KWt v & =W, #519%, 41-51, FER194E
Bull. Fish. Res. Agen. No. 19, 41-51, 2007

41

A framework for developing “ecological carrying capacity’
mathematical models for bivalve mollusc aquaculture

Roger I. E. Newell -

Abstract Aquacultural production of suspension-feeding bivalve molluscs can profit from
information on the stocking density at which commercially valuable meat production is
maximized. Predicting these stocking densities in the natural environment is difficult a pri-
ori because of the complex interacting effects of environmental variables on bivalve growth
(e.g., food availability varies with rates of phytoplankton production, water currents affect
“food flux” to the bivalves, etc.) In an effort to integrate the influence of environmental
variables on bivalve growth a number of mathematical “carrying capacity’ models have
been developed that estimate the standing stock at which commercial harvests are maxi-
mized. This emphasis means that other important aspects of ecosystem carrying capac-
ity, such as the ability of the culture site to process the excrement produced by the animals,
may not be adequately modeled. I recommend that an open source- code community model
be developed to assess “ecological carrying capacity” for bivalve aquaculture. The overall
objective should be to develop a well-parameterized model that will allow a comprehensive
assessment of the major interactions between cultivated bivalves and the ecosystem. For
example, in addition to predicting tissue production, this model can be used to assess the
ability of suspension-feeding bivalves to exert top-down control on phytoplankton stocks,
reduce turbidity, enhance nutrient removal, and provide habitat for other organisms. These
secondary benefits can have economic value to the aquaculturists as part of polyculture sys-
tems, environmental remediation, and nutrient trading schemes. By modeling major aspects
of ecosystem function, such as competition for food with other suspension feeding organisms,
rates and location of biodeposition etc., models can be used to predict and possibly minimize
potential adverse effects of bivalve aquaculture.
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achieve this maximum production is often simply
INTRODUCTION referred to as the “carrying capacity.” Carrying

capacity is quite a widely-used term in biological

All models are wrong. Some models are useful
(DiToro 2001)

Commercial aquaculture of suspension-feeding
bivalve molluscs, such as oysters and mussels, can
benefit from quantitative estimates of how much
production can be obtained from a location. The
number of individuals that have to be stocked to

science and, confusingly, has acquired a number of
different meanings. Originally, it was a concept in
ecology that was applied to the population density
achieved at the asymptote in the logistic population
growth equation (Odum 1983, Dame and Prins
1998). More recently, the term has broadly come to

mean the maximum biomass that can be sustained
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by the available resources (Odum 1983). This
ecosystem-based concept forms the basis of Carver
and Mallet' s (1990) definition of carrying capacity as
the maximum standing stock of a particular cultured
species at which production is maximized without
negatively affecting growth rates. That definition
may not always apply to commercial aquaculture,
however, because production may be maximal even
though individual growth rates are low (Smaal et
al. 1998). Because of such inconsistencies, Smaal
et al. (1998) proposed a definition for aquacultural
production where “exploitation carrying capacity
is the stock size at which a maximum yield of the
marketable cohort is achieved.”

Estimating “exploitation carrying capacity for
aquaculture sites in the natural environment, and
thereby assessing potential economic returns prior
to establishing an aquaculture operation is difficult.
This is because food availability, which is one of the
prime factors governing bivalve growth, is spatially
and temporally variable because of changes in rates
of phytoplankton production and water currents
that regulate “food flux” through the grow-out
sites (Wildish and Kristmanson 1997, Bacher et
al. 2003). In an effort to integrate these complex
environmental variables a number of different
“carrying capacity’ models have been specifically
developed in order to predict optimum bivalve
stocking densities (e.g., Bacher et al. 1997, Dowd
1997, Campbell and Newell 1998, Smaal et @l.1998,
Chen et al.1999, Bacher et al. 2003, Duarte et al.
2003, Nunes et al. 2003).

