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Abstract

Environmental capacity is the ability of the environment to absorb and assimilate activity and effluent and can be treated as an environmental resource, exploitable within sustainable limits. Increasingly sophisticated models seek to calculate and quantify the precise value of a given effluent component, which can be processed within the capacity limits of the environment. As the environmental impacts of aquaculture come under increasing scrutiny, managers, planners and regulators are using models to provide insight into the capacity of adjacent waters.

This paper examines the range of models used in aquaculture development to provide insight into environmental impact of actual or proposed activities. It highlights difficulties in overcoming assumptions inherent in models and reiterates that models should complement rather than replace robust and informed management and planning. In developing country applications, simple models, with effective monitoring and management systems, are likely to be more useful and effective than sophisticated modelling exercises.
Contents
41.
Environmental Capacity


4Definition


4A Valuable Concept?


62.
Environmental Capacity Models


6Model Types


6Use of Models Aquaculture


11Environmental Capacity Models


163.
Future trends and potential


16Level of Complexity


16Data Limitations


194.    Application of environmental capacity models in developing countries


20Farmer level indicators of environmental health and nutrient status


20Gross nutrient budgets


20Simple mass balance/flushing rate models


20Nutrient/organic matter dispersion and dilution


215.
Conclusions


246. 
References





1.
Environmental Capacity

Definition

Definitions of environmental capacity vary in the literature, but most refer to "a property of the environment, defined as its ability to accommodate an activity or rate of activity without unacceptable impact" (GESAMP 1986).Widely used alternative terminologies include assimilative capacity and receiving capacity. 

Environmental capacity describes an inherent property of the environment to provide environmental goods and to assimilate or process waste and minimise the impact of any natural or anthropogenic activities. It is the calculation of capacity based on the assimilation of waste that models are most often used and which concerns us here. The environmental capacity concept recognises that this ability to assimilate waste without unacceptable consequences is finite. It is therefore implicit that this value can be quantified and apportioned as an exploitable resource of the environment (Pravdic 1985).

Environmental capacity will vary greatly according to local conditions. For example,  in coastal, lake  or pond environments, well-circulated regions, subject to regular water-mass replacement, will have far greater environmental capacity than adjacent areas exposed to poor levels of circulation (Ward 1999).

It is important to distinguish environmental capacity from carrying capacity. Carrying capacity is the amount of a given activity that can be accommodated within the environmental capacity of a defined area. While environmental capacity is determined by the ecological and physical characteristics of a particular area, carrying capacity is dependent of production technology and characteristics such as effluent volumes and concentrations.

There is some confusion in the literature relating to the various terms. Assimilative capacity and environmental capacity are normally accepted as being alternative terminologies for the same thing, but assimilative capacity is also sometimes referred to directly as carrying capacity (Ward1999). In this paper we use the following terminology:
· Environmental capacity: an inherent property of the environment to provide environmental goods and to assimilate or process waste and minimise the impact of any natural or anthropogenic activities

· Assimilative capacity: an inherent property of the environment to assimilate or process waste and minimise the impact of any natural or anthropogenic activities

· Carrying capacity: the amount of a given activity that can be accommodated within the environmental capacity of a defined area

A Valuable Concept?

Industry makes use of marine environmental capacity by discharging effluents directly into the sea. Consent to discharge is usually closely associated with careful monitoring which ensures that environmental capacity is not exceeded. The difficulty with this (monitor-response) approach is that monitoring will often show an impact only once the finite environmental capacity has been exceeded. This means that efforts to reduce discharges of potentially damaging effluents may only be implemented once environmental damage has occurred (Gray, 1998). Industry can find themselves in a poorly informed and ultimately expensive cycle of cheap waste disposal followed by expensive remedial action and in some cases compensation in line with the polluter pays principle.

As a result of the inadequacy of the “monitor-response” approach, there is increasing interest in more precautionary-based approaches to environmental management. In order to be of value in a regulatory and policy framework environmental capacity must be determined in advance to ensure that it is not exceeded.  Informed science can be used to predict the ability of the environment to assimilate wastes, and to set limits to discharges to ensure that environmental capacity will not be exceeded. Environmental capacity is thus used in a proactive or anticipatory rather than a reactive or retrospective fashion. In order to be used in this way, environmental capacity must be quantified at the planning stage. The process of quantifying can be both complex and varied, and capacity values will differ according to local physical and ecological conditions.

Mathematical modelling in ecological science has developed rapidly at the same time as environmental capacity has received increased attention as a regulatory tool, and models have been proposed as a way of exploring these varied and complex interactions. Lessons learned from environmental capacity models used in fields other than aquaculture can provide valuable insight, but there is also an opportunity for aquaculture to lead the way in practical adoption of modelling as part of a sustainable planning process.

2.
Environmental Capacity Models

Model Types

Modelling can be described as an interdisciplinary approach to problem solving. Models can be used to help understand natural events, answer questions and predict future impacts. The value of a model is dependent upon the knowledge and understanding that goes into it and all interpretations or conclusions must take full account of  the assumptions implicit in model construction. 

All models whether simple or complex must go through the same process of model formulation and validation. Typically this pathway involves identifying the problem or question to be studied, determining the availability of suitable data and undertaking system structural analysis to enable model construction. At this point the model should undergo extensive validation and behavioural tests by reconciling with empirical data. Ideally the modelling process should be fully iterative and any lessons learned in validation should be continually fed back into the model design. Only at this point can the model be taken forward for practical use and policy design. Biological systems tend to be non-linear, which immediately rules out certain kinds of models for use in ecological modelling. In spite of this there remain a wide variety of models that can be used and each is appropriate to different situations or different levels of information. The more common types of model used in ecology include time trend models, regression models, bio-energetics models, mass balance models, and simulation models.

In biological modelling it is important to consider the impact of random and unpredictable events. Building deterministic models or simply including a stochastic term enables random perturbations to be ignored or averaged out. The difficulty that remains inherent with this approach is in determining a suitable scale and frequency for events, which by their very nature are random. Data randomness can also be incorporated into the model design by incorporation of Monte Carlo analysis. In short this means that the data set is expanded with huge combinations of randomly derived fictional data, arranged around the existing mean and distributed broadly within the existing standard deviation. This approach can assist with accommodation of random biological events in particular in data poor situations. In biological systems there are often relationships which can not be easily or accurately quantified. This uncertainty can lead to imprecision. In non-biological models the solution to this problem has been to employ fuzzy logic, which enables a certain degree of categorisation and generalisation into otherwise purely quantitative exercises (Lee & Wen 1996). This approach is likely to be applied increasingly in ecological modelling. 

