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INTRODUCTION

Aquaculture production of high quality protein-
based food is needed to meet the increasing world
demand for seafood products (Costa-Pierce 2002,
Godfray et al. 2010). However, in order to grow sus-

tainably, the aquaculture industry must comply with
a broad range of natural and social conditions (Jonell
et al. 2013, Maltby 2013): (1) social acceptance; (2)
comprehensive governance with consistent environ-
mental regulations and sustainable culture practices;
(3) new culture technologies; (4) stakeholder collabo-
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ABSTRACT: The carrying capacity of a 2.4 ha Manila clam Venerupis philippinarum farm, using
mechanised harvesting in North Puget Sound, WA, USA,was determined by means of an ecological
model; the results were also scaled to Puget Sound as a whole. An individual Manila clam growth
model was developed, calibrated and validated for the commercial farm, together with a macro-
algal model to simulate fouling of the predator nets by seaweeds. Both models are based on our
previously developed generic frameworks for bivalves (AquaShell) and seaweeds (AquaFrond).
For the most part, equations are taken or adapted from the literature and parameterised for the
studied site. The individual models were incorporated into the Farm Aquaculture Resource Man-
agement (FARM) model to simulate the production cycle, environmental effects and economic
optimisation of culture. Both the individual and farm-scale models are built using object-oriented
programming. Potential effects of clam production on seaweed growth were analysed and found
to be about 10% above background. The FARM model was also used to classify the farm area with
respect to its eutrophication status, by applying the Assessment of Estuarine Trophic Status
(ASSETS) model. Farm production ranging from 32 to 45 t of clams per year is well reproduced by
the model. Harvest yield is very sensitive to mortality, and profitability is very sensitive to seed
costs. Manila clam culture provides a potential nutrient credit trading value of over US $41000 per
year, over 1000 Population-Equivalents (PEQ, i.e. loading from humans or equivalent loading from
agriculture or industry) with respect to eutrophication control. The potential income would add
21% to the annual profit ($194 900) from clam sales. A scaling exercise to the whole of Puget
Sound is in reasonable agreement with declared production (difference of 16%), and suggests
that clams provide a significant ecosystem service, of the order of 90 000 PEQ per year.
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ration and incentives and (5) compliance of farmers
with best management practices, and improved eco-
certification across local to international scales.

Aquaculture is the fastest growing food production
sector in the world, with a 650% increase in the last
30 yr. Sixty million tonnes per year of aquatic pro -
ducts now come from aquaculture, 88% of which
originate in Asia (FAO 2012). Aquaculture needs to
in crease to 80 million tonnes to meet the demand in
fish protein from a human population expected to hit
9.3 billion by 2050 (Godfray et al. 2010, UN 2010,
FAO 2012). Due to unsustainable exploitation of some
of the wild stocks and increased demand for aquatic
products (Jackson et al. 2001, Worm et al. 2009,
Worm & Branch 2012), aquaculture now ex ceeds the
wild fish supply for human food (FAO 2012).

The projected yield from capture fisheries and
aquaculture is realistic if (1) fisheries are sustainably
managed (Merino et al. 2012), and (2) aquaculture
ex pands following the ecosystem approach, by opti-
mising ecological equilibrium, stakeholder well-
being and multiple ecosystem uses (Soto et al. 2008).

In the marine environment, shellfish correspond to
75.5% of total aquaculture production, while finfish
represent only 8.7%, despite the recent substantial
increase in salmonid culture (FAO 2012). However,
over two-thirds of aquaculture takes place in land-
based ponds, for freshwater species such as tilapia
and carp, and bivalve shellfish represent only 23.6%
of world production, although they are one of the
most sustainable forms of aquaculture animals low
in the food chain that obtain their food through
organic extraction (Shumway et al. 2003, Burkholder
& Shumway 2011).

In the US, legislation such as the National Aquacul-
ture Act (1980), Clean Water Act (CWA 1972) and
Coastal Zone Management Act (1972) has been fol-
lowed by the National Shellfish Initiative (NSI 2011)
supported by the National Oceanic and Atmospheric
Administration (NOAA), which was followed by the
Washington Shellfish Initiative (WSI 2011). The WSI
was developed through a partnership among Wash-
ington State, tribes, shellfish restoration practitioners
and the shellfish industry, with an emphasis on Puget
Sound, to promote clean water with the objective of
‘protecting and enhancing a resource that is impor-
tant for jobs, industry, citizens and tribes’. This initia-
tive includes industry partnerships to promote new
economic opportunities, restoration and improved
water quality, as well as science on the impacts of
ocean acidification on shellfish recruitment.

