:

Qi ¼ Pi þ Ri þ GSid Qi ð2Þ

where (P/B)i is the production to biomass ratio; Bi the total
biomass; EEi the ecotrophic efficiency (1−EEi represents
mortality other than predation and fishing); Yi the total
catch; Ei the net migration; (Q/B)j are food consumption to
biomass ratio for predator group j; DCji is the proportion of
group i in the diet of predator group j; R is the respiration
while GS is the proportion of unassimilated food (Christensen
and Walters, 2004a). BAi represents biomass accumulation of
functional group i; non-zero value of BA means that the group
is not in equilibrium state, i.e., positive and negative BA
represents growing and declining population, respectively.
Ecopath maintains mass-balance by solving Eqs. (1) and (2) for
all groups simultaneously. Any of the four basic input
parameters (B, P/B, Q/B, EE) in each group has to be estimated
to ensure mass-balance.

Ecosim is a dynamic model which simulates changes in
ecosystems that are described under Ecopath (Walters et al.,
1997). It estimates changes of biomass among functional groups
in an ecosystem as functions of abundance of other functional
groups and time-varying harvest rates, taking into account
predator–prey interactions and foraging behaviors (Walters
et al., 1997). Ecosim is governed by the basic equations:

Pi ¼ gi
X
j

Cji �
X
j

Cij þ Ii � Mi þ Fi þ eið ÞBi ð3Þ

and

Cij ¼
vij • aij • Bi • Bj

vij þ vVij þ aij • Bj
ð4Þ

where the left side of Eq. (3) gives the net production of
functional group i in terms of its biomass, gi is growth efficiency,
M and F are natural and fishing mortalities, I and e are
immigration and emigration rates, Cji is the consumption of
group j organisms by group i organism, v and v' parameters
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
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represent rates of behavioral exchange between invulnerable
and vulnerable states and aij represents rate of effective search
by predator j for prey type i. The behaviors of functional groups
in dynamic simulations are heavily affected by the vulnerability
factor, v, a scaling factor which determines the foraging
behavior of functional groups in predator–prey interactions
(Walters et al., 1997; Walters and Martell, 2004). Magnitude of v
controls the rate of movement of a prey group between their
foraging arena (vulnerable to predation) and refuge (safe from
predators).

Some of the important parameters of the Ecosim simula-
tion model were estimated by fitting with time-series survey
data (Cheung, 2007; see Appendix A.2.1). Specifically, “vulner-
ability factors” in the Ecosim model were estimated by
minimizing the sum-of-square error between the predicted
changes in biomasses from a 1970s NSCS model and the
observed catch-per-unit-effort of 17 functional groups from
1973 to 1988 in the NSCS.We then assumed that “vulnerability
factors” between predator and prey groups in the 2000s NSCS
ecosystem were the same as those in the 1970s.

2.2. Policy optimization

The policy optimization routine in Ecosim (Christensen and
Walters, 2004b) was used to identify the optimal fishing efforts
that maximize benefits from the NSCS given the specific
policy objectives. Benefits were calculated under a 30 years
time horizon. This analysis included four policy objectives:

2.2.1. Maximizing economic rent
Economic rent is represented by the net present value (NPV) of
the flow of profits from different fisheries. NPV of profits was
calculated by taking the difference between landed values and
costs, and discounting this over timewith a specified discount
rate, i.e.,

NPV ¼
Xm
i¼0

Xn
j¼1

Xq
k¼1

Yijk • Pjk

 !
� Cj

" #
• 1þ dð Þ�1 ð5Þ

where Y and P are the annual catch and price of species k,
respectively. C is the total cost of fishing of fishery sector j, i is
the number of years from the present to the end of the time
horizon of the analysis and δ is the discount rate. A 30 years
time horizon was used in the analysis. The discount rate
applicable in China was assumed to be 3%, determined using
the interest rate of 9 year Chinese government bonds from
2000 to 2004 (http://www.chinabond.com.cn). Alternative
discount rates of 1% and 10% were used to test the sensitivity
of results to this assumption. This paper focuses on evaluating
trade-offs at the societal level. Thus, discount rates for valuing
public resources (generally lower than the private rates) were
used in the analyses (Sumaila and Walters, 2005).

Since accurate economic data for the fisheries were not
available from China, data from Hong Kong were assumed to
be representative for the NSCS region. Fishing boats regis-
tered in Hong Kong were generally similar to those non-Hong
Kong boats in Mainland China in recent years. In fact, most
new fishing boats in Hong Kong were built in China (Sumaila
et al., 2007). Also, Hong Kong fishers reported that wholesale
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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Table 2 – The estimated relative jobs per value for the six
fishing sectors in the NSCS ecosystem model

Fishing sector Scaled number of jobs per catch valuea

Stern and pair trawls 2
Shrimp trawl 2
Purse seine 3
Hook and line 6
Gillnet 3
Others 2

a The estimated number of jobs per catch value has been scaled
between fishing sectors. The relative number of jobs were used in
the optimization analysis, thus the absolute values were not
important in the trade-off analysis.
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prices were similar between landing ports (Fishermen,
Aberdeen Fishermen Association, Hong Kong, pers. com.).
Skippers of fishing boats in Hong Kong mostly employ
workers and purchase supplies (food, fuel, fishing gears)
from Mainland China (Sumaila et al., 2007). Here, labour cost
included hired crew members only. The skippers generally
offered a standard level of wage to crew hired from Mainland
China. Opportunity cost for these hired crew members could
be close to their wages as there was a large demand for
unskilled/low-level skilled labour from the rapidly growing
manufacturing sectors in China. Thus, the cost of fishing in
the NSCS continental shelf in the 2000s between fishing fleets
from Hong Kong and China should be similar. Average costs
of major fishing fleets in Hong Kong were estimated and
provided by Hong Kong Agriculture, Fisheries and Conserva-
tion Department (AFCD, unpublished data; Table 1). The
specified cost included costs of fuel, crew wages (excluding
wages for the skipper and their family members, ice,
maintenance and depreciation. All values in HK$ were
converted to US$ by applying the fixed exchange rate of US
$ 1=HK$ 7.785.

2.2.2. Maximizing the social objective: employment
In this paper, maximizing social objective is equivalent to
maximizing employment. Employment was measured by the
number of jobs that could be generated from the fisheries
under a 30 years time horizon. Data on the average total
amount spent on wages by each fishing sector, and the total
value of the catches of Hong Kong fishing fleets were obtained
from the Hong Kong government (Agriculture, Fisheries and
Conservation Department, Hong Kong, unpublished data). The
ratios of wage to landed values in a year between fishing fleets
in Hong Kong and the Mainland were assumed to be similar.
The amount spent on wages per unit of catch value was
calculated and used as a proxy of the number of jobs generated
by each fishery sector (Table 2).

2.2.3. Maximizing ecosystem integrity
Two aspects of ecosystem integrity were evaluated: (1) ecosys-
temmaturity—measured by the longevity-weighted summed
biomass over functional groups in themodel (Christensen and
Table 1 – Landed value, total cost and profitability of the
six fishing sectors in the 2000s NSCS ecosystem model

Fishing
fleets

Total landed value
(US$ thousand

km−2)

Total cost
(US$ thousand

km−2)

Profitability
(%)

Stern &
Pair
trawl

2.86 2.64 7.69

Shrimp
trawl

15.91 10.02 28.07

Purse
seine

1.07 0.77 37.02

Hook
and line

0.31 0.29 6.45

Gillnet 2.12 2.03 4.23
Others 2.03 1.19 41.60

Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
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Walters, 2004b); we expressed the index to be relative to the
status quo, (2) biomass diversity — measured by a relative
index calculated from a modified Kempton's Q (Q-90) index
(Ainsworth and Pitcher, 2006). Average longevity was approx-
imated by the biomass to production ratio of the groups. Thus,
ecosystem maturity can be maximized by increasing the
biomass of long-lived groups. The Q-90 index, a variant of the
Q-index developed by Kempton and Taylor (1976), indicates
the diversity of the functional groups in an ecosystem. The
Q-90 index is calculated from the slope of the cumulative
functional group abundance curve between the 10 and 90
percentile (Ainsworth and Pitcher, 2006). Higher Q-90 index
indicates higher functional group diversity. Based on a range
of Ecopath ecosystem models representing different regions
in North America and model complexity, values of the Q-90
index can range between 2 and 10 (Ainsworth and Pitcher,
2006). Ainsworth and Pitcher (2006) also showed that a five-
fold increase in fishing effort could result in 20 to 50%
decrease in the Q-90 index.

