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Abstract In this paper we focus on the role of ecosystem models in improving our
understanding of the complex relationships between bivalve farming and the dynam-
ics of lower trophic levels. To this aim, we review spatially explicit models of phy-
toplankton impacted by bivalve grazing and discuss the results of three case studies
concerning an estuary (Baie des Veys, France), a bay, (Tracadie Bay, Prince Edward
Island, Canada) and an open coastal area (Adriatic Sea, Emilia-Romagna coastal
area, Italy). These models are intended to provide insight for aquaculture manage-
ment, but their results also shed light on the spatial distribution of phytoplankton
and environmental forcings of primary production. Even though new remote sens-
ing technologies and remotely operated in situ sensors are likely to provide relevant
data for assessing some the impacts of bivalve farming at an ecosystem scale, the
results here summarized indicate that ecosystem modelling will remain the main
tool for assessing ecological carrying capacity and providing management scenar-
ios in the context of global drivers, such as climate change.
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25.1 Introduction

The culture of marine suspension-feeding bivalves involves farming extensive
coastal areas at high biomass. The ability of these animals to influence ecosystem
processes is a central theme of this book. Ecosystem goods and services, such as
provision of harvested protein, require that energy or matter flow be directed through
cultured populations, and potentially diverted from other pathways (e.g. wild spe-
cies requirements). The concept of carrying capacity has been subdivided to reflect
this definition (McKindsey et al. 2006). For example, ecological carrying capacity
would apply to an environmental threshold beyond which the ecological integrity of
the ecosystem would be considered compromised. This approach requires assess-
ment of inputs and outputs of matter and energy to coastal systems, and ecosystem
modeling has frequently been utilized for this purpose (Grant and Filgueira 2011).
Ecosystem models applied to shellfish culture may be categorized in two ways:

1. Mitigation models, which seek to address the role of bivalves in reducing ‘excess’
phytoplankton arising from eutrophication. This topic is addressed explicitly in
Petersen et al. (2018).

2. Carrying capacity models, which seek to determine food limitation of cultured
bivalves. This chapter is addressed from a provisioning point of view in Smaal
and van Duren (2018).

In both cases, the concentration of phytoplankton biomass, usually quantified as
photopigments, primarily chlorophyll, has been the focus of ecosystem models.
Phytoplankton are at the base of all marine food webs, and may be characterized as
the most important part of marine ecosystems, and certainly the most important of
supporting services (Richardson and Shoeman 2004). Regulation of phytoplankton
biomass classically occurs through either bottom up (nutrients) or top down (graz-
ing) processes. The biomass of natural bivalve populations is equilibrated with its
food supply, so excessive grazing would not be an ongoing feature of the ecosystem.
However, bivalves stocked in culture could easily overgraze their food supply, the
essence of carrying capacity. Several consequences would ensue, including reduced
growth or increased mortality of farmed animals, and competition with other graz-
ers such as wild bivalves and zooplankton. In order to preserve the supporting ser-
vice of phytoplankton, criteria have been established based on the abundance of
phytoplankton that should be ‘left over’ once bivalve nutrition is satisfied. Grant and
Filgueira (2011) argued that the extent of depletion should not exceed the natural
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spatiotemporal variation of phytoplankton in a given culture system, effectively
parameterizing a sustainability criterion.

Although this value can be expressed as an average, the spatial distribution of
phytoplankton can be very complex, as well as the biological and physical pro-
cesses that lead to its renewal. In bays and estuaries, exchange with the coastal
ocean has a large influence on phytoplankton, as does grazing and sinking (Cloern
1996). Moreover, watershed-derived nutrients are a key factor in phytoplankton
production, as occurs in eutrophication (Cloern 2001). Despite numerous studies
of phytoplankton in estuaries, there are few which attempt to map their spatial
distribution.

