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Summary

Regulation to minimize impacts from aquaculture is of key
concern in coastal zone management for the sustainability of
Market
consumer forces are presently driving much of this regulation

the industry and the receiving environment. and
and its implementation. Mathematical modelling can provide
the tools for planning and monitoring as well as regulation, and
a number of countries have well-developed policies and
procedures in place which utilize modelling tools. The main
impacts currently modelled are nutrient enhancement, organic
waste deposition and the dispersion and deposition of medi-
cines and chemicals. The release o fthese wastes is influenced by
species- and site-specific characteristics, as well as culture and
husbandry techniques. The modelling process requires consid-
eration of definitions and limitations; standards for model
development including clear objectives and justification; good
technical description; use of good and appropriate data; calib-
ration; validation; sensitivity analysis; quality assurance; aud-
itability and consideration of the operational needs of the user,
the grower and/or the regulator. Models should have simplicity
and clarity; be fit for purpose; be open to scrutiny; be accessible,
user-friendly and be used with caution. Current models are
considered to be limited in scope but do cover the main
hydrodynamic and particulate processes. The regulation and
monitoring of finfish aquaculture involving the direct use of
models is apparently restricted to relatively few countries where
they are involved in setting holding capacity, the licensing of
Different

in different countries as

medicines and for assessing site applications.
approaches have been developed
required. In contrast, many countries do make considerable
indirect use of modelling techniques within the regulation
process. With respect to shellfish, models are in current use to
predict and optimize exploitation capacity but there is scope for
studying nutrient flux, habitat degradation and deposition
below suspended systems. Future developments for finfish need
to better address the main question of holding capacity or
exploitation capacity in relation to nutrients and medicines
release, including whole water body/regional impacts. The
relationship and predictability of toxic algal blooms remains
some way off. Modelling the complexities of degradation,
resuspension and the effect of the scavenging process on the
transport of in-feed medicines is required. Keys to future
developments across Europe include accessibility, setting of
Quality Standards

support for users, resources and structured research.

Environmental or targets, training and
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Introduction and background

The use and development of models in a research context is an
advanced science in many parts of Europe. Their applied use in
studies relating to water and particle movement in, for
example, a pollution control context for dispersal of patho-
gens, for the prediction of impact scenarios in estuaries or
coastal waters as a system design aid and their role in
hydrodynamic investigations relating to discharges, is well
accepted and continues to grow.

Models can be complex, have limitations and scope for
error, but they nevertheless offer powerful capabilities for the
prediction of potential impacts. They permit the testing of
specific hypotheses by coupling simulations ofreal processes to
field data, addressing the variation of one factor at a time and
they also allow investigation of the integrated effects of various
factors under certain assumptions. Therefore, in a scientific
context, models must never be seen separately from the
assumptions on which they are based. A good model, however,
interpolates existing knowledge and can also extrapolate it,
thus formulating predictions and stimulating their testing.

Their potential for use in monitoring strategies and for
regulating or managing environmental impacts is less well
recognized. Many hydrodynamic and benthic models have
1994,

Nordvarg and Hakanson 2000), but very few are explicitly in

been proposed for use in aquaculture (Hargrave
use in regulation and monitoring and several countries do not
apply them in the field of aquaculture at all, whereas others do
make extensive indirect use of models. Their development and
use in the assessment and prediction of impacts from nutrient
release and hypernutrification, organic deposition to the sea
bed, the dispersion of medicines and chemicals to the sea bed
and water column has followed the growth of cage culture
primarily. Some models are well developed, for example, in
Northern Europe, USA and Canada.
The potential for model use can be seen in the following areas:
* as indicators (or warning signals) which might be used for
adapting monitoring strategies and against which predeter-
mined standards may be compared (Munday et al. 1992);
* as descriptors for well-understood physical processes (such as
the settling of organic material around the fish cages);
* as tools for all sectors to achieve best practice within the
process of aquaculture development and its regulation;
» as a cost-effective alternative to extensive field studies that
may struggle to differentiate between anthropogenic impacts

and the large variations that occur naturally;
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o as a means of deriving fast predictions of potential impacts
for different aquaculture scenarios;
5 as contributions to the movement from reactive manage-

ment to proactive management (Strain et al. 1995).

There still appears, however, to be a requirement for the
politicians, planners, growers and many regulators, to fully
commit to aquaculture and to learn to understand and
describe the impacts (or their interaction) from aquaculture,
where modelling could play a key role in developing a strategy
for environmental management and sustainability. Despite the
existing difficulties, there does seem scope to develop existing
models and strategies, provided good and appropriate valid-
ation takes into account local socio-economic, political,
management and environmental variations. Predictive model-
ling of complex interactions in an integrated way remains a

matter for research in most of Europe (ICES 1999).

