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Cover note for the final activity report 
The general objective of SPEAR (English website http://www.biaoqiang.org/ and 

Chinese mirror site http://www.spear.cn/ - herein only the first will be referenced) is to 

develop and test a structurally integrated conceptual framework for interpretation of 

coastal zone structure and dynamics, within areas where communities depend 

primarily upon marine resources. Ecological and socio-economic demands will be 

reconciled through an integrated holistic approach, and simpler screening models 

developed to facilitate sustainable management and restoration. 

 

The consortium which carried out the work in SPEAR is made up of the following 

contractors: 

 

 

The coordinator details are: 

Coordinator: Joao Gomes Ferreira 

Coordinator organisation name: IMAR – Institute of Marine Research 

Coordinator email: joao@hoomi.com 

Coordinator fax: +351 21 294 8554 

 

The SPEAR project consortium undertook to produce a book, as one of the final 

deliverables of the project, which provides a synthesis aimed at managers, scientists 

and technicians, as well as the general public, of the work carried out. This book 

effectively constitutes the final activity report. Two thousand copies have been 
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produced, which will be widely disseminated. Many of the deliverables of SPEAR 

have been included in this book. The full list is indicated in the Year 3 Activity Report. 

Reproduced below is the Executive Summary of the SPEAR book. Only the English 

version is provided here, but the book contains extensive Chinese translations, 

including the Executive Summary and Conclusions, and summaries of all chapters. 
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SPEAR Book Executive Summary 
In 2004, the European Union financed a research project entitled Sustainable options 

for PEople, catchment and Aquatic Resources (SPEAR). This project was framed in 

the INternational COoperation for DEVelopment (INCO-DEV) programme, with its 

focus on mutually beneficial and equitable partnership in research between the 

Community and its Member States on the one hand and INCO target countries on 

the other.  

The general objective of SPEAR was to develop and test a integrated framework for 

management of the coastal zone, using two test cases where communities depend 

primarily upon marine resources. 

Two contrasting coastal systems in China were used as study areas. Sanggou Bay is 

in a rural area in the North, and Huangdun Bay is in an industrialized area south of 

Shanghai, subject to substantial human pressure at both local and regional levels. 

The common denominator for both is that aquatic resources, i.e. cultivated species of 

seaweeds, shellfish and finfish, are of paramount importance for community income 

and livelihood, both locally and regionally. 

This book describes the approach and main results obtained, together with 

complementary case studies focusing on related work in China and in the United 

States.  

The book is divided into seven chapters, followed by a Conclusions section. Each of 

the chapters is designed to be readable by itself, allowing different publics to find 

their sections of interest without needing to refer extensively to other material. A brief 

description of each chapter is given below. 

Rationale for the SPEAR Project 

 The motivation and objectives for this work are explained here, together with an 

overview of the way in which this project fits into the wider context of coastal zone 

management. 

 

The key objectives of SPEAR are outlined below, focusing on integration of 

disciplines and tools as a primary element, and specifically associating ecology and 

economics as the two major components of the framework. 

 

Later chapters illustrate how the various parts were brought together, and provide 

specific examples of applicability. 
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Main objectives of SPEAR 
� Develop an integrated framework that simulates the dynamics of the coastal zone 

accounting for basin effects (exchanges of water, sediments and nutrients), ecological 

structure and human activities 

� Test this framework using research models, which assimilate dispersed local and regional 

data, and to develop screening models which integrate key processes and interactions 

� Examine ways of internalizing environmental costs and recommend response options 

such as optimisation of species composition and distributions, thereby restoring 

ecological sustainability 

� Evaluate the full economic costs and benefits of alternative management strategies, and 

societal consequences 

� Provide managers with quantitative descriptors of environmental health, including simple 

screening models, as practical diagnostic tools 

 

There is a chapter dedicated to an overview of the various tools, which will guide a 

reader who is fundamentally interested in knowing what scientific and technical 

instruments are available to support coastal management. 

Tools 

This chapter provides a description of data, remote sensing and modelling tools, 

cross-cutting across the different scientific disciplines. 

Figure 1. Huangdun Bay: (Left) Landsat band 5, near IR scene showing coastal features 
and fish cages. (Right) Diagram of main aquaculture provided by Chinese partners. 
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Figure 1 illustrates and example of these tools, showing how satellite data were 

combined with ground truthing data and local knowledge to generate final 

aquaculture maps. 

Systems 

This chapter provides the grounding for the system-scale modelling work. Models 

can only ever be as good as the data that drives them, so a robust data programme 

is a key element for success. 

 

Figure 2. Selected socio-economic indicators for the regions (compiled from FAO 2004, 

China Data Centre, National Bureau of Statistics of China). 

 China Shandong 
province 

Sanggou Bay ZheJiang 
province 

Huangdun Bay 
(Ningbo City) 

Population 
(million) 

1 300 ≅ 92 ≅ 0.15 ≅ 47 6 

Urban per capita 
disposable 
income 

1 290 ≅ 860 ≅ 2000 (Weihai) 
≅ 560 (Jinan) 
≅ 460 (Yantai) 

1 260 3 300 

Primary sector 
share of 
economy (%) 

15% 11% n/a 7% 7% 

Fish production 
(tons) 

47 061 064 7 062 244 188 227 4 935 288 903 301 

Total fisheries 
value (RMB 
millions) 

332 341 37 600 5 897 13 859 n/a 

Related industry 
value (RMB 
millions) 

126 186 40 208 9 212 3 083 n/a 

Related services 
value (RMB 
millions) 

119 357 22 505 500 292 n/a 

Marine farming 
value (RMB 
millions) 

73 375 16 797 1 364 n/a n/a 

Total fisheries 
jobs 

7 007 564 n/a n/a n/a n/a 

Fish farming jobs 4 324 174 n/a n/a n/a n/a 
Marine farming 
jobs 

n/a n/a 11 100 n/a n/a 

 

Data collation was a key element of the work, data collection was only carried out as 

required, with a view to optimising costs and leveraging previous work. A horizontal 

approach to this part of the work meant that both the catchment and waterbody were 

considered, and that there was a close integration of the various scientific disciplines 

involved. 

 

Figure 2 shows an example of the data collected for the two bays. Both Shandong 

and Zhejiang provinces are less dependent on the primary sector than China in 
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general, but Shandong is more dependent on primary production than Zhejiang. The 

total value of all fisheries production and the value of marine farming is also markedly 

higher in Shandong where 45% of the total fisheries value is in marine farming. 

In China as a whole 4.2 million people are employed in the fish farming (inland and 

marine) business. This means that almost 19 direct fish farming jobs are created per 

RMB 1 million of value in fish farming. Comparative statistics for the provinces were 

not available, but for marine farming only in Sanggou Bay this figure is around 9 

direct jobs per RMB 1 million in total marine farming value. 

Aquaculture 

This chapter provides a full description of aquaculture activity within the two bays, 

highlighting the areas involved, key features of the culture practice, and socio-

economic aspects. In addition, the models used to describe growth and waste 

production for seaweeds, shellfish (both bivalves and shrimp), and finfish are 

described here. 

Figure 3. Modelled growth (TGC model) against empirical data for Japanese seabass 

(black) and Yellow croaker (blue) grown in Huangdun Bay 
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As an example, Figure 3 shows a comparison of modelled and observed fish growth 

of species in Huangdun Bay, simulated using a Thermal Growth Coefficient model. 

Ecosystem models 

The system-scale data were combined with aquaculture data to provide the 

information required to run ecosystem-scale models. 
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SPEAR system-scale models 

� Fine-scale models, simulating the three-dimensional water circulation in both 

bays 

� Broader-scale water quality models, simulating key features of water and 

sediment properties 

� Coarse-scale ecological models, which represent the systems using a few dozen 

boxes, but contain all the necessary elements of the ecological and human 

components, and simulate multi-year periods 

� Economic models, coupled to the ecological models, in order to explicitly account 

for the interactions between the human system and the ecosystem 

 

The integration of the various models was carried out both online (with models 

running together and interacting with each other) and using offline coupling, with 

results from one model being used to drive another model. The main objective was to 

capture the scales at which important phenomena occur, since it is clearly impossible 

to use the same time and space scales to simulate the detailed water circulation over 

a tidal cycle, and the decadal production of  oysters. 

Figure 4. Shellfish harvest results and comparison with data for Xiangshan Gang (ton 
yr-1). 

 Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 
10 

Total 

Oyster 9817 8948 1534 6912 8810 - - - 36021

(Data) 9764 8976 1500 6860 7220 - - - 34320

Razor 808 568 471 52 115 46 - - 2058

(Data) 812 588 415 57 95 30 - - 1997

Manila 

clam 134 102 91 26 26 7 39 6 431

(Data) 116 84 108 26 27 8 37 5 410

Muddy 

clam 355 316 174 - 35 23 - - 903

(Data) 394 286 199 - 26 14 - - 920

 

A synthesis illustrating final outputs from these models, which are of clear 

management interest, is shown in Figure 4 for Huangdun Bay. The data compare the 

results from the EcoWin2000 ecological model to reported production for three 

shellfish species in Huangdun Bay. 
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In order to produce such results, a diverse set of models need to be combined, 

including hydrodynamic models such as Delft3D, shellfish individual growth models 

such as ShellSIM, models of fish production and waste such as MOM, and economic 

models such as MARKET. 

Screening models 

SPEAR also focused on the development and implementation of screening models, 

which have a totally different objective and user-base than the research models 

referred above. 

A screening model is a tool which may be useful for a fish farmer, farm manager or 

coastal manager. Typically these models are easy to use and run in minutes, and 

support decisions such as the assessment of the impact of a particular planning 

option, or classification of the ecological status of an aquatic system. Two examples 

of application of this type of model are provided below. 

Particulate waste models 

At the local scale, screening 

models may be used to look at 

aquaculture yields, local impacts 

of fish farming, and water quality. 

A good example is a  particulate 

waste distribution model 

developed for fish culture in 

Huangdun Bay ( Figu g 

GIS, which provides a footprint 

of organic enrichment beneath 

fish farms. 

re 5), usin

 Figure 5. Screening model for carbon input to 
sediments from fish culture. 

 FARM 

The Farm Aquaculture Resource Management (FARM) modelling framework applies 

a combination of physical and biogeochemical models, bivalve growth models and 

screening models for determining shellfish production and for eutrophication 

assessment. Requirements for input data have been reduced to a minimum, since 

the model is aimed at the shellfish farming community and local managers. Model 

inputs may be grouped into data on (i) farm layout, dimensions, species composition 
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and stocking densities; (ii) suspended food entering the farm; and (iii) environmental 

parameters. The FARM model is publicly available at http://www.farmscale.org/ 

 Figure 6. Application of FARM to calculate a mass balance for oyster culture in 
Sanggou Bay 

 

The application of FARM to an oyster farm in Sanggou Bay is shown in Figure 6, and 

illustrates the substitution value of shellfish with respect to land-based control of 

nutrient emissions. In a scenario of integrated catchment management of discharges 

of nitrogen and phosphorus, such as already occurs in parts of the U.S. and in 

Scandinavia, shellfish farmers in Southeast Asia may in future be able to sell nutrient 

credits to their land-based counterparts, in much the same way as carbon credits are 

traded today. 

Management and case studies 

The tools developed within SPEAR are designed to support decision-makers in 

successfully implementing integrated castal zone management (ICZM), harmonising 

various (often competing) uses into a framework for sustainable development. 

 

The project team worked closely with stakeholders to develop a set of example 
scenarios ( 

Figure 7) which could be examined using the SPEAR models. 
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Figure 7. Development scenarios for Huangdun Bay and Sanggou Bay 

System Scenario description Tools 

Huangdun 
Bay 

Assess impact of change to fish cage numbers and sizes GIS, EcoWin2000 

 Assess impact of nutrient discharge reduction from waste 
water treatment plants 

SWAT, Delft3D, 
EcoWin2000 

 Combination of the two scenarios above As above 
Sanggou 
Bay 

Reduce culture densities for shellfish alone by 50% 
(achieved by increasing distance between longlines and/or 
droppers, to assess consequences for total production 
value 

GIS, EcoWin2000 

 Alter species composition: currently there are 450 Mu1 of 
fish cages, 50,000 Mu of Laminaria, 40,000 Mu of 
shellfish, proposed change to a 70:20:10 (kelp:filter:finfish) 

GIS, EcoWin2000 

 Replace oyster culture (1500 Mu)  with abalone culture 
(1000 Mu) and fish cages (400 Mu) 

MOM, FARM 

 

The tools which are appropriate for each type of scenario differ, highlighting the 

importance of multiple models, tailored to appropriate issues and scales. A key 

finding from this integrated project has been that the combination of models running 

at widely varying time and space scales is at the core of a successful analysis. 

Results from two scenarios are provided here to illustrate the potential for this kind of 

application. 

Huangdun Bay – Changes to fish cages and nutrient reduction 

The stakeholder community in Huangdun Bay identified this as a major management 

question. It is thought that the fish farms have a substantial impact on the water 

quality in Huangdun Bay, due to excessive organic loading. To further improve water 

quality there are also plans for sewage water treatment plants.  

CoBEx-Eco has been used to estimate changes in water quality for the three different 

scenarios. 

� Reduction of fish farms (proposed by stakeholders to be about 40% of the 

total production) 

� Reduction in sewage discharge 

� The two reduction scenarios combined 

 

The scenario simulations indicate that there are only minor changes in net primary 

production for all three cases, signifying that reduction in loads will have little effect 
                                                 
1 The Mu is the Chinese unit of area. In aquaculture, the Culture Mu is used for licensing, and although 
nominally rated as 1/15 of one hectare, its size is variable according to the productivity of the system, 
i.e. a less productive system has a larger Culture Mu. Typical values range from 1000-5000 m2. 
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on the water quality. The reason for this is that inorganic nutrient concentrations 

remain high during the whole year and therefore nutrient availability does not limit 

production. Thus, reducing nutrient concentration slightly will not cause any 

significant change in primary production. To further check the sensitivity of this 

statement a simulation with all land based loads reduced to zero (i.e. no loads from 

land, sewage or pond cultures) was carried out, which resulted in a 10% reduction of 

primary production. Although phosphate concentrations are reduced by 50-75%, 

there was still no nutrient limitation. These results seem reasonable as long as it can 

be verified that inorganic nutrient concentrations are indeed high during the 

productive season. For the standard case this appears to be reasonable, but for such 

large perturbations as in the no load case, further validation of the model is probably 

necessary to exclude the possibility of nutrient limitation.  

Figure 8. Reduction in net primary production (in %) relative to the standard case for 
the three scenarios and the no land load case.xt  

Bay Fish cage 
reduction 

Increased 
sewage 
treatment 

Combination of fish 
cage reduction and 
sewage treatment 

No loads from land, 
shrimp ponds or 
sewage 

Xize 0.2 1.0 1.2 6.2 
Wushe 0.3 1.4 1.8 9.2 
Tie 0.3 1.5 1.8 11.6 
Huangdun 0.2 1.3 1.5 10.4 
 

Locally, fish farms may have an impact on the sediment quality beneath the farms 

due to accumulation of particulate matter. Estimates from the MOM model indicate 

that 60-80% of the outputs from a farm originate from uneaten food due to 

overfeeding of the fish. Therefore, local improvements can probably be attained by 

improving feeding routines rather than by reducing the size of a farm or the numbers 

of farms. Measures in this direction will of course also increase profits as feed can be 

a substantial part of the total production cost. 

Sanggou Bay – Changes to culture combinations 

A farm was selected as a demonstration site, located in Box 4 of Sanggou Bay 

(Figure 9), where Pacific oyster (Crassostrea gigas) raft culture, Japanese Flounder 

(Paralicthys olivaceus) and Puffer fish (Fugu rubripes) cage culture coexist. 

Box 4 is a polyculture area as a whole, but may be divided into three types of farms: 

shellfish monoculture farm (located in the northern part of Box 4), shellfish farms that 

separated by boat channels (located in the middle of Box 4), and shellfish – fish cage 

IMTA farms (located in the southeastern part of Box 4). The three types of farms are 
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adapted into three setup options, and have been simulated in the FARM screening 

model. 

Figure 9. Box layout of Sanggou Bay and the location of FARM simulation area 

     
 

Figure 10 shows the three different setup options considered. The first setup 

considers oysters in all sections, at a density of 20 animals m-2, the second considers 

only oysters in the two end sections, and the third adds fish cages to the middle 

section of the farm. 

Figure 10. Setup options and results of Sanggou Bay FARM scenario 

Nº Description TPP 
(ton TFW) 

APP Profit 
(K€) 

Nitrogen 
removal 
(kg y-1) 

PEQ 
(y-1) 

Total 
income2 
(K€ y-1) 

1 Oysters in sections 1, 
2 and 3,  

15.5 8 75.4 404 122 114 

2 Oysters in sections 1 
and 3, section 2 empty 

10.4 8 50.7 270 82 77 

3 Oysters in sections 
1 and 3, section 2 
fish cages only 

18.1 14 89.1 350 106 122     

 

The addition of fish cages in the middle section of the farm provides an additional 

source of revenue, and the additional input of particulate organic matter to the 

downstream part of the farm substantially increases oyster production, which in total 

exceeds that in the uniform distribution used in Setup 1, and has the added 

advantage of reducing the local organic deposition effects of fish aquaculture. 

Overall, Setup 3 provides both the highest profit from production activities and the 

highest potential income when considering also the environmental costs of nutrient 

treatment, or (alternatively) the resale value of nitrogen credits as a catchment 

management option. 

                                                 
2 Includes substitution costs of nutrient removal on land, e.g. by reducing application in agriculture. 
Does not include the additional revenue from fish cages in scenario 3.  
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Case studies 

Over the life-cycle of SPEAR,  a number of complementary activities were carried 

out, which are known collectively as the SPEAR Leverage Programme. One example 

of these was the development of a project for trophic assessment in China, or 

TAICHI, which aims to execute a full assessment of eutrophication in Chinese 

coastal waters. A case study of the application of the ASSETS assessment method 

to Jiaozhou Bay is presented as an example, together with a case study from the 

United States which brings together eutrophication assessment and fisheries, in a 

management-oriented approach to coastal management from outside China. 

Conclusions 

Integrated assessment of  the different components of coastal systems, 

contemplating land-based drivers and pressures, uses such as aquaculture and 

fisheries and  impacts such as eutrophication is a necessary pre-requisite to 

successful coastal management. 

Work carried out in SPEAR, which is described in detail in this book, represents one 

approach to address this requirement. The outputs from multi-year models are not 

only useful in themselves, as highlighted previously, but serve to drive farm-scale 

models and other screening models of various types, which are of interest to both the 

farmer and regulator. The possibility of operating coarser scale models, such as the 

EcoWin2000 implementations described in this work, allows users to deal with 

manageable amounts of data and acceptable run-times. This trade-off between 

mutiple-year simulation and spatial complexity, whilst preserving acceptable levels of 

accuracy, is essential in building a bridge with microeconomic models, which require 

simulations at the decadal scale. 

Future developments of simulation approaches must include the linkage of both the 

natural and social sciences, if possible with explicit feedbacks. This will allow 

changes in pricing linked to production, supply and demand, to be reflected in the 

attractiveness of commercial cultivation, and provide indicators on employment and 

other aspects of social welfare. Additionally, by factoring in the non-use value of 

ecosystems, with respect e.g. to the valuation of biodiversity, a more complete mass 

balance of the effective gains to society may be computed. An holistic assessment of 

aquaculture on the basis of people, planet and profit, as has been applied elsewhere  

should become central to studies of sustainable coastal zone management, 

particularly in areas such as Southeast Asia where such activities are highly 

developed. This concept, sometimes termed the triple bottom line, is a goal that is at 
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  xiv 

present challenged by the application of fragmented approaches. The work we have 

described in the framework of SPEAR allows managers to examine the 

consequences of development for biodiversity, conservation and habitat protection, 

water quality and yield, including profit maximisation through the use of marginal 

analysis. 

The integration of basin-scale models such as SWAT which allow for the effects of 

changes in land use agricultural practice to be explicitly simulated in this framework, 

provides a link to the drivers and pressures of nutrient loading to the coastal zone. 

The explicit connection with economic models, including incorporation of dynamic 

feedbacks, is also an area where exciting developments are expected in the near 

future. The challenge of bringing the various components of the People-Planet-Profit 

equation together as a holistic indicator of sustainable carrying capacity in coastal 

areas appears both achievable and appropriate for integrated coastal management.  
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FOREWORD 

This book describes the approach and main results obtained in the Sustainable options for 
PEople, catchment and Aquatic Resources (SPEAR) Project, together with complementary 
case studies focusing on related work in China and in the United States. Each chapter in this 
book is designed to be readable by itself, and contains enough information for the reader 
to understand both the methodologies applied and the key outcomes. Wherever possible, 
those outcomes have been developed into products, with the objective of leveraging their 
usability as a legacy of SPEAR.

From a technical standpoint, these products currently represent the state-of-the-art in coast-
al management, featuring web-based models, hybrid ecological-economic approaches, and 
management tools to be used at a variety of scales. Technological developments will mean 
that the tools themselves will evolve fairly rapidly, but the underlying scientifi c paradigms are 
expected to change more slowly.

Models do not by themselves lead to robust management, without a complementary invest-
ment in appropriate environmental data. Management-oriented work in Integrated Coastal 
Zone Management (ICZM) often results in multidisciplinary actions, rather than an interdis-
ciplinary approach. As a consequence, there is often a lack of integration which is limiting to 
coastal management. Three aspects of this merit further analysis:

(i) The lack of effective interaction between natural and social scienc-
es, the acknowledgement of the limitations and errors of each, and 
the recognition that ICZM can only be appropriately addressed by a 
well integrated approach;

(ii) The understanding that environmental baselines are shifting, in 
some cases rather rapidly, and that the record of that shift is often at 
best anecdotal;

(iii) The realization that tools such as those developed in SPEAR are of 
maximum utility when all social agents, such as environmental and 
fi sheries agencies, farm stakeholders, non-governmental agencies 
and other parties are actively involved. 

This book does not aim to provide an exhaustive account of all the research executed in 
SPEAR, and the reader is directed to the offi cial project website, available in English at http://
www.biaoqiang.org/ and in Chinese at http://www.spear.cn/

A digital copy of this book is available on the site, together with links to databases, models 
and all other resources made available by this research.
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Faeces 129
Mass balance -404

Shellfish farming: 77.3 k€ y-1
Nutrient treatment: 36.7 k€ y-1

Total income: 114.0 k€ y-1

Density: 20 oysters m-2
Cultivation period: 365 days
20% mortality
3.3 kg N y-1 PEQ

ASSETS INCOME PARAMETERS

Chl a
O2

Score

Population equivalents
122 PEQ y-1
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Aquaculture zones

Fishcages
Kelp
Bivalves

Scenario 2

Scenario 3

Scenario 1
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2 已含节省下的陆基营养盐削减处理成本（如：削减农业生产），不含网箱养鱼产生的收入。
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EXECUTIVE SUMMARY 

In 2004, the European Union fi nanced a research project entitled Sustainable options for 
PEople, catchment and Aquatic Resources (SPEAR). This project was framed in the INterna-
tional COoperation for DEVelopment (INCO-DEV) programme, with its focus on mutually 
benefi cial and equitable partnership in research between the Community and its Member 
States on the one hand and INCO target countries on the other. 

The general objective of SPEAR was to develop and test a integrated framework for manage-
ment of the coastal zone, using two test cases where communities depend primarily upon 
marine resources.

Two contrasting coastal systems in China were used as study areas. Sanggou Bay is in a rural 
area in the North, and Huangdun Bay is in an industrialized area south of Shanghai, subject 
to substantial human pressure at both local and regional levels. The common denominator 
for both is that aquatic resources, i.e. cultivated species of seaweeds, shellfi sh and fi nfi sh, 
are of paramount importance for community income and livelihood, both locally and region-
ally.

This book describes the approach and main results obtained, together with complementary 
case studies focusing on related work in China and in the United States. 

The book is divided into seven chapters, followed by a Conclusions section. Each of the 
chapters is designed to be readable by itself, allowing different publics to fi nd their sections 
of interest without needing to refer extensively to other material. A brief description of each 
chapter is given below.
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Rationale for the SPEAR Project

The motivation and objectives for this work are explained here, together with an overview of 
the way in which this project fi ts into the wider context of coastal zone management.

The key objectives of SPEAR are outlined below, focusing on integration of disciplines and 
tools as a primary element, and specifi cally associating ecology and economics as the two 
major components of the framework.

Later chapters illustrate how the various parts were brought together, and provide specifi c 
examples of applicability.

Main objectives of SPEAR

Develop an integrated framework that simulates the dynamics of the 
coastal zone accounting for basin effects (exchanges of water, sediments 
and nutrients), ecological structure and human activities

Test this framework using research models, which assimilate dispersed 
local and regional data, and to develop screening models which integrate 
key processes and interactions

Examine ways of internalizing environmental costs and recommend re-
sponse options such as optimisation of species composition and distribu-
tions, thereby restoring ecological sustainability

Evaluate the full economic costs and benefi ts of alternative management 
strategies, and societal consequences

Provide managers with quantitative descriptors of environmental health, 
including simple screening models, as practical diagnostic tools

There is a chapter dedicated to an overview of the various tools, which will guide a reader 
who is fundamentally interested in knowing what scientifi c and technical instruments are 
available to support coastal management.
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Tools

This chapter provides a description of data, remote sensing and modelling tools, cross-
cutting across the different scientifi c disciplines.

oyster
cage area
coastal features
coastal pond

 FIGURE 1. Huangdun Bay: (Left) Landsat band 5, near IR scene showing coastal features and fi sh cages. 
(Right) Diagram of main aquaculture provided by Chinese partners.

Figure 1 illustrates and example of these tools, showing how satellite data were combined 
with ground truthing data and local knowledge to generate fi nal aquaculture maps.

Systems

This chapter provides the grounding for the system-scale modelling work. Models can only 
ever be as good as the data that drives them, so a robust data programme is a key element 
for success.

China Shandong 
province

Sanggou Bay ZheJiang 
province

Huangdun Bay 
(Ningbo City)

Population 
(million)

1 300 ≅ 92 ≅ 0.15 ≅ 47 6

Urban per 
capita dispos-
able income

1 290 ≅ 860 ≅ 2000 
(Weihai)

≅ 560 (Jinan)
≅ 460 (Yantai)

1 260 3 300

Primary sec-
tor share of 
economy (%)

15% 11% n/a 7% 7%

Fish production 
(tons)

47 061 064 7 062 244 188 227 4 935 288 903 301
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Total fi sheries 
value (RMB 
millions)

332 341 37 600 5 897 13 859 n/a

Related indus-
try value (RMB 
millions)

126 186 40 208 9 212 3 083 n/a

Related servic-
es value (RMB 
millions)

119 357 22 505 500 292 n/a

Marine farming 
value (RMB 
millions)

73 375 16 797 1 364 n/a n/a

Total fi sheries 
jobs

7 007 564 n/a n/a n/a n/a

Fish farming 
jobs

4 324 174 n/a n/a n/a n/a

Marine farming 
jobs

n/a n/a 11 100 n/a n/a

 FIGURE 2. Selected socio-economic indicators for the regions (compiled from FAO 2004, China Data Centre, 
National Bureau of Statistics of China).

Data collation was a key element of the work, data collection was only carried out as required, 
with a view to optimising costs and leveraging previous work. A horizontal approach to this 
part of the work meant that both the catchment and waterbody were considered, and that 
there was a close integration of the various scientifi c disciplines involved.

Figure 2 shows an example of the data collected for the two bays. Both Shandong and Zheji-
ang provinces are less dependent on the primary sector than China in general, but Shandong 
is more dependent on primary production than Zhejiang. The total value of all fi sheries pro-
duction and the value of marine farming is also markedly higher in Shandong where 45% of 
the total fi sheries value is in marine farming.

In China as a whole 4.2 million people are employed in the fi sh farming (inland and marine) 
business. This means that almost 19 direct fi sh farming jobs are created per RMB 1 million of 
value in fi sh farming. Comparative statistics for the provinces were not available, but for ma-
rine farming only in Sanggou Bay this fi gure is around 9 direct jobs per RMB 1 million in total 
marine farming value.
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Aquaculture

This chapter provides a full description of aquaculture activity within the two bays, highlight-
ing the areas involved, key features of the culture practice, and socio-economic aspects. In 
addition, the models used to describe growth and waste production for seaweeds, shellfi sh 
(both bivalves and shrimp), and fi nfi sh are described here.
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 FIGURE 3. Modelled growth (TGC model) against empirical data for Japanese seabass (black) and Yellow 
croaker (blue) grown in Huangdun Bay.