Sampling to create those maps is difficult due to temporal variation at very small
spatial scales. Although quantities such as phytoplankton may be expressed as chlo-
rophyll and observed through satellite remote sensing, there are several drawbacks
to this approach. First, coastal bays are not ideal for ocean colour measurements
since pixel resolution may be coarse, and many pixels are masked due to land prox-
imity, water depth, and turbidity. Despite this limitation, Radiarta and Saitoh (2009)
were able to detect both spatial and temporal patterns of chlorophyll and turbidity
in Funka Bay (Japan), although the 1 km resolution was appropriate to the ~300 km
scale of the bay. Moreover, the impact of bivalves on chlorophyll cannot be easily
observed, despite one example from a high resolution CASI image (Grant et al.
2007). Some of these limitations may be overcome in the near future as the spatial
and temporal resolution of satellite data increase. Furthermore, at local scales it may
become possible to use underwater or aerial autonomous vehicles equipped with
ocean colour sensors for detecting phytoplankton depletion due to the presence of
shellfish farms (Ludvigsen and Sorensen 2016). Quantification of local depletion
has been accomplished with towed sensors (Nielsen et al. 2016).

Modelling is perhaps the only way to address these processes at larger scales
and produce maps of chlorophyll simulated in the presence and absence of aquacul-
ture, as well as in alternative management scenarios, e.g. relocation of farms,
changes in stocking density, and introduction of new species. Modelling is also the
only option for exploring the consequences of climate change on shellfish produc-
tion, as shown in Canu et al. (2010) and Guyondet et al. (2015). Although model
simulations can create detailed spatial maps, they are difficult to validate, especially
the null scenario in the absence of shellfish at an established aquaculture site. In
fact, in many cases, the consequences of siting shellfish leases in terms of chloro-
phyll are retrospective — extensive bivalve aquaculture is already in place. There are
few examples where aquaculture site planning has been carried out on the basis of
predicted phytoplankton spatial distribution (Filgueira et al. 2015). We suggest that
the necessity of understanding food limitation in cultured bivalves has advanced an
understanding of phytoplankton distribution in general, as well as models to elabo-
rate this occurrence.

Based on these considerations, we review spatially explicit models of phyto-
plankton impacted by bivalve grazing and pose the following questions:
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* How has ecosystem modelling been used to map chlorophyll in the presence and
absence of bivalve culture?

* Are phytoplankton submodels used for this purpose adequate?

* Are these maps representative of ecosystem-scale properties?

25.2 The Structure of Ecosystem-Wide Depletion Models

Most models of the interaction between suspension feeders and phytoplankton are
classical PNZ models with varying degrees of complexity in trophic structure (see
review in Grant and Filgueira 2011). These range from simplified models where
there are no other grazers except cultured bivalves, to more fully configured pelagic
food chains. Although these ecosystem models can be simulated over an annual
cycle, they are more commonly used to represent spring and summer for purposes
of emphasizing spatial over temporal changes. This occurs because the focus is
primarily on explicit aquaculture locations and the local or regional spatial impacts
of grazing on phytoplankton. This focus is opportune because the case of ‘no graz-
ers’ must inevitably act as reference point which yields insight into the dynamics of
coastal phytoplankton.

Because interannual variation in seasonal forcing such as precipitation and river
flow have such large impacts on phytoplankton production, it is possible to under-
stand longer term trends in food supplies which might influence bivalve production
(Grangeré et al. 2009; Thomas et al. 2011). However, depending on the importance
of top down regulation, models which neglect other grazers such as zooplankton
might be expected to perform poorly in simulating annual phytoplankton cycles.
Nonetheless, if suspension feeding bivalves pre-empt zooplankton grazing pressure,
annual phytoplankton cycles will reflect predation by shellfish since aquaculture is
persistently in place and forces temporal changes based on harvest and stocking.
These changes in phytoplankton production have been observed in San Francisco
Bay due to an invasive suspension feeding clam (Cloern 1982). Regardless, the domi-
nance of bivalves in controlling phytoplankton is also dependent on the spatial extent
of aquaculture in the system. Below, we present case studies where bivalve culture is
spread throughout a bay (Canada), where it is localized in a semi-enclosed system
(France), and where it occurs along a stretch of open coast (Adriatic Sea, Italy).

25.3 Phytoplankton in Estuaries — Distribution

Due to the importance of eutrophication and of phytoplankton in estuarine food
chains, there is a substantial general literature on this topic. However, fewer studies
deal with spatial distribution of phytoplankton, and as indicated above, remote sens-
ing of chlorophyll is difficult in these environments. Moreover, there are few models
of phytoplankton that attempt to simulate relatively small-scale spatial detail,
including the effects of river, tide, wind, bathymetry, etc. However, we reiterate that
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due to the importance of microalgal distribution for aquaculture success, models of
seston depletion by shellfish have provided general insight into the topic of phyto-
plankton ecology.