Impacts in which modelling has a key role

far-field
(regional/dispersed) impacts may be appropriate depending

Modelling of near-field (localized/site-specific) or

whether they derive from the production of particulate matter

and dissolved effluents from cultured species, from any
medicine or pesticide additions or from escaped fish them-
selves. The physical transport of effluents from a farm into the
water column and sediments is driven by processes such as
flushing (water exchange rates), sedimentation and resuspen-

sion parameters and characteristics.

Nutrients [Nitrogen (N) and Phosphorus (P)[

Nutrients, with the potential to increase the risk of hypernu-

trification in areas with poor flushing characteristics, are
released into the water column directly from caged fish and
also from the sedimentary environment below the farm, from
waste feed and interstitial waters (Aure and Stigebrandt 1990;
Pitta et al. 1999; Davies 2000). These dissolved materials may
have localized impacts but interest in the wider distribution of
is still the

intensive pond aquaculture, by contrast, produces relatively

nutrients subject of extensive research. Semi-
little nutrient pollution on a routine basis, and the nutrients
discharged at harvest can be captured effectively using simple
settling ponds (Costa-Pierce 1996).

Suspended shellfish culture is traditionally considered to
result in a net consumption of nutrients from the ecosystem
and there are proposals to apply suspended shellfish culture in
coastal nutrient management in some Norwegian areas (Bodvin
2000). Cultivation of shellfish has
controlling phytoplankton blooms, through a series of feed-
back mechanisms that filter feeders exert in the ecosystem

et al. the potential of

(Dame 1996; Prins et al. 1998). Nutrient release from extensive
culture is now being reported and the studies reviewed by Prins
and Smaal (1993) indicate a net release of ammonia, phosphate
and silicate from bivalve beds.

Organic impact

Organic impact from excess food and excretory matter that is
deposited on the sea bed from fish culture and biodeposition
around shellfish farms is localized and usually creates a site-
specific ‘impact footprint’ below or around the installation.
The

reduced dissolved oxygen levels, fish stress, afaunal sediments,

impact can be extreme (Tenore et al. 1982), causing

outgassing, the production of fungal Beggiatoa mats and also

A. Henderson et 4.

impacting on normal sediment chemistry and microflora. Such
gross impacts though, are usually confined to within 50 m of
the fish cages (Hansen et al. 1991; Holnier 1991; Henderson
and Ross 1995; Karakassis et al. 1999). ‘Displaced’ impacts are
not uncommon in moderately dynamic waters where organic
wastes do not deposit immediately around the premises. In
some areas, wind-driven dispersion may be extremely signifi-
cant. This, coupled with possible resuspension of sediments
will determine the dispersion and mitigation of any organic
impact. The recovery of sites from intense organic pollution
from fish cages or suspended shellfish culture, can take many
years and there is evidence that only an unstable equilibrium of
benthic infauna and sediment chemistry is established in the
sediments and that this can very easily be disrupted (Nickeli
et al. 1998; Karakassis et al. 1999).

Medicines

The use of antibiotics and antiparasitics in European marine
Although the
former has declined in northern Europe in recent years, the

fish farming varies widely among countries.
demand for sea-lice treatments has increased. Several have
now been developed and are marketed as both bath and
in-feed treatments. Specific formulations can be used legally in
several countries. However, the scientific investigation of the
fate and pathways of these substances in the marine environ-
ment is still poorly understood and requires research.

Trace metals

Although the usage of metalliferous antifoulants at cage farms
in Norway and Scotland appears to be declining due to
regulation and market forces, elevated levels of copper and
zinc (List II EC Dangerous Substances), from nets and land-
based net washers, have been recorded in Scotland (Miller
1998) and Norway (NIVA 1994). There is evidence also from
France, that fish feed yields elevated metals
(Kempfetal. 1997).

in sediments

Modelling process issues

It is important to ensure sound science using the best available
information and that modelling outcomes are ‘fit for purpose’.
The process requires a statement of objective; a justification of
the model; a technical description of the model; clearly defined
of data
collection, calibration and validation against independent data
sets; a

source data; an understanding of the limitations

sensitivity analysis; quality assurance and control
including auditability; accountability and reporting of sum-
mary outputs (these terms are defined in Henderson et al.
2001).

The specific needs of growers and producers, regulator)
mechanisms and operational factors, require a different focus
in the modelling arena. Models can be extremely simple,
descriptive or mathematical and range in complexity from the
simplest box model (item A plus item B in = item C out) tc
the modelling of highly complex integrated ecological systems
and the conditions that drive them. Increasing complexity car
lead to reduced reliability, particularly
individual

in situations where
weakl)

retains

processes are poorly described and/or

understood. In order that the modelling process
credibility with the industry, the public and non-governmeni
organizations, the modeller, the grower or the regulator needs

a tool to be appropriate and fit for purpose; for example, tc
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far-field
(regional) issues are being addressed and also to determine

take account of whether near-field (localized) or

whether existing models require any or further validation for
environmental or biotic factors.