As an example, Figure 3 shows a comparison of modelled and observed fi sh growth of spe-
cies in Huangdun Bay, simulated using a Thermal Growth Coeffi cient model.
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Ecosystem models

The system-scale data were combined with aquaculture data to provide the information re-
quired to run ecosystem-scale models.

SPEAR system-scale models

Fine-scale models, simulating the three-dimensional water circulation in 
both bays

Broader-scale water quality models, simulating key features of water and 
sediment properties

Coarse-scale ecological models, which represent the systems using a few 
dozen boxes, but contain all the necessary elements of the ecological and 
human components, and simulate multi-year periods

Economic models, coupled to the ecological models, in order to explicitly ac-
count for the interactions between the human system and the ecosystem

The integration of the various models was carried out both online (with models running 
together and interacting with each other) and using offl ine coupling, with results from one 
model being used to drive another model. The essence of this was to capture the scales at 
which important phenomena occur, since it is clearly impossible to use the same time and 
space scales to simulate the detailed water circulation over a tidal cycle, and the decadal 
production of oysters.

Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 10 Total

Oyster 9817 8948 1534 6912 8810 - - - 36021

(Data) 9764 8976 1500 6860 7220 - - - 34320

Razor 808 568 471 52 115 46 - - 2058

(Data) 812 588 415 57 95 30 - - 1997

Manila 
clam

134 102 91 26 26 7 39 6 431

(Data) 116 84 108 26 27 8 37 5 410

Muddy 
clam

355 316 174 - 35 23 - - 903

(Data) 394 286 199 - 26 14 - - 920

 FIGURE 4. Shellfi sh harvest results and comparison with data for Xiangshan Gang (ton yr-1).



24 

A synthesis illustrating fi nal outputs from these models, which are of clear management 
interest, is shown in Figure 4 for Huangdun Bay. The data compare the results from the 
EcoWin2000 ecological model to reported production for three shellfi sh species in Huang-
dun Bay.

In order to produce such results, a diverse set of models need to be combined, including hydro-
dynamic models such as Delft3D, shellfi sh individual growth models such as ShellSIM, models 
of fi sh production and waste such as MOM, and economic models such as MARKET.

Screening models

SPEAR also focused on the development and implementation of screening models, which 
have a totally different objective and user-base than the research models referred above.

A screening model is a tool which may be useful for a fi sh farmer, farm manager or coastal 
manager. Typically these models are easy to use and run in minutes, and support decisions 
such as the assessment of the impact of a particular planning option, or classifi cation of the 
ecological status of an aquatic system. Two examples of application of this type of model are 
provided below.

Particulate waste models
At the local scale, screening models may be used to look at aquaculture yields, local impacts 
of fi sh farming, and water quality. A good example is a particulate waste distribution model 
developed for fi sh culture in Huangdun Bay ( Figure 5), using GIS, which provides a footprint 
of organic enrichment beneath fi sh farms.

 FIGURE 5. Screening model for carbon input to sediments from fi sh culture.
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FARM

The Farm Aquaculture Resource Management (FARM) modelling framework applies a com-
bination of physical and biogeochemical models, bivalve growth models and screening mod-
els for determining shellfi sh production and for eutrophication assessment. Requirements 
for input data have been reduced to a minimum, since the model is aimed at the shellfi sh 
farming community and local managers. Model inputs may be grouped into data on (i) farm 
layout, dimensions, species composition and stocking densities; (ii) suspended food enter-
ing the farm; and (iii) environmental parameters. The FARM model is publicly available at 
http://www.farmscale.org/
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Phytoplankton removal
2608 kg C y-1

Detritus removal
972 kg C y-1

N removal (kg y-1)
Algae -406
Detritus -151
Excretion 24
Faeces 129
Mass balance -404

Shellfish farming: 77.3 k€ y-1
Nutrient treatment: 36.7 k€ y-1

Total income: 114.0 k€ y-1

Density: 20 oysters m-2
Cultivation period: 365 days
20% mortality
3.3 kg N y-1 PEQ

ASSETS INCOME PARAMETERS

Chl a
O2

Score

Population equivalents
122 PEQ y-1

 FIGURE 6. Application of FARM to calculate a mass balance for oyster culture in Sanggou Bay

The application of FARM to an oyster farm in Sanggou Bay is shown in Figure 6, and il-
lustrates the substitution value of shellfi sh with respect to land-based control of nutrient 
emissions. In a scenario of integrated catchment management of discharges of nitrogen and 
phosphorus, such as already occurs in parts of the U.S. and in Scandinavia, shellfi sh farmers 
in Southeast Asia may in future be able to sell nutrient credits to their land-based counter-
parts, in much the same way as carbon credits are traded today.
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Management and case studies

The tools developed within SPEAR are designed to support decision-makers in success-
fully implementing integrated castal zone management (ICZM), harmonising various (often 
competing) uses into a framework for sustainable development.

The project team worked closely with stakeholders to develop a set of example scenarios 
(Figure 7) which could be examined using the SPEAR models.

System Scenario description Tools

Huangdun Bay Assess impact of change to fi sh cage numbers and sizes GIS, EcoWin2000

Assess impact of nutrient discharge reduction from waste water 
treatment plants

SWAT, Delft3D, 
EcoWin2000

Combination of the two scenarios above As above

Sanggou Bay Reduce culture densities for shellfi sh alone by 50% (achieved by 
increasing distance between longlines and/or droppers, to assess 
consequences for total production value

GIS, EcoWin2000

Alter species composition: currently there are 450 Mu1 of fi sh 
cages, 50,000 Mu of Laminaria, 40,000 Mu of shellfi sh, proposed 
change to a 70:20:10 (kelp:fi lter:fi nfi sh)

GIS, EcoWin2000

Replace oyster culture (1500 Mu) with abalone culture (1000 Mu) 
and fi sh cages (400 Mu)

MOM, FARM

 FIGURE 7. Development scenarios for Huangdun Bay and Sanggou Bay

The tools which are appropriate for each type of scenario differ, highlighting the importance 
of multiple models, tailored to appropriate issues and scales. A key fi nding from this inte-
grated project has been that the combination of models running at widely varying time and 
space scales is at the core of a successful analysis.

Results from two scenarios are provided here to illustrate the potential for this kind of ap-
plication. 

Huangdun Bay – Changes to fi sh cages and nutrient reduction
The stakeholder community in Huangdun Bay identifi ed this as a major management ques-
tion. It is thought that the fi sh farms have a substantial impact on the water quality in Huang-
dun Bay, due to excessive organic loading. To further improve water quality there are also 
plans for sewage water treatment plants. 

1  The Mu is the Chinese unit of area. In aquaculture, the Culture Mu is used for licensing, and although 
nominally rated as 1/15 of one hectare, its size is variable according to the productivity of the system, i.e. a less 
productive system has a larger Culture Mu. Typical values range from 1000-5000 m2.
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CoBEx-Eco has been used to estimate changes in water quality for the three different sce-
narios.
 Reduction of fi sh farms (proposed by stakeholders to be about 40% of the total production)
 Reduction in sewage discharge
 The two reduction scenarios combined

The scenario simulations indicate that there are only minor changes in net primary produc-
tion for all three cases, signifying that reduction in loads will have little effect on the water 
quality. The reason for this is that inorganic nutrient concentrations remain high during the 
whole year and therefore nutrient availability does not limit production. Thus, reducing nu-
trient concentration slightly will not cause any signifi cant change in primary production. To 
further check the sensitivity of this statement a simulation with all land based loads reduced 
to zero (i.e. no loads from land, sewage or pond cultures) was carried out, which resulted 
in a 10% reduction of primary production. Although phosphate concentrations are reduced 
by 50-75%, there was still no nutrient limitation. These results seem reasonable as long as it 
can be verifi ed that inorganic nutrient concentrations are indeed high during the productive 
season. For the standard case this appears to be reasonable, but for such large perturbations 
as in the no load case, further validation of the model is probably necessary to exclude the 
possibility of nutrient limitation. 

Bay Fish cage 
reduction

Increased sewage 
treatment

Combination of fi sh cage reduc-
tion and sewage treatment

No loads from land, 
shrimp ponds or sewage

Xize 0.2 1.0 1.2 6.2

Wushe 0.3 1.4 1.8 9.2

Tie 0.3 1.5 1.8 11.6

Huangdun 0.2 1.3 1.5 10.4

 FIGURE 8. Reduction in net primary production (in %) relative to the standard case for the three scenarios 
and the no land load case.xt

Locally, fi sh farms may have an impact on the sediment quality beneath the farms due to 
accumulation of particulate matter. Estimates from the MOM model indicate that 60-80% 
of the outputs from a farm originate from uneaten food due to overfeeding of the fi sh. There-
fore, local improvements can probably be attained by improving feeding routines rather than 
by reducing the size of a farm or the numbers of farms. Measures in this direction will of 
course also increase profi ts as feed can be a substantial part of the total production cost.
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Sanggou Bay – Changes to culture combinations

A farm was selected as a demonstration site, located in Box 4 of Sanggou Bay (Figure 8), 
where Pacifi c oyster (Crassostrea gigas) raft culture, Japanese Flounder (Paralicthys oliva-
ceus) and Puffer fi sh (Fugu rubripes) cage culture coexist.

Box 4 is a polyculture area as a whole, but may be divided into three types of farms: shellfi sh 
monoculture farm (located in the northern part of Box 4), shellfi sh farms that separated by 
boat channels (located in the middle of Box 4), and shellfi sh – fi sh cage IMTA farms (located 
in the southeastern part of Box 4). The three types of farms are adapted into three setup op-
tions, and have been simulated in the FARM screening model.

Aquaculture zones

Fishcages
Kelp
Bivalves

Scenario 2

Scenario 3

Scenario 1

 FIGURE 9. Box layout of Sanggou Bay and the location of FARM simulation area

Figure 9 shows the three different setup options considered. The fi rst setup considers oys-
ters in all sections, at a density of 20 animals m-2, the second considers only oysters in the 
two end sections, and the third adds fi sh cages to the middle section of the farm.

Nº Description TPP
(ton TFW)

APP Profi t
(K€)

Nitrogen 
removal
(kg y-1)

PEQ
(y-1)

Total 
income2

(K€ y-1)

1 Oysters in sections 
1, 2 and 3, 

15.5 8 75.4 404 122 114

2 Oysters in sections 
1 and 3, section 2 
empty

10.4 8 50.7 270 82 76.5

3 Oysters in sections 
1 and 3, section 2 
fi sh cages only

18.1 14 89.1 350 106 122.2

 FIGURE 10. Setup options and results of Sanggou Bay FARM scenario

2 Includes substitution costs of nutrient removal on land, e.g. by reducing application in agriculture. Does not 
include the additional revenue from fi sh cages in scenario 3.
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The addition of fi sh cages in the middle section of the farm provides an additional source 
of revenue, and the additional input of particulate organic matter to the downstream part of 
the farm substantially increases oyster production, which in total exceeds that in the uniform 
distribution used in Setup 1, and has the added advantage of reducing the local organic de-
position effects of fi sh aquaculture. Overall, Setup 3 provides both the highest profi t from 
production activities and the highest potential income when considering also the environ-
mental costs of nutrient treatment, or (alternatively) the resale value of nitrogen credits as a 
catchment management option.

Case studies
Over the life-cycle of SPEAR, a number of complementary activities were carried out, which 
are known collectively as the SPEAR Leverage Programme. One example of these was the 
development of a project for trophic assessment in China, or TAICHI, which aims to execute 
a full assessment of eutrophication in Chinese coastal waters. A case study of the application 
of the ASSETS assessment method to Jiaozhou Bay is presented as an example, together 
with a case study from the United States which brings together eutrophication assessment 
and fi sheries, in a management-oriented approach to coastal management from outside 
China.

Conclusions

Integrated assessment of the different components of coastal systems, contemplating land-
based drivers and pressures, uses such as aquaculture and fi sheries and impacts such as 
eutrophication is a necessary pre-requisite to successful coastal management.

Work carried out in SPEAR, which is described in detail in this book, represents one ap-
proach to address this requirement. The outputs from multi-year models are not only useful 
in themselves, as highlighted previously, but serve to drive farm-scale models and other 
screening models of various types, which are of interest to both the farmer and regulator. 
The possibility of operating coarser scale models, such as the EcoWin2000 implementations 
described in this work, allows users to deal with manageable amounts of data and accept-
able run-times. This trade-off between mutiple-year simulation and spatial complexity, whilst 
preserving acceptable levels of accuracy, is essential in building a bridge with microeconomic 
models, which require simulations at the decadal scale.

Future developments of simulation approaches must include the linkage of both the natural 
and social sciences, if possible with explicit feedbacks. This will allow changes in pricing 
linked to production, supply and demand, to be refl ected in the attractiveness of commer-
cial cultivation, and provide indicators on employment and other aspects of social welfare. 
Additionally, by factoring in the non-use value of ecosystems, with respect e.g. to the valua-
tion of biodiversity, a more complete mass balance of the effective gains to society may be 



30 

computed. An holistic assessment of aquaculture on the basis of people, planet and profi t, 
as has been applied elsewhere should become central to studies of sustainable coastal zone 
management, particularly in areas such as Southeast Asia where such activities are highly 
developed. This concept, sometimes termed the triple bottom line, is a goal that is at pres-
ent challenged by the application of fragmented approaches. The work we have described 
in the framework of SPEAR allows managers to examine the consequences of development 
for biodiversity, conservation and habitat protection, water quality and yield, including profi t 
maximisation through the use of marginal analysis.

The integration of basin-scale models such as SWAT which allow for the effects of changes 
in land use agricultural practice to be explicitly simulated in this framework, provides a link 
to the drivers and pressures of nutrient loading to the coastal zone. The explicit connec-
tion with economic models, including incorporation of dynamic feedbacks, is also an area 
where exciting developments are expected in the near future. The challenge of bringing the 
various components of the People-Planet-Profi t equation together as a holistic indicator of 
sustainable carrying capacity in coastal areas appears both achievable and appropriate for 
integrated coastal management. 
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RATIONALE FOR THE SPEAR PROJECT
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Summary

In 2004, the European Union fi nanced a research project entitled Sustainable options for 
PEople, catchment and Aquatic Resources (SPEAR). This project was framed in the INterna-
tional COoperation for DEVelopment (INCO-DEV) programme, with its focus on mutually 
benefi cial and equitable partnership in research between the Community and its Member 
States on the one hand and INCO target countries on the other. 

The general objective of SPEAR was to develop and test a integrated framework for manage-
ment of the coastal zone, using test cases where communities depend primarily upon ma-
rine resources. Two contrasting coastal systems in China were used as study areas. Sanggou 
Bay is in a rural area in the North, and Huangdun Bay is in an industrialized area south of 
Shanghai, subject to substantial human pressure at both local and regional levels. In both 
systems, cultivated species of seaweeds, shellfi sh and fi nfi sh are of paramount importance 
for community income and livelihood, both locally and regionally.

This chapter describes the rationale for the work and the main objectives of SPEAR:
  Develop an integrated framework that simulates the dynamics of the coastal zone ac-

counting for basin effects (exchanges of water, sediments and nutrients), ecological 
structure and human activities;

  Test this framework using research models, which assimilate dispersed local and regional 
data, and to develop screening models which integrate key processes and interactions;

  Examine ways of internalizing environmental costs and recommend response options 
such as optimisation of species composition and distributions, thereby restoring ecologi-
cal sustainability;

  Evaluate the full economic costs and benefi ts of alternative management strategies, and 
societal consequences;

  Provide managers with quantitative descriptors of environmental health, including simple 
screening models, as practical diagnostic tools.
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Problem defi nition

In 2004, the European Union fi nanced a research project entitled Sustainable options for 
PEople, catchment and Aquatic Resources (SPEAR). This project was framed in the INterna-
tional COoperation for DEVelopment (INCO-DEV) programme, with its focus on mutually 
benefi cial and equitable partnership in research between the Community and its Member 
States on the one hand and INCO target countries on the other. 

The general objective of SPEAR was to develop and test a structurally integrated conceptual 
framework for interpretation of coastal zone structure and dynamics, within areas where 
communities depend primarily upon marine resources.

Main objectives of SPEAR

Develop an integrated framework that simulates the dynamics of the 
coastal zone accounting for basin effects (exchanges of water, sediments 
and nutrients), ecological structure and human activities

Test this framework using detailed research models, which assimilate 
dispersed local and regional data, and to develop screening models which 
integrate key processes and interactions

Examine ways of internalizing environmental costs and recommend re-
sponse options such as optimisation of species composition and distribu-
tions, thereby restoring ecological sustainability

Evaluate the full economic costs and benefi ts of alternative management 
strategies, and societal consequences

Provide managers with quantitative descriptors of environmental health, 
including simple screening models, as practical diagnostic tools, innova-
tively combining local and regional datasets

Two contrasting coastal systems in China were used as study areas. Sanggou Bay is in a rural 
area in the North, and Huangdun Bay is in an industrialized area south of Shanghai, subject 
to substantial human pressure at both local and regional levels. The common denominator 
for both is that aquatic resources, i.e. cultivated species of seaweeds, shellfi sh and fi nfi sh, 
are of paramount importance for community income and livelihood, both locally and region-
ally.
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Impact of science on 

sustainability in the coastal 

zone

The Johannesburg Plan of Implementation 
(JPoI) illustrates that ten years on from the 
Rio Earth Summit, the motto of the 2002 
World Summit on Sustainable Development 
was no longer ‘environment and develop-
ment’, even less ‘environment or develop-
ment’, even though that contraposition still 
lingers in many mindsets. It uses the em-
blematic title of ‘sustainable development’ 
to underscore the need for a durable balance 
between social, environmental and econom-
ic dimensions of development in a mode 

that is inspired by the Asian thinking that 
we borrow the Earth from our children. The 
habitual language of ‘conserving’ or ‘protect-
ing’ marine resources was replaced by time-
bound restoration of degraded marine eco-
systems, to the extent still possible, by 2015. 
In addition to the usual technical measures, 
the prescription for action includes the es-
tablishment of networks of marine protected 
areas by 2012 as a pathway towards achiev-
ing the objective. Since then the Millennium 
Ecosystem Assessment (2005) has been in-
strumental in producing the most compre-
hensive compilation and interpretation of 
the state of the world’s ecosystems, includ-
ing coastal zones.
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Reconciling multiple demands on coastal zones

The time-bound obectives of the JPoI require that each country and region examines how 
these can be articulated in practice, resulting in mechanisms to take effective action for their 
achievement. Between 1996 and 1999, 36 demonstration projects and six thematic studies 
explored integrated approaches to coastal zone management to counter increasing coastal 
degradation.

The European Marine Strategy in the context of ICZM in China

The European Marine Strategy, currently under consideration, is a component of the Eu-
ropean Sustainable Development Strategy and the 6th Environment Action Programme 
(2002-2012) and intended to be the environmental pillar of a European Maritime Policy. A 
Green Paper for developing a maritime policy was under public consultation through much 
of 2006 and 2007 and will lead to more follow-up work, including research touching on the 
environment, food production, greater energy effi ciency in transport and capacity building 
and climate change mitigation and adaptation as cross-cutting issues. Key ecosystem func-
tions and recreational value of beaches and other parts of coastal zone are already supported 
by some legislation. In Europe, among others, a modest network of Natura 2000 nature 
protection areas was fi rst established under the 1992 Habitats Directive. Yet the European 
Environment Agency report on coastal zones published in 2006 raises the spectre of con-
tinuous degradation of Europe’s coasts, threatening living standards. It illustrates how sums 
of individual decisions predominantly focused on economic gain not only compromise envi-
ronmental and social well-being, but backfi re on economic opportunities in the medium- to 
long-term and can lead to structural decline. 
Although coastal regions in China are more prosperous than most inland regions, the in-
crease in environmental problems is being felt strongly there as well. Developing suitably 
located and sequenced mariculture is one response to excess nutrients from terrestrial 
sources, which has turned a potential liability into an asset. However, heavy metals, organo-
chlorine compounds and other pollutants reaching coastal zones together with nutrients 
from insuffi ciently treated point sources may pose risks for human consumers.

Human health protection aspects have been pursued through different routes for some time 
in the EU, e.g. through establishing safety standards of bathing waters and sandy beaches, 
which have recently been signifi cantly overhauled. Even more far-reaching at international 
level has been to turn the traditional system of end-of-pipe safety standards for food into 
process standards through the rules on sanitary and phytosanitary standards and measures, 
now underlying international trade of food, including seafood. 

There is also an on-going debate about seeking more integration of environmental standards 
into the WTO disciplines currently under negotiation in the Doha Round, particularly in rela-
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tion to subsidies. This would be a major step 
forward to overcome the sectoral divisions 
which have hampered more integrated ap-
proaches to ensure system sustainability.

The OECD has recently published a report 
in 2006 analysing China’s environmental 
performance from the perspective of sus-
tainable development, because many of 
these environmental issues have strong in-
ternational dimensions. It highlights the se-
rious pollution problems of inland waters 
and coastal zones, which pose health risks 
and start having negative economic effects. 
Some 51 recommendations aim at improving 
performance and recognising that economic 
tools are starting to show some results. Ad-
ditionally, protected areas at different admin-
istrative levels have increased signifi cantly in 
the last twenty years, but marine and coastal 
areas are not suffi ciently represented and 
subject to excessive pressure.

During the 10th Five-Year Plan period the Chi-
nese government allocated $90.51 billion to 
environmental expenditures, a 107% increase 
over the previous planning period. The cur-
rent 10th Five-Year Plan period (2006-2010) 
improves on this with an expected expendi-
ture of $174.05 billion, but will require signifi -
cant improvement of enforcement down to 
local levels to make the much needed decou-
pling of economic growth from environmen-
tal degradation more pervasive.

Environmental levies are also being explored 
in China and some EU member states to 
bring down CO

2
 discharge and improve other 

air and water quality parameters. However, 
they have not yet been proven to be very ef-
fective given the overall balance, and more 
rapid progress would be desirable.
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Trends in aquaculture development

Shellfi sh and fi nfi sh aquaculture has 
grown rapidly over the last two decades 
and has been largely responsible for the 
worldwide increase in global aquatic pro-
duction. During the fi rst half of the 1990’s, 
the annual contribution of cultivated shell-
fi sh and fi nfi sh to total marine production 
increased linearly from 12% to 19%, and 
presently supplies 25% of fi sh consump-
tion. A large proportion of this growth is 
attributed to Far Eastern countries, and 
particularly to China, which now accounts 
for 89% of global aquaculture tonnage.

There has been a steadily increasing effort over the last decades to understand coastal zone 
structure and dynamics, and the highly complex relationships between the state of coastal 
zone ecosystems and the various pressures exerted upon them. Ecosystem effects such as 
altered nutrient ratios, anoxic or hypoxic episodes, increased occurrences of nuisance and/
or toxic algal blooms, modifi ed primary production patterns or abnormal mortalities of fi sh 
and shellfi sh are all examples of undesirable changes in state, which are largely identifi ed 
with human pressure, and which have signifi cant economic costs.
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Pressure-state relationships within coastal systems are reasonably well understood at local 
scales, such as those resulting from organic enrichment and deoxygenation of sediment 
underlying fi sh cages, or discrete blooms of opportunistic algae linked to coastal sewage dis-
charges. However, at a system scale, our grasp of pressure-state interactions is less robust, 
requiring integration in both space and time.

Concerns regarding ecological balance and 
sustainability in areas used for the culture 
of marine resources have gained visibility 
in three ways:
• From the fi shery perspective by the oc-

currence of decreased yields, including 
increased disease and mortality rates

• Changes in localised chemical and bio-
logical structure and function

• From a more holistic ecosystem per-
spective of eutrophication and toxic algal 
effects
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On a system scale, the various components which need to be included in an integrated 
framework are also well researched. There is a body of literature on watershed uses and 
pressure on coastal systems, describing the alterations in discharge of water, sediments 
and dissolved nutrients. Models have been developed which incorporate watershed geomor-
phology, land cover and use, and hydrology.

The processes and parameters that determine the growth and survival of key coastal ecosys-
tem components such as shellfi sh and fi nfi sh are well described. Physical processes which 
may be responsible for aggravating or mitigating the impacts of pressures on state, such as 
residual current patterns, boundary exchanges and water residence time, vertical stratifi ca-
tion, and sediment dynamics have been described and modelled in many coastal systems. 
The socio-economic impacts of the changes in habitat of these various species are also 
known.

Aquaculture operations fi nd it increasingly diffi cult to maximise their profi ts, unless, at least 
for the short term, larger volumes are being demanded, which appears to be the general 
case. However in some cases demand for certain species is on the decline due to changes in 
taste and perceived quality of aquaculture, as for sea bass in some Chinese systems and for 
salmon in Europe. Many of the environmental impacts of aquaculture operations are recipro-
cal, meaning that more production would lead to more impacts on the habitat, and thus to 
more pressure on the ability to produce. The timing of these impacts determines when the 
capacity of the habitat to provide the necessary services for maintaining ecosystem integrity 
will be exceeded, thus compromising economically sustainable aquaculture.

Despite the accumulated knowledge on the various building blocks of a holistic framework 
for integrated interpretation of coastal zone structure and dynamics, there are areas which 
need to be addressed, particularly at the interfaces between ecological compartments and 
scientifi c disciplines. Three broad topics are identifi ed below, which have been specifi cally 
addressed by SPEAR, in order to progress beyond the current state-of-the-art.
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Internal feedbacks: Study of internal feedbacks, e.g. multispecies inter-
actions, and how these can signifi cantly affect the relationship between 
pressure and state. The aim is to help optimise relative densities, distribu-
tions and species composition of cultured algae, shellfi sh and fi nfi sh, with 
respect both to waste removal and harvest value.

Integrated models: Development of an integrated natural sciences-social 
sciences approach which cross-cuts scaling issues and is capable of aggre-
gation, in order to bring the different (mostly known) parts together on a 
multi-year scale.

Management tools: (a) A holistic approach where quantifi able environ-
mental health and socio-economic descriptors are used as management 
metrics; (b) A screening model approach used for selecting key para-
meters, including derived parameters calculated using research models, 
for system scale decision making; and (c) A combination of these into 
practical tools for management.
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TOOLS

Summary

This chapter describes the various tools used during SPEAR on data storage, visualisation 
and analysis, modelling, outreach and the economic concepts utilised in the project. In situ 
data obtained prior to or during the project have been stored in the BarcaWin2000 database 
to enable search and analysis. Satellite data were obtained from archives at higher resolution 
for specifi c studies such as catchment modelling or mapping of aquaculture sites. Lower 
resolution (~1-km) data were received from agencies such as the NASA, ESA and NOAA 
agencies and processed in near-real time for continuous synoptic scale monitoring through-
out the project. In situ and satellite data were inserted into a Geographical Information Sys-
tem (GIS) to enable geospatial data visualisation and analyses. Internet access to data was 
provided through the main project web site and visualisation of satellite data through a dedi-
cated satellite image web site. Visualisation of in situ and satellite data was also investigated 
using web-based systems such as the proprietary, commonly used GoogleEarth, and more 
specialised web-based GIS systems such Adobe SVG viewer. A variety of numerical models 
enabled investigation of: nutrient inputs from agricultural and urban sources into Sanggou 
and Huangdun bays (SWAT); the interaction of shellfi sh with ecosystem processes (Shell-
SIM); the physical movement of water in the bay and its impact upon the biogeochemistry 
(Delt3D and Delft3D-WAQ models); aquatic ecology (EcoWin2000); and eutrophic assess-
ment/tropic status (ASSETS models). 
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Introduction

This chapter describes the tools used to store and visualise data obtained prior to or during 
SPEAR and the tools used to provide some inputs to the models. It also contains details 
outreach through web-sites and web-GIS.

Databases
A widely used relational database software (BarcaWin2000) was employed for water quality 
data assimilation and analysis (Figure 11). 