Information on spatiotemporal variation in phytoplankton is significant in being
able to characterize the ‘normal’ range of biomass or chlorophyll, so that grazer
perturbations due to aquaculture may be gauged. The spatial distribution of phyto-
plankton is partially a balance between primary production and advection; these
dynamics are explored in the case studies below. Although photosynthesis allows
phytoplankton biomass to accumulate, advection may either contribute to this
buildup as in convergence zones, or act to disperse cell populations and reduce local
biomass (Cloern and Nichols 1985; Lucas et al. 1999a, b).

Photosynthesis is a result of both nutrient supply and the light field, both of
which are highly variable in coastal systems. The role of rivers in supplying nutri-
ents to estuaries has been extensively studied due to the prevalence of eutrophica-
tion (Cloern 2001). The impact of bivalve aquaculture in modulating these processes
through grazing has also been long recognized (Meeuwig 1999) and utilized in
bioremediation programs (see Cranford 2018; Petersen et al. 2018). Turbidity may
impose serious limits on photosynthesis (May et al. 2003) and typically occurs in
bivalve culture areas which are shallow, dominated by soft sediments, and thus sub-
ject to resuspension.

25.4 Phytoplankton in Estuaries — Composition

While we have emphasized in this chapter the effects of bivalves on chlorophyll as
a bulk biological water property, this is clearly an over-simplification. Phytoplankton
undergo a seasonal succession of species composition described by Cloern (1996)
as follows: ‘A common annual cycle begins with large winter-spring diatom blooms
followed by summer blooms of small flagellates, dinoflagellates, and diatoms and
then autumn blooms dominated by dinoflagellates’. The selectivity of bivalve graz-
ers for certain classes of microalgae is well known and selection not only removes
bulk chlorophyll but creates a preponderance of small cells referred to as picoplank-
ton (>2-3 pm) (Smaal et al. 2013; Zhao et al. 2016). Size-selective feeding in
bivalve culture can influence the entire phytoplankton size spectrum in coastal
waters as documented in multiple studies (Cranford et al. 2011). It has been further
suggested that this alteration may be an indicator of carrying capacity for bivalve
aquaculture (Cranford et al. 2008; Jiang et al. 2016). Cultured bivalves can, how-
ever, derive significant nutrition from picoplankton (Sonier et al. 2016), so their
indicator value is not straightforward.

From an aquaculture modelling perspective, multiple classes of phytoplankton
are less commonly implemented in favour of the more tractable unimodal phyto-
plankton component, expressed solely as chlorophyll, with non-specific size and
species composition. In the example below, Grangeré et al. 2010 focus on diatoms
as the dominant phytoplankton class in Baie des Veys but found that modelled
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chlorophyll was underestimated due to Phaeocystis blooms which were not part of
the simulation. However, because this genus is colony forming, its value as oyster
food is variable, thus impacting model chlorophyll predictions but not necessarily
bivalve feeding. It is feasible that high levels of chlorophyll could occur in ecosys-
tems controlled by bivalve grazing where there are an abundance of picoplankton
with a size refuge from suspension feeders (e.g. Comeau et al. 2015). Although
there are bivalve ecosystem models with several phytoplankton size/composition
classes (Cugier et al. 2010; Brigolin et al. 2011; Guyondet et al. 2015), this is more
often formulated for temporal succession of phytoplankton rather than spatial distri-
bution of size classes. The topic of harmful algal blooms (HAB) is essential in any
discussion of coastal phytoplankton composition and shellfish culture. It is beyond
the scope of this chapter and is covered in Wijsman et al. 2018.

25.5 Case Studies

We utilize only case studies where a map of modelled chlorophyll is depicted, rather
than a change map (i.e. % depletion), since the ‘no bivalves’ case requires these
units. However, it is recognized that even with this restriction, there are many more
examples than can be covered herein.

25.5.1 Baie des Veys

A series of studies based on the Normandy Coast of France represent among the
most comprehensive examples of chlorophyll models applied to bivalve culture. We
discuss Grangeré et al. (2010), conducted in the Baie des Veys. This is a funnel
shaped sub-estuary in the eastern Baie de Seine including the entrance of four rivers
dominated by the Vire River. Due to macrotidal conditions, there are extensive tidal
flats which include wild cockle populations. The primary culture species is Pacific
oyster, Crassostrea gigas, grown on intertidal oyster tables, but Mytilus edulis is
also farmed.