The spatial dimension of models is also a critical consideration. Models that address the distribution of an organism in an open space and take full account of migration, grazing and other movement are exceptionally difficult to construct. The danger is that in attempting to incorporate all interactions over a huge spatial scale, the model becomes over complex and the results nonsensical. Determining the appropriate spatial dimension is particularly crucial for models of marine ecosystems. 

Use of Models Aquaculture

Can models be of value in the strategic development and environmental management of aquaculture? The first thing to consider is the complexity of a marine environment. Even within a closed production system such as shrimp ponds there are complex biological, physical and chemical pathways and interactions which must all be considered in any attempt to model cause and effect. In the open marine environment these pathways become more numerous and complex and the level of information required to construct a valid model increases.

As the level of aquaculture production and associated research have increased in recent years the understanding of these complex systems and the associated data bank have increased. The understanding has begun to reach a stage where it is reasonable to expect accurate and informative models to begin to provide valuable information to the producer and regulator alike. At its simplest this may be in predicting impacts of one particular nutrient.  Some scientists believe that understanding and data are now sufficient to support more complex modelling to enable predictive assessments of whole environmental consequences (Silvert & Sowles 1996), though few models capable of doing this exist and even fewer have been substantially validated.

When looking at the fates of aquaculture wastes, there are a number of different pathways to be considered. Uneaten food, fish faeces, and other metabolic wastes can be dispersed into the environment in either particulate or soluble form (Chen et al 1999). These two main pathways are influenced by vast numbers of factors. The physical and chemical characteristics of the receiving water will have a huge influence on the scale of impact of aquaculture production and the relative importance of these two main pathways, as will the fate and ultimate sink for the nutrients within these wastes.

Models have become more complex over time, evolving from initial simple mathematical equations which give an idea of waste build-up, to more complicated ecological models which take account of dispersion and assimilation processes. This evolution has enabled more complicated effects of aquaculture to be estimated including different production levels, variation of feeding regimes and treatment with chemotherapeutants.

A large proportion of the modelling over the last thirty years has focused on the question of particulate deposition on the local benthic community. Studying this area of aquacultural impact has the advantage of being observable and models can be readily verified with field measurements. Smaller but significant numbers of studies have either incorporated or concentrated upon the fate of soluble fraction of the waste product. This is more complicated to model and considerably harder to test and improve models in the ideal iterative fashion. 

With advances in the modelling capability, much recent research has begun to consider the impact of increasingly small and numerous chemical reactions associated with aquaculture production. This field of modelling is more complex than prediction of either particulate or soluble wastes. Chemical processes occur on minute scales and many are poorly understood. Numerous interactions within the environment further complicate the accurate prediction of chemical fates over wide distances.

Particulate waste models

The main body of modelling work associated with the impacts of cage aquaculture has been in determining the effects of particulate sediments deposited on the seabed. Many models began life as simple research tools or intellectual exercises. It is perhaps unsurprising therefore, that most investigators opted to study the relatively easier area of particulate fate and effects. As this was the initial association between modelling  and aquaculture, many lessons and refinements have occurred and modelling of particulates now leads the way in terms of widespread application in aquaculture management.

At its simplest, modelling of particulates fate includes a determination of the amount of waste food or faecal matter, tied in with sinking rates which takes into account the distribution effects of the current. Increasing complexity or reality may be added to the model through incorporation of factors such as variable waste production, digestibility and sinking rates or extend to predict the impact on benthic communities or more complex hydrodynamic effects. Progress has also been made on modelling increasingly complex and diffuse sources of effluent. At first models were only capable of dealing with single point sources but, with advances in modelling technology and theory, diffuse sources can now be modelled which is of greater value, in particular to cage aquaculture.

Initially the models used were simple summaries of waste volume, settling velocity and current flow. Many of the assumptions that have traditionally been relied upon have been shown to be unreliable and often lead to inaccurate estimates of effect. In spite of this, the majority of particulate models today still rely upon calculating those same three basic factors, although the mathematics behind the model may have become more refined and the models may now concentrate different areas. 

Several studies have highlighted the shortcomings in assumptions in particulates modelling and this has often provided the impetus for refinement of models or incorporation of an extra term in the calculation to include an extra factor (Gowen et al 1994; Chen et al 1999).  Many of the early models of particulate distribution failed to consider realistic bathymetry, vertical gradients and mixing in their calculations (Gowen et al 1995). The fact that these factors are now considered and incorporated in all but a few models that are expressly designed for use in shallow areas or closed systems, indicates the evolution of this field of science. It is likely that in the future models will give increased consideration to salinity, digestibility of diet, pellet friability and water absorption properties as these have been highlighted in recent years as factors that influence the settling velocity (Chen et al 1999). Additionally, other factors influenced by the physical environment are also being considered such as the influence of tidal currents of movement of fish cages and turbulent mixing due to wave action (Corner, unpublished data).

Some of the particulate waste models that are in current use in aquaculture regulation and management have built upon previous model inadequacies to provide relatively robust and accurate predictions of particulate fate and resulting impact. The Scottish Environment Protection Agency now make full use of the DEPOMOD model  (Cromey et al 2000), which predicts the sedimentary deposition of waste feed and faecal matter from cage finfish aquaculture in the Scottish Sea Lochs. The model takes into account cage positions, feed regime and food conversion ratio (FCR) to determine waste amounts. The model includes routines to track particles during initial settlement and subsequent re-suspension. In addition the prediction of impact extends to the trophic changes in benthic community components, relating output from the models to the estimated Infaunal Trophic Index (Word, 1979), which can be used as an indication of disturbance on benthic macrofaunal communities. 

An important debate and one which will be returned to later is the question of the dependence that should be placed upon models in the environmental decision making process. In short, to what extent should objective modelling overrule informed subjectivity? Cromey et al (2000) have sought to answer this question by incorporating an expert user interface into the DEPOMOD framework. This user interface allows expert knowledge to be incorporated to inform the final conclusion of the model.  However, due to the complexity of DEPOMOD, and its requirement for environmental data,  it is often not used to its full potential. At present production information and environmental management of fish farms is not taken into account and modelling is based on an assumption of consistent (steady state) maximum biomass. Presentation on data and direct use of such models in the context of coastal management is being addressed by using geographic information system (GIS) technology and software for particulate waste dispersion models, using multi-cage systems in enclosed areas (Perez et al 2002). Here models, such as those for waste dispersion calculation, can be used directly as a “layer” within a GIS coastal management model rather than simply supplying secondary data for post hoc input. Thus aiding the decision making process (Perez et al, in press).