This should enable regulators to efficiently and fairly issue
licences with environmental confidence and provide farmers
with reliable answers to different production scenarios. There
is a need for openness by the regulator to promote confidence
in the Models
friendly, fast and cost effective. The Working Group report-
of Mariculture (ICES
1999) have recommended that there should be a review of the

regulatory mechanism. need to be user

ing on Environmental Interactions

availability, to the scientific community, of mathematical
models concerning the environmental interactions of mari-
culture. In the final scenario, users may be faced with a
choice between using different models for different purposes,
or accepting inaccuracies and limitations. It is also recognized
that output from a model is as good as the data being entered
that the best available data should therefore be used

where possible.

and

Limitations in modelling might result in false predictions.
applying a
approach to any decision-making strategy, where complex

Consequently, there are risks in modelling
environmental processes are oversimplified on the one hand,
but a regulator or planner requires a uniform, understandable

management tool on the other.

Special considerations for model development and validation

The physical, biotic, technical and socio-economic environ-
ment in which the models are to be applied will affect the
modelling process and its application by the user. Examples
of necessary environmental considerations include geograph-
ically varying hydrodynamic regimes (including macro/micro
tidal conditions, still or dynamic regimes), local topography
(bays,

nutrient

open waters), temperature, nutrient fluxes, poor

Further-
more, differences in species cultured, growing/culture tech-

status and phosphorus-limited systems.
nique, site management and feed type will vary spatially and
temporally. The culture techniques and impact studies relate
mostly to salmon {Salmo salar), rainbow trout (Oncorhyncus

mykiss) and mussels (Mytilus edulis) for organic, nutrient,

medicine and chemical impacts in, for example, Canada,
USA, Norway, Scotland and Ireland, particularly in fjords
and embayments. The models in use are consequently

validated and calibrated for conditions and species in those
locations and have limited application elsewhere in southern
Europe, without the relevant regional validation and calib-
ration. A number of these environmental and other factors
can be illustrated from the Mediterranean sea (Karakassis

et al. 1999).

Overview of the current use of models and a country review

From the data available it was evident that relatively few
models were used explicitly in regulation but many countries
were using the tools, indirectly, to aid in the decision-making
Their taken place in

northern Europe, Canada and the USA where, to date, finfish

process. development has generally
farming has become a prime industry and the impacts of the
industry are widely contested.

In addition to models which have been developed for use in
regulating and monitoring aquaculture, there are many used in

research and other domains that, although unlikely to be
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immediately suited to managing impacts from aquaculture, do
processes, and could be
ICES (1999, 2000) has
collating and reporting much of the current viewpoint on

cover the main developed for

aquaculture. been responsible for

modelling in relation to salmon aquaculture.

At present models are being used in relation to:

Regulation, licensing and environmental impact assessment

(EIA4)

® setting holding capacity, in setting biomass/production of

fish farms on a site-specific basis, to achieve sustainability;

licensing of medicines: in the prediction of safe usage
according to risk assessment and environmental quality
standards (EQSs);

» EIA assessments for site applications: in the prediction of
organic waste footprints and faunal impacts, dissolved
oxygen depletion and nutrient enhancement.

» Monitoring

* environmental monitoring: in the prediction of environ-
mental risk (spatial or temporal) for targeting monitor-
ing effort and the validation/testing of model predictions
against derived EQSs for environmental protection.

* Site management: growth and production model predictions

* exploitation capacity: production optimization for shell-
fish, fish growth predictions.

A summary of the status and examples of the use of models
used in the regulation of nutrient, organic and medicine
impacts, follows, together with some examples from across
Europe (north to south). Some examples of the software and

its application are presented in Annex 1.

Modelling of nutrient impacts - summary

Although there is little definitive evidence of heavy nutrient
enhancement in the marine environment from aquaculture,
modelling can potentially address the issue at both the local
and the regional scale and currently is targeted at the wider
scale. Inputs of dissolved N and P excretion by fish are
of the

water body although it is recognized that dietary compo-

usually combined with the flushing characteristics

sition and digestibility are important variables. Impact

models to assess dispersion of soluble (and particulate

wastes) have required the use of hydrodynamic models, such
(Dudley
Day-to-day management of

as two-dimensional hydrographic models et al.
2000) which can be expensive.
site-specific issues requires quick configuration and applica-
tion and the modelling of mean environmental conditions
can allow this.

modelled

enhancement of nutrients can assess, in simple terms, the

In some countries an approach which ranks

risk to the aquatic environment. EQSs have been set in a
number of countries against which to predict levels from the
model. Modelling has seldom been used for the multi-farm/

user scenario which will be a key to regulation in the
future. Good two- and three-dimensional hydrodynamic
models such as those are used in Ireland, will aid this
process.