A significant part of this study is the extent to which the phytoplankton submodel
was calibrated, largely by comparing modelled and measured primary production
(Grangeré et al. 2009). Specifically, a variety of photosynthesis-intensity (PI) curves
were generated for the Baie des Veys and compared to field observations of primary
production (**C method) and light. Consideration of both C:Chl and nutrient limita-
tion formulations was also made. Because the calibrated phytoplankton submodel
was used in Grangeré et al. (2010), this study represents a comprehensive examina-
tion of their spatial and temporal distribution.

Model results indicate that phytoplankton production is stimulated in the spring
by river nutrient input, first appearing on the western side of the bay, and proceeding
until the head of the bay has enhanced chlorophyll (Fig. 25.1b). Pigment levels
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Fig.25.1 A comparison of ecosystem scale chlorophyll distribution in the Baie de Veys, Normandy
in the presence (a) and absence (b) of suspension feeding benthos (cultured and wild). The oyster
farming area is shown in black outline

gradually attenuate offshore presumably through mixing. This appears to be a some-
what classical bottom-up scenario for a phytoplankton bloom. The simulation that
includes oyster aquaculture shows a strong influence of bivalve grazing, with chlo-
rophyll depleted by a factor of about threefold in the culture area (Fig. 25.1a). Finer
scale views of the oyster culture areas revealed additional structure, with oysters at
the northern limit of the culture area achieving superior growth due to better advec-
tive renewal of seston. As Grangeré et al. (2009) state “Top-down effects of oysters
on phytoplankton at local scales were revealed, whereas bottom-up effects drove
primary productivity at the whole bay scale. In general we conclude that spatial
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modelling is particularly appropriate to reveal spatial properties which would be
difficult to observe directly.”

It is important to emphasize that their model was applied to the seasonal dynam-
ics of oyster growth, and not an instantaneous or averaged assessment of carrying
capacity. The results of their studies indicate several principles for resolving
shellfish-food chain interactions at the ecosystem scale:

1. An ecosystem model with sufficient spatial scale and appropriate structure to
account for processes forced by an offshore boundary as well as a land-based
source of nutrients, i.e. rivers

2. Validation of the phytoplankton model parameters and groundtruthing of chloro-
phyll via water samples.

3. The ability to distinguish between classes of phytoplankton, including those that
are rejected by suspension feeding bivalves for either size or composition.

4. Clear delineation of bivalve culture areas, and the importance of their spatial
extent in forcing localized versus far field chlorophyll distribution.

25.5.2 Tracadie Bay, Prince Edward Island, Canada

Prince Edward Island (PEI) has the largest mussel aquaculture industry in North
America, producing ~19,000 tonnes annually. Much of the province is characterized
by shallow sandy river estuaries, ideal for shellfish farming. Multiple studies have
been conducted on the North Shore of the Island in Tracadie Bay (see references in
Filgueira et al. 2015), but we highlight the spatial model in Grant et al. (2008). The
bay is characterized by a barrier island at the entrance to a small inlet with a com-
plex tidal delta, and a gradual narrowing over its 5 km length. The Winter River
enters into a small side bay. Mussels (Mytilus edulis) are cultured on longlines in
most of the bay, excluding the inlet region with a large intertidal zone. The ecosys-
tem model in Grant et al. (2008) included dissolved nutrients, phytoplankton, detri-
tus, and mussels coupled to a 2D circulation model with 606 nodes. The
phytoplankton submodel is forced by light and nutrients. The daily and annual light
fields were also modelled with respect to latitude according to Grant et al. (1993)
Nutrient fields were available from a sampling program on the Winter River
described in Cranford et al. (2007).

The example output (Fig. 25.2) demonstrates both the dynamics of chlorophyll
(expressed as carbon equivalents) as well as the effects of grazer control. In this
summer example without mussels, exchange at the inlet locally dilutes chlorophyll,
but a gyre region behind the barrier island allows phytoplankton to accumulate with
the benefit of a continual offshore nutrient renewal. However, this effect gradually
tapers off through the interior region as reduced flushing causes nutrient limitation
and reduced biomass. About midway along the length, entrance of Winter River
nutrients causes localized increases in chlorophyll, an effect that is more pronounced
in spring (not shown) when river nutrients are higher. Tracadie Bay is surrounded by
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Fig. 25.2 Modelled chlorophyll carbon maps of Tracadie Bay, Nova Scotia in the presence and
absence of cultured mussels. Units are carbon equivalents of PEI biomass converted with
C:Chl =50

agriculture (as are many estuaries in PEI), and the potential eutrophication is only
offset by mussel grazing (Cranford et al. 2007; Guyondet et al. 2015; Meeuwig
1999).