Restricting models to predicting the stocking
density that maximize harvest yields means that
there is no consideration of possibly adverse effects
of the cultivated bivalves on important aspects of
ecosystem function, such as the ability of the culture
site to process excrement. In addition, possible
ecosystem benefits are not modeled, such as bivalves
feeding on phytoplankton and in the process
removing nutrients from the water column (Newell
2004). This concept is the basis of integrated
“ecological” or “balanced ecosystem” aquaculture
operations (McVey et al. 2002, Neori et al. 2004) in
which commercially valuable species from different
trophic levels (e.g., algae and bivalves) are cultured

so that they “extract” nutrients that are being added

elsewhere into the system (e.g., from finfish that are
intensively fed). Furthermore, in some countries
(e.g, USA) there is a move toward nutrient trading
schemes where industries that pollute aquatic
systems with nutrients pay other industries to
remove nutrients from the same body of water. It
is possible that shellfish aquaculture may qualify
for payment under such nutrient trading schemes
if the aquaculture facility is managed in such a way
to maximize nutrient removal (Newell 2004). Only
by developing predictive models will it be possible
to design systems that maximize levels of nutrient
removal.

In order to accommodate this broader ecosystem
perspective, I propose that “ecological carrying
capacity’ for bivalve aquaculture be defined as “The
standing stock of suspension-feeding bivalves where
the consumption of phytoplankton, enhancement
of nutrient removal, and other ecosystem services
are maximized without negatively affecting water
quality, sediment biogeochemistry, and overall
ecosystem function.” This is similar to the definition
of carrying capacity proposed by Duarte et al.
(2003) of “the level to which a process or variable
may be changed within a particular ecosystem,
without driving the structure and function of the
ecosystem over acceptable limits.” Both definitions
suffer from ambiguous definitions of an unacceptable
outcome (ie., “without negatively affecting” and
“over acceptable limits.”) It is necessary for there
to be greater discussion as to what constitutes the
proper criteria and methods for assessing “ecosystem
influence.” It is overly optimistic to think that any
aquaculture operation will have no adverse impacts
whatsoever; consequently, the question becomes
what level of impact is considered acceptable given
the benefits accrued from that activity. Ultimately
because that is a societal, and not an objective
scientific question, the acceptable levels will likely
vary from country to country.

Some criteria for monitoring ecosystem influences
of bivalve aquaculture have been developed
and can be used both as modeling criteria and
then objectively measured in field situations.
For example, Grant et al. (1995) performed a
detailed study of a mussel aquaculture site and

used a sophisticated benthic faunal analysis and
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measurements of sediment biogeochemistry to
quantify ecosystem impacts. Both of these criteria
are highly sensitive to sediment redox balance.
The depth of the redox potential discontinuity
(RPD) in sediments can be measured directly,
either in sediment cores collected in transparent
acrylic plastic tubes (Grizzle and Penniman 1991),
or by using a remotely operated camera system
that directly photographs the sediment profile (O’

Connor et al. 1989). This photographic technique
can also provide quantitative information on changes
in the infaunal macrofauna community. These
criteria are similar to those adopted in Japan, where
the accumulation of acid volatile sulfide in the
sediment and changes in macrofauna abundance are
used to monitor the influence of fin fish cultivation
on the surrounding environment (Yokoyama 2003).
This approach of objectively specifying certain
key ecosystem processes and then monitoring
these at aquaculture sites allows deviation from
predetermined values for each variable to be
discerned. These key ecosystem processes can also
be incorporated as output parameters in a model to
predict the effects of balanced aquaculture on the
ecosystem.

The objective of this paper is to provide a
framework to help stimulate a discussion of what
should be included in future “ecological carrying
capacity models” for bivalve aquaculture. This
model should only include the essential elements as
it would be counterproductive to develop an overly
complex model, with time spent parameterizing
details that do little to improve the overall accuracy
of the model predications. I briefly review here
some of the information that needs be included
for the main four ecosystem processes that
suspension-feeding bivalves influence: 1) top-down
control on phytoplankton and microzooplankton; 2)
sediment hypoxia; 3) inorganic nutrient cycling; 4)
reduction in turbidity. I also briefly draw attention
to the fact that the culture gear (rafts, cages,
ropes, etc.) and the animals themselves can provide
important habitat for other ecologically valuable
“fouling community” organisms. Transfer of organic
material to the sediment surface in biodeposits may
also stimulate benthic production. Such effects on

secondary production, and the likely transfer of this

production to higher trophic levels, are difficult to
model but can be important ecosystem benefits of
bivalve aquaculture systems.