© Norway: some regional authorities in Norway intend to use,
as part of a box model, a simple water quality classification
based on dissolved oxygen levels, for the regulation of
salmon farm size and location.

® Finland:
impacts from nutrients and organic waste was published in
1991 (Makinen 1991) but has never been adopted by the
regulators.

a Baltic approach to modelling environmental
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Sweden: models for potential use by the regulator are under
development (Nordvarg and Hakanson 2000). Baltic mod-
els, based on mass balance equations for phosphorus (the
limiting nutrient in the Baltic) that predict the increase in
surface water total phosphorus due to fish farm emissions,
have been developed as a tool to assist in coastal planning,
in order to identify areas that are potentially sensitive to fish
farm development. In addition, a model predicting the
variability in oxygen concentration and consumption, thus
assessing risk areas in the Baltic coastal area, has been
developed by Carlsson et al. (1998).

Denmark: in Denmark, modelling per se is not used for the
regulation of mariculture although there is an overall limit
to the release of nutrients and organic matter to Danish
waters based on HELCOM studies for the Baltic.

The Netherlands: an ecosystem model developed for the

Oosterschelde simulate

ecosystem has been wused to
the impact of nutrient input reduction by shellfish, to the
Oosterschelde estuary.

Scotland: simple box models (e.g. MDL CNSNT
in use to predict cage farm impacts on nutrient levels
(Gillibrand and Turrell 1997b). The flushing times of the
majority of lochs in Scotland are published (Edwards and
1986) they develop a

modelling strategy (nutrient enhancement model) where

1) are

Sharpies and can be used to
water body flushing rates can drive risk assessment, i.e.
rapidly flushed systems may not be at risk. The regulators
and consultées use these during the application EIA and
licensing process.

Ireland: in Ireland

two- and three-dimensional hydrody-
namic models (DIVAST and TRIVAST) are in use to study
plumes of nutrients from cages. Recent developments have
included a link between a hydrographic data module and
nutrients module, to predict nutrients enhancement. Such a
model is equally applicable and is used to predict inputs of
medicines. This approach is used by the fish farm industry
(their consultants) in Ireland for environmental impact
statements (EIS), as part of the application process. They
have also been used in a multi-farm scenario. No environ-
mental quality (EQ) targets have been developed by the
regulator.

France: in France, models are recommended, as a
regulatory tool within the EIS, to obtain an exploitation
permit. The models most frequently used are mathematical
models describing the hydrodynamics in a tidal environ-
ment (i.e. areas of the European continental shelf). They
can be attached to a fish waste production model and are
used to estimate soluble and settleable loadings, along with
their concentration and deposition. These models are run
by the fish farm applicants. A linear model to predict
dissolved organic nitrogen from a recirculating system by
sea bass (Dicentrarchus labrax) is in use and for open
systems, a modification of the metabolic model of Stige-
brandt (1995) has

models that predict the optimal standing shellfish biomass

been developed. Carrying capacity
to be raised in a given basin or bay have been used in two
cases, to give advice to the regulations authorities (Bacher
et al. 1998).

Portugal: there are no models in use for regulation or ETA
but a trophic capacity modelling approach is being used to
simulate bivalve growth, and determine the carrying capacity
of cultured areas as a function of sediment quality, water

circulation, bathymetry and human impact.

A. Henderson et al.

Modelling of organic impacts - summary

The deposition of organic-rich waste on the sea bed is targeted
by modelling on a localized, for example, 200 m scale. The

potential footprint of the organic waste and

its dispersion

characteristics/intensity, is modelled using particle tracking or
deposition models. These utilize the settling characteristics of

feed and faeces and the dispersal characteristics of the water

body, based upon the fundamental approach

initially des-

cribed by Gowen et al. (1989). Alternatives are to use simple
flushing models to calculate loading levels (Silvert 1992) and
methods described by Hevia et al. (1996). Recent work has
also led to models such as DEPOMOD (Cromey et al. 2000)
being developed and extended to include benthic biological
impacts and also resuspension.

ICES (1999) reports that the main recent developments are

the recognition: (i) that fish faeces may not closely resemble
coherent particles; and (ii) of the importance of resuspension

of bottom sediments in some locations and the consequential

redistribution of sedimented waste.