2.2.4. Conservation of vulnerable species
An index called Depletion Index (DI) that had been developed
to represent the relative degree of species depletion by fishing
in ecosystem simulation modelling was used as a perfor-
mance indicator of conservation status. In many trophody-
namic ecosystem models such as Ecopath, multiple species
are represented by a functional group to reduce model
complexity. These species generally have different life history
and ecology; thus their vulnerabilities to fishing should be
different (Cheung et al., 2005, 2007). However, their differential
responses to fishing could not be directly represented by the
functional groups. On the other hand, understanding the
effect of fishing at species level is important in evaluating the
performance of policy that aims to conserve vulnerable
species. Thus, the DI had been developed for use in
trophodynamic ecosystem model to infer risks of depletion
of species that were aggregated in functional groups (Cheung,
2007).

Methodology of calculating the DI was reported separately
(Cheung, 2007) and summarized in Appendix A.3. In brief, to
calculate the DI, firstly, list of species within the aggregate
groups were uploaded to a sub-routine specifically developed
to calculate the DI in Ecosim (see Appendix A.3). Then life
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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history parameters, including maximum body length, age at
first maturity, longevity, von Bertalanffy growth parameter K,
naturalmortality, fecundity (only low fecundity is considered),
spatial behavior and geographic range for each species, were
obtained from FishBase (www.fishbase.org). The life history
data were combined with simulated changes in the abun-
dance of the aggregate groups from the ecosystem model
using a rule-based expert system to provide an index of
depletion for each species within the aggregate groups
(Appendix A.3.). The index values were then averaged to
provide the DI for each aggregate group. The DI ranges from 1
to 100, with 100 indicating the most severe population
depletion. The DI was validated and shown to be robust to
its major assumptions in comparing the relative conservation
status between alternative ecosystem states (Appendix A.3.).

The average DI of all the specified species in the ecosystem
model was used as a proxy for the conservation status of the
ecosystem. The objective function representing a policy
objective of conservation of vulnerable species (FuncDI) is
calculated from:

FuncDI ¼ 100�

PN V

i
DIi

NV
ð6Þ

where DIi is the depletion index of species i. N′ is the total
number of specified species. For the purpose of applying the
objective function to a numerical algorithm that searches
optimal solution by maximizing the objective function, the DI
was rescaled by subtracting the average DI from 100.

In Ecosim, non-linear numerical search method (Fletcher
and Reeves, 1964) was used to search for solutions (combina-
tions of fishing efforts by fishing fleets) that maximized the
performance of the above policy objectives (Cochrane, 2002).
The search method iteratively varied fishing efforts (by fleets)
and simulated changes in the fisheries and the ecosystem
accordingly until the objective function was maximized. The
objective function was calculated from the weighted-sum of
the indices that represent the above policy objectives:

FuncTotal ¼ wEcon • NPVþwemployment • Employment

þwecosystem • Ecol ið Þ ð7Þ

where

Ecol ið Þ ¼

Ecosystemmaturity ¼
Xn
i¼1

B
Pi

• Bi

 !
or
Functional group diversity ¼ Q90
or
Conservation status ¼ FuncDI

8>>>>>><
>>>>>>:

where w is the weighting factor for objectives specified in the
subscript, NPV is the net present value of profits from fishing
(calculated from Eq. (5)), B and P are the biomass and biomass
production of functional group i, respectively. Ecol(i) is the
objective function for the conservation objective. It can be
indicated by one of the three indices: ecosystem maturity,
functional group diversity (indicated by the Q-90 index) or
conservation status (indicated by DI). Q90 and FuncDI are as
defined earlier.
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
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Trade-offs between policy objectives were evaluated by
running the policy search routine with different weighting
factors for each objective. A simulation timeframe of 30 years
was used. Particularly, the trade-offs between conservation of
vulnerable fish species and socio-economic objectives were
plotted. To prevent the numerical optimization routine from
hanging up on local maxima, each optimization was initiated
with random fishing fleet efforts and repeated many times
(Christensen and Walters, 2004b). Benefits in conservation
status (expressed as average DI of the ecosystem) from the
optimal policies were plotted against other policy objectives.
The optimal solutions identified by the optimization routine
were approximated as the Pareto-frontier of the trade-offs.

2.3. Cost of fleet restructuring

The cost of restructuring the fishing fleet to achieve the
Pareto-optimum outcome was estimated by evaluating the
cost of a hypothetical buy-back scheme to buy-out the
estimated surplus fishing effort under each management
scenario. The cost of buying-back one unit of fishing effort was
calculated by treating the fisheries as a small business
(Walters et al., 2007). Since the theoretical buy-back scheme
was assumed to happen once at time-step=0 in the simula-
tion, the buy-back price was calculated by multiplying the
revenue per unit effort (Ri) for each fishing sector i by 5 times
(Walters et al., 2007). In the model, fishing effort was
expressed as a ratio relative to the status quo level. Thus, Ri

essentially is current annual revenue of the fishing sector i.
The total buy-back cost (cB) required to achieve the manage-
ment goal was calculated by multiplying the required
reduction in fishing effort for each sector i (ΔKi) by the per
unit effort buy-back price:

cB ¼
X6
i¼1

DKi • Ri • 5 ð8Þ

where ΔKi≥0.
The above approach is usually used to value small

businesses (Desmond and Marcello, 1987) which is appropri-
ate here because most of the fishing enterprises in the
Northern South China Sea can be classified as small busi-
nesses (Desmond and Marcello, 1987; Walters et al., 2007).
Also, it is assumed that fleet capital is perfectly non-malleable
while human capital is malleable (Clark et al., 1979, 2005).
Therefore, fishers were able to move to other job sectors, and
in fact, the People's Republic of China (PRC) authorities have
been offering retraining programmes to facilitate switching
occupation to other sectors (e.g., aquaculture) (Qiu, Y, South
China Sea Fisheries Institute, pers. comm.; China Reports,
2003). Thus, we do not consider the buy-out of human capital
in this paper.
3. Results

3.1. The Pareto-frontiers

A convex-shaped Pareto-frontier was obtained from the trade-
off between net present value of benefits from the fisheries
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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Fig. 6 – The approximated Pareto-frontiers between the net
present value of benefits and (a) relative ecosystemmaturity,
and (b) Q-90 biodiversity index. Status quo levels of relative
ecosystemmaturity andQ-90biodiversity index are 1 and4.57
respectively. Relative ecosystem maturity at status quo is
beyond the scale of (a) while Q-90 at status quo is marked
by an asterisk (b).

Fig. 4 – Pareto-frontier between the net present value of
benefits (profit) of the fisheries and the estimated depletion
index assuming a 3%discount rate. The equation of the fitted
function is: Y=−0.43x2+23.25x−112.63 where Y is the net
present value (NPV) of benefits from the fisheries and x is
the depletion index. The position of the status quo on the
trade-off space is marked by an asterisk. The area enclosed
by arrows shows the potential improvement from the status
quo in which neither conservation nor economic benefits
would have to be reduced to achieve an increase in the other.
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and the average depletion risk of the system (Fig. 4). The shape
of the Pareto-frontier was approximated by a quadratic
function. The maximum NPV of benefits (of about US$
180,000 km−2) from the fisheries over 30 years was achieved at
a system state with a depletion index of 27. Further improving
the conservation status (reducing the depletion index from 27)
decreased the maximum benefits from the fisheries. At a
depletion index of 20, the marginal decrease in the NPV of
benefits was US$ 5600 km−2 per depletion index, while the rate
of decrease was more than doubled at a depletion index of 10.

The multi-criteria policy optimization routine could not
find any “optimal” solution when depletion index was over 27.
In other words, any combinations of fishing fleet structure
that result in a depletion index of over 27 are sub-optimal in
terms of both the economic and conservation objectives.
Fig. 5 – Trade-off relationship between social (expressed in
number of jobs created relative to the status quo) and
conservation (depletion index) objectives. The relationship is
approximatedbya linear function:Y=0.05x+0.32 (R2=0.79). The
positionof the statusquoon the trade-off space ismarkedbyan
asterisk.
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Thus, increasing the depletion index from an index of 27
would reduce the maximum NPV of benefits from the
fisheries.
Fig. 7 – Relative fishingeffort of the six fishing sectors required
to achieve the best conservation status (depletion index b10)
(black bars), the highest net economic benefits (30 year time
horizon, 3% discount rate) (grey bars) and the maximization
of social benefits (number of jobs) (white bars). The dotted
line represents the fishing effort level at status quo.

offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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Fig. 8 – Estimated changes in biomass of: (a) fishes,
(b) invertebrates and (c) charismatic megafauna relative to
the status quo (2000s NSCSmodel) after 30-year simulation
with maximized conservation (black bars), economic (grey
bars) and social (open bars) objectives.

Fig. 9 – The (a) estimated buy-back cost to reduce fishing
capacity to achieve the Pareto-optimal outcomes between
conservation and net present value of profit, and (b) the
approximated Pareto-frontier after internalizing the cost
of buy-back to achieve the Pareto-optimum. The upper and
lower horizontal lines represent the net present value of
benefits (3% discount rate over 30-year time horizon) and
the break-even point (zero discounted profit), respectively.