Another discussion that will also be addressed later is the problem of complexity. With increasing pressure from all angles to consider all possibilities and environmental factors in the model design, complexity often reaches the limits of realistic contemporary computational capacity. This is a debate to be included in a wider discussion of the role of models but it is also a debate that has featured in the development of particulate models.

A particular difficulty is in structuring particulate models to accommodate sufficient locally specific parameters without leading to excessive complexity. One solution to this problem is to use a hierarchical approach. This enables certain common parameters to provide the foundations to the model regardless of the system being assessed. On top of this foundation, locally specific parameters can be incorporated into the model. In this way the hierarchical approach provides a compromise between the demands of site-specific and globally common models. 

Borsuk et al (2000) tested a Bayesian hierarchical model for organic matter loading and benthic oxygen demand in 34 estuarine and coastal systems. This showed that by adding locally specific parameters, the hierarchical model looses some precision by effectively reducing the amount of information that is available for each parameter. In spite of this, the inclusion of locally specific data means that the model is more realistic and represents a fairer translation of our knowledge.

The combination of generality and simplicity that the hierarchical model offers means that it is particularly suitable for modelling of particulates from aquaculture.

Soluble waste models

It is increasingly realised that the modelling of particulate wastes is essential but insufficient: there is a need to consider the dilution and dispersion of soluble nutrient and chemical wastes. Scientists are increasingly recognising the importance of understanding long-term and large-scale nutrient impacts from aquaculture and other activities – on other users, on aquaculture itself, and on the quality of the wider environment and ecosystem services. The lack of understanding and the remaining uncertainty in this area has become more apparent in the light of the recent advances in understanding that have been achieved in relation to particulate benthic deposition. Gillibrand & Turrell  (1997) recognised this and targeted their modelling work on reducing the uncertainty surrounding the fate and impact of the soluble fraction of the aquaculture effluent. In particular their work focused on the dissolved ammoniacal nitrogen excreted by the cultured fish.

This work looked at the effects of the soluble fraction of waste from Scottish salmonid production. The model makes simplifying assumptions, in particular in relation to the loch hydrography by representing them as rectangular boxes with characteristic mixing and flushing times. These assumptions would need to be carefully validated before applying to other systems. The equilibrium concentration enhancement model characterised the exchange of water and the rate of ammonia excretion. This excretion rate is taken as standard but can be adjusted for use with higher energy, lower protein diets. Any dissolved nitrogen is also assumed to be conservative.

Because of these assumptions Gillibrand and Turrell (1997) recognise that any absolute values predicted by the model are unlikely to be totally realistic, but this does not necessarily devalue the models use as a management tool. Indeed the system overcomes this by presenting the results as a ranking series highlighting the key areas where nutrient enhancement is most likely to be a problem.

Other studies have gone into greater detail relating to soluble waste fates, however certain underlying assumptions remain. Gillibrand revisited the question of the fate of soluble waste, this time comparing two different approaches to modelling soluble dispersion in Loch Fyne (Gillibrand 2001). This study went further in to determining residence of nutrients based upon exchange times with greater depth consideration and through use of a two dimensional laterally integrated numerical model, which could be improved with inclusion of a simple return flow factor. This study was validated with the use of passive conservative tracer, which revealed that the model was of greater value than the commonly used tidal prism method.

More advanced and complex spatial models have been developed for investigating the environmental fate of dissolved nutrients. One such model for fish farming effluent in the Baltic Sea has been developed  from hydrodynamic models specific to this area; FINNFLOW and FINESS models (Inkala and Myrberg, 2002). These models have been developed further into 2 and 3 dimensional models for the Gulf of Finland by EIA Ltd.  These models have been used to good effect in the siting on intensive fish farms growing seatrout in the Strom Strait looking at the dispersion and dilution of soluble nutrients wastes (see http://www.eia.fi/).

Again the trade off between the need for locally specific detail and a limitation on the level of complexity that can practically be incorporated is evident. This trade-off can be regarded as a recurrent theme in projects to create environmental models used in aquaculture. Gillibrand makes the point that an assumption over a uniform exchange time is necessary so that the models can be applied quickly to enable rapid decision making. This removes the complexity that is evident in the multi-box models seen elsewhere in aquaculture modelling but still produces a realistic result. In spite of this adopting a uniform flushing time means that the model is highly locally specific and would need to be adapted for use in any other system, particularly in larger lochs where individual basins would need to be considered separately (Gillibrand 2001).

Chemotherapeutant dispersion models

Increasingly with modern intensive aquaculture, public fears are raised by the notion of chemicals,  or chemotherapeutants, being added into the marine environment with poorly understood, but none the less damaging consequences. It is increasingly recognised that in order to allay public fears and to ensure long term environmental sustainability that the uncertainty surrounding many of the smaller and more complex chemical processes associated with marine aquaculture are addressed.

Initial work relating to chemical transport from aquaculture production has been based upon estimates of the fates of conservative chemicals. Relatively speaking these models are simple but none the less generate useful predictions based upon a large number of assumptions.  Work by the Fisheries Research Services Laboratory in Scotland looked at the fate of dichlorvos sea lice treatments as an extension to work studying the fate of dissolved excreted ammoniacal nitrogen. This work aimed to model the dispersion of dichlorvos in order to calculate the total annual amount that could be used without exceeding the proposed environmental quality standards. In addition a second model predicted the typical dispersion of the chemical following a lice treatment (Gillibrand & Turrell 1997). Although dichlorvos has a half-life of 6 days, as most of the lochs have flushing times of less than 6 days for the purposes of the model, dichlorvos is assumed not to decay. The flushing model enables the total amount of water replaced during a year to be calculated and this enables the maximum total dichlorvos amount to be calculated. To determine the fate of the dichlorvos from a single treatment, a simple advection diffusion model was used. Advection is simulated using the particle tracking approach and diffusion is simulated using a Gaussian equation, which, in this case, includes a factor for dichlorvos decay. This model considers the mass released at source, the nature of the surface mixed layer, the half life and diffusion coefficients to calculate the concentration at a set location after a set time (Gillibrand & Turrell 1997).

Although useful, these models are essentially modelling the circulation patterns of the water body along with the typical dosage patterns. There is no consideration of reactions that occur in the water body. By choosing to look only at conservative and passive chemicals, this work avoided many of the harder questions that need to be answered to reduce uncertainty over the effects of aquaculture. By contrast attempts at modelling reactive chemical fate tackles the largest remaining area of uncertainty head on. 