The models in use can be used during the EIA and

consultation process to predict impacted areas in a water
body or on the sea bed and these, combined with EQS for
biological or carbon deposition, are now used to regulate
impacts.

Norway: impact models have been developed to study the
spreading of faeces and particulates under marine cage
farms. These are completed but not in routine use at the time
of writing. The models are part of the Modelling/Ongrowing
Fish Farms/Monitoring (MOM) system (Hansen et al
1997). The models compute the release of particulate waste,
settlement on the sea bed and nutrient release. They can alsc
be used to assess oxygen consumption in cages.

Scotland: for cage fish farms in Scotland, OPENSED
(Gillibrand and Turrell 1997a), a modification of Gowen’s
carbon deposition model, is in use by the Scottish Executive
Rural Affairs Department for EIA assessment. The model is
a particle-tracking model which simulates advection and
diffusion in two dimensions using a random walk technique
DEPOMOD (Cromey et al. 2000) has recently been devel-
oped to predict deposition of organic and medicinal waste
and to predict benthic biological impacts, in terms of ar
‘infaunal trophic index’ (Codling and Ashley 1992). The
Scottish Environment Protection Agency (SEPA) is com-
mitted to adopting the model as a further aid to establishing
appropriate biomass limits and impact zones at fish farrr.
(DEPOMOD

in-feed medicines). The model comprises modules covering

sites. is already used in the regulation ol
the hydrodynamic regime, dispersion, settlement, resuspen-
sion, medicine decay, fish growth, the degradation ofcarbor
and biological community changes. Currently, licensing
maximum site biomass of finfish is used to indirectly managt
seabed impacts. Alongside the use of DEPOMOD, hydro-
graphic data (mean current speed and direction, currem
residuals plus period of'still water) and benthic infaunal data
are used in a simple relationship ‘decision guidance model
by SEPA (1998). Biological quality criteria have been set
against which to monitor the sustainability of the site
Development work is underway to determine the appropri
ateness of these models for waters in Shetland and Orkne]
Islands, where organic impacts

may be mitigated b'

weather-driven events.

* Ireland: the model DIVAST predicts sediment depositior

below cages, although the model has limitations in terms o
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settlement rates of faeces and feed. Benthic quality criteria
are being developed,

o Spain: an ecosystem modelling approach (not being covered
in detail within the scope ofthis paper), where the impact on
the benthic fauna was included has been comprehensively
reported (Tenore et al. 1982) and applied in calculating mass
balances and for providing an insight into the carrying
capacity ofthe suspended mussel culture in the Spanish rias.
An academic group are currently working with the aqua-
culture industry and Spanish government on benthic impact
assessment and modelling of fish farm debris (Ruiz et al.
1999).

o Portugal: ecological models for extensive aquaculture in

Portugal have linked high aquaculture activity with oxygen

depletion, with fish production being dependent on natural

food availability and environmental conditions (Gamito

1997). No regulation takes place using these models.

Modelling of medicines impacts - summary

The use of antibiotics in many European countries has been
extensive but is declining. However, novel bath treatments or
in-feed preparations for sea lice has required models (identified
below in appropriate paragraphs) to address the spread of
dissolved substances or particulatgj? to which the medicines are
attached. The models can be used during the EIA

consultation processes to predict impacted areas, in a water

and

body or on the sea bed and combined with EQSs for specific

treatments, are now used to regulate the substances.

° Scotland: in order to regulate the use of sea-lice treatment
chemicals it is necessary to predict the dispersion following

Models

available for

treatment. of medicines dispersion are already
semi-enclosed Scottish sea lochs (Turrell
1990; Davies et al. 1991; Gillibrand and Turrell 1997a, b).
As the environmental standards set for medicinal residues in
Scottish waters and sediments after treatment are, in some
cases, detection

below the analytical limit, a modelling

approach has been adopted for regulation. Predictive
models are therefore used to set target values for residues,
depending on the current speed, the dispersion coefficient of
the waters at the site and the behaviour/concentration ofthe
The used by the
regulator, to set a permitted quantity that the farm may
use. DEPOMOD (Cromey et al. 2000) has been modified for

in-feed lice treatments to take account of differing half lives

medicine at treatment. approach is

ofthe medicines, their persistence in sediments, resuspension
along the sea bed and also to take account of differing
digestive loss through the fish itself. The regulator has
further developed the decision-making process by setting
environmental target criteria/EQSs, to permit a predicted
safe level of use, on a site-by-site basis and to determine
retreatment levels.

Ireland: the model DIVAST predicts soluble and particulate

medicine transport from fish cages.