8 E C O L O G I C A L E C O N O M I C S X X ( 2 0 0 7 ) X X X – X X X

ARTICLE IN PRESS
The state of the NSCS fisheries in the 2000s is sub-optimal
in terms of both conservation and economic objectives
(Fig. 4). Therefore, by definition, the conservation status
(indicated by the depletion index) could be improved without
reducing the economic benefits and vice versa. Under the
status quo of the 2000s NSCS model and a discount rate of 3%
over a 30-year time horizon, the estimated average depletion
index of the ecosystem was around 34 and the net present
value of the profits was US$ 117,000 km−2. Based on the
predicted trade-off frontier, reducing the average depletion
index of the system from the status quo level (34.3) to 15
should not decrease the maximum net economic benefits
from the fisheries. Moreover, even if the conservation status
of the NSCS ecosystem were to be maintained at the status
quo level (i.e., DI=34), economic benefits could be improved
by 50%.
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
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The Pareto-frontier between the depletion index and the
social benefits (number of jobs) from the fisheries is approx-
imated by a linear relationship with the status quo located
approximately on the Pareto-frontier (Fig. 5). Thus, improving
conservation status (i.e., reducing the DI) from the status quo
led to an approximately linear decline in the number of jobs
provided by the fisheries. For instance, reducing the depletion
index from 30 to 10 halved the number of jobs provided by the
fisheries. On the other hand, tripling the number of jobs
provided from the status quo resulted in drastic increase in
depletion index (from 34 to 60) (Fig. 5). Moreover, the
maximum depletion index of the optimal setting for providing
jobs doubled those for maximizing economic benefits.

The relationships between ecosystem integrity (ecosystem
maturity and Q-90 biodiversity index) with economic benefits
turned out to be sigmoid-shaped (Fig. 6). Economic profits of
the fisheries remain relatively constant at around US$
180,000 km−2 as relative ecosystem maturity index (status
quo=1) increased from 11 to 12.2 (region of economic
stability). However, increasing the index from 12.2 to 12.5
led to a decline in the net economic profits by almost US$
200,000 km−2. Further improvement in ecosystem maturity
led to a rapid drop in economic benefits which turned a net
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001

http://dx.doi.org/10.1016/j.ecolecon.2007.09.001


9E C O L O G I C A L E C O N O M I C S X X ( 2 0 0 7 ) X X X – X X X

ARTICLE IN PRESS
gain into a large net loss of over US$ 1,200,000 km−2. This
represents a region of economic collapse. Similarly, as the
Q-90 index increased from 4, the maximum NPV of the net
benefits from the fisheries decreased gradually. However,
when the Q-90 index increased to over 4.7, the maximum
NPV of economic benefits dropped rapidly from over US$
130,000 km−2 to below US$ 50,000 km−2. Therefore, the
highest ecosystem maturity and biodiversity index levels
that could be achieved by keeping the net economic
benefits at the same level as the status quo were about
12 and 4.8, respectively.

3.2. Restructuring the fishing fleets

Moving from the status quo to the Pareto-optimum solutions
requires restructuring the fishing fleets (Fig. 7). To improve the
conservation status from the status quo level (depletion
index=34), fishing effort of the pair and stern trawl sector
and the gillnet fleet was reduced in most scenarios. The effort
of most fishing sectors decreased in scenarios with a heavy
focus on conservation status. An exception was the purse
seine fleet, which achieved an increase in effort (Fig. 7). To
maximize the net economic benefits, fishing effort of the
Fig. 10 – The approximated Pareto-frontiers between the net pres
(a) annual discount rates=1%, (b) annual discount rates=10%,
(d) top-down controlled (vulnerability parameters=10). The ‘base
estimated from fitting with time-series data, Cheung 2007) was i
fitted with a quadratic function while the results from c were fit
d were too scattered to fit an assumed relationship.
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‘others’ fleet increased as much as 4.5 times the status quo
level. This is due to the high profitability of this fleet. Effort by
the shrimp trawlers remained the same, while efforts from the
other fleets decreased (Fig. 7). When heavy weight was put on
the social objective (i.e., maximizing the number of jobs
provided by the fisheries), fishing effort by most fleets, except
the stern and pair trawls and the gillnet fleets, was increased
(Fig. 7). In particular, the shrimp trawl sector experienced an
almost 14 times increase in fishing effort from the status quo
level.

3.3. Ecosystem structures

The biomass of most vertebrate groups increased when policy
objectives focused primarily on conservation (Fig. 8). Biomass
of pelagic sharks and rays show the largest increases of over
400% in 30 years. This is followed by other targeted demersal
fish groups such as the groupers, demersal sharks and rays,
lizardfish and threadfin breams with almost 10 times
increases in biomasses from the 2000s level (Fig. 8). Moreover,
abundance of charismatic fauna such as seabirds, seaturtles
and marine mammals also increased. Conversely, biomasses
of invertebrates (e.g., jellyfish, shrimps and crabs) and small
ent value of benefits and the calculated depletion index under
(c) bottom-up controlled (vulnerability parameters=1) and
estimation’ (discount rate=3% and vulnerability parameters

ncluded in the figures for comparisons. Results a and b were
ted with a third-order polynomial function. The results from

offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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fishes declined. The declines were mainly caused by the
increased predation mortalities because of the increased
predator abundance (Fig. 8).

Policy focusing heavily on maximizing economic benefits
led to further depletion of many functional groups although
the biomass of some target groups increased slightly (Fig. 8).
Many targeted demersal fish groups (e.g., lizard fish, groupers,
adult demersal fish, hairtail, small and large croakers, etc) and
charismatic fauna (pinnipeds, seaturtles and seabirds) de-
creased by 20% to 70% from the 2000s level. The biomass of
benthic invertebrates, jellyfishes and pelagic fishes increased
slightly. Also, biomass of some targeted groups such as
threadfin bream and pomfret and the heavily depleted sharks
and rays increased.

The model predicted ecological disaster when policy
objectives focused only on maximizing the number of jobs
(social objective) (Fig. 8). Most of the demersal groups were
greatly depleted to less than 30% of the status quo biomass.
Some groups were fished to near extinction (Adult demersal
fish). The less affected groups included the benthic inverte-
brates, jellyfish and pelagic fishes.

3.4. Cost of restructuring the fishing fleets

To achieve the Pareto-frontier from the status quo, the es-
timated cost of buy-back scheme increased geometrically as
the depletion index of the NSCS ecosystem reduced (i.e.,
improvement in conservation status) (Fig. 9a). When fishers
who remain active paid for the cost of buy-back (cost
internalization), profits remained higher than the status quo
level for a slight improvement in conservation status (Fig. 9b).
Internalization of the buy-back cost was calculated by
subtracting the buy-back cost required to restructure the
fishing fleets to achieve the optimal points from theNPV of net
profits (Munro and Sumaila, 2002). With the internalized buy-
back cost, the overall shape of the frontier remained convex.
The fisheries could potentially achieve higher profits relative
to the status quo if the DI was above 17. However, further
reduction of the DI reduced the profits from the status quo
level. The fisheries would be fishing at a loss if the DI were to
be reduced to below 10.

3.5. Sensitivity analysis

The shapes of the Pareto-frontiers are similar under
different discount rate scenarios while the absolute values
varied (Fig. 10). As expected, a higher discount rate reduced
the net present value of profits from the fisheries. NPV of
profits started to drop more rapidly when the DI of the
ecosystem was reduced to below 25. In general, the trade-off
of relative economic and conservation benefits was qualita-
tively robust to the discount rates used in this study (1%
to 10%).

The estimated “optimal” solutions varied considerably
when the entire system was assumed to be either bottom-up
(vulnerability factor=1) or top-down (vulnerability factor=10)
controlled (Fig. 10). When the ecosystem was assumed to be
bottom-up controlled, the Pareto-frontier between economic
profits and conservation status became closer to a linear
relationship. Also, when depletion index was less than 30, the
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
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estimatedNPV of profits were lower than those from scenarios
with vulnerability parameters obtained from time-series
fitting (‘base estimation’). Otherwise, higher profits were
predicted. Under the top-down controlled assumption, plot
of estimatedmaximum achievable conservation and econom-
ic benefits was highly scattered. In almost all cases the
estimated NPV profits were considerably higher than those
from the base estimation.
4. Discussion

4.1. Trade-offs between policy objectives

This study reveals the possible trade-offs between conser-
vation, economic and social objectives in fisheries manage-
ment in the NSCS. The trade-off analyses show that the
NSCS fisheries in the 2000s are sub-optimal in terms of
achieving conservation and economic objectives. Thus, the
NSCS fisheries should have room to improve its conserva-
tion status without compromising the overall long-term
economic benefits from the fisheries. Such an improvement
could be achieved by reducing fishing effort of sectors that
have large impacts on the intrinsically vulnerable stocks
while contributing low economic benefits (e.g., stern and
pair trawl, which have low profit margins relative to other
sectors because of their larger fuel consumption and labour
cost). This agrees with conventional economic theory in
which over-capitalization leads to over-exploitation and
dissipation of potential economic benefits (Gordon, 1954).
Therefore, well-designed conservation policies aiming for a
moderate improvement in conservation status should also
improve the long-term net economic benefits from the
fisheries. However, the major problem is the short-term
costs (economic and social) that are required to reduce
excess fishing capacity.