The calculation of water borne chemical reactive transport to determine the fate of numerous chemical reactions associated with aquaculture production is perhaps the most detailed and complex form of aquacultural modelling.  Perhaps unsurprisingly, the work in this field is more likely to come from general environmental modelling and computer science areas of study than from aquaculture. The goal of aquaculture will be to interpret this work and apply it accordingly.

Cheng, from the Department of Nuclear Science at National Tsing Hua University, Taiwan, in association with scientists from Pennsylvania State University recently published details of a numerical model that simulates the reactive transport of a number of chemicals in a shallow water domain (Cheng et al 2000). This model includes more chemical reactions than before and considers chemical kinetic reactions dissolved in the water column, within interstitial spaces of the sediments or sorbed to particulates.

The fact that it is a two dimensional depth averaged model will open it to criticism due to its inability to be used in most bathymetrically complex marine systems (Gowen et al 1994; Roth et al 2000). These limitations do indeed represent some obstacle on route to application of the model in aquaculture, but this publication does represent a significant milestone on the road to comprehensive chemical modelling of the fates of marine wastes. As the authors rightly point out, "no existing water quality model, to our knowledge has used a fully mechanistic approach to estimate non-conservative chemical transport in shallow water domains". 

Environmental Capacity Models

Environmental capacity models represent an extension of the models described above, to generate practical guidance on appropriate limits to aquaculture effluents. They compare predictions of impact made using the above models with environmental quality standards. This allows for appropriate limits to effluents or levels of aquaculture activity (such as production) to be estimated.

There are two basic approaches to environmental capacity modelling. The first is to consider the capacity of the environment to absorb, dissipate or disperse a single component with no discernible effect. This single component is regarded as an indicator for the whole environment. Choice of indicator is vital as this must provide a representative indication of environmental impact, and when possible provide initial warning of more serious and longer term impacts. 

The second approach to environmental capacity is to attempt to map, model and understand all major processes that may influence the complex relationship between man's activities and the environment. This includes consideration of all major particulate, soluble and chemical pathways to identify and predict potential impacts of an activity.

The decision over which approach to take to the modelling of environmental capacity is essentially a trade off argument. The benefit of concentrating on one component as an indicator for other environmental processes is the relative simplicity of modelling. The obvious trade off is that other environmental consequences may go unnoticed if the indicator is not sufficiently representative of all processes involved. By contrast, including many more complicated pathways into consideration avoids accusations of overlooking important processes, but adds tremendous complexity to the model that could reduce, rather than add to clarity.

Simple Capacity Estimates

Perhaps the simplest form of environmental capacity estimation, and for this reason some would argue the most robust, is linear regression based on the relationship between an influencing factor (e.g. aquaculture production; nutrient load) and a perceived impact (such as sediment quality, water quality, biodiversity). This requires a historic data set of both the influencing factor and the perceived impact.  Determining exactly what are the most important influencing and impacted factors is not always easy, and multivariate analysis, correlation analysis and/or many linear regressions between different factors may be required in order to identify critical relationships. 

Once a correlation between the main input and changes in the environmental condition has been established a historical data set is required for these two factors. In the past this approach to environmental capacity determination has frequently been used for industrial effluents which often have one particular component of concern. Often this will be something toxic or conservative that has a direct pathway to the human food chain, such as a heavy metal. A good example of this approach to capacity modelling was Krom et al (1990) who used a simple linear regression to relate inputs of mercury from a chlor-alkali plant effluent into Haifa Bay' Israel, with the mercury content in the muscle tissue of Diplodus sargus - a commercially important species with a critical path to man. The relationship derived allowed for the levels of effluent that caused harmful levels in the muscle tissue to be established. In the Firth of Forth Estuary in Scotland a linear regression approach was used to determine the relationship between industrial mercury discharges and mercury concentrations in skeletal muscle of the territorial benthic eelpout (Zoarces viviparus L). Again this revealed a significant linear relationship This was compared with environmental quality standards (EQS) to determine the level of discharge at which EQS would be exceeded (Mathieson et al 1995). The work of both of these teams is notable due to its simplicity and practicality. Environmental capacity is taken as the level at which the EQS is exceeded for a single discharge component accumulating in one species. This may be useful in situations where there is one major effluent of concern and perhaps one main or representative commercial species. However, there is no consideration of wider ecological implications or indeed other effluent components. 

In the context of aquaculture this approach may be of use for the testing of the impacts of certain persistent toxicants in chemical therapeutants that are increasingly used in intensive production. From a holistic management approach, particularly which seeks to enable pre-emptive planning, the value of this approach is limited. Detailed determination of environmental capacity should ultimately seek to consider a wide range of effluents, over a wide range of ecosystems and ecosystem components.  This inevitably leads to more complicated models incorporating a wide range on environmental parameters and pollution pathways.

Complex Capacity Estimates

Where detailed historic data on relationships is lacking, it is more usual to make an estimate of capacity by combining a series of deterministic models in order to build up a picture of the complex interactions that will influence the scale of environmental impact. Most of the models, which consider particulate, soluble or chemical pathways incorporate a hydrodynamic aspect. This allows for greater precision in describing spatial variations in impact, related to source location and effluent dispersal within a wider system. 

Ward, of the University of Texas at Austin has worked on combining these various elements of impact from aquaculture into a single environmental capacity estimation. Estuarine circulation is influenced by morphology, tides, freshwater flows, meteorology and density flows. Because circulation is the major factor influencing the assimilative capacity of an estuary it is important that all of these variables are incorporated into any assimilative capacity models. Any capacity calculation also requires a determination of water quality parameters and their acceptable values, before developing a model to establish the conditions critical to maintain these values (Ward 1997). Ward developed a combined mass balance and hydrodynamic model that is sensitive to both spatial and temporal queries and is based upon real field data. The model is able to determine the assimilative capacity of the estuary by determining the maximum amount of waste that can be discharged without having a negative environmental consequence.  This result of the calculation varies according to the position in the estuary and will be influenced by local and larger scale hydrography. Initial case studies in Golfo de Fonseca in Central America indicated that existing shrimp culture is approaching self-limiting scales (Ward 1997). Later work in Honduras in association with Peace Corps volunteers aimed to establish assimilative capacity in relation to shrimp mariculture in estuarine systems. The project resulted from concerns relating to the intensive development of the industry in recent years and the prospect of an approaching 'self-limiting density' caused by accumulation of waste by-products. This project identifies this self-limiting density as a basic management parameter and attempts to develop models capable of determining its level in order to ensure the viable future of the industry (Ward 1999).