 FIGURE 11. Snapshot of the BarcaWin2000 database and main features description (www.barcawin.com)

  Organization of information in a state-of-the-art relational model
  Security for fi ve levels of user access
  Easy import of data from formatted MS-Excel spreadsheets
  Robust data entry validation
  Data query outputs to MS-Excel
  Open architecture and easy export to Oracle, SQL server, etc

Both historical and data collected in the context of the SPEAR were assimilated for the study 
sites.



44 

Remote Sensing
Landcover and aquaculture 

classifi cation and mapping

The SPEAR project used remote sensing 
techniques to map the location of relevant 
land cover features in the catchment area 
surrounding the coastal regions under study, 
as well as the relevant aquaculture struc-
tures in place in the systems. Images from 
the Landsat satellite were used as a basis for 
mapping. Relevant features were located in 
the map using a supervised classifi cation 
method; the spectral signature patterns of 
the satellite image were compared with those 
characteristic for different types of landcover 
and aquaculture, taken during a ground 
truthing survey.

Near-real time data processing
Throughout the SPEAR project PML pro-
cessed in near-real time satellite data cov-
ering the Yellow Sea to the east of China 
from a number of satellites. The AVHRR and 
MODIS sensors provide sea-surface temper-
ature while MODIS and MERIS provide ob-
servation of ocean colour that can be related 
to phytoplankton chlorophyll or suspended 
particulates. Data were obtained from vari-
ous agencies including NOAA for AVHRR 
and NASA for MODIS by specifi c subscrip-
tions established for SPEAR; MERIS data 
were obtained from the global ESA rolling ar-
chive. Data products were usually available 7 
hours (median estimate) after reception on-
board the spacecraft. Examples are shown in 
Figure 12: the SST image (Figure 12a) shows 
warmer water to the south, cooler to the 
north with mesoscale variability .Processing 
was undertaken at PML and images placed 
on the web site (see below). During the 3.25 

years of SPEAR approximately 5000 AVHRR 
scenes, 2300 MERIS and 2300 MODIS 
scenes were processed (representing about 
6TBytes of raw data) providing comprehen-
sive day to day observation of SST and chl-a 
of the Chinese coast. However, the coast is 
often covered with cloud and haze restrict-
ing observation of the sea-surface so com-
posite images can be more useful since they 
combine all the clear components over a 7 
day period. 
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 FIGURE 12. Image composite for 3-9 September 2007 a) AVHRR SST; b) MODIS chlorophyll-a and c) false-colour.

The chl-a image (Figure 12b) shows apparently higher concentrations along the coast but 
Figure 12c the false colour composite shows that the chl-a estimates are probably erroneous 
and affected by the very high suspended particulate levels along the coast.

 FIGURE 13. Example web site screenshot of sea-surface temperature for late June 2007.
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Time series

Time series of sea-surface temperature and ocean colour were available during SPEAR and 
were used to investigate temporal changes offshore of the two bays. SST from the AVHRR 
instrument has been available since 1981 providing a 27 year time series whereas ocean 
colour from SeaWiFS, MODIS and MERIS together provide a ten year series (1997 – date). 
Figure 14 shows monthly SST offshore of Sanggou Bay for 1985 to 2006 extracted from the 
NASA Pathfi nder 9-km dataset. The annual cycle can be seen with varying maximum and 
minimum annual temperatures. Removing the long-term monthly mean produces residual 
(anomaly) SST and these show a general warming between 1985 and the late 1990’s with a 
decline since then.
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 FIGURE 14. time plots of SST and SST anomaly west of Sanggou Bay
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Geographical Information Systems 

Arc/Info

A commercial GIS software package was used to store and analyse the spatial data acquired 
along the project (Figure 15). 

 FIGURE 15. Example of GIS project in ArcGIS.

The use of spatial data is very valuable for integrated modelling projects namely for:

  Defi nition of spatial domains, such as the model boxes.
  Spatial visualization of water quality data, by loading the GIS project with databases such 

as BarcaWin2000.
  Data extraction using common GIS functions (reclassifi cation of grid cells, geostatistical 

analysis, map algebra), namely for:
   Area and volume calculation
   Extrapolate the spatial distribution of shellfi sh wild species
   Distribution of aquaculture features along model boxes
  General spatial data visualization
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Web –based visualisations
Google Earth

GoogleEarth is a visualisation tool for geo-
spatial data that has signifi cant worldwide 
usage and easily accessed. It is proprietary 
technology as opposed to open source. As 
a demonstration example SPEAR data were 
incorporated as layers in GoogleEarth (see 
Figure 16). Figure 16a shows a high resolu-
tion (250m) MODIS radiance image showing 
Sanggou Bay. Figure 16b shows an oblique 
view of the land cover classifi cation draped 
over GoogleEarth with exaggerated topogra-
phy. Figure 16c and Figure 16d present two 
approaches for integrating and visualising 
point data in GoogleEarth: the fi rst (Figure 

16c) shows sampling locations undertaken 
by Third Institute of Oceanography (TIO) 
for surface samples of ammonium and the 
capability developed at PML to link points 
to a simple database to extract the values 
pertinent to the point. Figure 16d visualises 
chlorophyll-a concentration measured in situ 
at the same locations as Figure 16 through 
two methods, height and colour of a column 
viewed obliquely. A time plot was also pro-
duced that showed how the chlorophyll-a 
measured through the year changed at each 
location. These fi gures, although only for 
investigation purposes, demonstrated the 
value of providing project data in geospatial 
form for possible wider dissemination and 
outreach.
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 FIGURE 16. Example screenshots from GoogleEarth. 

Web catalogue of SPEAR spatial data 

The SPEAR spatial data, which ranges from simple point location of the sampling stations to 
land use classifi cations of the watershed were consolidated in a web map catalogue available 
at http://www.biaoqiang.org/gis (Figure 17).
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 FIGURE 17. Snapshot of the SPEAR web-GIS.

Project Web site
Main project websites

A number of web-based models and tools have been developed by the SPEAR consortium 
and are described below. 
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Site  Description

Offi cial website:
http://www.biaoqiang.org/ in EN
http://www.spear.cn/ in CN

Includes information about the SPEAR project, study sites, the consor-
tium, a document retrieval zone and useful links. 
There is a public website, aimed for a wide audience and a restricted 
website aimed for SPEAR scientists

FARM screening model:
http://www.farmscale.org/

The FARM screening model is an example of how carrying capacity of a 
shellfi sh farm can be modelled with respect to environmental impact

MOM model:
http://ancylus.net/

MOM screening model estimates the holding capacity of a fi sh farm 
together with the outputs of particulate and dissolved nutrients from the 
production.

SPEAR remote sensing web site:
http://www.npm.ac.uk/rsg/proj-
ects/mceis/ys

Web site that includes near-rela time ocean colour and sea-surface tem-
perature data and an archive of data from the start of SPEAR.

SPEAR GIS data catalogue:
http://www.biaoqiang.org/gis/

Web GIS browser that includes SPEAR spatial data

Models
SWAT

The Soil and Water Assessment Tool (SWAT) catchment model was used to simulate nu-
trient inputs from agricultural and urban sources into Sanggou and Huangdun bays. The 
model simulates processes such as vegetation growth (taking into account agricultural and 
grazing activities), river fl ow, soil erosion and nutrient transport from fi elds and wastewater 
discharge points into the bays. The physical equations which form the backbone of SWAT 
allow its application to investigate scenarios of climate, land use and agricultural manage-
ment changes in order to predict consequences for water discharge, nutrient and sediment 
loadings to aquatic systems.

ShellSIM
To model the complex feedbacks, whereby mussels and oysters interact with ecosystem 
processes, experimental measurements of physiological responses were undertaken in each 
species over conditions that spanned full normal ranges of food availability and composition 
in each bay.

Mathematical equations were then derived that defi ne functional inter-relationships between 
the component processes of growth, integrating those interrelations within a dynamic model 
structure (ShellSIM) developed to simulate time-varying rates of individual feeding, metabo-
lism and growth in these and other species.
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Delft3D-FLOW

The Delft3D-FLOW hydrodynamic model was used to simulate the tidal, wind and ocean 
currents in the study areas. This fi ne-grid model provides a detailed description of the cir-
culation, and is coupled with other models to provide an appropriate description of mass 
transport for detailed water quality models such as Delft3D-ECO and for broader-scale mod-
els such as EcoWin2000.

Delft3D-WAQ/ECO
The Delft3D-ECO model has been adopted for detailed simulation of water and sediment 
quality as well as algae growth and species composition. The model links dynamic fl ow fi elds 
simulated with Delft3D-FLOW to water quality processes and the algal primary production 
optimizing sub-model BLOOM. An important feature of Delft3D-ECO is that it explicitly 
computes sediment and pore water quality in bottom sediment, which allows for taking into 
account sediment-water interaction optimally. Water and sediment quality processes con-
cern organic matter, nutrients, dissolved oxygen, suspended sediment, salinity and several 
other inorganic substances. The model also contains sub-models for microphytobenthos 
and grazers like shellfi sh. For the present study shellfi sh have been imposed as forcing func-
tions for shellfi sh biomass.

CoBEx-ECO
CoBEx-ECO was used to simulate concentrations and fl uxes of water, salinity, nutrients, car-
bon and phytoplankton and bivalve shellfi sh in Huangdun Bay. In addition, the model cal-
culates the impact of fi sh farms on the water shed. The marine system was simulated using 
four coupled basins which are horizontally homogenous but vertically resolved in density 
layers. The model uses well-founded empirical formulations for the physical, biological and 
chemical processes and is suitable to assess the impact on water quality by loads from land, 
fi sh farms and exchange with adjacent seas.

EcoWin2000
EcoWin2000 is an ecological model for aquatic systems, developed using an object-oriented 
approach. It resolves hydrodynamics, biogeochemistry and can incorporate population dy-
namics for target species. The various components consist of a series of self-contained ob-
jects, rather than multiple sub-models.

The EcoWin2000 model consists of two basic parts: a shell module and “ecological” objects. 
The shell is responsible for communication with the various objects, for interfacing with the 
user, supplying model outputs and general maintenance tasks.

Objects have “attributes” (variables) and “methods” (functions) – see Figure 18.
Each object groups together related state variables, and may at any time, be extended to 
contain a new state variable without affecting the code of any other part of EcoWin2000.
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Object Sample attributes Typical active methods Typical passive methods

Transport Salt Advection-diffusion -

Dissolved 
substances

Forms of DIN, PO43-, SiO2, 
D.O.

Nitrifi cation, formation of 
particulates

Mineralization of detritus, 
exudation

Phytoplankton Phytoplankton, toxic algae Production, respiration, 
senescence, exudation, 
production of toxins

Grazing by zooplankton, 
fi sh, benthic fi lter-feeders

Phytobenthos Microalgae, macroalgae, salt 
marsh fl ora

Production, respiration, 
senescence

Grazing by zooplankton, 
fi sh, harvesting of seaweeds

Zooplankton Zooplankton, copepods Eat, grow reproduce, 
excrete, natural mortality, 
swim, settle (for benthic 
larvae)

Predation by other objects 
and within the object

Zoobenthos Filter-feeders, deposit-
feeders

Filter, grow, reproduce, 
excrete, natural mortality, 
swim, settle (for benthic 
larvae)

Fisheries, predation by sev-
eral other objects

Nekton Fish, large-invertebrates 
(e.g. Sepia)

Hunt (including select), 
grow, reproduce, excrete, 
natural mortality, swim, 
migrate

Fisheries, hunting by birds

Man Various socio-economic 
attributes

Seed and harvest shellfi sh -

 FIGURE 18. Attributes and methods (active and passive) for some objects of EcoWin2000 modelling platform. 

Similarly, the methods which control interactions among state variables within objects may 
be easily changed, due to inheritance (which is a property of object-oriented programming 
languages).

 FIGURE 19. Screenshot of the EcoWin2000 model, as applied to a SPEAR bay.
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EcoWin2000 uses a range of equations depending on the application requirements, and 
may be used as a research model to examine nutrient loading and aquaculture development 
scenarios. It has been extensively tested, and is a potentially useful tool for supporting an 
ecosystem approach to sustainable aquaculture development.

In the SPEAR project, the EcoWin2000 modelling platform was used to implement an eco-
logical model for each bay to estimate aquatic production and simulate relevant manage-
ment scenarios. The main features modelled for these systems were the hydrodynamics, 
suspended matter transport, nitrogen cycle, phytoplankton and detrital dynamics, shellfi sh 
growth and human interaction.

ASSETS Assessment Method

The National Estuarine Eutrophic Assessment/Assessment of Estuarine Trophic Status (AS-
SETS) evaluates infl uencing factors, overall eutrophic condition and future outlook, and 
combines them into a single overall rating called ASSETS. Each of the component ratings is 
determined using a matrix approach. 
  Infl uencing factors (IF) is a combination of a system’s natural susceptibility (i.e. fl ushing 

and dilution characteristics) and the nutrient load to the system. Loads are estimated as 
the ratio of land (i.e. human-related) and ocean based inputs.

  Overall eutrophic condition (OEC) is a combined assessment of fi ve symptoms based on 
occurrence, spatial coverage and frequency of problem occurrences. The rating is deter-
mined from a combination of the average scores for chlorophyll and macroalgae, primary 
symptoms indicating the start of eutrophication, and the worst score of the three more 
serious secondary symptoms (dissolved oxygen, submerged aquatic vegetation, and nui-
sance/toxic algal blooms). 

  Future outlook (FO) predicts what future eutrophic conditions will likely be by combining 
susceptibility and expected changes in nutrient loads to determine whether conditions 
will worsen, improve, or remain the same. 

  The ASSETS synthesis combines the IF, OEC and FO ratings into a single score falling 
into one of fi ve categories that are colour coded following international convention: High, 
good, moderate, poor, or bad.

KEY REFERENCES
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processing system, International Journal of Remote 
Sensing, 25 (5), 1049-1055, 2005
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SYSTEMS

 

Summary 

The SPEAR project uses two contrasting coastal study sites; Sanggou Bay in a northern rural 
area and Huangdun Bay in a heavily industrialized area with substantial human pressure on 
both local and regional levels. Huangdun Bay is located in Zhejiang Province, with the largely 
industrialised centre of Ningbo City, while Sanggou Bay is in Shandong Province, within the 
jurisdiction of the smaller city Rongcheng. Weihai is the closest larger city with a population 
of 2.5 million. Both provinces are known for their valuable marine resources. The culture 
production is 263 500 and 50 000 ton/year in Sanggou Bay and Huangdun Bay respectively. 
In China as a whole 4.2 million people are employed in the fi sh farming (inland and marine) 
business. This means that almost 19 direct fi sh farming jobs are created per RMB 1 million 
of value in fi sh farming. Comparative statistics for the provinces were not available, but for 
marine farming only in Sanggou Bay this fi gure is around 9 direct jobs per RMB 1 million in 
total marine farming value. 

Sanggou Bay is in temperate climate zone and rainfall and runoff are concentrated in the 
summer months. The Huangdun Bay area has a humid subtropical climate with constant 
rainfall throughout the year and a typhoon season in summer. The main sources of nutrient 
loads into Sanggou Bay are cropland fertilization (65%) and urban wastewater (35%). The 
Huangdun Bay catchment is mostly forested (65%), with a signifi cant presence of rice crop-
lands (20%).
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Huangdun Bay is a semi-enclosed estuary with a tidally dominated coastal water exchange 
with the East China Sea. The water column is almost vertically homogenous due to the tidal 
mixing but run off infl uence is seen in the longitudinal salinity gradient, where the salinity 
at the head of the bay is lower than at the mouth. Sanggou Bay is semi-circular bay with an 
open boundary to the sea. The water exchange is also here chiefl y forced by the tides, and 
the bay is well-mixed, both horizontally and vertically. The residence time for Huangdun is in 
the order of 1-4 months and for Sanggou Bay of 5-20 days. To asses the state of the marine 
systems in Huangdun Bay, nine stations were designed for water quality investigation. Water 
samples were taken at the surface and bottom of the water column. Sediment samples were 
taken both in the basin and in the intertidal areas. The survey was conducted during May, 
2005 to April, 2006.
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Introduction

The SPEAR project uses two contrasting coastal study sites. Sanggou Bay is an open bay with 
rapid water exchange in a rural area in the north, whereas Huangdun Bay, south of Shanghai, 
is located in a heavily industrialized area with substantial human pressure on both local and 
regional levels. It also has a more limited exchange with coastal waters. Both bays are exten-
sively used for marine culture of fi nfi sh, shellfi sh and algae (Figure 20).

Lat.: 37° N
Long.: 122° E

Lat.: 30° N
Long.: 122° E

Sanggou Bay

Huangdun Bay

 FIGURE 20. Location of the coastal study sites.

Data sets and surveys

Marine system 
One of the priorities in the SPEAR project was the collection of existing water quality re-
cords in both study sites. In Sanggou Bay there was already a large number of water quality 
sampling campaigns (Figure 21), coupled with sediment quality, intertidal and oyster culture 
sampling campaigns. This data was compiled from different data sources and introduced 
into a common project database. The historical dataset for Sanggou Bay was enough to 
study the characteristics of the system, and therefore no additional sampling campaigns 
were needed.
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 FIGURE 21. Map of sampling stations in Sanggou 
Bay.

In contrast with the previous study site, data 
for Huangdun Bay prior to the project start 
was scarce. During SPEAR, data was collect-
ed to investigate water and sediment quality 
in the system.

Nine stations were designed for water qual-
ity investigation (Stations 1-9; see Figure 
22). Surface and bottom samples were col-
lected in all stations except station 3, which 
also had a medium sample. In total 19 water 
samples were collected monthly. The survey 
lasted from May, 2005 to April, 2006. 

A total of 13 parameters for seawater were 
analyzed, which include water depth, water 
temperature, salinity, transparency, pH, sus-
pended particulate matter (total suspended 
particulate matter, organic matter, inorganic 
matter), ammonium, nitrate, nitrite, soluble 
reactive phosphate, soluble silicate, phyto-
plankton diversity and abundance, primary 
production.
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 FIGURE 22. Map of sampling stations in Huangdun Bay and Xiangshan Gang.

Nine stations were also designed for a sediment quality investigation, which used the same 
locations as the water quality investigation. A total of 10 parameters for sediment were ana-
lyzed, including grain size, water fraction, organic nitrogen, inorganic nitrogen, total nitro-
gen, inorganic phosphorus, organic phosphorus, total phosphorus, total organic carbon, 
diatom diversity and abundance. 
T
wo sections, A and B, were designed for investigation of the intertidal zone (Figure 22). Sur-
face sediment samples (top 10 cm) were collected in the high, medium and low tide zones. 
Additionally, water samples were collected in the low tide zone. A total of 12 parameters were 
analyzed, including grain size, water fraction, organic and inorganic nitrogen and phospho-
rus, total nitrogen and phosphorus, total organic carbon, primary productivity, chl a, diatom 
diversity and abundance.
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 FIGURE 23. Water quality measurements in Huangdun Bay.

For both bays data were assimilated in BarcaWin2000 (Figure 24).

Database table Sanggou Bay Huangdun Bay

Historical data Historical data SPEAR data

Stations 86 11 20

Parameters 137 33 487

Campaigns 95 16 24

Results 55 384 2 024 5 594

 FIGURE 24. Properties of the water quality databases for Sanggou and Huangdun bays.

Catchment survey 
The SPEAR project also investigated the distribution of land cover in the watershed around 
the Sanggou and Huangdun bays. Land cover affects rates of runoff and the levels of nu-
trients/pollutants in the water as it drains into the bay. Initial estimates were obtained from 
remote sensing using low spatial resolution classifi cations, for example, from global MODIS 
data, but these do not provide the level of detail necessary for this study so higher resolution 
satellite data was required.

There are various high resolution satellite sensors such as SPOT and Landsat. The very high 
resolution, less than 10m, data are generally very expensive. For this reason Landsat ETM+ 
data was chosen as it provided 30m ground resolution with visible and infra-red bands. It 
was also possible to test the method using free of charge historical scenes for the study sites 
from NASA’s Global Land Cover Facility (GLCF).

The classifi cation was tested on a pre-project image (from 2000) and applied to scenes pur-
chased covering the project study period with good image quality, low cloud cover and full 
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coverage for the study region including the watershed around the bays. Scenes on 18 May 
2005 for Sanggou Bay and 28 June 2005 for Huangdun Bay were chosen. The images were 
purchased from the USGS website (http://glovis.usgs.gov/) and the gap-fi ll product was cho-
sen. Fortunately, the gap fi lled regions are fairly minimal around the areas of interest.

Land classifi cation was generated using the supervised classifi cation tool in ENVI. This pack-
age can import the geo-referenced Landsat scenes and display the various bands. The fi rst 
draft classifi cation was implemented by defi ning training regions by eye for obvious regions 
such as water, cloud, urban, forest as these are fairly easy to identify.

To improve the accuracy of the classifi cation it was also necessary to get as much ground 
truth data as possible. This was provided by Chinese partners from FIO and Ningbo Univer-
sity who went into the fi eld with GPS units to make observations. Additionally, it was also 
necessary to remove hill shading effects from the classifi cation. The sun-scene-satellite ge-
ometry at the time of image capture gives rise to shading effects in hilly regions. This effect 
was countered by generating a vegetation index, which takes account of solar shading and 
providing this as an input to the classifi cation.
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Cropland
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 FIGURE 25. Final land classifi cations cropped down for the SWAT for Huangdun Bay (left) and Sanggou 
Bay (right)
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 FIGURE 26. Part of the NDVI scene generated for Huangdun Bay to improve the land classifi cation. 
 This highlights the forest/crop regions, whereas urban and bare regions are darker.

 
The fi rst classifi cation had some noticeable problems especially with the over representation 
of rice-crop land. Also, some of the classes seemed to be following the shape of hill-shading 
features, especially around Huangdun Bay. To counter the fi rst problem extra ground truth 
was requested from a few regions, especially where forest/crop lands were confused. For the 
hill-shading a vegetation index image was created for each bay and added to the classifi ca-
tion process. These updates made a large improvement to the land classifi cation.

In Huangdun bay, this classifi cation was complemented with a river water quality sampling 
campaign, running from July 2005 to June 2006. Water quality was sampled in the rivers 
Dajia, Fuxi and Yangong; monthly samples were taken of 12 biogeochemical parameters in 
two points at each river, including temperature, salinity, pH, dissolved oxygen, fl ow rate, 
Chlorophyll a, total nitrogen, NH3, NO3, total phosphorus, PO4 and silicate.
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Catchment description

The catchment areas draining into Sanggou and Xiangshan bays present contrasting charac-
teristics in terms of climate, land cover and nutrient exports to the coastal systems. 
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 FIGURE 27. 30-years climate and runoff normals for the catchment areas of Sanggou (left) and Xiangshan 
bays (right).

Sanggou has a temperate climate with warm summers (Figure 27); rainfall and runoff are 
concentrated in the Summer months, leading to peak river fl ows in this period. Xiangshan 
has a humid subtropical climate (Figure 27), with constant rainfall throughout the year and a 
typhoon season in Summer. This leads to a constant runoff into the coastal system through-
out the year, although the occurrence of typhoons can lead to signifi cant peaks – e.g. ty-
phoon Matsa in August 2005 led to 800 mm rainfall and an estimated 600 mm runoff in 
four days, which also led to a peak in suspended matter and nutrient inputs.

The Sanggou bay catchment is mostly covered by wheat and maize croplands (68%; Figure 
28), resulting in a signifi cant specifi c nutrient export from diffuse sources (Figure 29). This is 
added to the wastewater generated by the main urban center – Rongcheng city, with c. 200 
000 inhabitants – of which 2/3 is discharged in wetlands for natural treatment, and the re-
maining is untreated. Overall, the main sources of nutrient loads into Sanggou bay are crop-
land fertilization (65%) and urban wastewater (35%). Peak discharges are in Summer, with c. 
50% of nitrogen and 75% of phosphorus reaching the system in dissolved inorganic forms.
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 FIGURE 28. Landcover in the catchment areas of Xiangshan (left) and Sanggou bays (right).

The Xiangshan bay catchment is mostly forested (61%; Figure 28), with a signifi cant pres-
ence of rice croplands (20%); the subset draining into Huangdun bay has similar distribu-
tions. This still results in a high amount of agricultural pollution, due both to the high runoff 
and the nutrient exports from forest litter decomposition (c. 30% of total diffuse pollution 
exports; Figure 29). The wastewater generated by the urban population – c. 420 000 inhabit-
ants, mostly living in and around Ninghai city – is discharged mostly into Huandgun bay; 
almost 2/3 is treated, while the remainder is expected to be directed towards wastewater 
treatment plants already under construction. 

Overall, the main sources of nutrients into Xiangshan bay are urban wastewater (55%), crop-
land fertilization (25%) and forest residue (15%). The picture is slightly different in Huang-
dun bay, with a greater relative importance of cropland fertilization (30%) and forest resi-
due (20%) at the expense of urban wastewater (40%). The discharges occur mostly during 
Spring, Summer and Autumn, with c. 50% of the nitrogen and 60% of the phosphorus 
reaching the system in dissolved inorganic forms.
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Parameter Sanggou Bay Xiangshan Bay Huangdun Bay

Rainfall 735 mm.y-1 1310 mm.y-1 1310 mm.y-1

Runoff 384 mm.y-1 705 mm.y-1 705 mm.y-1

2 x 108 m3.y-1 1 x 109 m3.y-1 5 x 108 m3.y-1

Nitrogen loads Diffuse 9.0 kg.ha-1.y-1 20.0 kg.ha-1.y-1 20.0 kg.ha-1.y-1

520 ton.y-1 2800 ton.y-1 1240 ton.y-1

Point-source 430 ton.y-1 650 ton.y-1 650 ton.y-1

Total 950 ton.y-1 3450 ton.y-1 1890 ton.y-1

Phosphorus 
loads

Diffuse 2.5 kg.ha-1.y-1 3.5 kg.ha-1.y-1 3.5 kg.ha-1.y-1

145 ton.y-1 480 ton.y-1 200 ton.y-1

Point-source 90 ton.y-1 135 ton.y-1 135 ton.y-1

Total 235 ton.y-1 615 ton.y-1 340 ton.y-1

 FIGURE 29. Rainfall, Runoff and nutrient loads in the coastal systems.

Marine system

The Xiangshan Bay, and its inner part Huangdun Bay, is a semi-enclosed estuary with coastal 
exchange with the East China Sea (Figure 30). The exchange is dominated by tidal fl ows. The 
tides are of a semi-diurnal character and the amplitude of the tidal wave is amplifi ed from 
mouth to head in the bay due to the decreasing cross-sectional area. The water column is 
almost vertically homogenous due to the tidal mixing; the little freshwater input to the area is 
not enough to infl uence the vertical stratifi cation. Infl uence of river run off is, however, seen 
in the longitudinal salinity gradient, where the head of the bay displays the lowest salinity. 
Both temperature and salinity displays an annual cycle with peak values during the sum-
mer months. With an average condition of the bay of well-mixed, there are periods where 
the water column is more stratifi ed which enhance the biological production. The nitrate to 
phosphate ratio is about 30 throughout the year with a mean phosphorus concentration of 
about 2.3 mol.L-1.
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 FIGURE 30. Bathymetric map of Xiangshan Gang 
and its inner part Huangdun Bay.

Sanggou Bay is a semi-circular bay with an 
open border towards the Yellow Sea (Figure 
31). Also in Sanggou Bay the water exchange 
is chiefl y forced by the tides. The bays is 
well-mixed, both horizontally and vertically. 
The temperature varies from a few degrees 
in winter to about 25ºC in summer. The an-
nual variation in salinity is on the order of 

one psu. The nutrient data in Sanggou Bay 
indicates a long-term increase. Concentra-
tions display a seasonal cycle with minima 
during summer. The N/P ratio has increased 
more than tenfold from 1984, with values at 
about 5, to 1994 where values of 20-40 have 
been recorded. 

0 0.5 1 2 3 4 5
Kilometers

 FIGURE 31. Map of Sanggou Bay. The height and 
depth contours are 1 m apart. The intertidal area of 
the bay is marked by light blue colouring. 
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Some properties of the marine systems are summarized in Figure 32.