MODEL COMPONENTS

1) Top-down control on phytoplankton and
microzooplankton

Suspension-feeding bivalves remove particles
> 3 um diameter from the water column with
high efficiency when water temperatures are high
enough to promote activity (Bayne and Newell 1983).
This feeding activity can have the beneficial effect
of exerting exert top-down control on phytoplankton
populations that may be stimulated by nutrient
inputs from point and diffuse terrestrial sources,
adjacent fin-fish aquaculture sites, etc. (Newell 2004,
Newell et al. 2005). Bivalves, by directly grazing on
microzooplankton, may also reduce the dominance
of carbon flow through “microbial loop” pathways
(Sherr and Sherr 1988, Kreeger and Newell 1997,
Kamiyama 2004).

Size selective feeding by bivalves means that
larger nanoplankton cells (>3 um diameter)
are preferentially removed in comparison with
smaller and less efficiently retained picoplankton
species. In order to accurately model the food
resources available to suspension-feeding bivalves
in any particular location, the size structure of the
phytoplankton and microzooplankton community
needs to be assessed. This will require models
to include size-specific rates of phytoplankton
production rather than use total chlorophyll a
concentrations as a proxy for food available to
bivalves, which is the approach adopted in many
existing bivalve carrying capacity models (Campbell
and Newell 1998, Smaal et al. 1998, Nunes et al.
2003, Duarte et al. 2003). Furthermore, differential
grazing by bivalves can lead to the situation where
picoplankton species are subject to reduced grazer
control compared to larger species and hence
become relatively more abundant (Olsson et al. 1992,
Prins et al. 1998). Such an increase in picoplankton
was documented by Vaquer et al. (1996) and
Souchu et al. (2001) in a poorly flushed lagoon in
the Mediterranean that has high abundances of

aquacultured bivalves.
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An additional reason for not simply using total
chlorophyll as an estimate of food availability is that
some species of phytoplankton possess toxins that
reduce bivalve feeding activity (Shumway 1990). It
is thought that blooms of such toxin producing algae
may be increasing in distribution and frequency
worldwide and anthropogenic nutrient enrichment
is a likely causal factor (Cloern 2001). Even if the
algal toxins do not adversely affect the bivalves
directly, toxins can be bioaccumulated to levels that
render the flesh unsafe for human consumption
(Shumway 1990). Because the exact causes of
harmful algal blooms are uncertain, it will be difficult
to incorporate their occurrence into predictive
ecosystem models but that does not mean that their
influence should be ignored.

There can also be deleterious ecosystem
effects of high rates of phytoplankton removal
by suspension-feeding bivalves. At high bivalve
densities there can be intraspecific competition for
food that can be partially reduced by configuring
the culture system to increase water through
the site, thereby minimizing refiltration. This
purely physical influence of water flow on food
flux can now be efficiently modeled using coupled
physical and biogeochemical models (e.g, Campbell
and Newell 1998, Chen et al. 1999, Duarte et al.
2003). Interspecific food competition between
high abundances of cultured bivalves and
other ecologically valuable benthic and pelagic
suspension-feeders (e.g., zooplankton) should be
modeled explicitly. For example Lam-Hoai et
al. (1997) reported that in areas with shellfish
aquaculture there were appreciable differences
in abundances of 40 to 300 um diameter
microzooplankton compared to areas with no
aquaculture farms. They ascribed these differences
in community structure to microzooplankton
being directly grazed by bivalves and by other
suspension-feeding invertebrates attached to
the aquaculture structures. Bivalves may also
out-compete some types of zooplankton for
phytoplankton because bivalves overwinter as
adults and are able to start feeding when water
temperatures reach the threshold necessary
to promote an active metabolism. In contrast,

temperate copepod species, that form a dominant

component of the zooplankton, rely on a relatively
small number of adults to survive overwinter that
can then feed and reproduce in order to rebuild the
population. As discussed above, bivalve grazing may
alter phytoplankton species and size composition
and thereby affect the food resources available to

other benthic and pelagic suspension-feeding fauna.