The effects of mussel grazing on this system are dramatic. There is a reduction in
chlorophyll of 2-6x. The effect of the gyre behind the barrier as a chlorophyll sink
is eliminated and the sharp landward reduction in chlorophyll is even more pro-
nounced. Although the local inlet area is not subject to depletion due to tidal
exchange, the rest of the bay has chlorophyll levels that are less than any location in
the absence of mussels.

This study is unique in that a towed fluorometer (Acrobat) was available to
groundtruth model results. While Acrobat data basically validated model predic-
tions, it also demonstrated a tidal signal in depletion as Winter River emptied its
high biomass to the larger bay at low tide. These field results illustrate the contrast
that observations, including sampling and remote sensing, are snapshots whereas
models are averaged, in this case daily.

The ultimate field experiment in Tracadie Bay was conducted in December 2009
when a winter storm opened a new tidal inlet along the barrier island (Filgueira et al.
2014). Water renewal time for the whole bay was reduced by 1/3 or more. As a
result, cultured harvest increased by about 1/3 even with the same mussel stocking
density. The alleviation of seston depletion by flushing was clearly demonstrated.
Moreover, the effects of climate change on coastal geomorphology were expressed
through increased estuarine productivity.

Model outcomes provide the following generalities:
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1. The ability of shellfish aquaculture to dominate chlorophyll spatial distribution
in a small bay.
2. The importance of flushing and renewal as a mitigation against seston
depletion.

et

4. The success of a one-class phytoplankton model

25.5.3 Adriatic Sea, Emilia-Romagna Coastal Area, Italy

The use of sophisticated spatial survey methods to groundtruth model results

The two previous case studies emphasize pelagic dynamics with bivalves as primary
consumers. However, the shallow waters characteristic of bivalve culture areas
invariably involve tight benthic-pelagic coupling. Benthic processes have been stud-
ied extensively in both the Baie des Veys and Tracadie Bay (e.g. Cranford et al.
2009; Ubertini et al. 2012), but we use an example from Adriatic Italy to bring
together benthic and pelagic dynamics as they relate to suspended bivalve culture.
Shellfish culture is an important activity along the Adriatic and Ionian Italian
coasts. The two main products are: (i) Manila clams (Tapes philippinarum), which
are farmed in the Northern Adriatic lagoons, such as those of Marano, Venice, Goro
and Scardovari, and (ii)) Mediterranean mussel (Mytilus galloprovincialis), which
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Fig. 25.3 Map of the coastal area investigated in the case study. Water quality monitoring stations
are shown in red, mussel farms in yellow
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are farmed mainly off-shore on longlines from the Gulf of Trieste in the North to the
Gulf of Taranto in the South. This case study, presented in detail in Brigolin et al.
(2008), was focused on investigating the impact of mussel farming on lower trophic
levels and on the biogeochemistry of surface sediments along the coastal area of
Emilia-Romagna (Fig. 25.3), which in 2013 produced about 22,000 tonnes of
Mediterranean mussels, i.e. about one third of the Italian production. This study
differs from the previous cases as it deals with an open, though shallow, coastal area
where processes driven by the North-South WACC (Western Adriatic Coastal
Current) are effectively transported along the coast, mixing dissolved compounds
and suspended particles.

The above issues were investigated using an integrated model (Brigolin et al.
2008), which included: (1) a 2D transport module, (2) a pelagic biogeochemical
module, (3) a farmed mussel population dynamics module, (4) a module for the
simulation of early diagenesis processes in surface sediments. The model was
designed to simulate the population dynamics of farmed mussels and their impact
on the pelagic environment, as well as on the fluxes of oxygen and nitrogen due to
the remineralization of mussel faeces and pseudo-faeces in surface sediment.
Therefore, it can be used for estimating the biomass yield and quantifying the effect
of seston depletion due to mussel filtration as in Dowd (2005), Grant et al. (2005),
and Ferreira et al. (2007). Furthermore, the explicit inclusion of early diagenetic
processes allows assessment of the influence of mussel farming on the overall C and
N biogeochemical cycles. This context expands the more pelagic focus of the
Canadian and French case studies, as well as expanding the community composi-
tion of the phytoplankton submodel.