Sanggou Bay Xiangshang Bay Hunagdun Bay

Volume 9 x 105 m3 2.7 x 109 1.6 x 107

Area 130 km2 511 km2 6.2 km2

Max Depth 15 m 30 m 13 m

Mean Depth 8 m 9 m 3 m

Catchment area 590 km2 1430 km2 625 km2

Temperature 0-25°C 8-30°C 8-30°C

Salinity 30.0-32.6 psu 24-29 psu 24-26 psu

Mean Salinity 31.83 psu 26.26 psu 25.44

Freshwater input 10 m3.s-1 32 m3.s-1 15 m3.s-1

Tidal RangeNeap/Spring 0.6 m/1.36 m 1.49 m/3.85 m -

Residence Time 5-21 days 1-4 months -

 FIGURE 32. Summary of marine system properties.

Data from the existing databases for both bays, from the SPEAR survey in Huangdun Bay 
and modelled loads from land, waste water, fi sh farms and shrimp and crab ponds was used 
to assess the integrated net effects of the biogeochemical processes in the systems. This can 
be a useful way to gain information on the export, import, sinks and sources of biogeochemi-
cally conservative and nonconservative substances in the systems. The resulting nutrient 
budgets for Sanggou Bay are shown in Figure 33 and for Xiangshang Bay in Figure 34.
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 FIGURE 33.Nutrient budgets for Sanggou Bay.
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The nutrient loads from the fi sh farms are 
quite extensive. The same order of magni-
tude is bound to the seaweed and fi lter feed-
er production. Measurements of DIN during 
the 80’s and 90’s indicate that primary pro-
duction in the area was nutrient limited and 
that therefore the bivalve shellfi sh produc-
tion was nutrient limited. Between 2003 and 
2004 the fi nfi sh production increased with 
15000 ton/year, which increased the nutri-
ent loads to the area with about 3720 ton N/
year. At the same time the oyster production 
increased with about 60000 ton/year. This 
production would need about 1620 ton N/
year. The combined information indicates 

that shellfi sh production before 2003 was 
nutrient limited. However, recent data shows 
declining growth of oysters and increas-
ing nutrient concentrations which implies a 
shortage of food due to grazing control of 
primary production.

The tidal fl ows in Xiangshan Gang are large 
and the properties of the infl owing water 
thereby have a large input on the system. 
There are very few data available from the 
adjacent sea which implies uncertainties to 
the budgets. It is also plausible that there are 
more loads to the system that has not been 
accounted for.
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 FIGURE 34. Nutrient budget for Xiangshan Gang.
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Socio-Economic System

According to FAO statistics, aquaculture continues to grow more rapidly than all other animal 
food-producing sectors. Worldwide, the sector has grown at an average rate of 8.9 percent 
per year since 1970, compared with only 1.2 percent for capture fi sheries and 2.8 percent for 
terrestrial farmed meat-production systems over the same period. Production from aquacul-
ture has greatly outpaced population growth, with the world average per capita supply from 
aquaculture increasing from 0.7 kg in 1970 to 6.4 kg in 2002, representing an average annual 
growth rate of 7.2 percent. China remains by far the largest producer, with reported fi sheries 
production of 44.3 million tonnes in 2002 (16.6 and 27.7 million tonnes from capture fi sher-
ies and aquaculture, respectively), providing an estimated domestic food supply of 27.7 kg 
per capita as well as production for export and non-food purposes (FAO, 2004). A proactive 
policy by the government on aquaculture development as well as the liberalization of fi sh 
production and trade are the major reasons behind the fast growth of the industry.

Selected indicators describing the socio-economic characteristics are included in Figure 35. 
Huangdun Bay is located in Zhejiang Province, in the East China Sea while Sanggou Bay is 
in Shandong Province, in the Yellow sea. Huangdun Bay falls within the largely industrialised 
centre of Ningbo City while Sanggou Bay falls within the jurisdiction of Rongcheng, a smaller 
city with a population of 680 000 people. Weihai is the closest larger city with a population 
of 2.5 million.

Both provinces are known for their valuable marine resources. Disposable income in the 
main cities is on average almost 50% higher in Zhejiang then in Shandong. This wealth is 
not spread equally between cities in Shandong though, with a per capita disposable income 
in Weihai close to $2000, compared to $460 in Yantai and $560 in Jinan, the capital of Shan-
dong.

Both Shandong and Zhejiang provinces are less dependent on the primary sector then China 
in general, but Shandong is more dependent on primary production then Zhejiang. The total 
value of all fi sheries production and the value of marine farming is also markedly higher in 
Shandong where 45% of the total fi sheries value is in marine farming.

In China as a whole 4.2 million people are employed in the fi sh farming (inland and marine) 
business. This means that almost 19 direct fi sh farming jobs are created per RMB 1 million 
of value in fi sh farming. Comparative statistics for the provinces were not available, but for 
marine farming only in Sanggou Bay this fi gure is around 9 direct jobs per RMB 1 million in 
total marine farming value.
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China Shandong 
province

Sanggou Bay ZheJiang 
province

Ningbo City (incl. 
Huangdun Bay)

Population 
(million)

1 300 ≅ 92 ≅ 0.15 ≅ 47 6

Urban per 
capita dispos-
able income

1 290 ≅ 860 ≅ 2000 
(Weihai)

≅ 560 (Jinan)
≅ 460 (Yantai)

1 260 3 300

Primary sec-
tor share of 
economy (%)

15% 11% n/a 7% 7%

Fish production 
(tons)

47 061 064 7 062 244 188 227 4 935 288 903 301

Total fi sheries 
value (RMB 
millions)

332 341 37 600 5 897 13 859 n/a

Related indus-
try value (RMB 
millions)

126 186 40 208 9 212 3 083 n/a

Related servic-
es value (RMB 
millions)

119 357 22 505 500 292 n/a

Marine farming 
value (RMB 
millions)

73 375 16 797 1 364 n/a n/a

Total fi sheries 
jobs

7 007 564 n/a n/a n/a n/a

Fish farming 
jobs

4 324 174 n/a n/a n/a n/a

Marine farming 
jobs

n/a n/a 11 100 n/a n/a

 FIGURE 35. Selected socio-economic indicators for the regions (compiled from FAO 2004, China Data Cen-
tre, National Bureau of Statistics of China). 

Shandong Province plans to grow the size of its total marine economy to 300 billion in 2010, 
averaging 20% growth rate each year. For Sanggou Bay it is aims to be an integrated marine 
economic zone. Marine aquaculture will focus mainly on high value seafood such sea cu-
cumber and abalone. Kelp farming is also expected to further develop. Further diversifi cation 
of the local economy is envisaged by an expanding tourism infrastructure and shipbuilding 
industry (Shandong Province Government 2006). In Zhejiang, total aquatic outputs declined 
by 2% from 2004 to 2005, while secondary and tertiary sectors continued to grow rapidly 
(The People’s Government of Zhejiang Province, no date).
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AQUACULTURE

Summary
Aquaculture is among the fastest-growing of all food-producing sectors, soon to overtake 
the contribution from natural fi sheries, with increasing pressure for tools to facilitate sus-
tainable management. Here we review culture distributions, practices, productions, values, 
costs and profi ts for macroalgae, shellfi sh and fi nfi sh in Sanggou and Huangdun Bays. We 
also describe how we have modelled feeding, metabolism, growth and associated nutrient 
fl uxes in each of the main cultured species, including the macroalgae Laminaria japonica 
and Porphyra haitanensis, 4 species of bivalve that include the Pacifi c oyster Crassostrea gigas, 
Asian-Pacifi c oyster Ostrea plicatula, razor clam Sinonvacula constricta and ark shell Tegil-
larca granosa, the Japanese seabass Lateolabrax japonicus and the yellow croaker Larimichthys 
crocea. For each of these species, simulations were validated using actual fi eld measure-
ments. Validated models were made available for integration with hydrodynamic, biological 
and economic components at both farm and system scales, as tools enabling analyses of 
how aquaculture interacts with system properties and processes. 
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Introduction 

Aquaculture is among the fastest-growing of all food-producing sectors, soon to overtake 
the contribution from natural fi sheries, with increasing pressure to model and implement 
sustainable practices.

Such modelling is complicated by observations that aquaculture may both infl uence and 
be infl uenced by ecosystem properties and processes, such as relaying the relative biogeo-
chemical fl uxes of different particles and nutrients. Only by modelling the complex set of 
both positive and negative feedbacks, whereby aquaculture interacts with those ecosystem 
properties and processes, can the environmental impacts of and capacities for culture in 
space and time be understood.

Review of culture activities
Aquaculture classifi cation and mapping

In order estimate aquaculture statistics needed for modelling it was necessary to determine 
the main regions and spatial coverage of different cultures such as Kelp, fi sh cages, pond 
cultures and shellfi sh lines. The Landsat satellite infra-red data provided a good distinction 
between water (low signal) and surface structures (high signal). This allowed the identifi ca-
tion of features at least 30m across such as pond structures and large collections of fi sh 
cages. It was also possible to identify large patches of kelp growth in Sanggou Bay as these 
formed distinctive features as they are laid out in regular lines.

 FIGURE 36. Landsat scenes for Sanggou Bay used to determine regions of aquaculture. (Left) Band 5, near-
IR, helps identify coastal features and fi sh cages. (Right) False colour scene picks out kelp structures.
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Ground truth was provided by local partners to verify and update the initial identifi cation of 
features. Some of the coastal pond zones were not in use so it was important to note these 
in the fi nal data collection stage. The satellite data were combined with previous study data 
and local knowledge to generate fi nal aquaculture maps.

oyster
cage area
coastal features
coastal pond

 FIGURE 37. (Left) Landsat band 5, near IR scene showing coastal features and fi sh cages. (Right) Diagram of 
main aquaculture provided by local partners.

The aquaculture regions were manually identifi ed on the Landsat data using the ENVI pack-
age. This information was exported as vector shape fi les and integrated with other GIS data 
in ArcMap. Modifi cations to these shapes were then performed using ArcMaps editing tools 
and fi nal areas were generated by installing the XtoolsPro extension. Area, label and other 
metadata were then added to the shapefi les so that the metadata could be accessed from 
web based dissemination tools.

The aquaculture shapefi les were also used to help determine box boundaries as required by 
some models used in the study. Once the model boxes were fi nalised, ArcMap was used to 
subdivide the aquaculture zones by box and generate areas for these regions.
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Culture distributions 

Most revenue sources from culture in the SPEAR bays are derived from kelp Laminaria japon-
ica, Pacifi c oyster Crassostrea gigas, Asian-Pacifi c oyster Ostrea plicatula, Zhikong scallop 
Chlamys farreri, muddy clam Ruditapes philippinarum, razor clam Sinonvacula constricta, 
ark shell Arca subcrenata, white prawn Penaeus vannamei, swimming crab Portunus tritu-
berculatus, Samoan crab Scylla serrata, Japanese seabass Lateolabrax japonicus, black sea-
bream Sparus macrocephalus, red drum Sciaenops ocellatus, yellow croaker Larimichthys 
crocea, Japanese fl ounder Paralicthys olivaceus and puffer fi sh Fugu rubripes. Figure 38 de-
picts current distributions of these species as cultured throughout the SPEAR bays.
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 FIGURE 38. Current distributions of aquaculture in the SPEAR bays

Figure 39 summarizes the areas occupied by aquaculture, together with the total areas of 
each bay, and the proportions of those total areas that are used for aquaculture. Both bays 
have signifi cant aquaculture, but which represents as much as about 81% of the total area in 
Sanggou Bay. Compared with Huangdun Bay, where culture represents about 47% of the to-
tal area, the greater proportional utilisation of Sanggou is primarily due to suspended culture 
of Laminaria, which is not practised in Huangdun.

Sanggou1 (km2) Huangdun (km2)

Total bay 199 166

Algal culture 100 0

Shellfi sh culture 94 75

Finfi sh culture 7 3

Total aquaculture (overlap) 202 78

Total aquaculture (no overlap) 161 78

Percentage occupied by aquaculture 81 47

 FIGURE 39. Areas associated with each SPEAR bay that are occupied by algal, shellfi sh and fi nfi sh culture, 
including the percentages of each bay used for culture.

1 Note that 
areas given 
for Sanggou 
include culture 
associated with 
waters immedi-
ately outside of 
the bay
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Culture practices

In Sanggou Bay almost all culture of macroalgae, shellfi sh or fi nfi sh is suspended. In Huang-
dun Bay, there is suspended culture of shellfi sh and fi nfi sh but not macroalgae, and addi-
tionally there is signifi cant intertidal culture of shellfi sh. Both systems additional have prawn 
cultivation in ponds.

Culture productions, values, costs and profi ts
Figure 40 and Figure 41 summarise details of culture practice in the SPEAR bays.

Species cultured Kelp
Laminaria 
japonica

Pacifi c 
oyster

Crassostrea 
gigas

Zhikong 
scallop

Chlamys
farreri

White prawn
Penaeus 

vannamei

Japanese 
fl ounder

Paralicthys
olivaceus

Puffer fi sh
Fugu

rubripes

Seeding

Area under culti-
vation (ha)

6300 5040 250 0.23 330 350

Weight (g) 3 (wet, same 
onward)

5 2 0.03 50 250

Length (mm) 400 30 30 12 130 200

Period (i.e.Mar-
May)

Mid-end 
Nov

Oct-Jan Oct-Nov May May May

Harvesting

Weight (g) 400 55 10 22 500 800

Length (mm) 2500 90 50 110 310 305

Period (i.e. Mar-
May)

Mar-Jun Oct-Apr May-Jun, 
Sep-Nov

Aug-Sep Oct Oct

Growing time 
(total months 
cultured)

4-7 12-18 7-12 3-4 5 5

Mortality (% of 
individuals)

5 20 70 90 10 15

Crop rotation 
(i.e. 1/3)

N/A N/A N/A N/A N/A N/A

Aquaculture 
type (i.e. Rope, 
Pond etc.)

Rope Rope Lantern net Pond Cage Cage

Production (ton) 84500 150000 5000 0.8 12000 12000

Value (Yuan) 186 x 106 90 x 106 15 x 106 0.016 x 106 480 x 106 480 x 106

 FIGURE 40. Culture practice and production in Sanggou Bay.
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In general, there is no rotation, and none of the areas licensed for culture are rested. Culture 
periods range from 4 to 30 months, depended upon species. Notably, there are very sig-
nifi cant mortalities of 70% and above for C. farreri and P. vannamei in Sanggou Bay. Much 
the highest production from both bays is for shellfi sh, most especially of C. gigas totalling 
150000 ton per annum from Sanggou Bay. Despite widespread culture of both C. gigas and 
L. japonica in Sanggou Bay, the value of product was greatest for fi sh cultured there. Whilst 
with no culture of P. vannamei in Sanggou Bay, this species contributes the greatest value in 
Huangdun Bay.

The value of the aquaculture resources in Figure 25 and Figure 26 represent the gross value 
of the resource; that is the value before the costs of production are considered. A survey to 
estimate the structure of production in aquaculture operations in these two bays was con-
ducted during the months of February – April 2006. In both areas aquaculture business own-
ers were targeted. The surveys were translated and conducted in Chinese and administered 
on a face-to-face basis. Ten surveys were distributed in Huangdun Bay and three surveys in 
Sanggou Bay.

These surveys targeted both large aquaculture businesses and smaller farmers. In most 
cases aquaculture farmers produced a number of species on one farm. Figure 27 provides 
an overview on the number of observations on a per species count from these thirteen 
surveys. When measured in terms of production, the surveys accounted for 12% of total 
tons produced in Sanggou Bay, 20% in Huangdun Bay and 12% for the two bays combined 
(Figure 28).Finfi sh and shellfi sh surveys were not well represented in Sanggou Bay (0% and 
0.7% respectively), but on an individual species level 12% of scallop (C. farreri) production 
in Sanggou Bay was surveyed. In Huangdun Bay, 34% of total fi nfi sh production and 20% of 
total shellfi sh production was surveyed. Only 1.2% of the total amount of shrimps in Huang-
dun Bay could be surveyed. For macroalgae, there was no data available on the amount of 
macroalgae for the whole of Huangdun Bay, but the surveys did cover almost 120 tons of 
mainly Porphyra sp. production. Sanggou Bay surveys accounted for 37% of total macroalgae 
production in the bay.

Huangdun Bay Sanggou Bay

Finfi sh n = 18 n = 3

Shellfi sh n = 7 n = 4

Macroalgae n = 8 n = 3

Shrimps n = 5 n = 0

 FIGURE 42. Number of observations per species group in surveys
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Fish type Huangdun Bay Sanggou Bay Combined Sanggou & 
Huangdun Bays

Production 
(tons)

Proportion 
(%)

Production 
(tons)

Proportion 
(%)

Production 
(tons)

Proportion 
(%)

Finfi sh 187 6.3 0.015 0 187 0.7

Shellfi sh 1 163 3.1 1060 0.7 2 223 1.2

of which 
scallop

610 12.2

Macro 
algae

120 - 31 150 36.9 31 270 37

Shrimp 8.6 0.4 - - 8.6 0.4

Total 1 478 3.4 32 210 12.2 33 689 11

Note: the production quantities are for the surveyed sample

 FIGURE 43. Proportion of farms surveyed relative to the total in terms of production in Sanggou Bay and 
Huangdun Bay

We therefore have a relatively good sample of macro algae (L. japonica) and scallop (C. far-
reri) in Sanggou Bay followed by fi nfi sh (especially S. occelatus and L. japonicus) and shellfi sh 
in Huangdun Bay. Weaker samples are available for shrimps in Huangdun Bay, as well as fi n-
fi sh and shellfi sh in Sanggou Bay. The main reasons for the unequal spread was (i) diffi culty 
in administrating surveys on Chinese aquaculture farms and (ii) the massive fl uctuations on 
total production estimates throughout the course of the study. The fi rst problem was partly 
addressed through Chinese fi eldworkers and relying on local networks while the second 
problem was addressed during the broader project through remote sensing analysis coupled 
with local expert opinion (Ferreira et al. 2008; Ferreira et al. 2006). 

When all costs are combined for both bays and for all surveyed species, the depreciation of 
capital account for just more than 40% of total costs. Salaries and wages account for almost 
a third of all costs (29%), followed by feeding (8%), seeding (6%), maintenance (5%), energy 
(4%), taxes (3%) and other factors such as lease, insurance, rent, interest, pesticides and 
medicine (3%). 

Other literature sources generally report lower percentages on depreciation, while an expen-
diture on salaries and wages of around 30% is common. For fi nfi sh, and specifi cally Pacifi c 
treadfi n, Kam et al. (2003) reported a breakdown of 25% for salaries and wages, 30% for 
feed, and 13% for stocking (or seeding), 4% on depreciation, 3% on energy and 2% on main-
tenance. An oyster farm in the Philippines was reported to spend 33% of costs on hired and 
unpaid family labour, 59% on materials and 6% on capital depreciation (Samonte-Tan & Da-
vies 1998). In a review on crustacean farming Lee & Wickens (1992) reported an expenditure 
of almost 30% on labour, 19% on feed, 18% on depreciation, and 12% on seed. Shang (1981) 
reviewed the cost structure of a 20 acre freshwater prawn operation in Hawaii, and reported 
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a 34% expenditure on salaries and wages, 21% on feed, 7% on feed and 6% on depreciation. 
As far as the authors know, no comparative studies on macro algae were available. Although 
these studies cannot be seen as a benchmark for the surveyed Chinese aquaculture opera-
tions, they do reveal a tendency for the survey results that depreciation costs may be on the 
high side, while labour costs are on a similar level. This may signal more capital intensive 
aquaculture operations than those reported on in the mentioned literature, lower rates of 
depreciation (meaning that capital is written off over longer time periods), or both.

Aquaculture, generally speaking, is a profi table business in the surveyed areas in Huangdun 
and Sanggou Bay with a net return of 58% for all the operations surveyed. However, net 
returns vary considerably between species (in a range of –112% to 82%) and also, but less 
so, between the areas (30% for Huangdun Bay and 66% for Sanggou Bay). The highest 
measured total net returns are on Porhyra haitenensis (82%), Porphyra yezoensis (79%), Kelp 
(Laminaria Japonica) (69%) and Japanese Seabass (63%). For groups of species macroalgae 
yielded the highest return (70%), followed by shrimps (42%), fi nfi sh (39%) and shellfi sh 
(-8%).

Modelling of feeding, metabolism 

and growth in cultured species

Macroalgae

Algal modelling background
The work done along the SPEAR project regarding macroalgal physiology and ecology was 
translated into the development of two simple models for the species most relevant in the 
study sites (Laminaria japonica in Sanggou Bay and Porphyra haitanensis in Huangdun Bay). 
L. japonica is traditionally the most important economic macroalgae cultured in north Chi-
na, and P. haitanensis is the most important seaweed cultivated in SE China. These two spe-
cies are part of the most cultivated macroalgae worldwide, which constitute over 70% of the 
world’s aquatic plant production. In the last decades several ecological models of macroalgal 
productivity were developed aiming to describe the key processes of algal growth and the 
relationships with environmental parameters. However, most of the models were developed 
for the simulation of wild species; models for cultivated economic species are very limited.
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Algal model structure
The individual growth models for L. japonica 
and P. haitanensis were implemented in vi-
sual modelling platforms (STELLATM and 
PowersimTM respectively). The two models 
are both developed based on a generic mac-
roalgal productivity model.

Gross growth rate of macroalgae is described 
as a function of maximum growth rate at the 
optimum temperature, light, temperature, 
salinity and internal concentration of nutri-
ents (nitrogen and phosphorus), and the net 
growth rate is the difference between gross 
growth rate and respiration.

Algal model calibration and validation

Laminaria japonica
Calibration and validation of the model 
were carried out against growth observa-
tions of L. japonica in Sanggou Bay (Figure 
44); Simulated and observed growth of 
Laminaria japonica in culture outside of the 
bay (R2=0.998 and 0.98 for length and dry 
weight, respectively). 

150

100

50

0

400

300

200

100

0
0 26 53 80 107 134 161 188

Days

D
ry

 w
ei

gh
t (

g)

Le
ng

th
 (

cm
)

Harvest

Sim_DW
Obs_DW
Sim_L
Obs_L

 FIGURE 44. Model calibration results.

 

Datasets used for parameters estimation are 
those obtained during the SPEAR project, 
other EU project (Carrying Capacity of Aqua-
culture and Its Impacts in Chinese Bays), 
research studies in Sanggou Bay (measure-
ments of photosynthesis and respiration 
and growth of L. japonica cultured) and pub-
lished growth data of L. japonica.

Simulated and observed growth of Lami-
naria japonica cultured inside Sanggou Bay 
(R2=0.99 and 0.97 for length and dry weight, 
respectively).
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 FIGURE 45. Model validation results. 

Porphyra haitanensis
Basic model parameters for the growth of P. 
haitanensis were estimated based on a series 
of laboratory experiments carried out in Oc-
tober 2005. The model was calibrated and 
validated using dataset from the sampling 
campaigns and fi eld observation during No-
vember 2006 to January 2007 in Huangdun 
Bay, in which the data collected from the test 
site were used for model calibration, while 
data from control site were used for model 
validation. Results of calibration and valida-
tion are presented in Figure 46 and Figure 47. 

 Test site is the fi sh cage culture area in-
side Huangdun Bay, where P. haitanensis 
was cultured close to the fi sh cages.

 Control site is 2.5 km away from the test 
site, where P. haitanensis and pacifi c oys-
ters were cultured.
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 FIGURE 46. Individual growth model calibration 
and validation for P. haitanensis cultured in Huang-
dun Bay.



86 

0.08

0.07

0.06

0.05

0.04

0.03
0.03 0.04 0.05 0.06 0.07 0.08

y= 0.859x + 0.0057
R2= 0.9937

Observed dryweight (g DW)

Si
m

ul
at

ed
 (

g 
D

W
)

0.07

0.06

0.05

0.04

0.03
0.03 0.04 0.05 0.06 0.07

y= 1.0637x - 0.0028
R2= 0.9961

Observed (g DW)

Si
m

ul
at

ed
 (

g 
D

W
)

A B

 FIGURE 47. Correlation between simulated and observed values during model calibration (a) and validation (b)

Bivalve shellfi sh

Bivalve shellfi sh modelling background
Filter-feeding and metabolism in bivalve shellfi sh are highly responsive to fl uctuations in 
temperature, aerial exposure, salinity, food availability and food composition, as frequently 
occur in near-shore environments. To account for the associated complexity of interrela-
tions between those shellfi sh and variable 
environments, there is a need for dynamic 
simulations that use mathematical equa-
tions to defi ne functional inter-relationships 
between the component properties and pro-
cesses.

There are two main challenges in model-
ling these interactions. Firstly, to identify the 
key environmental variables, which include 
relevant components of the available food, 
with signifi cant effects on shellfi sh physiol-
ogy. Secondly, to resolve the form of inter-
relations, not only between environmental 
variables and physiology, but also between 
separate physiological processes, towards a 
common model structure that may be cali-
brated for a given species with single stan-
dard set of parameters to predict responses 
across the full environmental range.
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Comparisons of simulated and observed growth have established that ShellSIM is an effec-
tive common model structure that may be calibrated according to species and/or location, 
successfully simulating growth across a broad range of shellfi sh types cultured in a diverse 
range of locations under varying culture scenarios and/or practices (http://www.shellsim.
com/index.html). Model outputs confi rm that ShellSIM, when run with a separate single 
standard set of parameters for each species, optimized upon the basis of all calibrations 
undertaken to date, can effectively (± 20%) simulate dynamic responses in physiology and 
growth to natural environmental changes experienced by the Pacifi c oyster Crassostrea gi-
gas and blue mussel Mytlus edulis at contrasting sites and under different culture practises 
throughout Europe.

Bivalve shellfi sh model structure
ShellSIM (http://www.shellsim.com/index.html) is a dynamic model structure based upon 
established functional dependencies whereby environmental drivers affect feeding, metabo-
lism and growth, including dependencies between those component processes of growth, 
drawing upon physiological principles of energy balance (Figure 48).

NEB = Net energy balance 
 (deposited as tissue)

R = Energy expenditure
 (heat loss)

F = Energy lost 
 as faeces

E = Energy 
 excreted

C = Energy ingested 
 (feeding rate)

Net energy balance = (Energy gains) – (Energy losses)
NEB = C – (F+R+E)

DYNAMIC SIMULATION OF EACH PHYSIOLOGICAL COMPONENT OF NET ENERGY BALANCE 
IN SUSPENSION-FEEDING BIVALVE SHELLFISH

 FIGURE 48. Physiological components of net energy balance

The environmental drivers used by ShellSIM, known as “forcing functions”, are summarised 
together with simulated responses in Figure 49.
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ADVANTAGES INCLUDE:
• Common structure, easily calibrated

• Optimised and cost-effective requirement for drivers
• Corrects for historic errors in the measurement of food availability
• Differentiates between relative abundances, selection and energy

contents of phytoplankton and detrital organics

AFFORDING GENERIC VALUE OVER WIDE ENVIRONMENTAL RANGES

ShellSIM

FORCING FUNCTIONS
• Date
• Food availability
• Food composition
• Temperature
• Salinity
• Aerial exposure

SIMULATED RESPONSES
• Particle clearance
• Ammonia excretion
• Oxygen uptake
• Faecal deposition
• Reproduction
• Growth

 FIGURE 49. Generic model structure (ShellSIM) simulates how feeding, metabolism and growth in bivalve 
shellfi sh respond to changes in key environmental variables

Compared with previous simulations of shellfi sh physiology, notable novel elements by 
these means ShellSIM is able to simulate feeding, metabolism and growth in contrasting 
environments include (i) correcting for signifi cant and variable errors in the measurement of 
TPM and POM, based upon water that is bound to minerals, and which has historically been 
mistaken for POM following ashing at high temperatures; and (ii) resolving rapid regula-
tory adjustments in the relative processing of living chlorophyll-rich phytoplankton organics, 
non-phytoplankton organics and the remaining inorganic matter during differential reten-
tion on the gill, selective pre-ingestive rejection within pseudofaeces and upon aborption 
following ingestion.