2) Sediment hypoxia

Aquacultured finfish require an external food
source and this feeding results in the addition to
the water surrounding the aquaculture facility
of “new” dissolved inorganic nutrients from fish
urine and feces that can stimulate high levels of
phytoplankton production. The situation is very
different for bivalve aquaculture because the
dissolved and particulate excrement released to
the environment by bivalves is solely from them
consuming autochthonous production that utilizes
ambient dissolved inorganic nutrients. However,
potentially adverse effects from both finfish and
shellfish aquaculture facilities can result from excess
deposition of fecal material that may overload the
underlying sediments with particulate organic
material. Bacterial decomposition of this organic
material can release more inorganic nutrients and in
extreme situations cause sediment anoxia, thereby
reducing the biomass and species diversity of
benthic fauna.

Undigested organic material in the feces and
pseudofeces of bivalves are voided as mucus-bound
pellets (collectively called biodeposits) that can be
as long as several millimeters. As a consequence of
this aggregation, biodeposits have a faster sinking
velocity that is up to 40 times that of the component
particles (Widdows et al. 1998). These biodeposits
settle where the friction velocity (u*), which is
a function of current velocity and bed roughness,
is below a critical velocity required to suspend
particles of that particular mass (Miller et al.
2002). In locations with sufficient physical mixing,
biodeposits can become disaggregated into smaller
particles that sink more slowly and are resuspended
at lower friction velocities. Where bottom friction
velocities remain below the critical erosion velocity,
biodeposits undergo a consolidation process and

become incorporated into the sediments around the



Ecological carrying capacity models for bivalve aquaculture 45

bivalve population, hence increasing particulate and
dissolved nutrient concentrations within that zone
(Kaspar et al. 1985, Miller et al. 2002).

Because bivalves filter phytoplankton from large
volumes of water, and these biodeposits are voided
in the relatively small region around the aquaculture
site, bivalves do serve to concentrate and focus
nutrients (for review see Newell ef al. 2005).
Food-based carrying capacity models (e.g., Smaal et
al. 1998, Duarte et al. 2003, Nunes et al. 2003) can
predict the locations with the highest phytoplankton
production that can support the greatest density
of aquacultured bivalves. Unfortunately, in such
productive locations bivalves can be stocked at such
high densities that their biodeposits are focused
onto a small area of sediments. When receiving
sediments become overloaded with organic material
the resulting bacterial respiration can consume
oxygen at rates faster that it can be resupplied
by diffusion. In such circumstances anaerobic
microbial pathways dominate, and sulfur reducing
bacteria produce high levels of hydrogen sulfide
that are toxic to benthic infaunal species (Diaz and
Rosenberg 1995). This loss of infauna exacerbates
the adverse effects of excessive biodeposition on
sediment biogeochemical processes because of a
reduction in bioturbation processes that serve to
bring oxygen into the sediments (Aller 2001, DiToro
2001). Loss of infauna also reduces food resources
for carnivores at higher trophic levels.

Understanding and modeling the biotic and abiotic
changes in the receiving sediments associated
with organic loading from bivalve excrement is
necessary in order to accurately parameterize
“shellfish ecological carrying capacity models.”
Accurately modeling water flow is especially critical
since strong water currents can distribute bivalve
biodeposits widely over the bottom, hence reducing
their adverse effects on sediment. Water flow is also
crucial in supplying oxygenated water to hypoxic

sediments.