The project evaluated existing impacts of current shrimp farms in the estuarine study region through data collection and modelling. The level of complexity of data and model is commensurate with the complexity of the system and is dictated by spatial and temporal variations in the estuarine dendritic tidal flats. The model includes determination of the hydrodynamic characteristics of the system and the mass balance of water quality constituents through the use of two models. The first is a section-mean hydrodynamic model which describes the rapid fluxes in tidal and current flow and the second is a section-mean longitudinal mass budget model which describes slower, longer term concentration profiles.

A range of different scenarios tested illustrate that tidal flow, freshwater throughflow and topography are at least as important as the nature of chemical usage. This means that any impact is influenced substantially by location as well as load and reinforces the point that the discharges have effects a great distance away from the source (Ward 1999).

In Norway a comprehensive system is now in place which brings together estimates of the environmental capacity of different coastal zones with farm related modelling of loadings, dispersion and dilution. The LENKA programme divided the Norwegian coastline into distinct areas. For each a capacity, such as for dissolved or particulate nutrients, was calculated and allocated to the various contributing activities (aquaculture, agriculture, forestry, sewage etc) (Bergheim, et al., 1991; Ibrekk et al., 1993). MOM (Modelling – Ongrowing fish farms – Monitoring) is then used  to estimate the holding (carrying) capacity of the site by modelling waste dispersion and dilution, and taking account of environmental capacity assigned under LENKA (Ervik et al. 1997). Further information gathered during monitoring is used to refine the model and thus the consented fish production. MOM integrates elements of environmental impact and environmental quality standards (EQS). The monitoring regime is governed by the degree of exploitation, where higher biomass sites require greater amount of monitoring. There are three levels of complexity.

More commercial products are now also becoming available for making assessments of the impact of industrial processes including aquaculture. Many offer a suite of packages which when run together provide all the information necessary to make assessments about the environmental capacity. For example, a combination of a hydrodynamic model, a particulates model and a chemical processes model provides a fairly comprehensive indication of the impacts. Many of these packages are available in downloadable form from the Internet, and some are free. These packages may originate from academic institutions while others are commercial products. Providers include for example Powergen (UK), the Danish Hydraulics Institute, WRC (UK)

For example, Powergen offers a suite of tools for environmental capacity estimations. This suite comprises TRISULA and DELWAQ both of which model heat dispersion, sediment transport , water quality and heavy metals in combination with CORMIX which models near mixing to give an indication of plume characteristics. This suite of programmes can relate effluent levels to predetermined environmental quality standards and inform management questions such as optimum outfall location, interaction of discharges and levels long term accumulations.

There are examples of these sort of combination approaches to environmental capacity modelling being successfully applied. This technique was applied in the Great Vitoria region to determine the best area for sewage treatment plants. This work used a suite of models that again included CORMIX along with WASP (Water Simulation Program) and QUALBAVI to predict BOD, DO, faecal coliform, nitrogen and phosphorous data as part of the environmental capacity calculation.

The majority of these suites of programmes, and in particular, any which use the CORMIX programme, are more suited to point sources of pollution. This would mean that in their current form they could not be used to model diffuse effluents from cage aquaculture. In spite of this the potential of suites of tools is clear and even in their current form these packages would be suitable to predict and the effects of point discharges from pond culture.

Taken together Ecopath and Ecosim (Christensen, Walters & Pauly, 2000) enable the construction, parameterization and analysis of mass-balance trophic models of aquatic ecosystems. These models give an overview of the feeding interactions in the ecosystem, and the resources it contains. This enables analysis of the ecosystem and simulation of various levels of exploitation, and thus allows evaluation of the relative impact of fisheries and environment. This model may be used indirectly to estimate the effects of pressure on native stocks from anthropogenic impacts, such as aquaculture, but not directly in the calculation of the carrying capacity.

New approaches are also beginning to appear which attempt to overcome the problem of imprecision and uncertainty that is inherent in all environmental capacity modelling by use of fuzzy logic modelling techniques (Lee & Wen 1996). These fuzzy techniques have significant advantages in providing robust solutions in imprecise environments. The disadvantage is that fuzzy models are often data hungry and always require considerable advanced computational capacity that inevitably adds to the cost of the project. 

Fuzzy logic resolution of water quality problems may be particularly appropriate when viewed in comparison to conventional deterministic mathematical programming models. These introduce uncertainties at all stages from model formulation through to computational procedures and error rates of these models may be as high as 300% (Lee & Wen 1996). In addition, conventional approaches to environmental capacity aim to relate the impacts against imprecise environmental goals and subjectively determined environmental quality standards. Fuzzy systems are ideal for overcoming this degree of uncertainty and subjectivity and seek to make general but robust conclusions. In the future this is undoubtedly and area of environmental capacity modelling that will receive increased focus.

Non deterministic alternatives

Some have called into question the whole deterministic approach of conventional environmental monitoring and assessment. In particular, the inherent acceptance of a large amount of uncertainty and the packaging of subjectivity into a highly objective framework has been questioned (Lein 1991, Hogarth and McGlade 1995, Lee & Wen 1996). These questions apply equally to deterministic assessment of environmental capacity. The driving force for any alternative approach is principally the view that conventional approaches have failed to adequately deal with the grey area of uncertainty and in particular how this is incorporated into the assessment procedure. 

As can be seen from previous sections of this paper, some of the bottlenecks that existed in the determination of environmental capacity have over the years been removed as modelling, data collection and computational ability has increased. In spite of this there remains an argument that this advancement has simply disguised rather than removed the problem of uncertainty.

James Lein, from the University of Ohio stated that uncertainty is an inherent feature of any environmental system and that this should be used to the advantage of the decision support systems rather than being regarded as an obstacle (Lein 1991). A prototype knowledge based expert decision support system is proposed as an alternative to deterministic approaches to defining a numerical value of carrying or environmental capacity. This system recognises that capacities are heavily influenced by human subjective appraisal of environmental quality standards and environmental processes.