Economically, the current status of the NSCS fisheries
appeared to be maximizing for net economic benefits
under a high discount rate. This suggests that the fisheries
were aiming at short-term economic benefits at the ex-
pense of long-term economic and ecological gains. Valuing
fisheries resource using high discount rates is a known
problem in environmental and natural resource manage-
ment as long-term (often cross-generational) benefits are
not perceived by current resource users (Sumaila and
Walters, 2005). High discount rates (strong focus on short-
term benefits) can be due to uncertainty, high levels of
indebtedness and poverty, and non-malleability of the
capital used to exploit the marine ecosystem (Sumaila,
2005); some of these factors were seen to be in play in the
NSCS fisheries. Thus, effective conservation policy is criti-
cally needed to counter the strong tendency to over-exploit
the fisheries resources.

Socially, in the past few decades, the NSCS fisheries
appeared to have developedwith strong focus on employment
benefits (i.e., maximizing the number of jobs). The majority of
the fisheries were operated by small units in the 2000s. Many
of the fishers were previously unemployed workers or farmers
(Jia, S.P., Director of the PRC South China Sea Fisheries
Institute, pers. comm.). Given that fisheries resources in
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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the region were over-exploited with large depletion and
extirpation of targeted fish stocks (Cheung and Sadovy, 2004;
Cheung, 2007), fishers maintained their income from fishing
by targeting species further down the food web and, in some
cases, using destructive fishing methods. The coastal trawl
sectors are catching mostly juveniles, small fishes and
invertebrates that are more resilient to fishing. Benthic
invertebrates such as shrimps and crabs have high market
prices. Also, the booming mariculture of predatory fishes (e.g.,
groupers) in China created a large demand for small and
juvenile fishes which are used as feed (Chau, 2004; Cheung
and Sadovy, 2004; Funge-Smith et al., 2005). Moreover,
destructive fishing methods such as fishing with dynamite,
trawl net with high-voltage electric current were used
(Sumaila et al., 2007). Fishers in the region generally have
low education level. Thus, they may see themselves as having
limited employment opportunity other than fishing. As a
result, they would fish harder on the remaining resources to
the point where both conservation status of the ecosystem
and long-term economic benefits from the fisheries are largely
sub-optimal. Also, maximum DI in the conservation – social
objective trade-offs is almost twice the maximum DI in the
conservation – economic trade-offs, indicating more severe
depletion in the earlier case. Here, employment benefits over
30 years time horizon were calculated. If short-term employ-
ment benefits were to be considered, the trade-offs between
conservation and social objectives should be more severe.
These are clear symptoms of Malthusian overfishing — a
situation in which overfishing is driven by poverty, population
growth and lack of alternative livelihood (Pauly, 1993; Teh and
Sumaila, 2007). This study suggests that if fishing continues to
serve as a source of job opportunities, the ecosystem is likely
to be further depleted and long-term potential economic
benefits to be dissipated. On the other hand, reducing effort
without a proper retraining or assistant programme to help
fishers find alternative livelihoods may create considerable
social problems.

The trade-offs between conservation and socio-economic
objectives will become severe when policy targets a high
conservation status. Largely improving conservation status
(reduce risk of depletion, increase biodiversity and ecosystem
maturity) would require restoring and protecting over-
exploited and intrinsically vulnerable species. This would
also reduce the catch of the less vulnerable ormore productive
species (Hilborn et al., 2004b; Walters and Martell, 2004). For
instance, fishing effort of the shrimp trawl sector was largely
reduced when management goal focused on conservation. As
shrimp trawlers targeted the valuable benthic invertebrates
(e.g., mantis shrimp) and were among the most profitable
fleets in the NSCS (Cheung and Sadovy, 2004), reducing their
effort substantially lowered the net economic benefits and
employment opportunities from the fisheries. Moreover,
recovery of predatory species', particularly, the large demersal
fishes, increased the predation mortality of these valuable
preys and reduced their productivity. Thismay result in severe
trade-offs between conservation and socio-economic
objectives.

Cases of trade-off between restoring predatory species
and loss of fisheries productivity occurred in other ecosys-
tems. For instance, following the collapse of the Northeast
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
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Altantic cod (Gadus morhua) stocks, the lucrative inverte-
brate fisheries, such as lobster, crab and shrimp, bloomed;
this might be due to reduced predation following collapse of
cod populations (Worm and Myers, 2003). Thus restoring the
cod stocks may have negative effects on the economic
values of the fisheries because of the increased mortality
and reduced productivity of the invertebrate stocks that this
may entail. Also, salmon fisheries along the coast of British
Columbia were largely reduced to protect a number of less
productive stocks that were considered to be endangered.
On the other hand, potential catches from other more pro-
ductive salmon stocks were given up (Walters and Martell,
2004).

4.2. Economics of restructuring the fishing fleets

A buy-back scheme may potentially reduce fishing capacity
and reduce the direct economic impact on the fishing
communities resulting from the management policies. How-
ever, this study shows that the cost of the buy-back scheme
may increase exponentially with the targeted conservation
status. Who should pay for the cost?

Buy-back schemes that are paid by the remaining fishers
might be implemented through taxation or license fee on
the fisheries (Clark et al., 2005; Munro and Sumaila, 2002).
This approach helps internalize the environmental external-
ities of fishing. However, an underlying assumption is that
the net economic benefits from the fisheries would increase
in the future. Therefore, fishers who would benefit from the
conservation policy should contribute to the cost of fleet re-
organization. However, this study showed that the increase
in net benefits would only be sufficient to pay for the buy-
back cost to achieve a moderate conservation level in the
NSCS. Given the highly depleted NSCS ecosystem, it appears
that a moderate conservation level might not allow suffi-
cient recovery of some vulnerable and highly depleted
groups.

Public funds through government or non-governmental
organizations might be needed if a high conservation level
were to be targeted. Besides commercial fishers, the society in
general could also obtain benefits from a restored ecosystem,
directly (e.g., through ecotourism, recreational fishing, etc)
and indirectly (e.g., through increased non-market value,
restored ecosystem function, etc.) (Costanza et al., 1998;
Balmford et al., 2002; Berman and Sumaila, 2006; Worm
et al., 2006). A benefit and cost analysis for the private and
societal sectors is a possible way to evaluate the potential
sharing of costs between these two groups. A study focusing
on market values was conducted for the Hong Kong marine
ecosystem. It showed that conservation policies could provide
several times more economic benefits to the society than the
fishing sectors (Sumaila et al., 2007). Therefore, it may be
reasonable for the society to share part of the cost of
conservation.

So far, buy-back schemes have been assumed to be
perfectly effective, i.e. buying-out each fishing unit resulted
in equivalent reduction in fishing effort— an assumption that
is hardly true in reality. Fisheries often have latent efforts
(Brodziak et al., 2004). For instance, fishers may hold valid
fishing licenses but do not practice fishing because of reasons
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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such as fishing being unprofitable, or opportunity cost of
fishing being too high. These fishers may become active when
the profitability of the fisheries increases. Also, illegal fishing
in the regions may further reduce the effectiveness of buy-
back schemes in reducing fishing effort. Moreover, if the buy-
back scheme is expected by the fishers before the scheme is
implemented, investments in fishing capacity would possibly
increase substantially as any excessive fishing capacity would
likely be bought out when the buy-back scheme is in effect
(Clark et al., 2005). Furthermore, buying out fishing vessels
may not reduce fishing effort proportionally as fishing
efficiency may increase. Good regulation and monitoring of
fishing efforts is also essential. However, these are weak in
the NSCS. In addition, retraining programs to facilitate fishers
to find alternative livelihoods may be ineffective, thus
lowering the incentive of fishers to give up fishing. Thus,
proper planning, effective retraining and alternative liveli-
hood programs and substantial investment in monitoring,
surveillance and control are necessary for an effective buy-
back scheme.

Other means of reducing fishing capacity may be through
removal of subsidies given to the fisheries. The PRC govern-
ment is subsidizing the fisheries (non-fuel subsidies amount
to an estimated US$ 1.3 billion annually) (Khan et al., 2006;
Sumaila et al., 2006). Therefore, removal of subsidies may
lower the profitability of fishing and thus discourage contin-
ued investment in maintaining or increasing fishing capacity.
However, social problems may still be created because of the
lack of alternative livelihoods for the fishers. Clearly, viable
alternative livelihood programmes for the fishing communi-
ties are essential for any fisheries management and conser-
vation measures.