The first module solves the advection-diffusion equation. Input data for water
velocities and elevation were provided by a 2D finite difference hydrodynamic
model, which was previously calibrated to simulate the hydrodynamic circulation in
the NW Adriatic Sea under realistic forcings induced by tides and meteorological
fields for the year 2004 (Lovato et al. 2010). The hydrodynamic model was applied
to the whole Adriatic, including the Lagoon of Venice, using a curvilinear boundary-
conforming grid, composed of 287,363 nodes, with mesh sizes varying from
approximately 12 km to 50 m.

The pelagic biogeochemical module, described in detail in Brigolin et al. (2011),
included 14 state variables in order to simulate the dynamics of carbon, nitrogen
(nitrate, ammonia), phosphorus and silica, and to mimic the main features of the
observed seasonal succession of the phytoplankton community. Therefore, besides
the concentrations of the above inorganic nutrients and dissolved oxygen, the mod-
ule simulates the evolution of three phytoplankton functional types: winter diatoms,
summer diatoms and flagellates. The set of state variables also includes four pools
of dissolved organic detritus, one for each macronutrient. Beside allowing closure
of biogeochemical cycles, the carbon detritus represents an additional source of
energy for farmed mussels, which in some instances can compensate for the lack of
phytoplankton (Brigolin et al. 2009). Diatoms were divided into winter and summer
types as winter diatom blooms are mainly accounted for by Skeletonema marinoi,
while autumn peaks are related to the presence of Chaetoceros socialis and other
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Chaetoceros spp. The flagellate functional type was meant to model various classes
(Prasinophycea, Haptophycea, Chlorophycea, Cryptophycea, and Chrysophycea).
Zooplankton variables were defined according to size, in order to take into account
the role of micro- and meso-zooplankton in controlling phytoplanktonic biomass.
The above biotic variables were expressed as carbon content of planktonic tissue.
Elemental fluxes of N, P and Si through the ecosystem are quantified by assuming a
fixed C:N:P:Si ratio.

The third module was based on the individual bioenergetic model described in
detail in Brigolin et al. (2009), which simulates the evolution of dry weight, and
through correlation, wet weight and length of an average Mediterranean mussel
(Mytilus galloprovincialis) individual. The population dynamics of cohorts of
farmed mussels at each farming site were simulated by following the evolution of
an ensemble of individuals by means of a Monte Carlo approach. The parameteriza-
tion of each individual was slightly different in order to mimic the observed vari-
ability of the output variables. In particular, the maximum clearance rate CRmax
and the maximum respiration rate Rmax, were treated as Gaussian stochastic vari-
ables and randomly assigned to each individual. Mortality rate was assumed to be
constant throughout the grow-out phase. The daily release of mussel bio-deposits
from a given mussel farm was subsequently estimated on the basis of individual
emissions and stocking density. Mussel biodeposits were transported using a
Lagrangian particle tracking module, which was originally developed for investigat-
ing the impact of fish farming on the benthic community and tested at Mediterranean
fish farms (Brigolin et al. 2014). The module was recently updated and employed
for mapping the environmental impact of shellfish farms, as part of a systematic
procedure for assessing the suitability of this coastal area for oyster and mussel
farming, applied in the context of the Maritime Spatial Planning EU Directive
(Brigolin et al. 2017).

Mussel biodeposits and organic detritus derived from the decomposition of phyto
and zooplankton eventually settle on the seabed; this flow of organic matter to sur-
face sediments represents the input for the early diagenesis module, which enables
estimation of the steady-state vertical profile of ammonia, nitrate and reactive phos-
phorus in a sediment core. Early diagenesis processes are presented in detail in
Brigolin et al. (2011); they include the oxic degradation of organic matter, as well
as the main anoxic pathways, in which microbial communities use nitrate, sulfate,
and oxidized forms of iron and manganese as electron acceptors. Re-oxidation pro-
cesses of reduced products are also taken into account, since they contribute to
depletion of dissolved oxygen concentration in the upper sediment layers.

Setting boundary conditions for an open coastal area is not easy and there are
always sources of uncertainty. Boundary conditions for the pelagic model were esti-
mated on the basis of a year long time series of sea surface temperature and concen-
trations of ammonium, nitrate, dissolved inorganic phosphorus, dissolved oxygen,
reactive silica and chlorophyll collected approximately every 2 weeks at 6 monitor-
ing stations close to the boundary of the computational domain.