Bivalve shellfi sh model calibration
ShellSIM was calibrated using a combination of historical and experimental data worked up 
from different collaborative SPEAR experiments in which we measured responses in feeding 
and metabolism to different combinations of food composition, temperature and salinity. 
To create different experimental feeding conditions, cultured microalgae were mixed with 
natural resuspended sediments to varying degrees, and standardised measures of clearance 
rate, particle retention effi ciency, fi ltration rate, rejection rate, ingestion rate, absorption ef-
fi ciency, absorption rate and total deposition rate made in shellfi sh exposed to maxima of up 
to about 1000 mg total particulate matter and 33 μg chlorophyll per litre, as are commonly 
experienced in the natural environment (e.g.). 
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 FIGURE 50. Experimental conditions of food availability under which feeding responses have been mea-
sured to different combinations of fresh seawater (FSW) enriched with cultured microalga (ALGA) and silt 
collected from the surface layer of local mudfl ats (SILT) in Asian-Pacifi c oyster Ostrea plicatula, razor clam 
Sinonvacula constricta and ark shell Tegillarca granosa from Huangdun Bay.
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Bivalve shellfi sh model validation
Figure 51 illustrates growth and environmental impacts predicted by ShellSIM for the razor 
clam Sinonvacula constricta during a typical culture cycle in Huangdun Bay, having been 
deployed as seed of 38 mm shell length in April and harvested at 59 mm shell length in 
January the following year. Cumulative environmental impacts resulting from each individual 
clam included about 30 m3 of water cleared of particles, 225 dry g of biodeposits, 80 mg of 
N excreted and 3 l of O

2
 consumed.
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 FIGURE 51. Growth and environmental impacts predicted by ShellSIM for the razor clam Sinonvacula con-
stricta during a typical culture cycle in Huangdun Bay

These simulations have been successfully validated using monthly fi eld measures of environ-
mental drivers and shellfi sh growth for each main cultured species of bivalve shellfi sh cul-
tured in Sanggou and Huangdun Bays. Figure 52 illustrates results from the SPEAR Project, 
confi rming that growth measured during normal culture in C. gigas, O. plicatula, T. granosa 
and S. constricta matches growth predicted by ShellSIM.
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 FIGURE 52. Comparisons of growth simulated by ShellSIM with actual growth observed during normal 
culture in SPEAR bivalve shellfi sh.

Finfi sh

Finfi sh modelling background
The scientifi c modelling of fi sh growth has been investigated for almost 100 years but has 
become particularly important since the advent of intensive fi sh farming. The most com-
monly used fi sh growth model within the aquaculture industry employs the Thermal Growth 
Coeffi cient (TGC) to estimate increase in weight where water temperature is considered 
the key environmental factor controlling fi sh growth. The TGC model has been used exten-
sively for calculation of salmon growth and consequent fi sh diet formulation, but there are 
limitations to its use largely due to the appropriateness of the inherent assumptions used. 
However, in the present study many of the model assumptions were shown to be valid with 
temperature being by far the main growth driver if nutrition is adequate.

The most commonly used fi sh growth model within the aquaculture industry is to employ 
the Thermo-Growth Coeffi cient (TGC) to estimate increase in weight. Here water tempera-
ture is considered the key environmental factor controlling fi sh growth. The TGC model has 
been used extensively for calculation of salmon growth and in fi sh diet formulation, but there 



92 

are limitations to its use largely due to the appropriateness of the inherent assumptions 
used. However, in the present study, despite the considerable range in water temperature 
throughout the fi sh culture period, many of the model assumptions remain largely valid with 
temperature being by far the main growth driver if nutrition is adequate.

A number of other models for growth have been used for cultured fi sh, for calculation of feed 
requirements for the fi sh during their production cycle, or to estimate the amount of envi-
ronmental waste from fi sh growth. For example, the EWOS EGI growth model for salmon, 
developed from data from Scotland, Canada and Chile, incorporates photoperiod control in 
fi sh farming as well as temperature; and the “Ecophys.Fish” model which takes many envi-
ronmental factors into account for the application of fi sh growth capacity. The growth sub-
model from the Modelling – Ongrowing fi sh farm – Monitoring (MOM) model for carrying 
capacity of fi sh models the growth of a number of species as the fi rst stage in estimation of 
waste outputs for the consequential calculation of fi sh capacity for particular production and 
environmental conditions.

In Huangdun Bay fi sh are cultured intensively, but the feeding regime, general nutrition and 
culture conditions may not always be ideal, so fi sh do not fulfi l their true growth potential. 
The annual water temperature variation at the demonstration site is also considerable (from 
5oC to 26oC) and may affect growth. To help cater for and better understand the conse-
quences of these circumstances, fi sh growth was modelled here using both the TGC and 
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MOM models, with estimates of waste contribution to the environmental system also calcu-
lated using both models. The waste estimates derived using the TGC model were fed into the 
hydrodynamic, ecological and local production and waste-cost function screening models.

Finfi sh model structure
Thermal Growth Coeffi cient (TGC) growth and waste models 
The TGC model was used to model growth of Yellow croaker and Japanese seabass, and 
more generally for the “other” fi sh species cultured. This model employs a number of as-
sumptions; 1) Growth increases in a steady and predictable manner with increase in tem-
perature; 2) The length (L) – weight (W) relationship is W ∝ L3 and 3) Growth in length, for 
any temperature, is constant over time.

The TGC for caged fi sh stock was calculated from a known start weight (delivered to sites 
from hatcheries) and an end weight, with intermediate growth predicted from monthly aver-
age temperature variation which was modelled from weather data collected from the Huang-
dun Bay area by the Third Institute for Oceanography (TIO). Growth, as increase in weight, 
was calculated over time using a MS Excel Spreadsheet and production parameters collected 
during the project and given in Figure 40 and Figure 41. The model was validated using 
through comparison with measured length and weight data over time from a number of lo-
cations in Huangdun Bay and elsewhere and “weight at time” estimates from cage producer 
stakeholders. 

Monthly growth data, estimated using the TGC growth model, were combined with data 
collected from fi sh tank trials which assessed dissolved nutrient outputs and in situ fi sh 
farm trials to assess particulate wastes under standard production conditions typical of the 
Chinese culture systems encountered, culminating in a mass balance approach to estimate 
all relevant inputs. 

Tank trials evaluated two hourly releases of nutrients in a fl ow through system over repeated 
48 hour experiments covering a range of sizes of the main fi sh species, to estimate average 
outputs of nitrogen and phosphorus components per kilogram of fi sh per day. Estimates of 
dissolved nutrient inputs to the environment were calculated using mean data and monthly 
growth estimated from the TGC model, combined with declared total production data (Fig-
ure 40 and Figure 41) to estimate the monthly and mean inputs of key nutrient constituents 
per tonne of production in to the bay systems. 

Particulate waste materials were also collected during short-duration tarpaulin exclusion and 
sediment trap experiments at fi sh cages in Huangdun Bay. These were analysed for nutrient 
content, which enabled estimation of the faecal nutrient input. Data were combined through 
a mass balance approach to estimate remaining nutrient inputs (i.e. food waste) to the en-
vironment.  
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Collectively the model remains dynamic and fl exible in nature being able to account for envi-
ronmental variability and readily refi ned as additional data or improved production practices 
become available. In addition, they may be used to evaluate the role of different production 
scenarios and environmental conditions on the environmental nutrient balance. 

Wastes from cages extend beyond an immediate localised infl uence and will interact with 
or affect other culture species and have some social and economic impacts or costs. Thus 
these modelled estimates for carbon, nitrogen and phosphorus were incorporated into the 
Delft3D (Deltares) system-scale water quality model, the EcoWin200 ecological model, the 
FARM farm-scale aquaculture production model, and models to calculate waste cost func-
tions to investigate its economic contribution to other types of integrated aquaculture within 
Huangdun Bay (see Ecosystem Models and Screening Models chapters).

Modelling – Ongrowing fi sh farm – Monitoring (MOM) model
The fi sh sub-model of the MOM system simulates the metabolism and growth of fi sh and 
thereby the time required to reach a target weight for a particular species. This is foremost 
temperature dependent in an intensive farm, but other environmental variables may also 
affect the growth rate. The model quantifi es the impact on the local water quality by estimat-
ing the emission of dissolved nutrients from the gills of the fi sh. The output is related to the 
amount of protein and lipid in the fi sh feed as well as the composition of the fi sh. If the pro-
tein content in the food exceeds what is required for growth this will result in an increase of 
nitrogen and phosphorus excretion onto the watershed. The model calculates the amount of 
food eaten by the fi sh in order to satisfy the energy needs of life processes and growth. This 
gives us an estimate of how much food is required during the fi sh life cycle – and thereby in-
dicates if the fi sh is overfed, which lead to increased particulate wastes to the sediments due 
to uneaten food, and increased costs. From the above variables we also get the theoretical 
food factor of the fi sh, i.e. the amount of feed needed to produce one kg of fi sh (Figure 53).

MODEL INPUT

Fish composition (lipid, protein)
Food composition 

(lipid, protein, carbohydrates, ash)
Real food factor

Temperature

MODEL OUTPUT

Theortical food factor
Energy content of food

Time to reach harvest weight
Amount of wasted food

Amount of faeces
Output of particular N & P
Output of dissolved N & P

 FIGURE 53. Growth and environmental loadings are estimated from data on fi sh and its feed.
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 The mathematical model conserves energy and matter and calculates the weight of the fi sh 
from empirical formulations of the fundamental life processes. We assume that harvest is 
before reproduction so this is not included in the budget. We also assume that an energy 
loss due to locomotion is rather low for fi sh kept in cages and is included in the term for 
metabolism. The energy equation is:

Food Consumed - (Faecal Loss + Excretory Loss) = Standard Metabolism + Growth + Food Processing

The model has a general structure and includes growth rates for a number of species. The 
rate relates to a genetic optimal growth rate and is in an intensive farm adjusted to tempera-
ture conditions in the surrounding water. Should other abiotic factors limit the growth rate, 
and other sub-models within the MOM-system can help to identify these factors.

Finfi sh model validation
Thermo-Growth Coeffi cient (TGC) model
Modelled growth and specifi c growth for Japanese seabass and yellow croaker are given in 
Figure 54 and Figure 55 respectively, and show the variation in growth (as weight gain) over 
time in relation to temperature, through a standard production cycle for the two main culture 
species.

Comparison of modelled and measured weights was achieved using regression analysis; see 
Figure 56. The R2 values for both species were greater than 0.92 indicating a good relation-
ship between modelled and measured growth for these species under these culture condi-
tions. However, when compared against
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 FIGURE 54. Growth prediction using Thermal Growth Coeffi cient (TGC) model for Japanese Seabass (black) 
and Yellow croaker (blue).in Huangdun Bay, China. 
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 FIGURE 55. Specifi c Growth Rate (SGR) prediction using Thermal Growth Coeffi cient (TGC) model for Japa-
nese Seabass (black) and Yellow croaker (blue), calculated on the basis of production and environmental 
data from Huangdun Bay.
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 FIGURE 56. Comparison of modelled growth (TGC model) against empirical growth data for Japanese Sea-
bass (black) and Yellow croaker (blue) in Huangdun Bay.

Modelling – Ongrowing fi sh farm – Monitoring (MOM) model
Figure 57 shows the estimated growth potential of Japanese Seabass, Yellow Croaker, Black 
Seabream and Red Drum in Huangdun Bay as calculated by the MOM model. The fi gure also 
shows production data and the modelled growth rate when calibrated to data. 

Harvest data of Japanese Seabass shows that growth is close to MOM predicted rates during 
the fi rst two years, but slower during the third year.
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 FIGURE 57. Daily values of growth of Japanese Seabass, Yellow Croaker, Black Seabream and Red Drum 
simulated with MOM fi sh sub-model and compared to data of harvest weights. 

It is thought this is due to market prices being lower for the larger sizes, with the fi sh being 
kept at maintenance level diet rather than growth level diet during the third production year. 
Black Seabream and Red Drum display growth capacities close to predicted rates while Yel-
low Croaker grows at a slower rate than MOM predictions. The deviation between the model 
and data for Yellow Croaker implies either an unrealistic growth coeffi cient in the model for 
this species or that the growth conditions in Huangdun Bay are less satisfactory for this spe-
cies than for the others. 
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Waste and production estimates

Waste
Particulate and dissolved Waste estimates have been derived based on the TGC calculated 
fi sh growth (including fi eld data and mass balance approach) and through the dynamical 
budget model in MOM, as outlined above. Figure 58 shows that there is a reasonably close 
similarity between the estimates from the two models, with estimates of 170 and 121 N kg/
tonne production from the TGC model and 155 and 160 N kg/tonne production for Japanese 
seabass and Yellow croaker respectively. The measures for phosphorus are similarly close. 
Thus despite the differing methods of calculation, outlined above, both models represent a 
reasonable estimate of the primary nutrients to Huangdun Bay.

The data provides a working estimate of the impact of fi sh waste on the environment fro 
inclusion in screening models and form the basis of the waste cost functions to estimate the 
economic cost of having this level of waste output.
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TGC model MOM model

 Carbon 
kg/tonne 

production

Nitrogen 
kg/tonne 

production

Phosphorus 
kg/tonne 

production

 Nitrogen 
kg/tonne 

production

Phosphorus 
kg/tonne 

production

 

Japanese Seabass        
Theoretical Food Factor       3.4
Wasted food (kg/t prod)       3610
Total particulate output 719.17 114.0 23.3  128 21  
Particulate from uneaten 
feed

703.62 101.0 14.1  113 19  

Particulate from faecal 
waste

15.55 12.9 9.3  14 2  

Total dissolved output - 56.2 2.0  28 5  
Total Output - 170.2 25.3  155 26  
Yellow Croaker        
Theoretical Food Factor       3.9
Wasted food (kg/t prod)       3110
Total particulate output 688.50 70.80 19.80  117 19  
Particulate from uneaten 
feed

652.50 63.96 18.98  102 17  

Particulate from faecal 
waste

36.00 6.84 0.82  15 2  

Total dissolved output - 50.86 7.59  43 7  
Total Output - 121.66 27.39  160 26  
“Other” species        
Total particulate output 703.84 60.90 20.20  133 22  
Particulate from uneaten 
feed

678.06 56.51 19.73  125 21  

Particulate from faecal 
waste

25.78 4.39 0.47  8 1  

Total dissolved output - 43.26 4.87  31 5  
Total Output - 104.16 25.07   164  27  

 FIGURE 58. Comparison between the estimated particulate and dissolved nutrient output from Japanese 
Seabass, Yellow Croaker and “Other” species from TGC and MOM models. 
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ECOSYSTEM MODELS

  
  
  
  

  

  

  

Summary

In SPEAR the main objectives of the model development at the ecosystem scale were to:
 Simulate the ecosystem processes on a multi-year scale for each bay;
 Simulate the aquatic resources produced in the bays;
 Develop the socio-economic components to dynamically integrate this framework;
 Calibrate and validate the research model suite.

The ecosystem modelling brings together a set of models that run at different time and spa-
tial scales, and for different ecosystem components (Figure 45). 

A key feature of the general modelling approach is to integrate the several models in order to 
develop a robust ecosystem modelling framework (Figure 46).

In order to apply the integrated modelling approach a wide range of data was assembled. Fig-
ure 47 shows a synthesis of the different datasets used and temporal coverage for both bays.

This chapter includes a description of the:
 Ecosystem drivers, which include catchment simulation, the hydrodynamic simulation 

and fi sh cage inputs.
 Ecosystem model results, including the simulations carried out using Delft3D-ECO, 

Ecowin2000 and CoBEx models.
 Integration with economics.
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General modelling approach

In SPEAR the main objectives of model development at the ecosystem scale were to:
 Simulate the ecosystem processes on a multi-year scale for each bay;
 Simulate the aquatic resources produced in the bays;
 Develop the socio-economic components to dynamically integrate this framework;
 Calibrate and validate the research model suite.

The ecosystem modelling component brings together a set of models that run at different 
time and spatial scales, and for different ecosystem components (Figure 59). 

Catchment Bay

Hydrology, loads Hydrodynamics Aquatic resources Biogeochemical

SWAT S&T: coarse; explicit 
in HB, implicit in SB. 

Water fl uxes, dissolved 
substances.

n.a n.a n.a

D3D S&T: detailed; Implicit;
input of fl ow rates 

S&T: detailed; 
explicit fl ow and 
dispersion fi elds

n.a n.a

Shell-
SIM

n.a n.a S&T: detailed; Explic-
it. Shellfi sh individual 

growth. 

S&T: coarse; Implicit. 
Dissolved substances, 

phytoplankton, particulate 
matter dynamics.

FARM n.a S&T: coarse; Implicit. 
Current velocity.

S&T: coarse; Explicit. 
Shellfi sh population 

dynamics.

S&T: coarse; Implicit. 
Dissolved substances, 

phytoplankton, particulate 
matter dynamics.

CoBEx S&T: coarse; Implicit S: coarse horizontal, 
detailed vertical. 

T: detailed; Explicit

S: coarse horizontal, 
detailed vertical. 

T: detailed; Explicit

S: coarse horizontal, 
detailed vertical. 

T: detailed; Explicit

ECO S&T: detailed; implicit.
Substances loads

S&T: detailed; 
implicit. Flow and 
dispersion fi elds.

S&T: detailed; 
implicit. Shellfi sh and 
fi nfi sh nutrient fl uxes 

dispersion fi elds.

S&T: detailed; explicit. 
conc. of nutrients, phyto-

plankton, org. matter, etc., 
in water and sediment

E2K S&T: coarse; Implicit. 
Loads of dissolved and 
particulate substances.

S&T: coarse; 
Implicit. Upscaled 

water fl uxes.

S&T: coarse; Explicit. 
Shellfi sh population 
dynamics, fi shcage 

inputs.

S&T: coarse; Explicit. 
Dissolved substances, 

phytoplankton, particulate 
matter dynamics.

“S” – spatial resolution; “T” – temporal scale: can be “coarse” or “detailed”; “Implicit” – if component is im-
plicitly included in the model using outputs from other model; “Explicit” if it is explicitly simulated; n.a – not 
applicable.

 FIGURE 59. Simulated ecosystem component. 
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A key feature of the general modelling approach is to integrate the various models in order 
to develop a robust ecosystem modelling framework (Figure 60). 

DATA ANALYSIS

CATCHMENT MODELLING

BarcaWin
2000

Water quality databases

GIS Bay and catchment maps

SWAT
Simulate river flows and 

substance loads

Remote 
sensing

Land use maps

AQUATIC RESOURCES MODELLING

Individual simulation of 
shellfish and finfish

MOM

FishGWP
Simulate finfish growth,

waste and culture practice

ShellSim
Individual simulation of 
several shellfish species

HYDRODYNAMIC MODELLING

Delft3D Simulate water transport

ECOSYSTEM MODELLING

Simulate: Dissolved and particulate substances,
primary production and aquatic resources

CoBEx Delft3D - ECO EcoWin2000

MANAGEMENT SCENARIOS

Scenario
simulation

Integrated
coastal management

 FIGURE 60. General modelling framework used in SPEAR ecosystem models. 

 
In order to apply the integrated modelling approach a wide range of data was assembled. 
Figure 61 shows a synthesis of the different datasets used and the temporal coverage for 
both bays.

Huangdun Bay
80’s 90’s 2000 2001 2002 2003 2004 2005 2006

Data to force the models
Climate data

Land cover

Hydrology

Wind

Meteorology for open sea

Meteorology for bay

Temperature

Seawater data

Data for calibration/validation
Currents

Salinity

Sampled bay WQ

Sampled rivers WQ
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Sanggou Bay
80’s 90’s 2000 2001 2002 2003 2004 2005 2006

Data to force the models
Climate data

Land cover

Hydrology

Wind

Meteorology – open sea

Meteorology – bay

Temperature

Seawater data

Data for calibration/validation
Currents

Salinity

Water quality - bay 

Water quality - rivers

 FIGURE 61. Synthesis of datasets.

Ecosystem drivers
Catchment simulation 

The Soil and Water Assessment Tool (SWAT) model was applied to simulate anthropogenic 
nutrient inputs to both Sanggou and Huangdun bays from the adjacent watersheds (Figure 
25). The SWAT model is able to differentiate nutrient sources. Figure 62 shows an example 
of the distribution of nutrient sources in Xiangshan Gang.

4% 4%

29%

1%

4%6%

52%

Urban - sewage

Urban - runoff

Forest

Wetland

Burnt land

Cropland

Rice

 FIGURE 62. Simulated nutrient sources for Xiangshan Gang.
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 FIGURE 63. Simulated annual nitrogen loading in catchment outlet points linking the hydrological networks 
with Sanggou and bay.

The estimates obtained from SWAT model (Figure 63 shows example for Sanggou Bay) were 
transformed in data series for offl ine coupling with downstream models as shown in Figure 
64: Delft D3D for river fl ows, D3D-ECO, CoBEx and EcoWin2000 for substance loading from 
catchment. 

These results illustrate the usefulness of SWAT in (i) providing a temporally distributed es-
timate of water and nutrient loadings from catchments into coastal systems, for different 
interface points; and (ii) evaluating the source of the nutrients, which is useful information for 
catchment management.

Hydrodynamic simulation
Hydrodynamic simulation is required to provide the various water quality and ecological mod-
els with fl ow fi elds in order to facilitate the simulation of mass transport in these models. 
Hydrodynamic modelling has been performed for different spatial and temporal resolutions.

Detailed hydrodynamic model using Delft D3D
Delft3D-FLOW has been used to generate highly detailed, accurate, continuous fl ow fi elds 
in Sanggou Bay and Xiangshan/Huangdun Bay, both for Delft3D-ECO and E2K (see below). 
FLOW is part of the commercially available Delft3D modelling suite, based on professional, 
thoroughly tested and validated software. 2D and 3D models have been applied, but it was 
shown that the results are very similar since salinity simulation indicates very little stratifi ca-
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tion. River infl ows and wind forcing have been imposed on the model, but the hydrodynamics 
in the bays are completely dominated by tidal fl ows. 

For the Xiangshan/Huangdun Bay case study twelve harmonic tidal constants derived from 
literature have been imposed on the open boundaries with the East China Sea. The constants 
have been slightly adjusted to better reproduce observed water levels. 

The computational grid for Xiangshan Gang and Huangdun Bay is curvi-linear, and has ap-
proximately 10.000 computational cells (Figure 64). The grid has a horizontal resolution of 
250 by 250 m in the Huangdun Bay area. The inner part of Xiangshan Bay, including Huang-
dun Bay, has extensive shallow intertidal areas that run dry during low tide. The central gullies 
in the model are 3 to 15 m deep in Huangdun and Tie Bays. They are up to 50 m deep in the 
central parts of Xiangshan Bay. 

 FIGURE 64. Overview of the computational grid for Xiangshan and Huangdun Bay. 

 FIGURE 65. Predicted (black) and measured (red) water levels in Xiangshan Gang (29.617º N and 121.833º 
E) for 3-18 October 2005.
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The hydrodynamic model had to be developed on the basis of incomplete data sets, among 
other things with regard to bathymetry. Despite data gaps, the results are realistic as appears 
from a typical result of the 2D model displayed in Figure 65. 

The computational grid for Sanggou Bay is curvi-linear, and has 10,010 computational cells. 
The grid has a horizontal resolution from 120 by 120 m to 220 by 220 m. The inner west and 
south sections of the bay are small shallow intertidal areas and run dry during low tide.

River infl ows and wind forcing are imposed on the model, but the hydrodynamics are mainly 
dominated by tidal fl ows. The currents out of the bay are stronger than inside but the cur-
rents are strong in northern and southern area of the bay mouth. The ebbing current is 
stronger than fl ooding. Tide enters the bay at the south of the bay mouth and leaves at the 
north in ebbing periods, whereas leaves at the south and enters at north in fl ooding periods. 
The current directions mainly parallel coast lines (Figure 66). 

 FIGURE 66. Simulated fl ood (left panel) and ebb (right panel) tidal current in Sanggou Bay.

 
Four harmonic tidal constants have been imposed on the open boundaries. These are de-
rived from the Shandong Ocean Atlas (1988) and the Marine Atlas of the Bohai Sea, Yellow 
Sea and East China Sea (Hydrology) (1992).

Both 2D and 3D hydrodynamic models have been applied and similar results except for cur-
rents are shown, indicating very little stratifi cation in the bay. Figure 67 shows that the 2-D 
simulation already agrees approximately with the observed changes of sea level. 
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 FIGURE 67. Predicted (red) and measured (black) water level changes in Sanggou Bay from 20 March to 22 
April, 1984. 

The extensive aquaculture, however, has signifi cantly modifi ed the vertical profi le of current 
velocity in the culture area (Figure 68). Therefore, it is necessary to accurately simulate the 
hydrodynamic characteristics with a 3D model, so that one can assess the impact(s) on 
aquaculture per se which resulted from such hydrodynamic modifi cation. This is done by 
separating water column into six sigma layers and adding the friction of shellfi sh aquacul-
ture facilities at layers where aquaculture exists. The 3-D model gives realistic simulations 
of the vertical profi le of current in the bay (Figure 68). Two simulations for 1999-2000 and 
2003-2004 are conducted and input fi les are produced for ecological modelling with EcoW-
in2000 and WAQ.
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Modelling water circulation using CoBEx (Coupled Basin Exchange)
In this model the horizontal resolution is coarse: the area is divided into a number of sub-
basins where the hydrographical parameters can be assumed to be essentially homogenous. 
The border between sub basins is, if possible, determined by natural topographical contrac-
tions/sills or where a cross section is particularly narrow or shallow. The cross-sectional area 
is determined from the bathymetric data base with a resolution of 30x30 m. In the vertical 
the stratifi cation is highly resolved into a variable number of density layers. The bathymetric 
data base was used to determine the hypsographic function for each sub basin so that the 
horizontal area at each depth corresponds to the true topography. This enables us to study 
developments of e.g. a surface mixed layer during different stages of a tidal cycle or the 
evolution of dense infl ows. In both bays the water exchange is primarily driven by tidal fl ow, 
so the tidal variation outside of the bays is the main forcing. However, external forcing of air 
temperature, wind and fresh-water input is also included. The fl ow between sub-basins is 
driven by the sea-level difference between the basins and mixing is in the model driven by 
bottom-friction generated turbulence from the tidal fl ow. To obtain the correct transport of 
dissolved substances among the sub-basins in the tidally dominated coupled basin system, 
the exchange formulation includes the effects of moving fronts.

Using a coupled basin model like CoBEx enables fast model runs where it is easy to identify 
the main physical processes that determine the evolution of the physical state of a bay under 
the infl uence of adjacent seas, land and air-sea interaction. 

The model setup, i.e. the decision on the number of sub-basins and inclusion of parameteri-
sations of physical processes, is a heuristic process that uses information provided by data 
bases of topography, hydrography and biogeochemistry of the areas. The simulations in Xi-
angshang Gang have been made using four coupled sub basins, as can be seen in Figure 69. 
In the inner most part of the bay the water column is vertically homogenous while the mouth 
of the bay show some show signs of a weak stratifi cation (Figure 70).

 FIGURE 69. Bathymetric map of Xiangshang Gang showing the extent of the 4 sub-basins: Huangdun basin 
(northern part of inner bay), Tie basin (southern part of inner bay), Wushe basin (central basin) and Xize 
Basin (outer basin).
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The state of the basins is highly dependent on the boundary condition, i.e. the state in the 
open sea. Unfortunately data availability here is very sparse (e.g. 5 data points in 2004) and 
extensive linear interpolation has been necessary to produce a seasonal cycle. This can to 
some extent explain outliers. Nevertheless, the model simulates the salinity gradient be-
tween head and bay and seasonal range quite realistically (Figure 70). 
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 FIGURE 70. Simulated salinity in Huangdun basin and Xize basin.
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 FIGURE 71. Simulated surface salinity in Huangdun 
basin and Xize basin.

Aquatic resources inputs

The nutrient inputs from fi sh cages and from 
shrimp ponds were added as forcing func-
tions of the ecosystem models. 

Species-specifi c particulate and dissolved 
waste inputs to ecosystem level models de-
rive from dynamic growth models from a 
combination of metadata, measured data 
and modelled inputs (detailed in the Aqua-
culture chapter). Fish inputs to ecosystem 
models are shown in Figure 72. 
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 FIGURE 72. Linkage between fi sh culture practice, fi sh growth and waste models and ecological models. 

The nutrient loading from shrimp ponds cultivated in monoculture was also taken into ac-
count for Huangdun Bay. The waste nitrogen and phosphorus was estimated based on a 
shrimp population dynamics model (LMPrawn) detailed in the Screening models chapter. 

Estimates of waste nitrogen and phosphorus per tonne of production are given in Figure 73.