4.3. Model assumptions and uncertainties

A key parameter uncertainty was the vulnerability factor.
Here, observed time-series catch rate data were used to
estimate the vulnerability factors which provided some
empirical support to the model (Cheung, 2007; Appendix
A.2.). However, the results were sensitive to the vulnerability
factor settings, particularly if a top-down controlled system
was assumed. A top-down controlled system predicted large
fluctuations in biomasses between prey and predator groups.
Such unrealistic predictions led to highly scattered estimates
from the multi-criteria policy optimization routine. Thus,
extreme top-down control assumptions in the simulations
should be made with caution. When time-series abundance
data in the NSCS are available in the future, the model can be
further validated by comparing the observed trends with the
model predictions.

The effects of other non-fishing anthropogenic changes,
economic and environmental fluctuations were not included
in the model. Oceanographic and other physical changes
(e.g., nutrient inputs) may have considerable effects on the
NSCS ecosystem. Also, following the rapid economic devel-
opment of China, anthropogenic disturbance such as
reclamation and pollution may significantly affect the
ecosystem (Zhang et al., 2002; An and Hu, 2006). These
factors are likely to have negative effects on the benefits
from conservation policies. However, limited historical time-
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series data prevented the analysis of the effects of these
factors. There is a need to better understand the effects of
environmental and non-fishing anthropogenic factors on
the ecosystem dynamics in the NSCS. In addition, the unit
costs of fishing and prices of catch are assumed to be
constant, which may vary as the ecosystem and market
conditions change in reality.

One of the major assumptions in the multi-criteria
optimization analysis is that all fishing sectors/fleets cooper-
ate to maximize the overall benefits of the fisheries. Thus, in
some scenarios, benefits of some fishing sectors were
maximized at the expense of other sectors. Although this
assumptionmay affect the optimal fleet structures, the overall
trade-off relationships revealed from the present analyses
should remain valid. On the other hand, the evaluations of
trade-offs and the distribution of benefits between different
fishing sectors is an important topic and should be areas for
future studies.
5. Conclusion

The aim of this study is to quantify the potential trade-offs
between conservation and other socio-economic objectives.
The NSCS ecosystem has been greatly depleted by fishing and
is considered to be currently in a sub-optimal state both with
ecological and economic objectives. We believe that the
findings in this paper should be generally applicable to other
tropical marine ecosystems as the symptoms of Malthusian
and ecosystem overfishings are commonly observed particu-
larly in developing countries (Pauly, 1993; Teh and Sumaila,
2007). To prevent more degradation and extirpations, and
improve economic benefits from exploiting these ecosystems,
restructuring the fishing fleets is urgently needed. However,
the fishing communities might oppose the restoration policy
because of the inevitable need to reduce fishing capacity.
Moreover, the restructuring of fishing fleets and the unbalance
share of costs and benefits may create tension between
fishing sectors (Cheung and Sadovy, 2004). Understanding
the trade-offs resulting from differentmanagement objectives
may allow the stakeholders and the public to conduct
informed discussions on future management policies. It is
critical to develop alternative livelihoods for fishers who may
be affected by fisheries management and conservation
policies in order to facilitate the transition to sustainable
fishing.
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A.1.1 – Basic input parameters of the 2000s northern South China Sea model

Group no. Functional group B P/B Q/B P/Q EE

1 Phytoplankton 323 398 – (0.010)
2 Benthic producer 153 11.89 – (0.010)
3 Zooplankton 9.0 32.0 192 (0.167) (0.306)
4 Jellyfish 1.53 5.00 20.0 (0.250) (0.520)
5 Polychaetes 2.24 6.75 22.5 0.300 (0.673)
6 Echinoderms 1.98 1.20 3.58 (0.335) (0.444)
7 Benthic crustaceans 1.43 5.65 26.9 (0.210) (0.617)
8 Non-ceph molluscs 2.68 3.50 11.7 0.300 (0.951)
9 Sessile/other invertebrates 2.61 1.00 9.00 (0.111) (0.575)
10 Shrimps (0.194) 7.60 28.94 (0.2636 (0.950)
11 Crabs (0.368) 3.00 12.0 (0.250) (0.950)
12 Cephalopods 0.68 3.10 8.00 (0.388) (0.393)
13 Threadfin bream (Nemipterids) 0.26 3.08 15.4 0.200 (0.847)
14 Bigeyes (Priacanthids) 0.13 3.33 11.3 (0.295) (0.550)
15 Lizard fish (Synodontids) 0.032 1.60 5.407 (0.296) (0.658)
16 Juv Hairtail (Trichiurids) 0.015 3.08 14.894 (0.207) (0.749)
17 Adult hairtail (Trichiurids) 0.012 1.47 6.207 (0.237) (0.545)
18 Pomfret (Stromateids) 0.108 3.03 (15.15) 0.200 0.950
19 Snappers (0.00128) 1.75 8.984 (0.195) 0.950
20 Adult groupers (0.00641) 1.75 6.10 (0.287) 0.950
21 Croakers (less than 30 cm) 0.07 3.30 11.276 (0.293) (0.958)
22 Juv large croakers 0.04 3.30 16.366 (0.202) (0.564)
23 Croakers (30+ cm) 0.0094 1.43 6.232 (0.230) (0.587)
24 Demesral fish (less than 30 cm) (0.316) 4.70 23.5 0.200 0.950
25 Juv demersal fish (30+ cm) 0.143 3.50 16.144 (0.217) (0.722)
26 Adult demersal fish (30+ cm) 0.021 2.10 6.207 (0.338) (0.747)
27 Benthopelagic fish 0.922 3.08 15.42 0.200 (0.479)
28 Melon seed 0.070 2.41 24.0 (0.100) (0.994)
29 Pelagic fish (less than 30 cm) 1.772 4.26 17.04 0.250 (0.740)
30 Juvenile large pelagic fish 0.289 4.26 16.12 (0.264) (0.622)
31 Pelagic fish (30+ cm) 0.079 1.40 6.27 (0.223) (0.759)
32 Demersal sharks and rays 0.001 1.20 6 0.200 (0.867)
33 Pelagic sharks and rays (0.00108) 0.68 3.4 0.200 0.950
34 Seabirds 0.0022 0.06 67.759 (0.001) (0.046)
35 Pinnipeds 0.0046 0.045 14.768 (0.003) (0.290)
36 Other mammals 0.0158 0.112 10.523 (0.011) (0.034)
37 Seaturtles 0.0002 0.10 3.50 (0.029) (0.300)
38 Detritus 100 – – (0.005)

B— biomass, P/B— production to biomass ratio, Q/B— consumption to biomass ratio, P/Q— production to consumption ratio,
EE — ecotrophic efficiency, ceph — cephalopods, Juv — juvenile.
Values in parentheses are estimates from the model.

Appendix A

A.1.2 – Estimated fishery catch (t km−2) by functional groups and fishing sectors in the 2000s models

Functional groups Catches by functional groups (t km−2)

PSt ShT PS H&L GN Others Total

Phytoplankton 0 0 0 0 0 0 0.000
Benthic producer 0 0 0 0 0 0.0056 0.006
Zooplankton 0 0 0.0065 0 0 0.0883 0.095
Jellyfish 0.0126 0 0.0314 0 0 0 0.044
Polychaetes 0 0 0 0 0 0 0.000
Echinoderms 0.0001 0.0019 0 0 0 0.0001 0.002
Benthic crustaceans 0.0003 0.0388 0 0 0 0 0.039
Non-ceph molluscs 0.0763 0.1800 0 0 0 0.5060 0.762
Sessile/other invertebrates 0.0001 0.0029 0 0 0 0 0.003
Shrimps 0.0801 0.5760 0.0001 0 0 0.0226 0.679

(continued on next page)
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A.1.2 (continued)

Functional groups Catches by functional groups (t km−2)