A knowledge based solution to determining environmental capacity still requires a similar set of initial considerations, namely, the selection and measurement of key components and a study of their interrelationships. This approach differs however in that it aims to qualitatively evaluate the human-environment balance in order to determine the point at which the equilibrium is upset, rather than attempting to define a fixed numerical value for environmental capacity. A knowledge-based expert system is a logically arranged collection of facts, experience and insights that yield specific conclusions to a series of user operational prompts. Lein developed the C-CAPACITY prototype and tested it in Kenya's eastern ecological gradient, building up the knowledge base through interviewing of local experts. This work clearly showed the potential of this prototype for further development in order to provide valuable insight into environmental capacity planning.

The commercially based SIMCOAST package available in the UK combines many of the features of Lein's C-CAPACITY prototype but stretches further by including some fuzzy logic deterministic queries. Again this recognises the value of informed subjective opinion provided by experts, but supplements this with fuzzy analysis of objective data sets. SIMCOAST describes itself as a transect based decision support system for improved coastal management which approaches the problem of trans-boundary pollution analysis from a highly multidisciplinary viewpoint. Because this tool is so multidisciplinary there is a high data requirement, but the rule based expert system and the fuzzy calculations enables the package to cope with a certain amount of data inaccuracies. 

The approach of Lein (1991) and the SIMCOAST team (Hogarth & McGlade 1995) initiates a debate over when is it best to rely upon subjective informed judgement and when on objective modelling based on necessarily uncertain parameters and relationships. This issue will be returned to in the next section.

3.
Future trends and potential

Level of Complexity

D.B. Lee (Jr) stated in 1973 that bigger computers simply permit bigger mistakes. Ecological models can describe events from the microscopic to whole biosphere scales. The models can simply comprise of one or two equations but may equally demand massive computer simulation. The complexity of a model is not dependent upon the spatial scales that are covered but rather on the number of variables and the precision with which they are specified (Silvert, 2002).

The temptation is often to produce big models, which consider all components of the ecosystem even though these may lead to complexity problems. Uncertainty is compounded in a chain of uncertain relationships, and the conclusions generated may be associated with huge margins of error. While most models have under gone sensitivity analysis as part of their validation, they do not offer assessments of the reliability of final outputs for each individual simulation. This drive for big models may in part be explained by a concern over criticism for leaving information out, in spite of the fact that this may lead to a more robust model providing reliable information. A more cynical point of view is that it is easier to attract funding for large and ambitious models and it is harder to find fault with them due to their complexity and implicit knowledge of understanding (Silvert, 2002).

Almost all model authors recognise the trade off between inclusion of sufficient variables and the resulting complexity. Model designers have struggled to incorporate the major physical, chemical and biological processes into their work without compromising the overall clarity of interpretation and operation (Ross et al 1993). Different approaches to overcoming this problem have been used and showed to be of potential future value. Several model designers have opted for hierarchical type models which enable generic assumptions and rules that are uniform for all marine situations to form the base of the model while more detailed local specifics can be added into this structure (Borsuk et al 2000). This combination of generality and simplicity is proving useful in ecological modelling applications. 

Perhaps in the future, with increased computational power and modelling ability the point of compromise between increasing amounts of realistic but complicating parameters and the need for practical simplicity will shift. Models may aim to seek a level of complexity that is commensurate with the complexity of the system (Ward, 1999). However, if this becomes the case, the value of the models may not necessarily increase.  The concern will be that with the inclusion of terms for an increasing number of (uncertain) factors, the conclusions of the models will increasingly be accepted as objective statements of fact. There is an inherent natural caution that decision-makers use, or should use, when interpreting evidently simple models. This caution adds rather than detracts from the models by encouraging conclusions to be interpreted and implemented with informed subjectivity. The worry will be that with increasingly advanced and complicated models the assumption of the need for a subjective interpretation will disappear and reliance on conclusions would increase. The greater the complexity, the greater the temptation to forget the assumptions and believe that all factors have been considered. This point is of considerable importance in the climate of extensive model use by governmental regulators to make decisions which significantly effect aquatic resource use.

Data Limitations

Any attempts to model environmental capacity are attempts to provide answers and insight in areas of significant uncertainty. This insight aims to reduce the uncertainty and enable informed exploitation whilst remaining within the capacity of the environment and ensuring sustainable development. In short modelling should increase understanding enabling informed and sustainable resource exploitation.

This sounds ideal, but many feel that this is an exercise in worshipping false gods (Thompson 1985). The Precautionary Principle is becoming increasingly widely adopted at regional, national and international level in relation to management of environmental resources. Many see attempts to model environmental capacity as contrary to the precautionary principle, since models imply (falsely it is argued) reduced uncertainty and lesser need for precaution. They argue that regardless of modelling advances, the complexity of the environmental processes mean that data limitations will always create sufficient uncertainty to trigger precaution (Stebbing 1992). Conclusions drawn from models rarely fully acknowledge the assumptions upon which they are based and the associated levels of uncertainty.

It is vital therefore that all models clearly express the assumptions upon which they are based and in drawing conclusions highlight the areas of uncertainty that remain. Models must be seen as a means to enhanced understanding rather than providing answers. If the modelling world claims to identify hard and fast solutions from comprehensive data sets then the frequency of contrary voices that aim to discredit the models will increase.

Limited data sets

Certain pieces of work have highlighted the inherent weakness of models caused by data limitations and have looked at ways to overcome these difficulties. Models such as the non-linear iterative least squares approach has been used in India to predict environmental impacts specifically in areas of small or inaccurate data sets.(Agarwal & Sharma 2001). The hierarchical approach, which has already been mentioned in the discussion of the particulates modelling work, is another approach to overcome problems of limited local information (Borsuk et al 2000). This approach enables certain common parameters to provide the foundations to the model regardless of the system being assessed. On top of this foundation, some locally specific parameters can be incorporated into the model. In this way the hierarchical approach provides a compromise between the demands for site-specific information and the use of globally common data. The difficulty with situations of limited data is that the mathematics and computational effort that is required to overcome the data shortage is often huge. 

Interpretation of model conclusions

It is clear that the conclusions derived from models of complex physical and ecological processes must be treated with caution. Simple models may be robust but fail to take into account a wide array of location specific influencing factors. Complex models take account of these factors, but compound uncertainties through chains of relationships and assumptions. A failure to recognise these assumptions may cause models to obscure the obvious. For example, a model may predict that a predator dies when food is exhausted triggering a chain of events. In reality, however, in the absence of food the predator would simply migrate out of the spatial limits of the model. As the model assumed a finite spatial limit it is unable to consider this eventuality (Silvert 2002).