« Italy: most aquaculture in Italy is land based and specific
aquaculture models for regulation are rare. The fugacity
models (EQC - Environmental Toxicology and Chemistry)
of Di-Guardo et al. (1994) relate to impacts from chemicals.
Another model (SOILFUG) also has the potential for use in
impact assessment from aquaculture chemicals. There is
work in progress to study the environmental impact of
antibiotics drugs from aquaculture and also on water

contamination by human and veterinary drugs (D. Calamari

2000, personal comm.).

Overview of future developments

Future developments are likely to be developed to predict
impacts in a more integrated way and to take account ofmulti-
user and multiple quality objectives. In this manner, impacts
may be likely to be studied, more specifically, at either a local
or a regional level. For continuity however, developments are

recorded below by impact rather than by scale.

Finfish farming

Nutrient impacts. Cage farms are being encouraged into more
open waters, consequently the risk of hypernutrification may
be diminishing. Structured research and major models how-
ever, are still needed to investigate this issue. Detailed models
will be required to take account of ‘whole’ sea or regional
systems from the regulatory point of view and should include
diffuse sources, such as land run off or forestry and farming as
a source of nitrogen and phosphorus. Nutrient budgets will
need to be considered. Although tools exists to take into
account overlapping farm ‘footprints’ or where a number of
sites are located in a single system, they are not widely applied.
The development in Ireland of MODESTIS (Hartnett 2000,
personal comm.), a two-dimensional multiparameter model,
may provide a step towards supplying regulators with a water
quality tool to assess impacts from multiple cage farms within
one water body.

The main areas of development required in ‘large’ multifarm
models is likely to be resource driven and include the further
enhancement of existing methods that take into account the
proportion of water which leaves the inlet on one tide and
returns on the next. This will require the acquisition of better
data sets to give a better knowledge of environmental ranges.
There is also a recognition of the importance in some areas of
bottom currents, induced by wind/wayes, in the resuspension
1999).
The main flushing/water exchange mechanisms differ between

and redistribution of material from the sea bed (ICES
areas. In some cases, tidal flushing is dominant, in others
freshwater inputs have strong effects on the current pattern. In
areas, such as the Mediterranean Sea and Shetland Island
Voes, water movements can be dominated by episodic events
in response to winds. The modelling of episodic or exceptional
events which could greatly influence the environment, is very
complex. Additionally, areas where highly changeable envi-

ronmental conditions prevail will also prove a challenge.

Organic impacts. A resume ofapproaches to modelling organic
impacts of fish farms up to 1994 is given by Hargrave (1994)
and extensive work in evaluating models is presented by Silvert
(1994). Progress has been made in linking the physics of
particulate waste deposition with the response of the benthic
community. Studies of the changes of benthic communities
over time, in response to benthic enrichment from fish farms,
have been reported (Sowles et al. 1994). It has also been shown
that a predictive model could be developed for sites exposed to
constant carbon loading, which can take several years to reach
maximum impact. A predictive model based on the balance of
benthic oxygen supply and demand has also been developed in
Maine for use in siting decisions (Findlay and W hatling 1997).

Wildish et al. (1999) have explored the identification of
useful, economical
(Eh) and
impacts in the Bay of Fundy. A similar approach using pH
and redox is included in the MOM process. Quantitative and

and cost-effective proxy indices [redox

potential sulphide content] to quantify benthic
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qualitative sediment quality criteria (sulphide, redox, trace
metals) have been set recently, by SEPA (1998), alongside
benthic infaunal criteria, to determine monitoring and regu-
lation action levels.

Benthic faeces

scavenging on excess pellets or falling
through the water column can reduce the actual deposition
of these materials on the sea bed and is recorded in
Scotland, Israel and French Mediterranean sites. The risk of
waste in-feed medicines pellets being consumed by scaven-

ging fish and spread through the food chain has also been

highlighted recently. Such processes are recognized as
important, but reliable (realistic) modelling is not yet
possible. A combination of modelling with empirical field

data would probably be required and is recommended (ICES
1999).

There is continued development of DEPOMOD to incor-
porate a module to assess dissolved oxygen availability to the
benthos and effects of dissolved oxygen stress and it is intended
that DEPOMOD be freely available to and
regulators within the EU (Black 2000, personal comm.). SEPA
is developing a strategy for using DEPOMOD to set site-
specific biomass.