3) Inorganic nutrient cycling

Nutrients incorporated in phytoplankton biomass
are filtered from the water column by bivalves,
ingested, and digested in seasons when water

temperatures are warm enough to promote active

feeding. Nutrients that are digested but not
assimilated are excreted and returned to the water
column nutrient pool. A majority of the nitrogen
is excreted in the form of ammonium and this may
have a stimulative effect on local phytoplankton
production (Dame 1996, Newell et al. 2005).
Undigested organic material is transferred to the
sediment surface in biodeposits where it is degraded
through complex microbial processes (DiToro
2001, Newell et al. 2002). A large proportion of the
nitrogen (N) and phosphorus (P) is regenerated
back to the water column (Newell et al. 2005).
Inorganic nutrient regeneration from the sediments
is not 100% efficient, however, which leads to the
loss of some nutrients each time phytoplankton
are consumed by bivalves and the resulting
biodeposits transferred to the sediment surface.
Where sediments remain oxygenated, some of the
P that was originally incorporated in phytoplankton,
but was not digested by the bivalves, can become
sequestered and buried as iron-bound complexes.
Where biodeposits are incorporated in aerobic
surficial sediments that overlay deeper anaerobic
sediments, microbially mediated coupled nitrifica
tion-denitrification can remove as N, gas some of
the nitrogen that was originally incorporated in
phytoplankton. Some N can also become buried
in the accumulating sediments. In locations with
sufficient light at the sediment surface, however,
benthic microalgae compete with nitrifying bacteria
for N regenerated from the bivalve biodeposits,
thereby reducing or even precluding coupled nitr
ification-denitrification (Newell et al. 2002). If the
sediments become anaerobic, coupled nitrification-de
nitrification is inhibited, P is mobilized and released
to the water column, and the resulting build-up of
H,S can be toxic to other benthic animals. Loss of
these bioturbating fauna reduces sediment irrigation
that is an important mechanism for sediment
oxygenation, and hence further increases the
likelihood that the sediment will remain anoxic.
Duarte et al. (2003) suggested that spatially
explicit hydrological models be used as the basis of
carrying capacity models. By modeling water flow
and food fluxes the optimum spatial distribution
of aquaculture farms within coastal systems may

be accurately predicted. The influence of the
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aquaculture systems themselves (rafts, ropes, etc.)
in imposing drag, and hence reducing water flow,
also needs to be considered (Grant and Bacher
2001). Better information on water currents also
means that the possible distribution of biodeposits
over the surrounding sediment surface can be
predicted. This distributional data, when linked with
information on the biotic and abiotic characteristics
of the receiving sediment (e.g., grain size,
porosity, influence of periodic storms in scouring
bottom sediment, etc.) will allow the influence of
biodeposition on sediment biogeochemistry and
benthic organisms to be modeled (DiToro 2001).
Information on rates of nutrient regeneration, burial,
and denitrification becomes even more crucial if
bivalves are being cultivated as part of a poylculture
system in order to enhance nutrient removal (Newell
2004).

4) Reduction in turbidity

In locations with high bivalve biomass and
relatively restricted water exchange with
surrounding waters, the feeding activity of bivalves
can remove sufficient organic and inorganic
seston particles that the amount of light reaching
the sediment surface is increased. This has the
effect of reducing the dominance of phytoplankton
production and extending the depth to which
ecologically important benthic plants, such as
seagrasses and benthic microalgae, can grow.
Newell and Koch (2004) developed a simple model
of the effects of suspension-feeding bivalves on
altering light penetration and the consequent
benefits to seagrass beds. Their model showed that
reestablishing seagrass beds may be facilitated by
first rebuilding depleted oyster stocks to increase
light penetration. It is apparent that aquacultured
oysters could provide similar improvements to water
clarity, therefore potentially allowing management
authorities to permit aquaculture in regions
generally considered too ecologically sensitive for
such commercial uses. It has been shown, however,
that there are severe reductions in seagrass beds in
the immediate vicinity of oysters cultivated on the
bottom in Oregon, USA. The causes of this seagrass
loss were multifaceted, including direct shading

by the aquaculture gear, enhanced biodeposition

reducing sediment suitability for seagrasses,
sediment erosion associated with on-bottom
racks altering bottom water currents, and severe
disturbance associated with husbandry activities
(Everett et al. 1995).