Comparative studies of the findings of different models have often highlighted this danger. In many cases where the same problem or environment has been modelled in different ways the conclusions have conflicted. For example, modellers, looking to determine carrying capacity for mussel raft systems in Loch Etive and Loch Kishorn developed two different capacity models. Both considered current, mean filtration and seasonal assimilation rates. A seston clearance model concluded that in both cases operations were well within the carrying capacity, whereas with a particulate organic matter model concluded that Loch Kishorn production exceeded the carrying capacity of the system (Karayuecel & Karayuecel 1998). This clearly illustrates the danger of placing absolute faith in model conclusions.

This variation between models is at odds to one of the apparent benefits that models are said to bring, namely consistency in planning in different locations (Lein 1991, Gillibrand & Turrell 1997). This presents a problem. If different models are to be used in different locations then the conclusions and the resulting levels of exploitation will vary. In effect this will lead to different degrees of environmental impact in different areas. Whist some models may advocate exploitation which remains well within precautionary levels, other models may draw conclusions which enable exploitation closer to the point of exceeding environmental capacity. 

Clearly therefore in order to ensure consistency in planning a suitable model or suitable suite of models should be advocated for use across a wide range of situations. However promoting one model ahead of another is to face accusation of academic or commercial bias, and undermines competitive science. A better approach may be to highlight generic model types or combination suites of model types which should be used. Highlighting key considerations that should be included as standard in any model design may also be a useful way of ensuring that appropriate models are used across the board and reduce the variation in conclusions between sites.

4.    Application of environmental capacity models in developing countries

Most modelling of environmental capacity related to aquaculture has been undertaken in developed countries, particularly focusing on marine cage culture of salmonids and mollusc culture in enclosed coastal embayments. In spite of the recognised importance of nutrient management for the productivity of tropical aquaculture systems, fresh and brackish-water pond production has received little specific focus in either the application of environmental capacity or the development of appropriate tools to measure and assess it. 

Aquaculture systems in developing countries range from highly extensive to highly intensive, and they are often much more closely integrated with agriculture and in some cases forestry systems. Concerns that pond aquaculture, especially shrimp farming, is exceeding environmental capacity are frequently voiced, and it is often assumed that the high disease incidence in shrimp farming is related to environmental degradation. Intensification is likely to increase in the medium term and environmental capacity issues will become critical very quickly. It is vital that the tools for assessment, and appropriate management and design are in place before further problems arise.

The practical and technical restrictions on the application of modelling techniques in developing countries, vary from those experienced in developed countries. Although the currently-favoured modelling techniques could be applied in developing country applications, in reality practical constraints often prevent this. Access to adequate funding, technology, training and experience may combine to reduce the applicability or appropriateness of many of the more sophisticated modelling techniques. In spite of this, there remains considerable scope for employing appropriate modelling techniques to examine and evaluate environmental capacity for aquaculture management. Simpler and less data hungry tools, less reliant on sophisticated computation may be particularly appropriate and still capture the same principles of environmental capacity which are exploited by the more technical solutions. 

The low costs of skilled labour mean that simple water quality sampling may not be so expensive, and if this can be linked to the development of simple field indicators which can be used by farmers, improved environmental management techniques should develop and spread  rapidly.

Environmental impact and capacity estimations can be addressed in a variety of ways ways, according to local problems, conditions, and technical capacity. Research is currently on-going into the appropriateness of many lower-tech and more cost effective applications of modelling, which build upon the key principles of environmental capacity. In each case the utility of the different approaches is determined by their cost-effectiveness in generating:
· Improved understanding of the links between management practices, water quality, sediment quality, and farm performance;

· Improved understanding of the relationships between water quality in ponds, in the defined aquatic system, and in the wider aquatic environment;

· Improved understanding of the nature and value of simple indicators of environmental quality and their use for routine water quality management

· Guidance on management of ponds and/or wider aquatic systems to generate optimal conditions for aquaculture and other productive activities;

· Estimates of possible limits to intensification or increased production for aquaculture (and agriculture where relevant) within the defined aquatic systems;

· Guidance as to system changes (e.g. canal design; water gate protocols) which would lead to improved water quality and or potential for increased production without compromising the quality of the wider environment

Farmer level indicators of environmental health and nutrient status

At it’s simplest, the principles of environmental capacity can be applied through extension of observations undertaken as part of existing standard husbandry routines. Farmers already use a variety of indicators to assess water quality and growing conditions, such as water colour, sediment colour, smell, presence or absence of common organisms. This can be greatly enhanced through further refinement of observation and recording protocols, including record keeping which highlights management interventions (stocking, fertilisation, feeding), climate and water events (such as heavy rain or water exchange), and measured water quality parameters (typically relating to temperature, salinity, dissolved and bound nitrogen, total and reactive phosphorus and biochemical oxygen demand).

Information on indicators, salinity and nutrient levels can be plotted over the production or annual cycle, along with major management and other events. The relationships suggested in these plots can be discussed locally between farmers to build upon the utility of indicators in pond or area water management.

Gross nutrient budgets

Total inputs to individual ponds, cages and the shared aquatic system of nitrogen, phosphorus, and in some cases organic matter can be estimated as a next step in environmental capacity assessment. Outputs in the form of harvested organisms, and nutrients and suspended matter in water remaining in the system or exchanged with the wider environment (in open systems) are also estimated. The balance of nutrients retained within the system or lost to sediments and/or atmosphere can then be estimated. These estimates will immediately provide an indication as to whether the system is a nutrient sink or source. 

For those systems which are used for rice production as well as aquaculture, the nutrient budget associated with rice cultivation can also be estimated, and possible nutrient exchanges between the two farming systems assessed. Ideally subsidiary budgets  should be developed for each sub-system (e.g. ponds, minor canals, major canals) so that accumulation or removal of nutrients in different components can be estimated, and management interventions agreed where appropriate.

Simple mass balance/flushing rate models

The nutrient budget estimations of the distribution of nutrients between the defined system and the wider aquatic environment, and between sub-components of the system may be refined and/or cross checked through the use of mass balance or flushing rate calculations. If nutrient concentrations within system components are known (or can be estimated from inputs), if flushing rate (water exchange/water volume) can be estimated, and if perfect mixing is assumed, then the total flux and balance of nutrients between sub-components can be calculated simply (see for example GESAMP 1986, 2001; Barg 1992; Hambrey et al 2000).  Water exchange may be estimated based on tidal height differences or on the actual flow of water into and out of system components where this is controlled at a sluice gate. 