PSt ShT PS H&L GN Others Total

Crabs 0.0400 0.1000 0 0 0.0421 0.0176 0.200
Cephalopods 0.1530 0.0243 0.0627 0.0009 0 0.0324 0.273
Threadfin bream (Nemipterids) 0.4590 0.0089 0 0.0651 0.0994 0.0246 0.657
Bigeyes (Priacanthids) 0.1420 0.0029 0 0.0210 0.0321 0.0080 0.206
Lizard fish (Synodontids) 0.0012 0.0015 0 0 0.0166 0.0041 0.023
Juv Hairtail (Trichiurids) 0.0206 0.0005 0.0001 0 0.0054 0.0014 0.028
Adult hairtail (Trichiurids) 0.0047 0 0.0001 0.00084 0.0012 0.0003 0.007
Pomfret (Stromateids) 0.0809 0.0076 0.0154 0.0299 0.0843 0.0209 0.239
Snappers 0.0003 0.0001 0.0001 0.0002 0.0003 0.0001 0.001
Adult groupers 0.0013 0.0003 0 0.0012 0.0049 0.0012 0.009
Croakers (less 30 cm) 0.0159 0.0117 0 0.0003 0.0027 0.0045 0.035
Juv large croakers 0.0371 0.0033 0 0.0060 0.0168 0.0078 0.071
Croakers (30+ cm) 0.0046 0 0 0.0001 0.0032 0.0001 0.008
Demesral fish (less than 30 cm) 0.0085 0.0760 0.0100 0.0055 0.0262 0.0526 0.179
Juv demersal fish (30+ cm) 0.0230 0.2070 0.0100 0 0.0613 0.0152 0.317
Adult demersal fish (30+ cm) 0.0285 0 0 0.0023 0.0035 0.0009 0.035
Benthopelagic fish 0.3420 0.02780 0.0607 0.0010 0.0580 0.1130 0.603
Melon seed 0.0284 0.0023 0.0050 0 0.0048 0.00940 0.050
Pelagic fish (less 30 cm) 0.5120 0 1.0860 0 0.1030 0.6440 2.345
Juvenile large pelagic fish 0.2080 0 0.0829 0 0.3750 0.0725 0.738
Pelagic fish (30+ cm) 0.0185 0 0.0074 0.0165 0.0333 0.0064 0.082
Demersal sharks and rays 0.0006 0.00020 0 0 0.0002 0 0.001
Pelagic sharks and rays 0.0002 0 0 0.0002 0.0003 0 0.001
Seabirds 0 0 0 0 0 0 0.000
Pinnipeds 0 0 0 0 0 0 0.000
Other mammals 0 0 0 0 0 0 0.000
Seaturtles 0 0 0 0 0 0 0.000
Total 2.2990 1.2740 1.3780 0.1510 0.9750 1.6590 7.736

PSt — pair and stern trawl, ShT — shrimp trawl, PS — purse seine, H&L — hook and line, GN — gillnet, Others — other
miscellaneous fishing sectors.
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A.2. Fitting the NSCS model with time-series
catch rate data

In Ecosim, one of the most important input parameters is the
vulnerability factor that determined the form of the predator–
prey relationships. However, the vulnerability factor in Ecosim
is difficult to measure empirically. Therefore, this parameter
was estimated from fitting the NSCS simulationmodel to time
series of observed index of abundance (CPUE).

To estimate the vulnerability factors, standardized CPUE
data from 1973 to 1988 for 17 commercially exploited taxa
were fitted to Ecosim dynamic simulations using an NSCS
model that represent the 1970s ecosystem state (Cheung,
2007). Firstly, changes in the ecosystem groups in the 1970s
model were simulated using nominal fishing effort from 1973
to 1988 (total engine power of boats in the NSCS, Department
of Fisheries, PRC 1996, 2000). Then vulnerability factors by prey
groups were varied iteratively using a numerical search
routine to minimize the sum-of-square error between the
observed and predicted abundance trends (Christensen et al.,
2004). Basic Ecopath input parameters were also adjusted
based on their estimated ranges to improve the fit. The
estimated vulnerability factors were then transferred to the
2000s model.
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
managing a tropical marine ecosystem, Ecol. Econ. (2007), doi:10
Simulated biomasses from the fitted model generally
matched with the observed relative biomass trends
(Fig. A.2.1). The total sum-of-square error was minimized to
around 77.9 from over 1000 after varying the vulnerability
factors iteratively. We acknowledged that CPUE may not be a
perfect indicator of stock abundance (Hilborn and Walters,
1992; Walters, 2003). However, the CPUE data series repre-
sented the most consistent and comprehensive index of
abundance in the NSCS. Thus, vulnerability parameters in
the model were estimated with the best scientific data
available at the time of this study.
A.3. Algorithm to calculate depletion index (DI)

A depletion index (DI) was developed to represent the possible
responses of a species that had been aggregated into
functional groups. The DI was based on the assumption
that, under fishing, intrinsically more vulnerable species
aggregated within a functional group of a mass-balance
ecosystem model should decline faster than the less vulner-
able species. Thus, the DI was calculated from prior knowl-
edge of the intrinsic vulnerability, population status of the
functional group at starting year and the estimated changes in
functional group biomasses. Intrinsic vulnerability was
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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Fig. A.2.1 – Time-series of predicted biomasses (solid lines) and the observed relative biomasses (broken lines) of the 14
functional groups in the Northern South China Sea model. The observed relative biomasses are CPUE estimated from survey
(Cheung, 2007) and has been scaled by the model to obtain the best fit with the predicted biomasses.
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represented by the index developed in Cheung et al. (2005)
while population status was expressed as a ratio of current to
unexploited biomass.

The relationships between intrinsic vulnerability, popula-
tion status, biomass change and depletion levels were
governed by sets of rules (Table A.3.1). The rules represented
qualitative descriptions of how depletion risks were inferred
from indices, i.e., the higher the intrinsic vulnerability and the
larger the decline in biomass of the functional group, the
higher the DI. In principle, the rule matrix is similar to other
decision matrices, e.g. the traffic light approach (Caddy, 2002)
or a ‘Consideration Matrix’ suggested for the management of
cod and haddock (Caddy and Agnew, 2004), which implicitly
infer risk of over-exploitation or depletion (and thus leads to
management actions) based on pre-specified rules.
Table A.3.1 – Heuristic rules that describe the relationship be
depletion index (DI)

Decline in abu

Very low Low

Intrinsic vulnerability Low Minimum DI Minimum DI
Moderate Minimum DI Very low DI
High Minimum DI Low DI
Very high Minimum DI Low DI

⁎ Default decline in population is calculated as biomass at t1/bio
However, if knowledge on unfished biomass (Bo) is known, the s

Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
managing a tropical marine ecosystem, Ecol. Econ. (2007), doi:10
The levels of intrinsic vulnerability, biomass decline and DI
were represented by fuzzy membership functions (Fig. A.3.1).
Fuzzymembership functions aremathematical functions that
determine the degree of membership to different heuristic
categories based on the input parameters. As prior knowledge
about the choice of fuzzy membership functions for the input
attributes was lacking, the simplest forms were employed:
trapezoidmembership functions at the upper and lower limits
and triangular membership functions at intermediate posi-
tions on the axis. Other options include membership func-
tions in sigmoid, gamma, and irregular shapes (Cox, 1999)
which may be explored if their uses are justified.

The memberships to different levels of depletion were
calculated from the levels of biomass decline and the intrinsic
vulnerability of the species. The memberships to different
tween intrinsic vulnerability, relative abundance and the

ndance of species within group (relative to Bo) ⁎

Moderate High Very high Extremely high

Very low DI Low DI Low DI High/very high DI
Low DI Low DI Moderate DI Very high DI
Low DI Moderate DI High DI Very high DI
Moderate DI High DI Very high DI Very high DI

mass at t0, where t0 is the starting time of the simulation.
tarting biomass can be replaced by Bo.

offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001
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Fig. A.3.1 – Fuzzy membership functions for the inputs:
(a) predicted decline in functional group biomass, (b) estimated
intrinsic vulnerability of the species, and (c) output: depletion
index. The upper two figures (a and b) are fuzzy membership
functions for the predicate while the lower figure (b) is fuzzy
membership functions for the conclusions. Each attribute are
categorized intodifferent levels basedon the fuzzymembership
functions: VL — very low, L — low, M — medium, H — high,
VH — very high, EH — extremely high, Mod — moderate,
Min — minimum. The broken line in figure c indicates the
centroid of the ‘moderate’ fuzzy membership function.
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levels of biomass decline were estimated based on the
predicted change in functional group biomass. The predicted
biomass changes became the independent variable of the
respective fuzzy membership functions (Fig. A.3.1a). These
membership functions then provided the memberships to
different levels of depletion. For instance, Chinese bahaba
(Bahaba taigingensis) belongs to the group ‘Large croakers’ in
the NSCS model. Based on its life history and ecology, its
intrinsic vulnerability was estimated to be very high, with a
degree of membership of 0.5. If the Ecosim model predicted
that biomass of ‘Large croakers’ declined by 84% relative to the
starting biomass, based on the fuzzy membership functions
specified in Fig. A.3.1a, the memberships to ‘high’ and ‘very
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
managing a tropical marine ecosystem, Ecol. Econ. (2007), doi:10
high’ biomass decline would be 0.55 and 0.45, respectively.
Based on the pre-defined rules (Table A.3.1):

IF Intrinsic vulnerability is very high (0.5) and decline in
biomass is large (0.55) Then depletion is high (0.5).

IF intrinsic vulnerability is very high (0.5) and decline in
biomass is very large (0.45) Then depletion is very high
(0.45).

Chinese bahaba would have memberships to ‘high deple-
tion risk’ and ‘very high depletion risk’ of 0.5 and 0.45,
respectively (values in parentheses are the degree of member-
ships). The memberships of the conclusion (levels of deple-
tion) were calculated from the minimum of the memberships
to their predicates (i.e. biomass decline and intrinsic vulner-
ability) (Zadeh, 1965).