A potential adverse effect of an increase in light
at the sediment surface is that nuisance macroalgae
may become established, rather than a more normal
flora of seagrasses and microphytobenthos. Some
types of macroalgae (e.g., Cladophora spp.) flourish
in locations that have elevated levels of inorganic
nutrients and relatively low irradiances (from 18 to
175 umol photons® s'), and under such conditions
can out-compete other macroalgae (Rafaelli et
al.1998).

5) Provision of food resources and habitat for other
organisms.

Bivalve biodeposits have a high residual organic
content, with a C:N ratio similar to phytoplankton
(Newell et al. 2005), and can therefore provide a
nutritious food source for benthic deposit feeders.
An increase in sediment organic N content has
frequently been observed near large aggregations
of bivalves (Kaspar ef al. 1985, Kautsky and Evans
1987, Deslous-Paoli et al. 1992, Hatcher et al. 1994,
Stenton-Dozey et al. 2001). The type of response
observed in benthic communities adjacent to bivalve
stocks is very dependent on the magnitude of
sediment enrichment by biodeposits. The degree of
enrichment is governed not only by the abundance
of bivalves but also the area of bottom over which
their biodeposits are distributed, which is dependent
on the magnitude of water currents and wave action
(Miller et al. 2002, Newell 2004). As discussed
above, high levels of biodeposition can stimulate
sediment microbial metabolism to the point that
oxygen becomes limiting. At this point bacterial
anaerobic metabolic pathways start to generate
toxic hydrogen sulfide (Aller 2001).

In response to low to moderate organic loadings
by bivalves, species diversity and biomass of
meiofauna and macrofauna deposit feeders are
often increased compared to areas without
bivalves (Kautsky and Evans 1987, Dittmann 1990,
Ragnarsson and Raffaelli 1999). Grant et al. (1995)

reported relatively minor changes in macrobenthic
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biomass and diversity associated with biodeposition
from suspended mussel culture. The benthic
community underlying intensive rope-cultivation of
mussels has often been observed to change from one
with a diverse species composition to one composed
predominately of infaunal polychaetes (e.g., Kaspar
et al. 1985, Stenton-Dozey et al. 2001). Increases
in polychaetes can leads to enhanced bioturbation
which has the beneficial effects of increasing rates
of coupled nitrification-denitrification compared with
the control sites (Kaspar ef al. 1985). Tenore et al.
(1982) reported that excessive biodeposition from a
high density of mussel aquaculture rafts changed the
benthic infauna from one with high species diversity
and biomass to one characteristic of a pioneering
community, with low species diversity and biomass.
There was also reduction in bioturbation associated
with the loss of the diverse infaunal community as
the dominant species in the pioneering community
were tube-building worms with little influence on
sediment vertical mixing and sediment irrigation.
These types of secondary effects from shellfish
aquaculture are difficult to model because the
responses are so variable between locations. In
order to capture at least some of these ecosystem
changes, three-dimensional physical models can be
used to predict the amount and spatial distribution of
organic material transferred to the sediment surface.
Models of sediment biogeochemical processes
(DiToro 2001) can be used to predict the depth of
oxygen penetration into the sediment and this used
to predict if there will be negative effect on infauna.
In locations where sediments remain aerobic it will
be possible to predict the amount of organic material
available to be supplied to the benthic deposit feeder
community and this can then be used to estimate
rates of carbon transfer to higher trophic levels.

An important ecosystem benefit of natural
shellfish beds is that they provide habitat for many
invertebrate and vertebrate species (Coen et al.
1999, Ragnarsson and Raffaelli 1999, Peterson et al.
2003). Dealteris et al. (2004) have shown that both
on-bottom and off-bottom aquaculture holding gear
also provides the type of spatially complex habitat
that is sought by many species of mobile animals.
These aquaculture structures provide a surface

for plant and animal colonization (Mazouni et al.