Nutrient/organic matter dispersion and dilution 

The final refinement to our understanding of nutrient relations within aquatic systems is to model or plot empirically, nutrient gradients and or sediment dispersal and settling within and between components. This can be costly, and is clearly only worthwhile where there are significant and important (in terms of aquaculture sustainability) nutrient gradients within sub-components, which could be manipulated through management intervention if necessary. Simple empirical data on nutrient gradients in critical parts of the system may be collected and plotted to determine the need or otherwise for more data, and the likely value of dispersion and dilution modelling. 

5.
Conclusions

Aquaculture production in developing countries has often expanded in an unplanned way leading to the exceeding of environmental capacity, and negative impacts on aquaculture itself and other resource users. Action has usually been taken too late, and corrective interventions have sometimes been prohibitively expensive. Shrimp farming in particular has collapsed in many regions as a result of environmental degradation and chronic disease problems. There is tremendous potential value in using models to predict environmental effects, to inform farmers and other resource users, and to set agreed upper limits to aquaculture and other resource use activities to ensure that environmental quality does not deteriorate below unacceptable levels (Gowen 1994; Rydin 1998; Barg 1992; GESAMP 1986, 2001). The alternative is to monitor environmental conditions more rigorously and continuously and to implement appropriate corrective measures when problems arise. A more precautionary approach can be taken in either case: predictive models can be used, but precautionary limits still set; or precautionary “early warning” indicators can be identified and monitored, and management responses implemented well in advance of serious problems.

The relative costs of these different approaches are debatable, and likely to vary greatly according to circumstance. There is little doubt however that any system which reduces the chances of widespread environmental degradation, chronic water quality and disease problems, will save very large amounts of income and export earnings, and greatly reduce the incidence of personal debt and bankruptcy.

Despite the clear rationale outlined above, the use of predictive models has been criticised. There is a danger that model conclusions are taken as definitive and objective, despite the fact that many of the processes are poorly understood and numerous assumptions are required. This valid criticism requires that models be seen as an aid to the planning process rather than a process replacement. The value of the tool is wholly dependent upon the institutional systems that support it and does not in anyway replace those systems (Kapetsky 1995). Whichever models are used and regardless of their levels of complexity or technology, they must be seen as part of a wider and clearly defined management structure and planning process. It is this structure rather than the eventual choice of tool that will determine the overall success of any inclusion of environmental capacity determinations in sustainable aquaculture regulation. It is also clear that models do not and cannot absolve planners and regulators from responsibility, or provide a 'get-out' clause, in the event of environmental degradation.

Any useful model must be iterative. Willingness to admit that the model contains inaccuracies is vital, and models should contain sufficient flexibility to enable lessons to be constantly fed in and refinements made. Obviously this must include information from careful and appropriate monitoring which serves as a vital part of any quality control of management system. Environmental capacity models should also be seen as part of a suite of new and wider ranging policy tools which can consider and plan using environmental capacity concepts and enable focussed and informed planning at global and local level (Rydin 1998). An ideal planning process would bring together the outputs from a deterministic modelling exercise with the views of experts in local conditions and environmental capacity issues. A key issue in this regard is in the setting of environmental quality standards. This is rarely an objective process and may require an assessment of trade-offs in terms of risks, costs and returns associated with different levels of precaution and corresponding environmental quality standards.

In determining the appropriate choice of model, the level of complexity will be of paramount importance. Simple models are robust and transparent but fail to take into account a wide array of location specific influencing factors. Complex models take account of these factors, but compound uncertainties through chains of relationships and assumptions, and are not easily understood or checked by stakeholders. Despite this there is a widespread and dangerous tendency to equate complexity and sophistication with accuracy and objectivity. By contrast conclusions drawn from simple models are more likely to be treated for what they are; that is, best estimates of likely impact. This encourages the output of simple models to be used as part of an array of information and expertise in setting appropriate standards and management interventions. It also encourages greater participation in the planning and management process.

However simple or complex the model, monitoring, validation, and model refinement will be required. This is often not undertaken. Indeed the existence of a model, especially a costly and complex one, may be used as an argument for dispensing with expensive monitoring. In practice therefore, and particularly in relation to aquaculture of the developing world, simple models have many strengths, especially when developed and used in combination with other interventions. These other interventions are vital if the output of any model is to be used effectively. They include: awareness raising of possible environmental limits to activity; identifying simple indicators for farm level and aquatic system environmental monitoring; encouraging better organisation and group responsibility for environmental management. 

The choice of appropriate models will be informed by many considerations. The level of existing data and the quality of the historical data set are primary considerations. More data hungry models will require greater initial expense both in initial set up and on-going monitoring. This must be viewed in light of the fact that with improving technology and increasing data availability, low-tech systems are becoming higher tech and more and more big companies are using high tech solutions in developing countries. In situations with poor quality or limited quantities of data more robust techniques such as hierarchical or fuzzy logic may be required.

Once an appropriate level of data requirement has been determined the type of model must still be resolved. Different models treat bathymetry and physical conditions in different ways. Many are depth averaged and will not be appropriate for more complex coastal locations. Others rely on plume modelling and are inappropriate for diffuse effluents from cage culture. Decisions must also be made over what must be modelled in order to gain meaningful insight into the environmental capacity of the area. Is it sufficient to simply measure particulate organic benthic loading as being indicative of other impacts or must full trans-boundary reactive pathways of dissolved nutrients and chemicals be modelled? 

Many models fail to take consideration of unpredictable or even seasonal influences on water exchange and current flow such as storms or monsoons. This highlights the fact that many models are geared toward temperate application in particular in semi-closed fjordic systems. Some work in warmer climates has already highlighted the importance of evaporation, especially in pond systems, which often goes unconsidered in many temperate models and anecdotal evidence from the Shetland Isles reports that models have over-estimated the impact of cage culture by failing to consider wind induced currents.

Perhaps the best solution to the problem of selecting models and implementing appropriate associated planning structures for environmental capacity assessment will be to have clear guidelines on key aspects that should be considered in key areas. In effect, a decision tree could be developed to lead potential users to generic model types or suites of models that are most appropriate for use in each situation. This is likely to be a vital exercise as an ever more baffling array of environmental capacity models become available on the market, or in freely downloadable form from the Internet. 

Inappropriate model selection and a failure to consider the necessary associated management and planning infrastructure could lead many coastal aquaculture regions down an inevitable road toward environmental degradation and collapse of the industry.  In order for this to be avoided and for models to serve their rightful role as valuable additions to the planning process, model selection and the development of improved environmental planning and management systems must take place in parallel. Models must feed into and enhance effective planning and management regimes.
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