Nitrogen 
Kg N. t-1 produced

Phosphorus 
Kg P. t-1 produced

Carbon 
Kg C. t-1 produced

Japanese Seabass 48 – 56.2 (D)
92 – 114 (P)

2.0 – 8.0 (D)
15.2 – 23.3 (P)

–
720 (P)

Yellow Croaker 43.4 – 50.8 (D)
70.8 – 97.6 (P)

7.2 – 7.6 (D) 
16.2 – 19.8 (P)

–
690 (P)

Other species 53.5 (D)
92.4 (P)

4.9 (D)
20.2 (P)

–
703 (P)

Shrimp 50 – 70 (D) 17 – 23 (D)

 Figure 73. Waste inputs to marine systems from fi sh culture species for both bays. 

D - dissolved; 
P – Particulate
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Ecological model results

The biogeochemical properties of the SPEAR bays were simulated using a set of three dif-
ferent ecosystem models (Figure 60). A description of the application of each model to the 
bays is given below. 

CoBEx-ECO
The water exchange model CoBEx includes sub-models simulating the biogeochemical turn-
over in the different basins. It also includes routines describing the bivalve shellfi sh growth 
and is coupled with the MOM dynamical model for fi nfi sh growth. The physical properties 
in an ocean basin strongly interact with the chemical and biological systems. Phytoplankton 
growth is a function of the vertical penetration of light, nutrient availability and temperature, 
which are determined by impacts from the atmosphere, land and exchange with adjacent 
seas. The phytoplankton biomass is a source of food for the shellfi sh, and the shellfi sh in 
turn impact the water quality as nutrients (incorporated in algae and/or detritus) are re-
moved from the water when bound to shellfi sh tissue and then harvested. The fi nfi sh farms 
impact on the water quality as a source of nutrients and organic waste, which might lead to 
eutrophication problems in a sheltered basin with little water exchange. On the other hand, 
the emission from farms may enhance shellfi sh growth capacity as a particulate nutrient 
source. Both shellfi sh and fi nfi sh are dependent on the water condition, and the currents in a 
bay are essential to provide an environment with suffi ciently high oxygen concentration and 
suffi ciently low ammonium concentration.

60

50

40

30

20

10

0
0 5 10 15 20

60

50

40

30

20

10

0
0 5 10 15 20

Time (months) Time (months)

N
itr

at
e 

(m
m

ol
/m

3 )

Ph
os

ph
at

e 
(m

m
ol

/m
3 )

Xize
Huangdun

 FIGURE 74. Modelled surface concentrations of nitrate and phosphate in the inner (red) and outer (black) 
parts of the system.
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 FIGURE 75. Modelled vertical distribution of net primary production in the inner and outer part of the system. 

Delft3D-ECO
Delft3D-ECO has been used to simulate 2D water quality and algal growth in Xiangshan 
and Huangdun Bay at a high spatial and temporal resolution for 2004-2006. Outputs of the 
model can be used to assess trophic status and carrying capacity for aquaculture. ECO is 
part of the commercially available Delft3D modelling suite, based on professional, thorough-
ly tested and validated software. The eutrophication model simulates 2D or 3D water quality, 
with the focus on nutrients, phytoplankton, organic matter, dissolved oxygen and transpar-
ency, also taking into account microphytobenthos and primary consumers (grazers). ECO’s 
state-of-the-art BLOOM sub-model simulates phytoplankton species (up to 15 species/
groups) subject to the limitation of primary production by nutrients (nitrogen, phosphorus, 
silicate), light (energy), growth rate, grazing, settling and temperature. A recently developed 
new version of ECO has been applied, with which both water compartments and sediment 
layers are explicitly simulated. All water quality processes in the model are active in water 
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compartments as well as sediment layers, but local chemical conditions determine the way 
processes turn out. This allows for optimal simulation of sediment-water interaction. Figure 
76 provides a simplifi ed schematic overview of the ecosystem components, substances and 
interactions as described in ECO. 

light regimephytoplankton
water quality

DO, N, P, Si, S, CH4

suspended detritus

benthic grazers microphytobenthos

suspended sediment

deposed sedimentsediment detritus
pore water and

sediment quality

ATMOSPHERE

WATER

SEDIMENT E040630b

 FIGURE 76. Schematic overview of the ecosystem components, substances and interactions in ECO.

The 3x3/6x6 aggregated computational grid for the Xiangshan and Huangdun Bay model, 
the bathymetry and the fl ow fi elds were derived from the FLOW model (see above). The 40 
cm thick active sediment layer is schematised with seven layers, the thicknesses of which 
increase from 0.2 cm in the top layer to 20.0 cm in the lower layer. Daily nutrient and organic 
matter loads from the catchment and fi nfi sh culture nutrient outputs were been quantifi ed 
(see Systems and Aquaculture chapters). Wind and solar radiation forcing has also been 
imposed on the model. Concentrations at the open boundaries with the East China Sea have 
been derived from observed water quality data. Grazing by shellfi sh (aquaculture; oysters and 
clams) has been imposed as forcing functions for biomass and harvest. The shellfi sh bio-
mass time series have been derived from the EcoWin2000 ecological model and ShellSIM. 
Only a few process coeffi cients concerning nitrifi cation and phosphate adsorption needed to 
be adjusted from default values for the calibration of the model.

The development of the Xiangshan and Huangdun Bay model was hampered by the scarcity 
of data needed to quantify loads and open boundary conditions, meteorological forcing and 
the bathymetry of the intertidal areas. Nevertheless the results are realistic. Representative 
results are displayed in Figure 77.
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EcoWin 2000

EcoWin2000 was used to simulate aquacul-
ture production and simulates multiple shell-
fi sh species simultaneously in both bays.

The outputs of the detailed hydrodynamic 
simulations were used to force the trans-
port of substances in the large box model 
for both bays. The water fl ows for the grid 
with millions of cells and with a timestep 
of seconds were upscaled to larger boxes 
(24 in Huangdun and 16 in Sanggou) and a 
timestep of an hour. The timeseries gener-
ated were coupled offl ine in EcoWin2000 for 
both bays.

 FIGURE 78. Sanggou Bay detailed grid and large 
scale boxes (with indication of top and bottom box 
numbers).

The biogeochemical properties are simulat-
ed for each box using as forcing functions 
the boundary loads (catchment, ocean, 
aquaculture emissions), light climate and 
water temperature.

EcoWin2000 can adequately simulate the 
key variables of the SPEAR bays as exem-
plifi ed in Figure 80 for three representative 
boxes of Xiangshan Gang (Figure 79).

 FIGURE 79. Xiangshan Gang ecosystem model 
boxes (with indication of top box numbers). Boxes 
depicted in graphs are highlighted in colour. 
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 FIGURE 80. Results for Xiangshan Gang EcoWin2000 boxes 3 (inner box Huangdun Bay), 6 (middle box), 11 
(outer box), plotted with average daily data (2005/6). 
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Figure 81 exemplifi es the EcoWin2000 model simulation outputs of shellfi sh individual 
growth and how it varies with simulated environmental conditions.
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 FIGURE 81. EcoWin2000 outputs for Sanggou Bay for POM, phytoplankton and individual Pacifi c oyster 
weight. 
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EcoWin2000 is designed for multi-year run simulations as exemplifi ed in Figure 82 for total 
biomass of Chinese oyster in Xiangshan Gang. Multi-year simulations are essential in order 
to make a connection to socio-economic models, which consider processes on a decadal 
scale.
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 FIGURE 82. EcoWin2000 outputs for Chinese oyster total biomass in Box 3 for a 20 year run.

 
For both bays the EcoWin2000 outputs for harvested shellfi sh compare well with the survey 
data (Figure 83).

Chinese oyster Razor clam Manila clam Muddy clam Total

Data Model Data Model Data Model Data Model Data Model

34320 36020 1997 2058 410 431 920 903 37647 39413

 FIGURE 83. Shellfi sh harvest results and comparison with data for Xiangshan Gang (ton.yr-1). 

Pacifi c oyster Chinese scallop Kelp Total

Data Model Data Model Data Model Data Model

178872 175382 5000 5148 84500 83754 268372 264284

 FIGURE 84. Harvest results and comparison with data for Sanggou Bay (ton.yr-1). 
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Trade-offs between shellfi sh aquaculture and benthic biodiversity

The Wild species Integration for Shellfi sh Ecoaquaculture (WISE) approach was applied to 
the SPEAR bays in order to understand the baseline food requirements for maintaining natu-
ral benthic biodiversity of suspension-feeding organisms, thus supporting decision-makers 
with respect to potential upper thresholds for shellfi sh aquaculture, i.e. ecological carrying 
capacity.
Densities of wild individuals were estimated to be 13 ind.m-2 (total: 2 x 109) in Sanggou Bay, 
33 ind.m-2 (total: 122 x 109) in Xiangshan Gang (Figure 85).

Sanggou Bay Xiangshan Gang
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 FIGURE 85. GIS interpolations showing spatial distribution of the total wild species found in the SPEAR Bays. 

Total clearance rates by wild populations were calculated as 5% of the total volume per day 
in Sanggou Bay, 11% in Xiangshan Gang (Figure 86).
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 FIGURE 86. GIS surface with percentage of the system fi ltered by wild species considering 3 different fi ltra-
tion rates (ST: soft tissue). 

49% of total primary production in Sanggou Bay are consumed annually by wild organisms 
while only 2.9% is consumed in Xiangshan Gang (Figure 87). 

Chl a (μg . L-1)

mg . m-2 .d-1

POM (mg . L-1)

16.5
11.8

17.7
1.7

43.5
0

47.0
0

g . m-2 .d-1

 FIGURE 87. Chl a and detrital POM availability in the water column and differential food clearance by wild 
species in Xiangshan Gang. 

The WISE approach was integrated with the ecosystem model for Xiangshan Gang and il-
lustrates some of the trade-offs between commercial aquaculture and the conservation of 
biodiversity, showing that rates of and capacities for shellfi sh culture are reduced when both 
wild and cultured suspension-feeding species are considered in relation to the available ses-
ton. When food resources are partitioned between wild and cultivated species, there is a 
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decrease in individual length and weight (reductions of 4% in length and 13% in individual 
weight), resulting in a lower aquaculture production (9%).

Broader socio-economic assessment and modelling

In the absence of a social-accounting matrix (SAM) or input-output model for the Chinese 
economy which is broken down suffi ciently to allow for aquaculture operations, a simple 
static direct multiplier approach is used to develop a fi rst estimate of sensitivities in the 
broader economy and employment to changes in the production and gross value of aquacul-
ture production. Direct output and employment multipliers are calculated. Direct effects are 
impacts of a change in economic activity within the sector. Indirect effects are impacts of 
supporting economic activities from other sectors generated by this change in economic ac-
tivity. An output multiplier is a summation of the effects of RMB1 of demand for aquaculture 
farming production. The employment multipliers are expressed in terms of jobs per million 
Yuan of aquaculture production.

Socio-economic data were collected through (i) national and provincial datasets on aquacul-
ture production, gross value and employment (World Bank, FAO, Chinese National Bureau 
of Statistics, Statistics Yearbook Rongcheng Ocean and Fisheries Bureau, Ningbo Govern-
ment Statistics), (ii) a survey on the costs of production and income on a farm level and (iii) 
survey on local Chinese data and literature sources.

Figure 88 provides a breakdown on the mentioned datasets on fi sheries capture and farming 
systems in China. Sanggou Bay is an economically highly productive system with the gross 
economic value of fi sheries output (capture and farming) exceeding RMB48 . kg-1 compared 
to RMB15. kg-1 in Huangdun Bay and RMB12. kg-1 in China as a whole. The gross economic 
value of marine farming only is around RMB11. kg-1 for Sanggou Bay and the Xiangshan 
Gang, RMB10. kg-1 for the Roncheng administrative area, compared to RMB6. kg-1 for China 
as a whole. In Sanggou Bay the gross economic value for fi nfi sh is RMB40. kg-1, for shellfi sh 
RMB13. kg-1 and for macroalgae RMB2.25. kg-1. 

On average, this means that for every one kg of marine farming product between RMB6-11 
gross value is added to the economy, but there is considerable variation per species group 
and some variation per area.

Data on jobs was harder to come by. Fisheries in total generate 21.1 jobs and marine farming 
generates 18.9 jobs per RMB1 million gross value added. This includes jobs in fi sheries itself 
as well as in related industries and services. Fish farming jobs in China account for 4.3 mil-
lion or 62% of all jobs in fi sheries. No gender statistics were available for this study but it is 
estimated that 15% or 650 000 of these jobs are held by women. 
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The only local level data available for marine farming systems was in Sanggou Bay, where an 
average of 3.7 jobs is created for every RMB 1 million in gross value added. In Sanggou Bay, 
macroalgae farming operations are by far the most job-intensive with 34.2 jobs, fi nfi sh at 3.8 
jobs, shellfi sh (excluding abalone) at 16 jobs for every RMB 1 million in gross value added.

In China as a whole most of the gross value is added in the production of fi sheries itself 
(58%), with the rest of the value added in related industrial activities (processing, feeding, 
equipment, construction, medicine and other factors) (22%) and associated services (deal-
ing, transportation, recreation and others) (21%) (Figure 88). Different local situations are 
clearly evident with a very high 73% of all gross value added in Sanggou Bay in industry and 
a higher than national average of 40% for related services in Rongcheng. When compared to 
the Rongcheng administrative area (of which Sanggou Bay forms part) it is clear that practi-
cally all of the value added in processing in this area takes place in and around Sanggou Bay. 
In Huangdun Bay there is only a small amount of value added in the service sector (2%). 
Data on these ripple effects of marine farming specifi cally on other sectors of the economy 
were not available for this study.

Fisheries Related Industry Related Services

China 58% 22% 21%

Shandong 37% 40% 22%

Roncheng 30% 30% 40%

Sanggou Bay 12% 83% 5%

Huangdun Bay 
(Ningbo Municipality)

76% 22% 2%

Sources: Calculated from World Bank, FAO, Chinese National Bureau of Statistics, Statistics Yearbook 
Rongcheng Ocean and Fisheries Bureau, Ningbo Government Statistics.

 FIGURE 89. Relative share of production, industry and service values in fi sheries capture and farming sys-
tems in China (Changes indicated in red)

The following broader socio-economic sensitivities to changes in demand for captured and 
farmed fi sh are apparent:
 For every 1 kg increase in demand for captured and farmed fi sh in China, gross economic 

value will increase by RMB 12.3 of which RMB 7 of value is created in the fi sheries opera-
tions itself, RMB 2.7 in related industries and RMB 2.5 in related services. 

 For every 1 kg increase in demand for captured and farmed fi sh in Rongcheng, gross eco-
nomic value will increase by RMB26.7 of which RMB7.9 of value is created in the fi sheries 
operations itself, RMB8 in related industries and RMB10.7 in related services

 For every 1 kg increase in demand for captured and farmed fi sh in Sanggou Bay, gross 
economic value will increase by RMB48.5 of which RMB11.4 of value is created in the fi sh-
eries operations itself, RMB35.2 in related industries and RMB1.9 in related services
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 For every 1 kg increase in demand for 
captured and farmed fi sh in Huangdun 
Bay, gross economic value will increase 
by RMB15.3 of which RMB11.6 of value is 
created in the fi sheries operations itself, 
RMB3.4 in related industries and RMB0.2 
in related services.

Socio-economic sensitivities to changes in 
demand for marine farmed fi sh are as fol-
lows:
 For every 1 kg increase in demand for ma-

rine farmed fi sh in China, gross economic 
value will increase by RMB6.2 within the 
marine farming sector.

Employment sensitivities are as follows: 
 For every RMB1 million additional gross 

value added in the fi sheries sector in Chi-
na (marine & inland, fi shery & farming), 
21.1 jobs are created.

 For every RMB1 million additional gross 
value added in the fi sh farming sector in 

China (marine & inland), 18.9 jobs are 
created.

 For every RMB1 million additional gross 
value added in marine farming in Sanggou 
Bay, 3.7 jobs are created.

 For every RMB1 million additional gross 
value added in macroalgae marine farm-
ing in Sanggou Bay, 34.2 jobs are creat-
ed.

 For every RMB1 million additional gross 
value added in shellfi sh marine farming 
in Sanggou Bay, 0.8 jobs are created.

 For every RMB1 million additional gross 
value added in fi nfi sh marine farming in 
Sanggou Bay, 3.8 jobs are created.

It is recommended that a full social-account-
ing matrix for the Chinese economy is used 
to further assess the broader socio-econom-
ic implications of changes in marine aqua-
culture sector.
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Dynamic ecological-economic model

During the SPEAR project a dynamic ecological-economic model was developed that simu-
lates the feedbacks between both components of shellfi sh aquaculture in order to support 
decision-making. The conceptual model is named Modelling Approach to Resource eco-
nomics decision-maKing in EcoaquaculTure (MARKET). Figure 90 describes the major inter-
actions considered in the modeling approach. 

Economic model

Shellfish production

Profit

Ecological model

Shellfish growth

Harvestable biomass

Decision model Changes in 
production

Changes in 
desired production

 FIGURE 90. MARKET overall integration scheme

MARKET was implemented for shellfi sh aquaculture in Huangdun Bay using a visual model-
ling platform (PowerSim™). 

One of the key features of integrating the ecological and economic models is to accommo-
date the different scales at which these systems are studied: (i) ecological – hours to days; (ii) 
economic – annual quarters to years. This is addressed by using two different timesteps for 
each model (0.01 yr and 1 yr, respectively). The simulation period considered is 50 years.

The decision model is the engine of the MARKET model. This model determines what is 
going to be the next year production, thus driving the ecological and economic models. The 
MARKET model assumes that aquaculture farmers decide based on (i) the gap between the 
yearly production and the demand, (ii) the profi tability and (iii) the available area for cultiva-
tion. If all these criteria favour a production increase, the desired production increases as a 
percentage of current year production. If the demand is lower than the current year’s pro-
duction or the current profi tability is negative, the decision model defi nes a decrease in the 
desired production proportional to the current year’s production. If the maximum cultivation 
area is achieved an increase in production will not be allowed.

The economic model is divided into sub-models that simulate harvest, costs and profi t-
ability of the bivalve production (Figure 92). The exploitation of bivalves is driven by three 
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forcing functions: demand, price and house-
hold income. The local farmers are assumed 
to be price takers since the aquatic product 
prices are determined by the global market. 
The household income, on the other hand, 
is driven by the growth of the per capita in-
come in China as a whole and not in the lo-
cal system. 

In MARKET the harvest rate is based on the 
desired production rate and limited by the 
available biomass for harvesting (weight 
class 2 and 3). The dynamics of profi ts are 
determined by the revenue (derived from the 
dynamics of harvested yield and the forcing 
function of price) and the total costs incurred 
which includes fi xed and variable costs. The 
rate of production is the sum of the rate of 
production from capital and labour inputs. 
The estimates of the elasticity of capital and 
labour are based on a Cobb-Douglas pro-
duction function. Growth in production rate 
occurs through the growth of the individual 
input factors. The factors that regulate the 
deployment of input factors are:

§ Profi ts in the previous year – since price 
will lead to an increase in profi ts, this will 
in turn lead to increase in the investment 
in the inputs. If the marginal benefi ts of 
additional production continue to exceed 
the marginal costs of additional produc-
tion the farmer will keep expanding his 
business.

§ Desired production – if the demand 
keeps rising, farmers will have an incen-
tive to produce more, but this is subject 
to the realisation of profi ts.

In order to focus on the integration process 
the ecological system was simplifi ed, using 
only fi lter-feeding shellfi sh, and excluding 
aquaculture with artifi cial feed. The main 
interactions considered between the ecosys-
tem and the aquatic resource production are 
space limitation and food availability.

A population model based on three weight 
classes was used (Equation 1).

Equation 1

Where, s is weight class (g), t is time (yr), n 
is number of individuals of weight class s, g 
is scope for growth (g.yr-1), and u is mortality 
rate (yr-1).

According to this model the transition of ani-
mals is driven by a combination of growth 
rate and natural and harvesting mortality 
(Figure 91).

The EcoWin2000 model was run in order to 
determine the scope for growth as a func-
tion of the cultivated area.
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 FIGURE 91. Bivalve population model
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Several cultivation areas were forced in the ecosystem scale model in order to establish a 
relationship between total cultivated biomass and annual growth rate (ratio between total 
seeding biomass and harvestable biomass) (Equation 2):

Equation 2

Where A is the cultivation area (m2).

Figure 92 presents the MARKET model outputs for the standard simulation.

STANDARD MODEL ASSUMPTION VALUES
Price annual growth: 2% 
Per capita income annual growth: 10 %
Max. cultivation area (% of total bay): 83%

Harvested shellfish yield (HSY)
Local demand (LD)
Marginal benefit (MB)
Marginal cost (MC)
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Net profit (NP)
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 FIGURE 92. MARKET model outputs. 
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SCREENING MODELS
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Summary

The development and implementation of screening models, as tools which may be useful for 
a fi sh farmer, farm manager or coastal manager, were an important component of SPEAR. 
Typically these models are easy to use and run in minutes, and support decisions such as the 
assessment of the impact of a particular planning option, or classifi cation of the ecological 
status of an aquatic system. 

This chapter describes various types of models, including applications at the system scale 
for eutrophication assessment, and at the local scale for examining the environmental im-
pact of fi sh cages, and the productivity of different types of fi sh, shellfi sh, such as prawns 
and oysters, and for analysing the value of different culture combinations.

These screening models may include a socio-economic dimension, as illustrated by the ap-
plication of the FARM model to determine the seeding density of bivalves leading to the 
highest profi t for the farm.

SPEAR drew on many international and Chinese resources, and served as a magnet to bring 
the science and management community together in exploring a set of complementary ac-
tivities, known collectively as the SPEAR Leverage Programme. One of the products of this 
collaboration was the development of the ASSETS application for eutrophication assess-
ment, which is available for use by water managers, both in a Chinese and English version.
In addition, a differential version of the Drivers-Pressure-State-Impact-Response (ΔDPSIR) 
model was developed, to understand the interrelations between ecological and economic 
dynamics of coastal zones. The key feature of the ΔDPSIR is to consistently evaluate both the 
ecological and economic components of an ecosystem over a given time period. This ap-
proach was developed in order to empower decision-makers with a scientifi c framework to 
evaluate responses and policy scenarios designed to address coastal zone problems.
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Research models and screening models

Models that address ecosystem processes in estuarine and coastal zones, either at the sys-
tem scale or at local scales, may be broadly divided into two categories. Screening models 
constitute the fi rst category, and are designed to provide an overview of a system based on 
a few diagnostic variables, which may include physical and biogeochemical processes. Mod-
els of this type have existed for many years in freshwater and are usually statistical or have 
simple dynamics. In regions of restricted exchange, screening models have been proposed 
for estuaries, fjords and coastal waters.

The second class of models consists of detailed simulations of water quality and ecology, of-
ten using many variables and/or high resolution. Many such models exist, often building on 
a physical template that describes the hydrodynamics and adding to it a range of processes 
which are linked to the production of organic matter. Such approaches may be classifi ed as 
research models, since they are useful tools to study environmental responses to changes in 
pressure under specifi c conditions, but are diffi cult to interpret and use by non-specialists.

Overview and application of screening models

Screening models typically simplify the system into a highly aggregated image of overall con-
dition, either in space, time or both. Although these models differ in some of the underlying 
concepts, they share the following key properties.

They provide an integration of many complex processes into a simplifi ed 
set of relationships and rates;

They provide an assessment of the state of a system or local area on the 
basis of a few measured parameters, using ranges defi ned on theoretical 
and/or empirical grounds;

They act as a link between data collection, interpretation and coastal 
management;

They are not designed for day-to-day management of a particular water 
body, but rather are used by managers to provide overviews and to make 
comparisons.
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Desktop-based models

ASSETS
Examples of application at the system-scale include the Assessment of Estuarine Trophic 
Status (ASSETS) model which allows a management-level evaluation of the condition of the 
water body with respect to eutrophication.

The ASSETS model is used for eutrophication assessment as described in the Tools chapter 
and illustrated by a case study in the Management and Case Studies chapter.

 FIGURE 93. The ASSETS screening model, showing the Infl uencing Factors screen

A desktop application (Figure 93) was developed as part of the SPEAR Leverage programme, 
which is freely available for download from http://www.eutro.org/register/ both in English 
and Chinese.

In the SPEAR Leverage Programme, a compilation of the key characteristics of bays through-
out China was carried out, and a pilot application of ASSETS to the Changjiang Estuary and 
to Jiaozhou Bay was also performed, together with a comparison of this approach with vari-
ous nutrient index methods currently used in China. The work done on Jiaozhou Bay is of 
great interest to coastal managers, since it illustrates the role of shellfi sh aquaculture in the 
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top-down control of eutrophication symptoms. It is presented as a case study in the Man-
agement and Case Studies chapter.

In SPEAR, ASSETS was applied to both bays studied, as a means to evaluate the eutrophi-
cation status using a third generation approach. Figure 94 shows results for Sanggou Bay, 
which is classifi ed at High Status, with both a reduced nutrient input and a low level of ex-
pression of the various symptoms of eutrophication. 

Methods

Susceptibility

Nutrient inputs

Primary

Secondary

Future nutrient
pressures

Parameters

Dilution potential

Flushing potential

Chlorophyll a

Macroalgae

Dissolved Oxygen

Submerged Aquatic
Vegetation

Nuisance and Toxic 
Blooms

Future nutrient pressures remain the same

Rating

High

Moderate

Moderate

Low

No Problem*

No Problem

No Problem

No Problem

Level of expression

Low
susceptibility

Low

Low

Index

LOW

LOW

NO
CHANGE

Indices

Influencing
Factors (IF)

ASSETS: 5

Overall
Eutrophic
Condition (OEC)

ASSETS: 5

Future Outlook
(FO)

ASSETS: 3

Estuary Characteristics: Main issues and impacts:

Cultivation of scallops,
oysters, kelp - high summer
bivalve mortality from disease

Population (X 103)
Nutrient loading (tN y-1)
Mean depth (m)
Mean tidal range (m)
Water residence time (d)

200
400

7.5
1.5
20

Sanggou Bay - ASSETS Application
ASSETS: HIGH

 FIGURE 94. Application of the ASSETS screening model to Sanggou Bay

The results obtained for Huangdun Bay are rather different, with an overall ASSETS rating of 
Poor. The bay is considered to have moderate susceptibility, based on a combination of river 
discharge and tidal exchange, but a high level of nutrient loading. Despite this, the Overall 
Eutrophic Condition is classed as Moderate, since the expression of symptoms is mainly 
associated with elevated chlorophyll concentrations. The substantial developments planned 
for the bay are seen as leading to a worsening situation.
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Models such as the CSTT or FJORDENV similarly provide a snapshot of system status, using 
a limited amount of data.

Particulate waste models
At the local scale, screening models may be used to look at aquaculture yields, local impacts 
of fi sh farming, and water quality. 

 FIGURE 95. Modelled particulate carbon input to sediments (g C m-2 y-1) from fi sh culture at the Dem-
onstration Site in Huangdun Bay under ambient current fl ow conditions (left), and an illustration of how 
dispersion for the same production level may change under slower hydrodynamic conditions (right). 

A good example is a particulate waste distribution model (Figure 95), which may be devel-
oped for use as a spreadsheet or for more complex spatial analysis using GIS, to provide a 
quantitative footprint of organic enrichment beneath fi sh farms. A simplifi ed representation 
of fi sh growth is used, the main emphasis being on the simulation of the trajectory of the 
wasted food and metabolic products. This allows for the determination of organic enrich-
ment of the sediment below the fi sh cages, which in turn can be used to predict changes to 
benthic biodiversity through empirically derived calibration curves. Such enrichment foot-
prints are used for the environmental regulation of cage fi sh farming in many countries.

Web-based screening models
Web-based screening models are part of the rapidly emerging paradigm of Software as a 
Service (SaaS). The implementation of ecological models as client-server software on the 
world wide web greatly improves accessibility, encourages user feedback and helps to bridge 
the “digital divide” (e.g. Brooks et al., 2005). The development and implementation of this 
kind of model is typically supported by research grants, but maintenance (the key software 
issue) - and typically unsupported by research grants - is far easier (and therefore cheaper) if 
all clients are simultaneously able to run an updated model from a server, rather than down-
loading client-specifi c upgrades. 
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WinShell
WinShell is a web-based screening model which enables shellfi sh farmers or water managers 
to rapidly assess the growth potential of a particular area.