The

(W. Silvert, personal comm.) and routine modelling may take

researchers

impact of structures is under serious discussion
place at some future date. These structures include cages, rafts
and ropes, all of which produce drag or friction, that may
impact on the local hydrodynamics of the growing area,
indirectly affecting the local settling and resuspension charac-
teristics of the site. In Cherbourg bay the current velocity was
found to increase under the cage nets, decreasing the depos-
ition of material immediately under the cages (Merceron et al.
1997). Currently

routine consideration.

regulators do not take this impact into

Medicines. In developing risk assessments for the use of sea-
EQSs have been developed to protect the
marine environment and non-target species. As some of these

lice medicines,

EQSs in waters and sediments are below the detectable limit
analytically, a predictive modelling approach has been devel-
oped by the regulators to determine safe levels for use in the
marine environment in those countries where they are
controlled. Strict treatment regimes for the medicines are key
to a modelling approach and although a site-specific approach
is relevant, the whole water body lice treatment strategies being
adopted by the industry will require a wide-field approach. In
addition, the fate and pathway of the active ingredient or its
breakdown products, is often not well understood and issues
of chemical decay, retreatment times and resuspension of
sediments for in-feed medicines are critical areas for impact

prediction modelling. Advective and diffusion models are

relevant to predicting effects of chemicals and work is
progressing in Canada.
There are plans to add a hydrodynamic model to

DEPOMOD in addition to the sea-lice treatments component
(K. Black 2000, personal
predicting concentrations in sea water for soluble treatments

comm.). The latter will aim at

and in sediment and biota, for in-feed treatments.

Trace metals and biocides. The Health and Safety Executive in
the UK, is becoming increasingly concerned about the use of
antifoulants in relation to aquaculture and some interest is
being shown by this body, in developing a modelling approach
to impact and risk assessment.

A. Henderson et al.

Shellfish farming

Nutrient impacts. Shellfish-related models are not currently
applied to regulatory objectives but originate from eutrophic-
ation-related studies, addressing nutrient cycling in ecosys-
tems. The main references to benthic-pelagic model studies are
(1995) and Herman et al. (1999).
Studies in San Francisco Bay (Officer et al. 1982) and more
recently by Lucas et al. (1999) model the role of shellfish or
benthic filter feeders.

reviewed in Heip et al.

The ‘production’ and ‘carrying capacity’ models that have
been developed for shellfish culture were brought together at
the TROPHEE workshop in Plymouth, UK in 1996 (Bayne
and Warwick 1998). Production models looked at the growth
and development different conditions.
Scholten and Smaal (1999) presented a model which aimed
to simulate growth and reproduction of individual mussels,

of bivalves under

which was to be used as a management tool in eutrophication
and carrying capacity studies. Models by Frechette and Bacher
(1998) found that mussel growth could be modelled as a
function of stocking density and the results provided much of
the information wusually required for managing cultured
populations.

A mussel production model, MUSMOD (Campbell and
Newell 1998) was developed to seed bottom culture lease sites
in Maine to their optimal carrying capacity. This model
predicted mussel production from a number of physical and
biological variables. Carrying capacity models which operate
at local scale and are applied in site selection or at ecosystem
scale, consider growth of shellfish as a function of ecosystem
characteristics such as primary production, standing stock of
bivalve filter feeders and interaction with other competitors
such as Zooplankton.

Another experience in relation to nutrient impacts, is the
culture of shellfish in nutrient-poor environments, as is now
carried out Recent studies have that
nutrient addition to an oligotrophic Norwegian fjord enhanced
scallop and mussel growth (Reitan 2000). In this framework

model development also takes place.

in Norway. shown

Seabed modelling. Research on modelling the benthic impact of
mussel farming, primarily by adapting the fish farm impact
model DEPOMOD has recently been conducted in Scotland
and Ireland (Chamberlain et al. 1999). Initial results suggest
that the predicted rate and extent of deposition of waste could
be linked to the observed impact on sediment and benthic
Further the

pseudofaeces and on the temporal variation on seston levels

fauna. data on

settling rate of faeces and
is required. Similar research is presently being conducted in
Canada with the added objective of incorporating a benthic
primary production component. Research has also been
conducted in France to determine the impact of biodeposits
from oyster table systems in the region of Marenne-Orlean and
suspension line culture in the Etang de Thau region (Bacher
et al. 1998).

A similar modelling approach is currently being developed
for suspended mussel culture in Saldanha Bay (South Africa).
The impact of biodeposits on the benthic community was
described by Stenton-Dozey et al. (2000) and empirical data
are now integrated in a STELLA-based model, according to
the ECOPATH approach described by Christensen and Pauly
(1993). Simulations were made of the impact of mussel rafts
on community composition

2000).