2001) that then provide a food source for many
animals. A simplifying approach for including the
provision of habitat in ecosystem models would be
to calculate the amount of surface area available
to be colonized by plants and animals on the
aquaculture system (Dealteris et al. 2004). Then
using simple empirically derived relationships
estimate the amount of biomass that may be present
for secondary consumers. Such estimates can then
be refined by sampling the aquaculture system once
it is in operation to quantify the biomass of plants
and animals. The extreme periodic disturbances
associated with cultivation and harvest practices,
especially those required for on-bottom culture of
infaunal bivalves (e.g., Everett et al. 1995, Kaiser et
al 1998), will negatively affect the habitat and should
be included in the model.

CONCLUSIONS

I recommend that new “exploitation carrying
capacity’ models for suspension-feeding bivalve
aquaculture be developed that can also serve as
“ecological carrying capacity’ models. The model
should include sufficient detail of major ecosystem
processes to predict possible beneficial and negative
influences that the aquaculture facility may have
on the environment. Properly designed models will
allow regulatory authorities to assess the secondary
benefits of using bivalves to provide ecosystem
services, such as graze phytoplankton and thereby
remove some of the excess anthropogenic inorganic
nutrients present in many of the world s coastal
waters. Modeling rates of nutrient regeneration
to the water column and removal is especially
relevant to “ecological” or “balanced ecosystem”
aquaculture operations where bivalves and seaweed
are cultivated to help remove nutrients generated
from finfish aquaculture (McVey et al. 2002, Neori et
al. 2004).

Many different research groups have developed
carrying capacity models for bivalve mollusc
aquaculture. These models, some of which are cited
above, have all been undertaken as independent
projects and have rarely directly incorporated
relationships parameterized for earlier models. I

think that it would be advantageous to all concerned
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if new ecosystem models are developed as open
source ‘community models” that enable free and
open access to the relevant code. Community models
allow various investigators to parameterize and add
in specialized sub-models that ultimately constitute
a single, fully parameterized, model. For example,
three-dimensional physical models have been
developed by Chen et al. (1999) that could serve as
the central core of a new bivalve aquaculture model.
The complex sediment biogeochemical processes
that will be affected by bivalves are included
in the sophisticated sediment diagenesis model
developed by DiToro (2001) which can be added as
a component to an aquaculture model. The influence
of bivalve on light penetration and the growth of
benthic plants could be based on models developed
by Alvera-Azcarate et al. (2003) for macroalgae
and Newell and Koch (2004) for seagrasses. In this
way essential elements are gradually incorporated
into the core model in order to improve the overall
accuracy of the model predications.

The approach I advocate of developing an
open source code “Community Model” with
well-parameterized compartments has been widely
adopted by physical oceanographers, who have
developed the Princeton Ocean Model (www.aos
.princeton.edu/WWWPUBLIC/htdocs.pom/) and
the Regional Ocean Model System (www.marin
e.rutgers.edu/po/). This approach is also being
adopted for ecosystem models. For example, a
model is under development for the Chesapeake
Bay watershed and estuary that will enable free
and open access to source code. This is intended
to be a web-based model that will include a base
model as well as individual modules covering all
aspects of hydrodynamics, ecosystem dynamics,
trophic exchanges, and watershed interactions (ht
tp://ccmp.chesapeake.org/CCMP/). This approach
of developing a community model is more efficient
than the current situation where even the most
recent and sophisticated bivalve carrying capacity
models that have been developed (e.g., Dowd 1997,
Campbell and Newell 1998, Chen et @l.1999, Duarte
et al. 2003, Nunes et al. 2003) are missing some
important components. Instead, if the best features
from each were combined into a single model,

it would provide more useful and robust model

predictions about ecosystem effects. There are
significant logistical problems that have to be solved
before embarking on developing such a community
based model. Primarily this will require ensuring
that sufficient long-term funding is committed for
the support personnel who can maintain model code.
Once a model is implemented it must be refined and
validated using monitoring data that is frequently
required to be collected by regulatory authorities to
ensure that the aquaculture facility complies with

permit requirements.
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