 FIGURE 96. WinShell, a simple web-based screening model for individual shellfi sh growth

Although such models have the potential to simulate the growth of one or more animals in 
a given water volume, they do not explicitly simulate intraspecifi c competition for resources, 
and should not be used (e.g. by means of scaling factors) to determine carrying capacity.

The web-based interface and system architecture corresponds to a new generation of Rich 
Internet Applications, or RIA, which provide a user experience very similar to desktop appli-
cations. The model is available at http://www.longline.co.uk/winshell/

LMPrawn
LMPrawn is a model for simulation of individual growth and population productivity of cul-
tivated penaeid shrimp. The model is designed for shrimp aquaculture management, and 
has four main uses: (i) prediction of production and feed requirement; (ii) optimization of 
seeding size and culture period; (iii) optimization of farming methods, e.g. monoculture or 
polyculture with bivalves; (iv) profi tability assessment. LMPrawn is currently applicable to 
the pacifi c white shrimp Litopenaeus vannamei and Indian shrimp Fenneropenaeus indicus, and 
the polyculture of shrimp with razor clam Sinonvacula constricta may also be simulated. 

The model was implemented as a web-based client-server application and is available at 
http://www.lmprawn.com/
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MOM
The Monitoring-Ongrowing fi sh farms-Modelling (MOM) model is used to compute the 
holding capacity of a specifi ed site for fi sh farming, and can be run for a selection of fi sh 
species – representing the whole spectrum from polar to tropical species. In the MOM sys-
tem it is required that particulate organic matter from the farm, i.e. excess feed and faeces, 
must be assimilated by the ecological system in and around the farm. To ensure that this 
happens, the MOM system requires that benthic animals must be present throughout the 
farm, even in areas where the organic loading is largest. To compute the holding capacity 
requires computation of the transport of both organic matter and oxygen to the sediment 
surface. This requires a knowledge of (i) the dispersive (fl uctuating) current component and 
(ii) the current and oxygen conditions in the turbulent benthic boundary layer at the site. The 
MOM system also requires that the water quality in the fi sh cages must be high which in cer-
tain cases may determine the holding capacity of a site. When current and oxygen data are 
available, it is easy to use the MOM model to compute the holding capacity of the site. The 
model can be accessed at www.ancylus.net where the manual and several papers describing 
the model in detail may also be found. Results of the application of MOM are given in the 
Aquaculture chapter.

FARM
The Farm Aquaculture Resource Management (FARM) modelling framework applies a com-
bination of physical and biogeochemical models, bivalve growth models and screening mod-
els for determining shellfi sh production and for eutrophication assessment. FARM currently 
simulates these interrelations for fi ve bivalve species: the Pacifi c oyster Crassostrea gigas, the 
blue mussel Mytilus edulis, the Manila clam Tapes phillipinarum, the cockle Cerastoderma edule 
and the Chinese scallop Chlamys farreri. Shellfi sh species combinations (i.e. polyculture) may 
also be modelled.

The FARM model simulates processes at the farm scale (about 100-1000 m), considering 
advective water fl ow and the corresponding transport of relevant water properties. These 
properties include the total concentration of suspended particulate matter, phytoplankton 
and organic detritus, together with ammonia and dissolved oxygen.
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 FIGURE 97. Optimisation of oyster culture in Huangdun Bay

The general framework of the model is applicable to suspended culture from rafts or longlines 
as well as to bottom culture or trestles. Horizontal water transport is simulated using a one-
dimensional model, to which vertical transport is added for suspended culture.

Requirements for input data have been reduced to a minimum, since the model is aimed at 
the shellfi sh farming community and local managers in different parts of the world. Model 
inputs may be grouped into data on (i) farm layout, dimensions, species composition and 
stocking densities; (ii) suspended food entering the farm; and (iii) environmental param-
eters. The FARM model is publicly available at http://www.farmscale.org/

Figure 66 illustrates the application of FARM to perform a marginal analysis, with the objec-
tive of determining the optimum seeding density for the maximisation of farm profi ts. An 
analysis of this nature is performed by executing successive runs of the model (each of which 
takes only a few minutes) and combining data on seeding tonnage and yields with fi nancial 
data.
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 FIGURE 98. Application of FARM to calculate a mass balance for oyster culture in Sanggou Bay

The application of FARM to an oyster farm in Sanggou Bay (800m long X 40m wide) is 
shown in Figure 67, and illustrates the substitution value of shellfi sh with respect to land-
based control of nutrient emissions. It is envisioned that in a scenario of integrated catch-
ment management of discharges of nitrogen and phosphorus, such as already occurs in 
parts of the U.S. and in Scandinavia, shellfi sh farmers will be able to sell nutrient credits to 
their land-based counterparts, in much the same way as carbon credits are traded today.

For the case- studies applied in SPEAR (see Management and Case Studies chapter), the model 
has been enhanced to include fi sh, in order to examine effects on shellfi sh growth. The 
outputs of the FARM model have been used to examine changes in growth of cultivated 
seaweeds in Integrated Multitrophic Aquaculture (IMTA).
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Differential DPSIR framework for ecologi-
cal and economic assessment of integrated 
multitrophic aquaculture
An integrated ecological-economic model-
ing approach (differential Drivers-Pressure-
State-Impact-Response) was applied to as-
sess the role of bivalve shellfi sh in integrated 
multitrophic aquaculture (IMTA). 

The key feature of the ΔDPSIR is to consis-
tently evaluate both the ecological and eco-
nomic components of an ecosystem over a 
given time period.

The objective of this approach is to empower 
decision-makers with a scientifi c framework 
to evaluate responses and policy scenarios 
designed to address coastal zone problems.

The application of the ΔDPSIR framework is 
divided into three stages.
 Characterisation stage – identifi cation of 

relevant issues and defi nition of the pe-
riod of analysis. 

 Quantifi cation stage - quantifi cation of 
both the ecological and economic vari-
ables:

  (i) Analysis of the drivers, pressures 
  and state at least during two years 
  (at the beginning, t, and at the end of 
  the period of analysis, t+Δt);
  (ii) Analysis of the changes during the 

response implementation period (Δt).
 Overview stage - quantifi cation of the 

economic value for management, with 
the objective of synthesising the major 
outcomes, as shown in the graphs.

a) Sustainable

Time (Years)

Economic indicators
Ecological indicators

b) Overexploitation

c) Restoration/remediation d) No management

t t+Δt t+2Δt t t+Δt t+2Δt t+3Δt

Time (Years)

 FIGURE 99. Example of ΔDPSIR Overview stage
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The FARM model was used to evaluate 
two scenarios: fi sh production in monocul-
ture; IMTA combining fi sh and oysters. The 
changes of shifting from monoculture to 
IMTA are: 
(i)  increase of production value of drivers 

(80 x 103 RMB.y-1); 
(ii) decrease in pressures due to the net re-

moval of phytoplankton and organic detri-
tus by shellfi sh fi ltration (-12.9 ton N y-1); 

(iii) the state of the ecosystem was not 
simulated given the small scale of this 
analysis. However a positive impact is 
expected given the decrease in pressure. 
Compared with standalone fi sh produc-

tion, IMTA presents a positive externality 
estimated as 1.4 x 106 RMB y-1 (1.4 x 105 € 
y-1) for nutrient reduction, and 103 RMB y-1 
for CO

2
 ((102 € y-1)) absorption by phyto-

plankton fi ltered by oysters; 
(iv) there is a gross overall gain of 1.5 x 106 

RMB.y-1 (1.5 x 105 € y-1) in adopting the 
IMTA system. This gain includes not only 
an economic measure of the drivers but 
also the indirect value of environmental 
effects.

This modelling approach can be particular-
ly valuable for decision makers to evaluate 
coastal management scenarios.
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MANAGEMENT AND CASE STUDIES 

 图 1. 桑沟湾FARM模型的方案设置与模拟结果输出
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Summary

The tools developed within SPEAR are designed to support decision-makers in successfully 
implementing integrated castal zone management, harmonising various (often competing) 
uses into a framework for sustainable development. The project team worked closely with 
stakeholders to develop a set of example scenarios which could be examined using the SPEAR 
models. The tools which are appropriate for each scenario differ, highlighting the importance 
of multiple models, tailored to appropriate issues and scales. A key fi nding from this project 
has been that the combination of models running at widely varying time and space scales is at 
the core of a successful analysis.

Results from one scenario (Figure 1) are provided here to illustrate the potential for this kind 
of application. A farm in Sanggou Bay was selected as a demonstration site.

Nº Description TPP
(ton TFW)

APP Profi t
(K€)

Nitrogen 
removal
(kg y-1)

PEQ
(y-1)

Total 
income2

(K€ y-1)

1 Oysters in sections 
1, 2 and 3, 

15.5 8 75.4 404 122 114

2 Oysters in sections 
1 and 3, section 2 
empty

10.4 8 50.7 270 82 76.5

3 Oysters in sections 
1 and 3, section 2 
fi sh cages only

18.1 14 89.1 350 106 122.2

 FIGURE 1. Setup options and results of Sanggou Bay FARM scenario

The addition of fi sh cages in the middle section of the farm provides an additional source 
of revenue, and the additional input of particulate organic matter to the downstream part of 
the farm substantially increases oyster production, which in total exceeds that in the uniform 
distribution used in Setup 1, and has the added advantage of reducing the local organic depo-
sition effects of fi sh aquaculture. Overall, Setup 3 provides both the highest profi t from pro-
duction activities and the highest potential income when considering also the environmental 
costs of nutrient treatment, or (alternatively) the resale value of nitrogen credits as a catch-
ment management option.

This chapter also includes two complementary case studie: The fi rst reports on an application 
of the ASSETS method to Jiaozhou Bay, as part of the development of a (SPEAR Leverage) 
project for trophic assessment in China, or TAICHI, which aims to execute a full assessment 
of eutrophication in Chinese coastal waters. The second case study is from the United States, 
and brings together eutrophication assessment and fi sheries, in a management-oriented ap-
proach to coastal management from outside China. 
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Introduction

The period between the identifi cation of a major environmental problem by scientists and 
societal action is often measured in decades or more. Unsustainable practices in using 
coastal and marine resources have been documented throughout the world. The list is long 
and entails destruction of coastal wetlands for settlement or other human use, overfi shing 
and coastal pollution. Upstream dams can reduce nutrient runoff from excessive use of fer-
tiliser in upstream agriculture or insuffi ciently treated waste waters, which lead to growing 
anoxia in many coastal zones, particularly semi-enclosed parts of the ocean, but also pro-
voke erosion and affect transport. Other effects result from human activities in the coastal 
zones themselves. 

The graduality of change has made people adjust their perceptions as to what to consider 
natural, beautiful and worth of keeping. This widespread shifting baseline syndrome signals 
the extraordinary ability of humans to adapt to changing circumstances, however, it can also 
become a trap when we fail to understand the transitions and tipping points between what 
is reversible and irreversible change of a natural system. Study of earlier states and historical 
and spatial comparisons are essential intruments in revealing the more fundamental struc-
ture and dynamics of systems in order to fi nd better ways to reconcile different functions 
with one another in ways that ensure overall resilience.

Overview of legislation and policy

In China a substantial body of legislation exists to address environmental protection. Most 
of these instruments have been approved in recent years, and build on general laws on 
Water (1988/01/21) and Environmental Protection (1989/12/26). Foremost amongst these 
instruments are: Sea Water Quality GB 3097-1997, Environmental Quality for Surface Wa-
ter GB 3838-2002, and Provisions for Monitoring of Marine Culture and Propagation Areas 
(2002/04/01).

China possesses a comprehensive set of laws and regulations dealing with coastal areas, in-
cluding over 25 legislative instruments addressing issues as varied as regulations on dump-
ing (1985, 1992), Marine Protected Areas (1994, 1995, 1997), EIA (2002), and a general imple-
mentation of the UNCLOS Convention in 1998, together with specifi c dispositions e.g. as 
regards fi sheries.

ICZM requires appropriate legislation, and additionally benefi ts from the existence of strong 
public participation and independent coordination thus avoiding the twin pitfalls of margin-
alizing stakeholders and encouraging sectorial management. The participation and coordi-
nation issues are not easily achieved in the present-day PRC, however a pilot structure for 
ICZM exists in Xiamen and is planned for Shanghai. 
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Nevertheless, the concept of integrated assessment, as set down for instance in the EU 
WFD , does not seem to be widely applied. A review of available Chinese literature indicates 
that the application of extended tools to assess ecological integrity is incipient, but that there 
is a growing national concern in shifting from methods based on water chemistry and simple 
biological diversity metrics to more sophisticated approaches which use ecological indica-
tors of degradation to provide a more robust assessment.
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 FIGURE 100. HAB events in coastal China from 1972 to 2004 and regional proportion in the last decade 
(http://www.china-hab.cn)

Marine resources and ecological quality assessment

Most of the estuaries and coastal inlets and bays are also important fi shery grounds. The 
Comprehensive Index Assessment Method (CIAM) has been developed and applied to eval-
uate the ecological quality of the marine fi sheries environment for the major coastal areas 
of China. CIAM incorporates four assessment modules: seawater quality, nutrient level, pri-
mary production level, and diet organism richness, the index is the mean value of the sub- 
indices.
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Seawater quality assessment in CIAM evaluates water pollution status. The main compo-
nents of coastal pollution in China include organics (indicated as COD), eutrophication, 
total hydrocarbons, and heavy metals. The organic pollution status is assessed using the 
Organic Pollution Index method (the A value), while the status of other types of pollution 
is assessed using Factorial Analysis (Pi) according to Fishery Water Quality GB 11607 -1989 
and Sea Water Quality GB 3097-1997. The classifi cation of sea water quality used in CIAM 
is given in Figure 71. The A value is directly used as Pi during the comprehensive ecological 
quality assessment stage.

Organic pollution 
assessment

Quality index (A value) Grade Quality Assessment

< 0 1 Excellent

0~1 2 Clean

1~2 3 Relatively clean

2~3 4 Slight pollution

3~4 5 Medium pollution

>4 6 Serious pollution

TPH and heavy metal 
pollution assessment

Pi Grade Quality Assessment

<0.4 1 Background

0.4~0.6 2 Clean

0.6~0.8 3 Relatively clean

0.8~1.0 4 Slight pollution

1.0~2.0 5 Pollution

>2.0 6 Serious pollution

Comprehensive ecological 
quality grade of marine 
fi shery environment

Index range Grade Quality status

0.2 1 Excellent

0.2~0.4 2 Fine

0.4~0.6 3 Relatively fi ne

0.6~0.8 4 Moderate

0.8~1.0 5 Poor

>1 6 Very poor

 FIGURE 101. Classifi cation of sea water quality used in CIAM, including organic pollution assessment, TPH 
(Total Petroleum Hydrocarbon), and heavy metal pollution; comprehensive ecological quality grade of ma-
rine fi shery environment

Concentrations of dissolved nitrogen (DIN), phosphate and silicate and their ratios are used 
in the sea water nutrient level assessment using a NIM (the E value). The seawater nutrient 
level is classifi ed as: E=0-0.5, Grade: 1, Nutrient level: Low; E=0.5-1, Grade: 2, Nutrient level: 
Medium; E>1, Grade: 3, Nutrient level: Eutrophic. The E value is used as P

i
 in the CIAM.
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Primary productivity level and diet organism richness are important indicators for the fi sh-
ery environment quality status. Since they vary signifi cantly among different areas along the 
coast, six grades are used to classify the quality status. The level for each item is taken as P

i 

in the fi nal CIAM. The CIAM index is calculated as:

Eq. 1

I
p
: comprehensive ecological quality index; P

i
: index level assessed for indicator i (i.e. indi-

ces for seawater quality, nutrient, primary productivity and diet organism richness); n: total 
number of indicators.

The CIAM of the marine fi shery environment is classifi ed into six grades according to quality 
index I

p
: excellent, fi ne, relatively fi ne, moderate, poor and very poor.

Stakeholder participation in SPEAR

SPEAR was committed to engage stakeholders over the course of the project, in order to 
tailor the SPEAR products to match the expectations of fi shery managers, producers, envi-
ronmental representatives and the population as a whole. 

PHOTO: SPEAR visit to fi sh farms in Huangdun Bay
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In order to do this, the partnership carried out several actions, starting with initial meetings 
with stakeholder representatives in Rongsheng and Ningbo, followed by a training course in 
Xiamen in March 2006, and by a two day meeting in Zhaozhuang. For the organization of 
the meeting, we have drawn from a number of previous experiences, in particular from the 
SMILE project (http://www.ecowin.org/smile/).

The meetings which took place involved the SPEAR partnership and stakeholders from the 
Chinese government, local government agencies and fi sheries companies.

Objectives of stakeholder meetings

For stakeholder representatives

A clear understanding of the activities and products of the SPEAR consor-
tium

A clear knowledge of the support which the SPEAR tools can provide for 
decision-making in catchment management and in aquaculture manage-
ment

An appreciation of the types of questions SPEAR can answer, and those it 
cannot

An awareness of how this technology and scientifi c knowledge is being 
transferred to China, and how the approach developed for Sanggou Bay 
and Huangdun Bay can be potentially applied on a national scale

For SPEAR partners

A fuller understanding of the issues of concern to the Chinese stakeholder 
community

A clear set of scenarios that should be examined by the SPEAR partner-
ship. These scenarios will be applied by the partnership and to exemplify 
the use of the SPEAR models in decision-making to the stakeholder com-
munity

A blueprint for effective communication of SPEAR products to stakehold-
ers, to maximize utility and usability

From these meetings, a clear picture emerged of the main issues of concern in both bays 
(Figure 102).
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Issues of concern in Huangdun Bay

Confl icts of use for shipping logistics and infrastructure, transport (e.g. construction of a new bridge), 
industry, aquaculture, fi shing and tourism

Excessive fi sh cage numbers and density

High mortality of young fi sh, in large measure due to their use as food for cultivated fi sh

Power plant emissions, including thermal pollution from 83 m3 s-1 outfl ow of re-circulating seawater, pos-
sibly causing oyster mortality and reduced growth.

Issues of concern in Sanggou Bay

Maintain or increase the level of aquaculture value yield (currently 36 million euros)

Overexploitation of aquaculture

Experiment and optimise different combinations of Integrated Multitrophic Aquaculture

How to reduce/respond to the impact of aquaculture (i.e. increase of sedimentation, leading to reduction of 
local wild fi sheries of scallops, oysters etc)

Potential for extension to an additional nine bays in Rongsheng City

 FIGURE 102. Main issues of concern in the SPEAR bays

The issues discussed at the stakeholder meetings were developed into a set of management 
scenarios which the SPEAR models, running independently or as a framework, would be able 
to address. Six such scenarios were identifi ed (three for each bay) as being of paramount in-
terest to management. These are briefl y described below, and a subset of four are presented 
in this chapter.

Scenarios and case studies

Figure 73 presents a synthesis of the three scenarios which were defi ned for each bay. Analy-
sis for all of these require a combination of the models developed in SPEAR, associated to 
environmental databases, remote sensing data and geographic information systems, and 
socio-economic indicators. The selection presented in this book, condensed for brevity, 
highlights the application of both system-scale tools and farmscale models, and illustrates 
the use of both research models and screening models. The remaining two case studies pro-
vide an example of the interaction between eutrophication and aquaculture in Jiaozhou Bay, 
another important Chinese coastal system, and an example of related work from Barnegat 
Bay, on the East coast of the United States, as a complement to the Chinese case studies.
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System Scenario description Tools

Huangdun 
Bay

Assess impact of change to fi sh cage numbers and sizes GIS, EcoWin2000

Assess impact of nutrient discharge reduction from waste water treat-
ment plants

SWAT, Delft3D, 
EcoWin2000

Combination of the two scenarios above As above

Sanggou Bay Reduce culture densities for shellfi sh alone by 50% (achieved by 
increasing distance between longlines and/or droppers, to assess 
consequences for total production value

GIS, EcoWin2000

Alter species composition: currently there are 450 Mu1 of fi sh cages, 
50,000 Mu of Laminaria, 40,000 Mu of shellfi sh, proposed change to 
a 70:20:10 (kelp:fi lter:fi nfi sh)

GIS, EcoWin2000

Replace oyster culture (1500 Mu) with abalone culture (1000 Mu) and 
fi sh cages (400 Mu)

MOM, FARM

 FIGURE 103. Development scenarios for Huangdun Bay and Sanggou Bay

Huangdun Bay – Changes to fi sh cages and nutrient reduction
The stakeholder community in Huangdun Bay identifi ed this as a major management 
question. It is thought that the fi sh farms have a substantial impact on the water quality in 
Huangdun Bay, due to excessive organic loading. To further improve water quality there are 
also plans for sewage water treatment plants. 

CoBEx-Eco has been used to estimate changes in water quality for the three different sce-
narios.

Reduction of fi sh farms (proposed by stakeholders to be about 40% of the 
total production)

Reduction in sewage discharge

The two reduction scenarios combined

The scenario simulations indicate that there are only minor changes in net primary produc-
tion for all three cases, signifying that reduction in loads will have little effect on the water 
quality. The reason for this is that inorganic nutrient concentrations remain high during the 
whole year and therefore nutrient availability does not limit production. Thus, reducing nu-
trient concentration slightly will not cause any signifi cant change in primary production. To 
further check the sensitivity of this statement a simulation with all land based loads reduced 

2 The Mu is the Chinese unit of area. In aquaculture, the Culture Mu is used for licensing, and although 
nominally rated as 1/15 of one hectare, its size is variable according to the productivity of the system, i.e. a less 
productive system has a larger Culture Mu. Typical values range from 1000-5000 m2.
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to zero (i.e. no loads from land, sewage or pond cultures) was carried out, which resulted 
in a 10% reduction of primary production. Although phosphate concentrations are reduced 
by 50-75%, there was still no nutrient limitation. These results seem reasonable as long as it 
can be verifi ed that inorganic nutrient concentrations are indeed high during the productive 
season. For the standard case this appears to be reasonable, but for such large perturbations 
as in the no load case, further validation of the model is probably necessary to exclude the 
possibility of nutrient limitation. 

Bay Fish cage reduction Increased sewage 
treatment

Combination of fi sh 
cage reduction and 
sewage treatment

No loads from land, 
shrimp ponds or 

sewage

Xize 0.2 1.0 1.2 6.2

Wushe 0.3 1.4 1.8 9.2

Tie 0.3 1.5 1.8 11.6

Huangdun 0.2 1.3 1.5 10.4

 FIGURE 104. Reduction in net primary production (in %) relative to the standard case for the three scenarios 
and the no land load case.xt 

Locally, fi sh farms may have an impact on the sediment quality beneath the farms due to 
accumulation of particulate matter. Estimates from the MOM model indicate that 60-80% 
of the outputs from a farm originate from uneaten food due to overfeeding of the fi sh. There-
fore, local improvements can probably be attained by improving feeding routines rather than 
by reducing the size of a farm or the numbers of farms. Measures in this direction will of 
course also increase profi ts as feed can be a substantial part of the total production cost.

Huangdun Bay – Changes to culture combinations
This scenario considers a farm with a width of 12m and a length of 3000m, and a water depth 
of 12m. Since the water column is vertically homogenous, the farm was simulated as bottom 
culture, assuming that water turbulence would be suffi cient to prevent food deposition.

Width
40m

Depth
10m

Lenght 800m

Chl a

Sections: 3

POM

Chl a

POM

2– 3
–

n-1— n–1–

CurrentCurrent

Shellfish
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Three different combinations were simulated, considering the farm to be divided into three 
sections for modelling purposes. For the scenario including fi sh cages (scenario 3), fi sh cage 
size was considered to be 5 x 5 m, with each cage containing 464 fi sh, fed on a diet of trash 
fi sh. For this scenario, 225 cages were placed in the middle section of the farm.

FARM location
The farm selected as a demonstration site is located in Box 3 (see Ecosystem Models chap-
ter) of Huangdun Bay (Figure 105), where Chinese oyster (Crassostrea plicatula) raft culture, 
fi sh cage culture of large yellow croaker (Larimichthys crocea), Japanese seabass (Lateolabrax 
japonicus), black seabream (Sparus macrocephalus) and red drum (Sciaenops ocelatus), and laver 
(Porphyra sp.) seaweed culture coexist.

 FIGURE 105. Box layout of Huangdun Bay and location of FARM simulation area

Box 3 is a polyculture area which is additionally used for cultivation of laver. The various types 
of farms are adapted into three scenarios, and have been simulated in the FARM screening 
model.

FARM scenarios
Figure 106 shows the three different setup options considered. The fi rst setup considers 
oysters in all sections, at a density of 156 animals m-2, the second considers only oysters in 
the two end sections, and the third adds fi sh cages to the middle section of the farm. The 
cultivation period was one year.

The driver data were obtained from runs of the EcoWin2000 ecological model, current ve-
locities from the Delft3D model (see the Ecosystem Models chapter), the culture practice and 
densities from the Aquaculture chapter.
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Nº Description TPP
(ton TFW)

APP Profi t
(K€)

Nitrogen 
removal
(kg y-1)

PEQ
(y-1)

Total 
income3

(K€ y-1)

1 Oysters in sections 
1, 2 and 3, 

92.5 25 459 5298 1606 944

2 Oysters in sections 
1 and 3, section 2 
empty

61.9 25 307 3555 1077 633

3 Oysters in sections 
1 and 3, section 2 
fi sh cages only

66.8 27 332 12857 3896 1503

Figure 106. Setup options and results of Huangdun Bay FARM scenario

The addition of fi sh cages in the middle 
section of the farm provides an additional 
source of revenue, and the additional subsi-
dy of particulate organic matter to the down-
stream part of the farm increases oyster pro-
duction by about 10% over Setup 2, which 
does not however exceed that in the uniform 
distribution used in Setup 1, because the 
oyster growth in section 3 is not limited by 
food availability. However, it has the added 
advantage of reducing the local organic de-
position effects of fi sh aquaculture, which is 
shown in the nitrogen removal, more than 
double the value in Setup 1. Overall, Setup 3 
provides both the highest potential income 
when considering both the shellfi sh produc-
tion and the environmental costs of nutrient 
treatment, or (alternatively) the resale value 
of nitrogen credits as a catchment manage-
ment option. For all these scenarios, the AS-
SETS grade (applied at the scale of the farm) 
remains unchanged and is rated as Good.

The outputs of the FARM model were used 
to force a macroalgal model (described in 
the Aquaculture chapter) in order to repro-
duce the observerd interactions of IMTA. 

The simulated species is Laver (Porphyra 
sp.), and the model was run with the culture 
conditions practiced in Huangdun Bay. The 

3 Includes substitution costs of nutrient removal on land, e.g. by reducing application in agriculture. Does not 
include the additional revenue from fi sh cages in scenario 3.
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simulated harvest weight of these seaweeds (4 g DW) is a good match with the results re-
ported by farmers (Figure 107).
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 FIGURE 107. Simulated individual weight of Laver between fi rst cultivation day and start of harvesting.

There were no signifi cant differences among the various scenarios, because the dissolved 
nutrient outputs using different combinations of shellfi sh and fi nfi sh were similar.

Sanggou Bay – Reduction of shellfi sh culture densities
Shellfi sh aquaculture is the largest industry in Sanggou Bay, and the major source of revenue 
to Rongsheng City. Due to the strong desire for increased economic benefi t, farmers have 
substantiallly increased shellfi sh seeding density the since late 1990s. However, yields have 
been limited by a combination of reduced growth (potentially due to overstocking) and infec-
tious diseases, particularly in the Chinese scallop (Chlamys farreri). 