We obtained the degree of membership of the final
conclusions by combining the conclusions from each heuristic
rule. Membership of the conclusion from each rule was
combined using the knowledge accumulation method in
Buchanan and Shortliffe (1984):

Membershipe ¼ Membershipe�1 þMembershipi • 1�Membershipe�1ð Þ

where Membershipe is the degree of membership of the
conclusion after combining the conclusions from e pieces of
rules, and Membershipi is the degree of membership of the
conclusion of rule i. (Buchanan and Shortliffe, 1984).

DI was then calculated from the average of the centroids of
each output fuzzy membership function weighted by the
membership associated with each conclusion (i) (Fig. A.3.1):

DI ¼

P5
i¼1

Centroidi • membershipi

P5
i¼1

membershipi

In a triangular membership function, the centroid was
assumed to be the input variables corresponding to the peak of
the triangle. For a trapezoid membership function, the
centroid was assumed to be the mid-point between the two
ends of the plateau. Following the example of the Chinese
bahaba, the estimated DI was 80 (scale from 1 to 100,
maximum depletion index=100).

Weprogrammed the calculation of theDI usingVisual Basic
6 and incorporated this sub-routine into the Ecopath with
Ecosim modelling software. By specifying the lists of species
within the functional group of a particular Ecopathmodel, this
new routine automatically obtained the required life history
parameters for each species from a FishBase database and
calculated the intrinsic vulnerability indices based on the
available inputs. Specifically, the species composition and
their life history information (maximum body length with, if
available, the von Bertalanffy growth parameter K, natural
mortality rate, age-at-maturity, longevity, fecundity, spatial
aggregation strength and geographic range) was based on the
information available from FishBase (Froese and Pauly, 2004,
www.fishbase.org). Secondly, this list (442 species of fishes)
was uploaded into the newly developed routine in Ecosim.
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001

http://www.fishbase.org
http://dx.doi.org/10.1016/j.ecolecon.2007.09.001


17E C O L O G I C A L E C O N O M I C S X X ( 2 0 0 7 ) X X X – X X X

ARTICLE IN PRESS
When the Ecosim simulation was run, the routine calculated
the DI of the functional group for each time-step.
A P P E N D I X R E F E R E N C E S

Buchanan, B.G., Shortliffe, E.H., 1984. Rule-based Expert Systems—
theMYCIN Experiments of the StanfordHeuristic Programming
Project. Addison-Wesely, California, USA. 782 pp.

Caddy, J.F., 2002. Limit reference points, traffic lights, and holistic
approaches to fisheries management with minimal stock
assessment input. Fish. Res. 56, 133–137.

Caddy, J.F., Agnew, D.J., 2004. An overview of recent global
experience with recovery plans for depleted marine resources
and suggested guidelines for recovery planning. Rev. Fish Biol.
Fisher. 14, 43–112.

Cheung, W.W.L., 2007. Vulnerability of marine fishes to fishing:
from global overview to the Northern South China Sea. Ph.D.
The University of British Columbia, Vancouver.

Cheung, W.W.L., Pitcher, T.J., Pauly, D., 2005. A fuzzy logic expert
system to estimate intrinsic extinction vulnerability of marine
fishes to fishing. Biol. Conserv. 124, 97–111.

Christensen, V., Walters, C.J., Pauly, D., 2004. Ecopath with Ecosim:
a User's Guide. Fisheries Centre, University of British Columbia,
Vancouver, p. 154.

Department of Fishery, 1996. Ministry of Agriculture, The People's
Republic of China. Compilation of the Statistics of Chinese
Fishery (1989–1993). Ocean Press, Beijing. (Translation, Chinese).
130 pp.

Department of Fishery, 2000. Ministry of Agriculture, The People's
Republic of China. Annual Report onChinese Fisheries. Chinese
Agriculture Press, Beijing. (Translation, Chinese). 317 pp.

Froese, R., Pauly, D., 2004. FishBase. World Wide Web electronic
publication.

Walters, C.J., 2003. Folly and fantasy in the analysis of spatial catch
rate data. Can. J. Fish. Aquat. Sci. 60, 1433–1436.

Zadeh, L., 1965. Fuzzy sets. Inf. Control 8, 338–353.

References

Ainsworth, C.H., Pitcher, T.J., 2006. Modifying Kempton's species
diversity index for use with ecosystem simulation models.
Ecol. Ind. 6, 623–630.

An, W., Hu, J., 2006. Effects of endocrine disrupting chemicals on
China's rivers and coastal waters. Front. Ecol. Environ. 4,
378–386.

Balmford, A., Bruner, A., Cooper, P., Costanza, R., Farber, S., Green,
R.E., Jenkins, M., Jefferiss, P., Jessamy, V., Madden, J., Munro, K.,
Myers, N., Naeem, S., Paavola, J., Rayment, M., Rosendo, S.,
Roughgarden, J., Trumper, K., Turner, R.K., 2002. Economic
reasons for conserving wild nature. Science 297, 950–953.

Berman, M., Sumaila, U.R., 2006. Discounting, amenity values
and marine ecosystem restoration. Marin. Resour. Econ. 21 (2),
211–219.

Brodziak, J.K.T., Mace, P.M., Overholtz, W.J., Rago, P.J., 2004.
Ecosystem trade-ofs in managing New England fisheries.
B. Mar. Sci. 74 (3), 529–548.

Chau, G., 2004. Fishes Feeding Fishes: the Composition, Size and
Volume of Wild Fish Feed Used in Hong Kong's Mariculture
Industry. University of Hong Kong, Hong Kong.

Cheung, W.W.L., 2007. Vulnerability of marine fishes to fishing:
from global overview to the Northern South China Sea. Ph.D.
The University of British Columbia, Vancouver.

Cheung, W.W.L., Sadovy, Y., 2004. Retrospective evaluation of
data-limited fisheries: a case from Hong Kong. Rev. Fish. Biol.
Fisher. 14, 181–206.
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
managing a tropical marine ecosystem, Ecol. Econ. (2007), doi:10
Cheung,W.W.L., Pitcher, T.J., 2006. Designing fisheriesmanagement
policies that conserve marine species diversity in the Northern
South China Sea. In: Kruse, G.H., Gallucci, D.E., Hay, R.I., Perry,
R.I., Peterman, R.M., Shirley, T.C., Spencer, P.D., Wilson, B.,
Woodby, D. (Eds.), Fisheries Assessment and Management in
Data-limited Situations. Alaska Sea Grant College Program,
University of Alaska Fairbanks, Alaska, pp. 439–466.

Cheung, W.W.L., Pitcher, T.J., Pauly, D., 2005. A fuzzy logic expert
system to estimate intrinsic extinction vulnerability of marine
fishes to fishing. Biol. Conserv. 124, 97–111.

Cheung, W.W.L., Watson, R., Morato, T., Pitcher, T.J., Pauly, D.,
2007. Intrinsic vulnerability in the global fish catch. Mar. Ecol.
Prog. Ser. (Halstenbek) 333, 1–12.

ChinaReports, 2003. GuangdongProvinceWill Invest 5MillionYMB
on Retraining and Developing Alternative Livelihoods for
Fishers (Translation from Chinese). http://big5.chinabroadcast.
cn/gate/big5/gb.cri.cn/41/2003/12/05/108@13466.htm Accessed
on: 6 September 2007.

Christensen, V., Walters, C.J., 2004a. Ecopathwith Ecosim:methods,
capabilities and limitations. Ecol. Model. 172, 109–139.

Christensen, V., Walters, C.J., 2004b. Trade-offs in ecosystem-scale
optimization of fisheries management policies. B. Mar. Sci.
74 (3), 549–562.

Christensen, V., Walters, C.J., Pauly, D., 2004. Ecopath with Ecosim:
a User's Guide. Fisheries Centre, University of British Columbia,
Vancouver. 154 pp.

Clark, C.W., Clarke, F.H., Munro, G.R., 1979. The optimalmanagement
of renewable resource stocks: problemsof irreversible investment.
Econometrica 47, 25–47.

Clark, C.W., Munro, G.R., Sumaila, U.R., 2005. Subsidies,
buybacks, and sustainable fisheries. J. Environ. Econ.Manag. 50,
47–58.

Cochrane, K.L., 2002. The use of ecosystem models to investigate
ecosystem-based management strategies for capture fisheries:
introduction. In: Pitcher, T.J., Cochrane, K.L. (Eds.), The Use of
Ecosystem Models to investgiate Multispecies Management
Strategies for Capture Fisheries. Fisheries Centre Research
Report, vol. 10, pp. 5–10.

Costanza, R., d'Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon,
B., Limburg, K., Naeem, S., O'Neill, R.V., Paruelo, J., Raskin, R.G.,
Sutton, P., van den Belt, M., 1998. The value of the world's
ecosystem services and natural capital. Ecol. Econ. 25, 3–15.