(Stenton-Dozey and Shannon
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Integration
A more integrated treatment and management approach is
now underway, which will require models to take account of
whole loch systems and any treatment strategies adopted by
the industry. With

anaemia in Scotland in

the development of infectious salmon
1998/99 a more integrated approach
to sea-lice treatments will

require rapid development of

models. General models are now being integrated with
models of ecosystem processes, particularly pelagic processes
and nutrient regeneration from sediment (e.g. the ERSEM
model). Ecosystem models are under development which are
multiparameter, multifunctional models directed at studying
whole loch systems over an annual cycle (W. Gurney 1999,
MODESTIS (Elartnett 2000,

comm.) is an example used in Ireland for predicting total

personal comm.). personal
water quality. Predictions of conditions likely to promote
addressed. An

ecological model of the Sado estuary in Portugal is being

toxic algal blooms also requires to be

developed, to integrate the estuarine nutrient dynamics and
analyse the relative importance of industrial, domestic and

fish farm effluents, the productivity and the plankton-
benthos interactions. Integration within the framework of
coastal zone management considers the development of

decision support systems. Although still in an experimental
phase, reference can be made to such an approach for the
Wadden Sea (results are accessible through internet http://
models which are

www.waddense.nl.) Other evolving in

coastal zone management, studying the interactions of
aquaculture with other water users, include a fuzzy logic
expert system called SIMCOAST (McGlade and Price 1993;

McGlade 1997).

Key conclusions

e The explicit use of models in planning regulation and

impact management is very limited but it appears that

considerable implicit use does occur in the regulation
process.

Models appear to be best developed where aquaculture is

well established as a growth industry, for example, Norway,

Scotland, Canada and USA.

« Effective modelling of impacts from aquaculture is taking
place primarily in northern Europe.

® Current models are considered to be limited in scope but do
cover the main hydrodynamic and particle processes.

* The integration of modelling into regulation and monitoring
programmes is not accepted Europe-wide.

* Many models exist that are related to non-aquaculture
impacts. Some ofthese are freely available. Others are under
development.

® Key

velocities/faecal quality and feed type, dispersion coeffi-

areas of modelling uncertainty surround: settling
cients, resuspension parameters and characteristics, whole
water body/multi-farm impacts, holding capacity, nutrient
fluxes, ecosystem effects,

o Considerable expertise exists in European Institutes and
scientific organizations.

® Differentapproaches have been developed in different
countries in relation to determining holding or carrying
capacity, planning and regulation.

» Keys tothe future developments include accessibility,

definition of EQSs, training and support for users, resourc-

ing, and structured research.

Recommendations

General

® The use of a modelling approach in aquaculture planning,
regulation and monitoring should be encouraged.
Modelling
optimize resource exploitation, to support activities in many

should be regarded as an objective tool to
sectors of aquaculture including growth prediction, impact
management (e.g. organic waste, medicines, antifoulants,

genetics), coastal zone management and planning and

resource management. Regulation should not rely on
modelling alone.

* Flexibility in the decision-making process involving model
output must be maintained.

e There requires to be an enabling environment for the use of
models across Europe. This will require commitment from
governments and regulators, an investment in training, free
and easy access to non-commercial users of existing models,

technical support and training programmes.

Modelling should be used as part ofthe monitoring strategy.
Where possible modelling can predict directional or tem-
poral impact thus allowing a targeting of sampling resource
and also areas at ‘risk’ from impacts.

should be
regulatory guidelines are developed. EQSs should be set

taken into account when

Modelling results

locally or regionally to allow models to be developed for
setting exploitation capacity.

Modelling processes

® Models require to be scaled appropriately.

® Model validation must be an integral part of the modelling
process taking account of any special physical, biotic or
zoogeographical variation. Best available data should be
used.

® Credibility of regulation using models necessitates good
validation and fit of observed against predicted values. Due
regard must be taken of model limitations and assumptions.
The accuracy of prediction required will depend on the
purpose of the model. ICES (1995) recommends the use of
confidence limits around predictions.

® Models require to be fit for purpose, fast, user-friendly, as
simple as possible, cost effective and transparent as possible.
Outputs

should be easily interpreted, e.g. graphical or

contoured outputs.

Availability and development

» Existing hydrodynamic water quality models currently

constructed should be made available to support aqua-
culture development and validated, taking account of special
environmental or socio-economic considerations. Informa-
tion/data exchange should also be encouraged and the
delivery of models to the client might be enhanced by expert
systems (decision support systems).

There is a major data constraint on the application of

models in supporting aquaculture development and its

regulation which in turn is determined by inadequate
funding or research.
» Existing impact models and their performance, e.g.

DEPOMOD, MOM and OPENSED should be evaluated
and be made available for non-commercial use (e.g. univer-
then validated for
locations taking into account local special considerations.

sities, growers or regulators) other
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° The development across Europe of and

‘regional’ models to set holding capacity for aquaculture

site-specific

enterprise, are required as a matter of urgency,

e The development across Europe of models to address whole
water body impacts from solutes (nutrients and medicines)
and also multi-farm inputs, are required as a matter of
urgency.
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