The results of this study indicate:
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Fig. 25.4 Spatial distribution of chlorophyll in the Emilia-Romagna study area (Italy) in Spring
2004. Units are mg C 17!

1. Asshown in Fig. 25.4, the model predicts different mussel biomass yields caused
by a north-south chlorophyll gradient (expressed as mg C 17") related to the nutri-
ent enriched waters discharged by the Po River.

2. Local depletion of chlorophyll by cultured mussels could not be unequivocally
related to the presence of the farms, even though Fig. 25.4 suggests that mussel
filtration in spring could locally reduce phytoplankton density, particularly in the
northern part of the study area. In this regard, increasing the spatial resolution of
the model could help in improving the description of transport and mixing pro-
cesses and their role in ecosystem dynamics.

3. The effects of mussel farms on phytoplankton biomass and C and N cycles are
more clearly revealed in Fig. 25.5, which compares the deposition of organic
particles per unit surface beneath mussel farms with those estimated at control
sites (Fig. 25.3). The fluxes of organic carbon at the sediment-water interface are
similar beneath farms M1-M6 and about 8 times higher than those at control
sites. Even though these deposition rates are much lower in comparison with
those originated in sea-cage fish farming, the overall impact of mussel farming
on the C and N cycles may be more significant at a regional scale, because of the
much larger extent of leased areas. Furthermore, fluxes of organic carbon are
significantly lower beneath farm M7, which is located in between farm M6 and
MS, in the southern part of study area. Since these fluxes are correlated with the
amount of phytoplankton and non-living organic particles cleared by mussels,
this result provides indirect evidence of phytoplankton depletion, due to the
cumulative effect of the adjacent farms in clearing suspended particles.
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Fig. 25.5 Annual fluxes of organic carbon in surface sediment beneath the mussel farms located
in the Emilia-Romagna study area and at the three monitoring stations shown in Fig. 25.3, which
can be taken as control sites

4. The model can be used for assessing the overall “ecological carrying capacity”
of the coastal zone with respect to mussel farming and is thus a useful tool for
managing this activity within an Integrated Coastal Zone Management approach.
Patterns and levels of biodeposition provide evidence of the spatial pattern of
bivalve grazing in a way that would not be indicated by chlorophyll depletion.

5. The value of both benthic and pelagic processes in modelling bivalve-
phytoplankton interactions is clearly shown, as the feedback to nutrient regen-
eration has implications for phytoplankton production, including favouring
certain cell types (Zhao et al. 2016).

25.6 Management and Husbandry Considerations

The implications of spatial scale for shellfish culture are immediately obvious. In
the case of Baie de Veys, culture density is limited to the intertidal, excluding huge
areas of the bay. For this reason, it would be difficult for aquaculture to cause
ecosystem-wide depletion (see also Dabrowski et al. 2013). However, this does not
preclude the significance of more localized depletion, which is obvious from model
results. Moreover, this depletion causes local variation in oyster growth including
depressed growth in the chlorophyll depletion zone. In contrast, the case study of
Tracadie Bay indicates system-wide seston depletion. In this example, mussel cul-
ture on suspended longlines is practiced throughout the bay, and thus culture occu-
pies much of the surface area. Consequently, baywide seston depletion occurs, and
diminishes mussel growth in the upper parts of the bay where renewal of depleted
water is reduced (Waite et al. 2005).
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The results presented in the Adriatic case suggest that even in open coastal areas
the cumulative impact of shellfish farms on phytoplankton dynamics should be
taken into account when estimating both the ecological and production carrying
capacities. However, these findings should be interpreted with care due to: (i) the
rather coarse resolution of the model, (ii) the uncertainty in ocean boundary condi-
tions, whose effect on the results is more relevant than in the other two case studies
here presented. Those issues are to some extent related, and they can be tackled in
future studies by nesting coastal models within models developed for operational
oceanography and using higher resolution ocean colour products. In this regard, the
Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu/)
is already providing reanalysis and real-time data concerning both water tempera-
ture and biogeochemical variables.