Cox, E., 1999. The Fuzzy Systems Handbook: a Practitioner's Guide
to Building, Using, and Maintaining Fuzzy Systems, 2nd
edition. AP Professional, San Diego, California, p. 706.

Cunningham, S., Gréoval, D., 2001. Managing Fishing Capacity: a
Review of Policy and Technical Issues. FAO, Rome. 66 pp.

Desmond, G., Marcello, J., 1987. Handbook of Small Business
Valuation Formulas. Valuation Press, Inc, LosAngeles, CA. 371 pp.

Dulvy, N.K., Ellis, J.R., Goodwin, N.B., Grant, A., Reynolds, J.D.,
Jennings, S., 2004. Methods of assessing extinction risk in
marine fishes. Fish. Fish. 5, 255–276.

Enriquez-Andrade, R.R., Vaca-Rodriguez, J.G., 2004. Evaluating
ecological tradeoffs in fisheries management: a study case for
the yellowfin tuna fishery in the Eastern Pacific Ocean. Ecol.
Econ. 48, 303–315.

Fletcher, R., Reeves, C.M., 1964. Function minimization by
conjugate gradients. Comput. J. 7, 149–154.

Funge-Smith, S., Lindebo, E., Staples,D., 2005. AsianFisheries Today:
the Production and Use of Low Value/Trash Fish from Marine
Fisheries in the Asia-Pacific Region. FAO, Bangkok. 38 pp.

Gordon, H.S., 1954. The economic theory of a common property
resource: the fishery. J. Polit. Econ. 62, 124–142.

Hilborn, R., Walters, C.J., 1992. Quantitative Fisheries Stock
Assessment: Choice, Dynamics and Uncertainty. Chapman &
Hall, New York, p. 570.

Hilborn, R., Branch, T.A., Ernst, B., Magnusson, A., Minte-Vera, C.V.,
Scheuerell, M.D., Valero, J.L., 2004a. State of the world's
fisheries. Annu. Rev. Env. Resour. 28, 359–399.
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001

http://big5.chinabroadcast.cn/gate/big5/gb.cri.cn/41/2003/12/05/108@13466.htm
http://big5.chinabroadcast.cn/gate/big5/gb.cri.cn/41/2003/12/05/108@13466.htm
http://dx.doi.org/10.1016/j.ecolecon.2007.09.001


18 E C O L O G I C A L E C O N O M I C S X X ( 2 0 0 7 ) X X X – X X X

ARTICLE IN PRESS
Hilborn, R., Punt, A.E., Jose, O., 2004b. Beyond band-aids in
fisheries management: fixing world fisheries. B. Mar. Sci. 74 (3),
493–507.

Kempton, R.A., Taylor, L.R., 1976. Models and statistics for species
diversity. Nature 262, 818–820.

Khan,A.S., Sumaila,U.R.,Watson,R.,Munro,G.R., Pauly,D., 2006. The
nature and magnitude of global non-fuel fisheries subsidies. In:
Sumaila, U.R., Pauly, D. (Eds.), Catching More Bait: a Bottom-up
Re-estimation of Global Fisheries Subsidies (2nd Version, 2007).
Fisheries Centre Research Reports, vol. 14(6), pp. 5–37.

Munro, G.R., Sumaila, U.R., 2002. The impact of subsidies upon
fisheries management and sustainability: the case of the North
Atlantic. Fish. Fish. 3, 233–250.

Pang, L., Pauly, D., 2001. Chinese marine capture fisheries for 1950
to the late 1990s: the hopes, the plans and the data. The Marine
Fisheries of China: Development and Reported Catches.
Fisheries Centre Research Reports, vol. 9(2), pp. 1–26.

Pauly, D., 1993. From growth to Malthusian overfishing: stages
of fisheries resources misuse. Traditional Marine Resource
Management and Knowledge Information Bulletin. SPC 3,
7–14.

Pauly, D., Christensen, V., Walters, C., 2000. Ecopath, Ecosim, and
Ecospace as tools for evaluating ecosystem impact of fisheries.
ICES J. Mar. Sci. 57, 697–706.

Pauly, D., Christensen, V., Guénette, S., Pitcher, T.J., Sumaila, U.R.,
Walters, C.J.,Watson, R., Zeller, D., 2002. Towards sustainability
in world fisheries. Nature 418, 689–695.

Pitcher, T.J., 1998. A covery story: fisheries may drive stocks to
extinction. Rev. Fish Biol. Fish. 8, 367–370.

Rosenberg, A.A., Fogarty, M.J., Sissenwine, M.P., Beddington, J.R.,
Shepherd, J.G., 1993. Achieving sustainable use of renewable
resources. Science 262, 828–829.

Sadovy, Y.J., Cornish, A.S., 2000. Reef Fishes ofHongKong.HongKong
University Press, Hong Kong. 344 pp.

Sadovy, Y., Cheung, W.L., 2003. Near extinction of a highly fecund
fish: the one that nearly got away. Fish. Fish. 4, 86–99.

Sumaila, U.R., 2005. Differences in economic perspectives and
implementation of ecosystem-based management of marine
resources. Mar. Ecol. Prog. Ser. (Halstenbek) 300, 279–282.
Please cite this article as: Cheung, W.W.L., Sumaila, U.R., Trade-
managing a tropical marine ecosystem, Ecol. Econ. (2007), doi:10
Sumaila, U.R., Walters, C.J., 2005. Intergenerational discounting: a
new intuitive approach. Ecol. Econ. 52, 135–142.

Sumaila, U.R., Teh, L., Watson, R., Tyedmers, P., Pauly, D., 2006.
Fuel subsidies to global fisheries. In: Sumaila, U.R., Pauly, D.
(Eds.), Catching More Bait: a Bottom-up Re-estimation of Global
Fisheries Subsidies (2nd Version, 2007). Fisheries Centre
Research Reports, vol. 14(6), pp. 38–48.

Sumaila,U.R., Cheung,W.W.L.,Teh, L., 2007. RebuildingHongKong's
Marine Fisheries: an Evaluation of Management Options.
Fisheries Centre, the University of British Columbia, Vancouver.
134 pp.

Teh, L., Sumaila, U.R., 2007. Malthusian overfishing in Pulau
Banggi? Mar. Policy 31, 451–457.

Walters, C.J.,Martell, S.J.D., 2004. FisheriesEcologyandManagement.
Princeton University Press, Princeton. 399 pp.

Walters, C., Christensen, V., Pauly, D., 1997. Structuring dynamic
models of exploited ecosystem from trophic mass-balance
assessment. Rev. Fish Biol. Fish. 7, 139–172.

Walters, C.J., Christensen, V., Martell, S.J., Kitchell, J.F., 2005.
Possible ecosystem impacts of applying MSY policies from
single-species assessment. ICES J. Mar. Sci. 62, 558–568.

Walters, C.J., Sumaila, U.R., Martell, S.J., 2007. Industry-Funded
License Reduction as a Business Investment Strategy Fisheries
Centre Working Paper #2007-01. The University of British
Columbia, Vancouver, B.C.

Worm, B.,Myers, R.A., 2003.Meta-analysis of cod–shrimp interactions
reveal top-down control in oceanic food webs. Ecology 84 (1),
162–173.

Worm, B., Barbier, E.B., Beaumont, N., Duffy, J.E., Folke, C., Halpern,
B.S., Jackson, J.B.C., Lotze, H.K., Micheli, F., Palumbi, S.R., Sala,
E., Selkoe, K.A., Stachowicz, J.J., Watson, R., 2006. Impacts of
biodiversity loss on ocean ecosystem services. Science 314,
787–790.

Zhang, Z., Dai, M., Hong, H., Zhou, J.L., Yu, G., 2002. Dissolved
insecticides and polychlorinated biphenyls in the Pearl River
Estuary and South China Sea. J. Environ. Monit. 4, 922–928.
offs between conservation and socio-economic objectives in
.1016/j.ecolecon.2007.09.001

http://dx.doi.org/10.1016/j.ecolecon.2007.09.001

	Trade-offs between conservation and socio-economic objectives in managing a tropical marine eco.....
	Introduction
	The case of the northern South China Sea
	Buy-back as means to restructure fishing fleets

	Methods
	Ecopath with Ecosim modelling
	Policy optimization
	Maximizing economic rent
	Maximizing the social objective: employment
	Maximizing ecosystem integrity
	Conservation of vulnerable species

	Cost of fleet restructuring

	Results
	The Pareto-frontiers
	Restructuring the fishing fleets
	Ecosystem structures
	Cost of restructuring the fishing fleets
	Sensitivity analysis

	Discussion
	Trade-offs between policy objectives
	Economics of restructuring the fishing fleets
	Model assumptions and uncertainties

	Conclusion
	Acknowledgements
	Fitting the NSCS model with time-series catch rate data
	Algorithm to calculate depletion index (DI)
	Appendix references