This scenario considers a reduction of 50% in shellfi sh seeding density, in order to analyse 
changes in both harvest tonnage and revenue. Figure 108 shows the results of the applica-
tion of the EcoWin2000 ecosystem model to Sanggou Bay for both the standard and sce-
nario simulation. The results suggest that a 50% reduction in stocking density would lead 
to a 30% decrease of Pacifi c oyster harvest and a 300% increase in Chinese scallop harvest 
The simulation results indicate an overall decrease in harvest of 24% for a 50% reduction in 
density, suggesting that the carrying capacity of Sanggou Bay is largely exceeded. Addition-
ally, because of the price differential between Chinese scallop (a high value crop) and Pacifi c 
oyster, the total income from shellfi sh aquaculture is identical. 
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Model application (E2K) Standard model 50% reduction scenario

Shellfi sh species Oyster Chinese scallop Oyster Chinese scallop

Seeding density (ind 
m-2)

70 60 35 30

Harvest (ton) 175382 5148 121413 16472

Total harvest (ton) 180530 137885

Revenue (106 RMB) 102 15 72 46

Total revenue (106 RMB) 117 118

 FIGURE 108. Application of EcoWin2000 to Sanggou Bay, to analyse changes in yield and profi tability associ-
ated to a 50% reduction in shellfi sh culture.

There is a signifi cant growth depression in Chinese scallop in the standard simulation, when 
compared with the scenario, which suggests that the seeding density is too high. Figure 109 
shows the growth of individual shellfi sh in both the standard and scenario simulations, and 
shows a remarkable growth increase in both species when the seeding density is halved.
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 FIGURE 109. EcoWin2000 results for individual shellfi sh growth in Boxes 1, 2 and 41

1 Box 1’, Box 2’ and Box 3’ represent Box 1, Box 2 and Box 4 in the scenario simulation.
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Sanggou Bay – Changes to culture combinations

This scenario considers a farm with a width of 40 m (raft width: 10m, spacing between adja-
cent rafts: 4 m, total width: 40 m) and a length of 800 m (raft length 60 m, spacing between 
contiguous rafts: 20 m, 10 rafts: 800 m), and a water depth of 10 m. Three different combi-
nations were simulated, considering the farm to be divided into three sections for modelling 
purposes. Fish cage size was considered to be: 5 x 5 m; 10 cages (in which 1 cage is empty) 
per block, with the space between blocks as 20 to 25 m. The average fi sh biomass in each 
cage was taken to be 400 kg, and the fi sh feed is trash fi sh.

FARM location
The farm selected as a demonstration site is located in Box 4 of Sanggou Bay (Figure 110), 
where the Pacifi c oyster (Crassostrea gigas) raft culture, Japanese Flounder (Paralicthys olivaceus) 
and Puffer fi sh (Fugu rubripes) cage culture coexist.

Aquaculture zones

Fishcages
Kelp
Bivalves

Scenario 2

Scenario 3

Scenario 1

 FIGURE 110. Box layout of Sanggou Bay and the location of FARM simulation area

Box 4 is a polyculture area as a whole, but it could be divided into three types of farms: 
shellfi sh monoculture farm (located in the northern part of Box 4), shellfi sh farms that sepa-
rated by boat channels (located in the middle of Box 4), and shellfi sh – fi sh cage IMTA farms 
(located in the southeastern part of Box 4). The three types of farms are adapted into three 
scenarios, and have been simulated in the FARM screening model.

FARM scenarios
Figure 111 shows the three different setup options considered. The fi rst setup considers oys-
ters in all sections, at a density of 20 animals m-2, the second considers only oysters in the 
two end sections, and the third adds fi sh cages to the middle section of the farm.
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The addition of fi sh cages in the middle section of the farm provides an additional source of 
revenue, and the additional subsidy of particulate organic matter to the downstream part of 
the farm substantially increases oyster production, which in total exceeds that in the uniform 
distribution used in Setup 1, and has the added advantage of reducing the local organic de-
position effects of fi sh aquaculture.

Nº Description TPP
(ton TFW)

APP Profi t
(K€)

Nitrogen 
removal
(kg y-1)

PEQ
(y-1)

Total 
income4

(K€ y-1)

1 Oysters in sections 
1, 2 and 3, 

15.5 8 75.4 404 122 114

2 Oysters in sections 
1 and 3, section 2 
empty

10.4 8 50.7 270 82 77

3 Oysters in sections 
1 and 3, section 2 
fi sh cages only

18.1 14 89.1 350 106 122

 FIGURE 85. Setup options and results of Sanggou Bay FARM scenario

Overall, Setup 3 provides both the highest profi t from production activities and the highest 
potential income when considering also the environmental costs of nutrient treatment, or 
(alternatively) the resale value of nitrogen credits as a catchment management option. For 
all these scenarios, the ASSETS grade (applied at the scale of the farm) remains unchanged 
and is rated as Good. 

Trophic Assessment in China
As part of the SPEAR Leverage Programme (SLP) the science and management communities 
were drawn together to explore and develop complementary activities. One example is the 
use of the Assessment of Estuarine Trophic Status (ASSETS) eutrophication assessment tool 
(see the Tools chapter for a description) to examine nutrient related water quality impacts 
which are typical to aquaculture. The SLP Trophic Assessment of Chinese Coastal Waters 
(TAICHI) project is a Chinese application of ASSETS which developed a general description 
of Chinese bays as a fi rst step toward a national assessment (Figure 112).

System Area
(km2)

Tidal 
height(m)

Average 
salinity

Rainfall
(mm)

Air temp.
(ºC)

Water 
temp.(ºC)

N/P Chl a
(μg l-1)

Changjiang Estuary 51000 2.50 N/A 1069 15.5 16.9 3.5 1.13 

Hangzhou Bay 5000 2.89 13.5 1200 15.9 17.1 110.0 N/A

Leizhou Bay 1690 2.07 28.7 1329 23.4 25.4 N/A N/A

4  Includes substitution costs of nutrient removal on land, e.g. by reducing application in agriculture. Does 
not include the additional revenue from fi sh cages in scenario 3.
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Wenzhou Bay 1474 4.00 27.8 1695 17.9 15.3 13.7 1.54 

Honghai Bay 925 1.10 30.4 1723 22.1 20.9 33.5 3.12 

Taizhou Bay 912 4.01 27.1 1435 16.5 14.2 N/A 2.15 

Haizhou Bay 876 3.39 30.7 829 14.3 15.7 21.4 N/A

Sanmen Bay 775 4.02 24.9 1511 16.4 N/A 19.0 1.47 

Sansha Bay 570 5.35 30.2 2014 20.5 20.5 20.2 0.79 

Pulandian Bay 530 1.45 30.5 644 9.4 11.0 N/A 5.68 

Daya Bay 516 0.83 32.2 1722 22.4 21.9 4.85 1.70 

Zhanjiang Gang 490 2.16 26.9 1690 23.0 25.1 N/A N/A

Yueqing Bay 464 4.00 27.3 1411 17.4 N/A 44.7 1.40 

Meizhou Bay 424 5.12 32.0 1317 20.2 20.5 27.5 1.70 

Aiwan-Xuanmen 
Bay 419 4.00 28.3 1455 17.3 17.9 23.1 1.00 

Jiaozhou Bay3 397 2.80 32.0 733 12.5 13.8 N/A N/A

 FIGURE 112. Overview of Chinese coastal systems2

From these, a subset was selected for testing the ASSETS assessment method and to estab-
lish a comparison with methods currently used by Chinese management agencies. A brief 
description of the application of ASSETS to Jiaozhou Bay is given in the fi rst case-study.

Jiaozhou Bay (Figure 113) is located on the west coast of the Yellow Sea (35°57`-36°18`N, 
120°06`-120°21̀ E) with a surface area of 397 km2 and average depth of 7m (Editorial Board of 
Bays in China 1993). Jiaozhou Bay is a semi-enclosed water body, connecting to the Yellow 
Sea through a 2.5 km channel, and has a mean tidal range of 2.5-3.0 m. The tides, which at 
Spring tide can reach 4.2 m, induce strong turbulent mixing, resulting in nearly homoge-
neous vertical profi les of temperature and salinity. The bottom of Jiaozhou Bay contains 
spawning, nursery and feeding grounds for fi sh, and over the last two decades, intensive 
mariculture has been developed. Historically, this has focused on the Bay Scallop (Argo-
pecten irradians) and Pacifi c oyster (Crassostrea gigas), cultivated on longlines. More recently, 
the longlines have been removed and the system is currently used for cultivation of Ma-
nila Clam (Tapes philippinarum) - with an estimated production of 200,000 tons (total fresh 
weight) per year. Shellfi sh biomasses of this scale will fi lter the entire bay in under one week, 
considering an average clearance rate of 1 litre ind-1 h-1 for T. philippinarum. Top-down control 
from aquaculture therefore has a potentially signifi cant effect in reducing the expression of 
eutrophication symptoms.

2 Condensed from a set of 50 major coastal systems, with size ranges that are considered medium (<400 
km2), large (400 – 650 km2) and extra large (>650 km2). Sanggou Bay and Huangdun Bay are considered 
small systems at 140 km2 and 90 km2, respectively.
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The main issue in Jiaozhou Bay is the in-
crease of harmful algal blooms (HABs), as 
both the frequency and magnitude of the 
HAB incidents have increased since 1990s, 
although most events are non-toxic. The 
main HAB species include Biddulphia aurita, 
Eucampia zoodiacus, Mesodinium rubrum, Noc-
tiluca scintillans and Skeletonema costatum.

 FIGURE 113. Jiaozhou Bay, a case study of eutrophi-
cation and aquaculture in NE China

Infl uencing Factors
The volume of Jiaozhou Bay, 1900 x 106 m3, 
combined with a nitrogen load to the bay of 
30 ton per day, results in a “High” rating for 
the nutrient component of IF (0.933).

Strong tidal mixing and high river discharge 
(8 x 108 m3 y-1) contribute to moderate fl ush-
ing and dilution potentials. However, the in-
tensive top-down control of the food web has 
a signifi cant impact on mitigating eutrophic 
symptoms. Since the 1980s, kelp, shrimp 
and shellfi sh culture have been developing 

in the bay. In the 1990s, shellfi sh culture be-
came more dominant.

The susceptibility component of the IF based 
on only natural circumstances is considered 
“Moderate” but when shellfi sh aquaculture is 
taken into account, the overall susceptibility 
is considered to be “Low”. This is one exam-
ple of the diffi culty in universal application of 
this kind of method, since ASSETS must be 
potentially adapted to incorporate local soci-
etal factors. Another is the human consump-
tion of seaweeds such as Enteromorpha sp. 
in China, often produced in areas highly im-
pacted by sewage discharge. The excessive 
growth of opportunistic macroalgae, con-
sidered a primary eutrophication symptom 
in ASSETS, is not seen as a liability in some 
parts of China.

The combination of “High” nutrient load and 
“Low” susceptibility gives an overall IF rating 
of “Moderate Low”.

Overall Eutrophic Conditions
Primary Symptoms method
Chlorophyll a is the only primary symptom 
for which data are available; no data were 
found for macroalgae. The 90th percentile 
chlorophyll a value, used to provide a more 
robust maximum concentration for this indi-
cator, is 4 – 5 μg l-1, i.e. in the “Low” category. 
The rating for primary symptoms is “Low” 
based on chlorophyll a.

Secondary Symptoms method
Dissolved oxygen was sampled at various 
stations for one year. The 10th percentile val-
ue, applied to provide a consistent minimum 
value, is 6 – 7 mg l-1, indicating no problems 
for this indicator.
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Although HAB reports are not unusual, most of these are non-toxic. Up to 69 harmful algal 
species observed in Jiaozhou Bay. Toxic blooms are registered episodically, and usually last 
for only few days. For example, a Skeletonema costatum bloom was reported to last for fi ve 
days in July 1998. The nuisance and toxic blooms symptom is rated as “Low”.

No information was found for SAV, but considering the large scale of kelp aquaculture in the 
bay, the level for this symptom would be at worst “Low”. 

In synthesis, the highest level of the three secondary symptoms falls into the “Low” category, 
and the OEC resulting from the combination of primary and secondary symptoms for this 
system is “Low”.

Future Outlook
The current development scenario estimates a 9.3% population increase over 20 years In 
addition, Qingdao (the main land nutrient source, pop. 8 million) is strongly promoting its 
tourism industry, limiting the space allocated for mariculture. Accordingly, the reduced top-
down control on primary production could lead to increased eutrophic symptoms.

Index Method Indicator Level of expression Index result ASSETS 
score

IFa
Susceptibility

Dilution potential Moderate
Low 

(due to intense shell-
fi sh aquaculture)

High

Flushing potential Moderate

Nutrient inputs High

OECb

Primary 
symptoms

Chlorophyll a Low

Low

Macroalgae No problem

Secondary 
symptoms

Dissolved Oxygen Low

SAV loss Low

Nuisance and toxic 
blooms Low

FO Future nutrient 
pressure Decrease Improve low

aIF – Infl uencing Factors; bOEC – Overall Eutrophic Condition index; CChl a values are 90th percentile, dDO 
values are 10th percentile, eFO – Future Outlook index

 FIGURE 88. ASSETS application to Jiaozhou Bay

Additionally, as Qingdao prepares to host the Olympic Sailing Regattas in 2008, attention 
has focused on water quality issues and mitigation of eutrophic symptoms. The government 
has pledged to build more wastewater treatment plants in the near future, and more restric-
tive pollutant emission regulations are coming into effect.
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As a whole, nutrient loads are expected to decrease in spite of the increase in the urban 
population, and the water quality in Jiaozhou Bay is likely to improve. The Future Outlook 
therefore receives a rating of “Improve low”.

Figure 114 summarizes ASSETS results for Jiaozhou Bay; the overall rating of “High”, is indica-
tive of a system without eutrophication problems.

Trophic Assessment and Human Use models in Barnegat Bay, USA

Of particular interest is the impact of nutrient related water quality problems on fi sheries, 
natural or farmed, and the impact of fi sheries on eutrophication. In Jiaozhou Bay, the presence 
of aquaculture operations provided a benefi t to the system, reducing eutrophic symptoms de-
spite high nutrient loads. Barnegat Bay, located in the state of New Jersey, USA, has suffered 
the reverse. Though not a system for which aquaculture was an important industry, this coastal 
lagoon located along the U.S. mid-Atlantic coastal region once had a thriving commercial and 
recreational clam fi shery that no longer exists. A recent analysis has shown a 67% reduction 
in hard clam (Mercenaria mercenaria) stock levels between 1985 and 2001 which has been at-
tributed in part to nutrient related water quality degradation. The ASSETS was applied to this 
system as part of the 2007 National Estuarine Eutrophication Assessment and this case study 
summarizes those results. Additionally, a human use indicator model was applied using the 
same water quality data in combination with U.S. National Marine Fisheries Service Marine 
(NMFS) Recreational Fisheries Statistics Survey (MRFSS) recreational fi shing data to examine 
the human related costs of eutrophication in the second part of this case study. 

Site Description
Barnegat Bay is a small (184 km2), shallow (1.4 m), low tidal amplitude (0.9 m) lagoonal sys-
tem along the mid-Atlantic coast of the US with limited exchange with the ocean through 
narrow inlets. The watershed population of 5.9 x 105 swells to over 8.0 x 105 during the sum-
mer months, a time when the system is most susceptible to the development of eutrophic 
conditions. Of the total 7.9 x 105 kg y-1 of nitrogen entering the estuary annually, virtually all is 
from nonpoint sources with >40% from the atmosphere, ~20% from agriculture and >30% 
from urban runoff. 

Application of ASSETS to Barnegat Bay 
The ASSETS assessment used New Jersey Department of Environmental Protection (NJDEP) 
data for 2002-2003. The IF is “High” based on “High” susceptibility (e.g., low fl ushing ability 
and a moderate ability to dilute nutrients), and high nitrogen loading (7.9 x 105 kg/yr). The 
“High” loading is based on model results indicating that the majority (90%) of inputs come 
from human related sources.
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Index Method Indicator Level of expression Index result ASSETS 
score

IFa Susceptibility Dilution potential Low High High

Flushing potential Low

Nutrient inputs High

OECb Primary symptoms Chlorophyll a High High

Macroalgae Problem

Secondary symp-
toms

dDissolved Oxygen No Problem

Nuisance and toxic 
blooms

Problem

SAV loss Problem

FOe Future nutrient 
pressure

Decrease Improve low

aIF – Infl uencing Factors; bOEC – Overall Eutrophic Condition index; CChl a values are 90th percentile, dDO 
values are 10th percentile, eFO – Future Outlook index

 FIGURE 115. Results of application of ASSETS eutrophication assessment method to Barnegat Bay.

The primary symptom rating is “High” based on high chlorophyll a (i.e. moderate concentration, 
high spatial coverage and periodic frequency of occurrence) and observed macroalgal 
abundance problems (Figure 115). Secondary symptoms are rated as “High” based on losses 
of seagrasses, though this may be partly from disease There are no reported problems with 
dissolved oxygen concentrations. This gives an OEC of “High”.

The FO rating for Barnegat Bay, based on predicted population increase, planned management 
actions and expected changes in watershed uses, is “Improve Low” given planned management 
actions to be implemented in the near future.

The ASSETS rating for Barnegat Bay is Bad, given high pressure and state conditions, despite 
expected improvements in future conditions (Figure 115). This rating is typical of shallow 
lagoonal systems with long residence times.

A management strategy has been proposed for Barnegat Bay that includes the implementation 
of management measures such as upgrades of storm water overfl ows and other means to 
limit nutrient discharge to the system. Complementary measures are also being promoted 
from within the waters of Barnegat Bay. In 2006, a program was started to raise seed clams 
to repopulate the Barnegat Bay clam population (http://www.reclamthebay.org/). Although 
not an aquaculture venture, this effort is designed to promote fi ltering of estuarine waters in 
an effort to improve water quality which, as seen in Jiaozhou Bay, has proven to be a benefi t 
of aquaculture and may possibly be useful for nutrient trading in the future as shown in the 
Screening Models Chapter.
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A Human Use Indicator for Barnegat Bay 
Barnegat Bay is an excellent candidate for the application of recreational fi sh catch as a 
human use indicator due to its location near a large population center and its heavy use for 
recreational fi shing. 

Equation 2 was estimated for each of the target species using a Poisson regression due to 
the fact that there are a large number of fi shing trips for which the catch was zero. DO and 
Chl are the two water quality measures that are included in the model. 

Eq. 2

where TCi,j,m is the expected catch of recreational angler i, fi shing for species j (striped bass, 
bluefi sh or summer fl ounder) in month m, and HRSFi is the number of hours fi shed on the 
fi shing trip by angler i. Parameters to be estimated in the statistical model are represented 
by α and β

1
- β

8
.

Chlorophyll levels had a signifi cant, but negative impact on summer fl ounder catches. 
DO is incorporated into the model in a quadratic form allowing for diminishing marginal 
improvements in catches as DO levels increase. An interactive term between dissolved 
oxygen and water temperature is also included in the model. For summer fl ounder, both the 
DO and DO

2
 parameter estimates were signifi cant at the 90% confi dence level, but the DO-

temperature cross-product term was not signifi cant.

For Barnegat Bay, summer fl ounder, the most sought after species is a good indicator of the 
human use impacts of eutrophication. The solid line in Figure 117 shows the average actual 
catch of summer fl ounder by month for the period from 1997-2002. 

The statistical model was used to predict summer fl ounder catches under different water 
quality conditions. Specifi cally, an upper limit on Chl concentrations was set so that they could 
not exceed the sample averages of 7.12 μg l-1, and a lower limit of 6.51 mg l-1 was set on DO.

The dashed line in Figure 117 represents the predicted summer fl ounder catches under these 
improved water quality conditions, and the distance between the two lines is the impairment 
due to eutrophication. In some months the limits are rarely exceeded and there is no 
difference in expected catches. Overall, the average catch of summer fl ounder is reduced by 
26%.
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 FIGURE 117. Barnegat Bay monthly average summer fl ounder catch per recreational fi shing trip (solid line) 
and predicted catch rates under improved conditions with respect to eutrophication (dashed line).

To evaluate the economic magnitude of the reduction in recreational fi sh catch due to eu-
trophication, some estimates made for U.S. mid-Atlantic fi sheries were examined. Using a 
Poisson regression and random utility model, it was estimated that increasing catch rates of 
mid-Atlantic fi shermen by 0.5 fi sh per trip increased the net value of the trip to the fi shermen 
by $7.51-$8.13, depending on the month. Adjustment to (current 2005) U.S. dollars gives an 
estimate of increased value per trip of $10.26. Given that 42% of New Jersey fi shing trips 
target summer fl ounder, and the MRFSS data estimate 5.9 million inland fi shing trips per 
year in Barnegat Bay, New Jersey, it is estimated that eutrophication costs these fi shermen 
an average of $25.4 million per year in net benefi ts. 
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Reconciling multiple demands on coastal zones

As part of the development of the maritime policy, a report was produced in 2008 by the 
European Commission on a cross-section of European and international research to illus-
trate the potential to inform policy dialogue, development and implementation. Achieving 
transitions towards sustainable use of oceans and coastal zone has been and is expected to 
remain a challenge. Scientifi c research has played a role in the institutional processes, but 
not as strongly as might have been expected.

Among the major factors making the transition lengthy and sometimes messy are the dif-
ferences in perspectives among major social groups, which, naturally, lead to different in-
terpretations of the available evidence. Moreover, issues of trust, perceived relevance and 
ability to communicate affect the impact of research results. Whether a new perspective or 
concept is being adopted and at what rate is also dependent on the co-evolution of support-
ing knowledge, infrastructure, fi nance and compatibility with socio-economic organisation 
and political processes. More generalised access to scientifi cally validated knowledge in con-
junction with investment in people and institutions, including multistakeholder dialogues 
are enabling conditions for impact. Capacity building is also one of the read threads through 
OECD recommendations.

Despite the diffi culties of attribution of political or investment decisions to any specifi c re-
search project, a preliminary analysis of 10 years of international scientifi c cooperation on 
reconciling multiple demands on coastal zones, fi sheries, aquaculture and wetlands sug-
gests some lessons for future research. Based on a questionnaire administered to 89 proj-
ects (1994-2006: 95 scientifi c and administrative coordinators and 520 participants contact-
ed, 40% return rate in four weeks from the projects) three aspects were examined in more 
detail:

Integration of analyses across sustainability dimensions: There is a clear 
upward trend over time to bring together multi-disciplinary competence 
in one project in order to provide answers of interest to a larger spectrum 
of social actors and their perspectives. Similarly, growing attention has 
been paid to connecting scientifi c knowledge with traditional (and other) 
forms of knowledge as a proxy for contextualisation and integration of the 
research, though connecting social dimensions to environmental and eco-
nomic dimensions remains a methodological challenge. The integration 
and relative weight of these dimensions would typically be determined in 
the political process of resource allocation, with or without the benefi t of 
scientifi c research.
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Legacy: Project teams have chosen different approaches or combina-
tions of approaches in order to create a legacy: Investing in young people 
through associating master and Ph.D. students in the research and de-
velopment of new concepts shows up as one of the strands. Publication 
in academic journals naturally remains a mainstay. But publication in 
more mainstream outlets, including the media, and working actively e.g. 
with extension services as well as using the power of the internet to bring 
down access barriers to scientifi c knowledge have all been adopted in this 
context.

Engagement and impact: A number of cases show conscious choice 
of participatory action research methods to harness on the one hand 
the contexual knowledge usually embedded in social actors, while at 
the same time giving them access to the research process, including 
impact validation. Uptake and impact is visible in a number of docu-
mented cases when several of the factors mentioned above coincide, 
usually after more than the duration of a single project. This is not 
to imply instrumentalisation of the research for political purposes, 
which would invariably devalue the credibility of results. However, 
critical engagement with administrations, companies and civil society 
tends to increase the use of research results, including in unexpected 
ways as different users tend to see potential in the new knowledge 
that may well go beyond the initial intentions of the research itself. 
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No recipe is proposed as a result of this and other analyses as the meeting points between 
research and policy and practice are very varied indeed and often not even direct. If a gen-
eralisation can be made, it is that diversifying exposure and critical engagement of research 
across the full spectrum of social actors holds the greatest promise for developing robust 
and socially acceptable solutions. They may not be technically the most advanced solutions, 
but they can be made to work in practice.

Increasing policy relevance of scientifi c research on coastal zones

The Millennium Ecosystem Assessment (2005) is the most comprehensive exercise in its 
fi eld as yet to go down that road. It has mobilised an impressive number of research teams 
from around the global to take stock of terrestrial, freshwater, coastal and marine ecosys-
tems around the globe by synthesing and analysing a vast body of previously dispersed 
scientifi c literature about ecosystem structure, extent of use, dynamic change and past and 
present state of health. But the process does not stop there and involves consultation with 
diverse stakeholders and concentrated efforts to communicate the science to social actors 
ranging from government and business leaders to the general public. This is in recognition 
of the fact that improved access to scientifi cally validated information may strengthen the 
basis of understanding of ecosystems, their importance for human societies, activities and 
well-being and for individual and collective decision making compatible with sustainable 
development.

We observe some convergence in discourse and see an upward trend for consultative and 
participatory processes – policy development seeking broader-based input to increase its 
legitimacy, research to seek greater outreach to increase its useful and uptake in forming 
perceptions and supporting policy and practice. 

This is certainly a positive development, but at the same time, it places new demands on the 
social and cognitive skills of all involved in the process.

The legacy of SPEAR

Integrated assessment of  the different components of coastal systems, contemplating land-
based drivers and pressures, uses such as aquaculture and fi sheries and  impacts such as 
eutrophication is a necessary pre-requisite to successful coastal management.

Work carried out in SPEAR, which is described in detail in this book, represents one ap-
proach to address this requirement. A key fi nding from this integrated project has been that 
the combination of models running at widely varying time and space scales is at the core of 
a successful analysis. Using a range of models is a requirement for scaling, but the models 
also act as co-validators of each other, lending confi dence to the outcomes.



179 

The outputs from multi-year models are 
not only useful in themselves, as highlight-
ed previously, but serve to drive farm-scale 
models and other screening models of vari-
ous types, which are of interest to both the 
farmer and regulator. The possibility of op-
erating coarser scale models, such as the 
EcoWin2000 implementations described in 
this work, allows users to deal with manage-
able amounts of data and acceptable run-
times. This trade-off between mutiple-year 
simulation and spatial complexity, whilst 
preserving acceptable levels of accuracy, is 
essential in building a bridge with microeco-
nomic models, which require simulations at 
the decadal scale.

Future developments of simulation ap-
proaches must include the linkage of both the 
natural and social sciences, if possible with 
explicit feedbacks. This will allow changes in 
pricing linked to production, supply and de-
mand, to be refl ected in the attractiveness 

of commercial cultivation, and provide in-
dicators on employment and other aspects 
of social welfare. Additionally, by factoring 
in the non-use value of ecosystems, with re-
spect e.g. to the valuation of biodiversity, a 
more complete mass balance of the effective 
gains to society may be computed. An holis-
tic assessment of aquaculture on the basis 
of people, planet and profi t, as has been ap-
plied elsewhere  should become central to 
studies of sustainable coastal zone manage-
ment, particularly in areas such as Southeast 
Asia where such activities are highly devel-
oped. This concept, sometimes termed the 
triple bottom line, is a goal that is at present 
challenged by the application of fragmented 
approaches. The work we have described in 
the framework of SPEAR allows managers to 
examine the consequences of development 
for biodiversity, conservation and habitat 
protection, water quality and yield, including 
profi t maximisation through the use of mar-
ginal analysis.

The integration of basin-scale models such as 
SWAT which allow for the effects of changes 
in land use agricultural practice to be explic-
itly simulated in this framework, provides a 
link to the drivers and pressures of nutrient 
loading to the coastal zone. The explicit con-
nection with economic models, including 
incorporation of dynamic feedbacks, is also 
an area where exciting developments are 
expected in the near future. The challenge 
of bringing the various components of the 
People-Planet-Profi t equation together as a 
holistic indicator of sustainable carrying ca-
pacity in coastal areas appears both achiev-
able and appropriate for integrated coastal 
management. 
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1  The Mu is the Chinese unit of area. In aqua-
culture, the Culture Mu is used for licensing, and 
although nominally rated as 1/15 of one hectare, its 
size is variable according to the productivity of the 
system, i.e. a less productive system has a larger 
Culture Mu. Typical values range from 1000-5000 
m2.

2  Includes substitution costs of nutrient removal 
on land, e.g. by reducing application in agriculture. 
Does not include the additional revenue from fi sh 
cages in scenario 3. 

3  Data (excluding area) are median values of 
150 water quality samples at seven stations, col-
lected in 1999-2000 by the EU INCO-DC project: 
Carrying Capacity and Impact of Aquaculture on the 
Environment in Chinese Bays

FOOTNOTES
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