Given that some culture scenarios cause system reduction of chlorophyll, ques-
tions of standards and thresholds quickly arise. For this reason, many results are
reported as the spatial distribution of % depletion (Filgueira et al. 2015). This for-
mat is important because it specifies a map of depletion and its degree of localiza-
tion. Even when large-scale aquaculture scenarios are compared with models
(Filgueira et al. 2013), it is obvious that some culture densities are beyond carrying
capacity as defined by depletion thresholds.

The utility of chlorophyll maps in aquaculture planning has recently emerged in
modelling studies. Filgueira et al. (2010) used a simplified mussel-phytoplankton
model in a Norwegian fjord where an upweller was used to stimulate phytoplankton
production via nutrient diffusion. They deployed optimization to indicate culture
locations which minimized advective loss of enhanced chlorophyll. Subsequently,
Filgueira et al. (2015), answered a planning question regarding the severity of
depletion under proposed additions of mussel culture longlines into a bay with
existing aquaculture leases.

We subscribe to an ecosystem approach to aquaculture (EAA) as promulgated by
Aguilar-Manjarrez et al. (2017). This is consistent with our stated goal of maintain-
ing ecosystem services within their natural limits (Grant and Filgueira 2011). These
limits expressed as temporal variation is site dependent (e.g. Thomas et al. 2011;
Cloern and Jassby 2010) and a discussion of intra-annual variation is beyond the
scope of this chapter. When aquaculture is discretely located, i.e. single farm sites,
effects produced including nutrient release or biodeposition tend to be near-field. In
this case, scaling of the magnitude of these effects relative to the size of the ecosys-
tem is essential, even though this is rarely considered. In the case of shellfish cul-
ture, effects such as depletion of chlorophyll tend to be pervasive, even impacting
large scale phytoplankton spatial distribution as in Tracadie Bay. As shown in the
Adriatic case, spatial patterns of biodeposition and subsequent diagenesis are also
apparent. Even though new remote sensing technologies and remotely operated in
situ sensors are likely to provide relevant data for assessing some of these impacts,
we emphasize that ecosystem modelling will remain the main tool for interpreting
these processes, assessing ecological carrying capacity and providing management
scenarios in the context of global drivers, such as climate change. The Tracadie Bay
case of a new inlet is a graphic example (Filgueira et al. 2014).
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Conservation of primary production by microalgae, the most important of sup-
porting services, can thus be managed with respect to aquaculture development.
Modelling has been underutilized in marine spatial planning applied to aquaculture,
but has huge scope for furthering the EAA approach, as in Brigolin et al. (2017) and
Filgueira et al. (2015). Although we highlight the value of these models in their abil-
ity to elucidate the spatial dynamics of phytoplankton, several questions arise as to
why the models work so well in terms of simulating both bivalve growth and chlo-
rophyll distribution.

For example, size composition of phytoplankton seems to be an ecosystem-wide
response of differential grazing. However, spatial variation in phytoplankton com-
munities may be difficult to characterize with sampling (see Zhao et al. 2016).
Although remote sensing has been used to distinguish taxonomic makeup of auto-
trophs including size classes (Brewin et al. 2011) the problems of ocean colour
detection in the coastal zone persist.

In conclusion, we pose a few questions in the context of how they might impact
model structure and predictive power, with a suggestion for the direction of answers,
recognizing that these are very much topics for future research.

What are the consequences to other grazers for changes in phytoplankton size
distribution? Comeau et al. (2015) examined partitioning of particle sizes between
cultured bivalves and tunicates, and assessed the extent to which tunicates ‘removed’
carrying capacity through grazing competition.

What is the role of aggregation in masking apparent size classes? Feeding exper-
iments demonstrate that small cells are readily ingested when embedded in mucus
aggregates (Kach and Ward 2008; Cranford et al. 2011), but aggregate size struc-
ture, their incorporation of phytoplankton, and implications for bivalve food models
are poorly known.

Why isn’t resuspension more important in these shallow systems and thus neces-
sary in models? There is an extensive literature showing positive, negative, or neu-
tral effects of resuspension in bivalve growth (e.g. Grant et al. 1990; Kang et al.
2006; Ubertini et al. 2012). This likely occurs because, despite the potential for
entrainment of benthic microalgae into suspension, excess suspended load dilutes
seston quality. Although similar questions have been posed for detritus as a supple-
mental food source (e.g. macrophyte debris), the bivalve-phytoplankton trophic link
is unquestionably central to food limitation and carrying capacity for aquaculture
species.
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