Bivalve aquaculture may be seen as a green indus-
try, providing ecosystem goods and services (Jackson

et al. 2001, Smaal et al. 2001, Newell 2004, Coen et
al. 2007, zu Ermgassen et al. 2013) that include: (1)
re duction of turbidity and nutrient control through
filtration of organic matter (Forrest et al. 2009, Carls-
son et al. 2012, Pollack et al. 2013); (2) water quality
improvement through reduction of primary eutrophi-
cation symptoms, thereby minimizing secondary
symptoms such as hypoxia (Bricker et al. 2003, Fer-
reira et al. 2007); (3) provision of habitat for early
stages of invertebrates, and food for local predators
(Inglis & Gust 2003, Dealteris et al. 2004, Šegvić-
Bubić et al. 2011) and (4) potential improvement of
shellfish recruitment in adjacent areas, thereby help-
ing restoration (Wilbur et al. 2005).

High shellfish culture density may, however, im -
pact the ecosystem through food competition with
wild filter-feeders (Dame & Prins 1997) and cause
shifts in the phytoplankton community (Prins et al.
1997). It may also have an indirect impact on recruit-
ment of benthic predators (Inglis & Gust 2003), pro-
mote seaweed fouling through nutrient release in the
vicinity of the farm (e.g. Lavoie et al. 2013) and,
under extreme conditions, biodeposits may result in
sediment anoxia (Cranford et al. 2009).

In general, sediment organic enrichment due to
shellfish farming is considered to be limited (Craw-
ford et al. 2003, Forrest et al. 2009) farmers under-
stand that stocking densities leading to these effects
do not benefit production, due to high mortality and
reduced growth rates. Shellfish growers in North
America are committed to maintaining good water
quality status for their growing areas (Dewey et al.
2011). In 2010, the EPA funded the Clean Samish Ini-
tiative: ‘Clean Samish and Pollution Identification
and Correction (PIC) Program’ to improve the water
quality of the bay.

Nevertheless, there is some controversy in Puget
Sound concerning the use of intertidal areas (beaches)
for shellfish cultivation, and licensing of new farms.
Dumbauld et al. (2009) described the ecological role
of bivalves on the West Coast and established that al-
though shellfish culture may temporally enhance sed-
iment disturbance during harvest and maintenance,
and cause removal of suspended material through
 filtration, it introduces beneficial physical structure, in
a similar way to seagrass beds, and is unlikely to have
a negative impact on the well-flushed waters of Puget
Sound. At the farm, an increased number of certain
species under netting has been observed, as it pro-
vides protection not only to the cultured species but
to other bivalves as well.

In this work, we explored various aspects of carry-
ing capacity and sustainability of state-of-the-art
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shellfish farming, using as an example Manila clam
bottom cultivation at the Chuckanut Shellfish farm in
Samish Bay, North Puget Sound, WA, USA.

The well-tested (Ferreira et al. 2009, 2012, Nunes
et al. 2011) Farm Aquaculture Resource Manage-
ment (FARM) model was applied to:

(1) Simulate the operations of the Chuckanut Shell-
fish farm, such as the effect of bed preparation, pred-
ator net fouling and clam harvest

(2) Examine the environmental effects and eco-
nomic externalities of cultivation

(3) Determine the appropriate shellfish density for
optimal carrying capacity

(4) Provide information on culture technologies
such as mechanical culture practice, with outreach to
Manila clam farmers in the region, and other shell-
fish farmers and harvesters in the US and worldwide.

MATERIALS AND METHODS

Clam culture in the Pacific NW United States

On the US West Coast, aquaculture started in the
late 1800s (Dumbauld et al. 2009); Manila clams
Vene  rupis philippinarum and Pacific oysters Crasso -
strea gigas were introduced in the 1930s (Chew 1989),

and at present clam culture occurs mainly in Washing-
ton State, with an annual production of ap proximately
4500 t in 2009, while very little is produced in Califor-
nia (336 t). Canada produced 1113 t in 2012 (www.dfo-
mpo.gc.ca/stats/aqua/aqua12-eng. htm, Pacific Coast
Shellfish Growers Association 2012).

Study site

The Chuckanut Shellfish farm in Samish Bay,
(Washington State, USA), a Puget Sound embayment
in the Salish Sea, (Fig. 1) developed innovative tech-
niques and practices about a decade ago, aiming to
promote sustainable aquaculture — Manila clams are
planted under predator nets, which are mechanically
deployed and defouled. Clam harvesting is also
mechanised (Figs. 2−4). The detail of the farm prac-
tice is described in Table 1 and Fig. 4. The harvest at
Chuckanut is more efficient (over 10 times faster)
and cost-effective (70% cheaper) than manual har-
vesters using short-handled rakes; cost comparisons
account for both amortization of plant and equipment
and marginal costs (B. Dewey pers. obs.).

Experiments were conducted at the 2.6 ha (6.5 acres)
currently farmed at Chuckanut. Intertidal bottom cul-
ture of Manila clams uses 70% of the farm area, while
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Fig. 1. Chuckanut Shellfish farm location in Samish Bay, northern part of Washington State, USA. (Right) Farm layout, lines
represent the cultivated strips. Sampling areas for water quality, clam production and reference sites are contained within or 

are adjacent to the farm layout
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the remaining 30% forms aisles between cultivated
rows.Predatornets(90to460mlength,1.2mwidth)are
deployed in strips, buried along the edges and fixed
to the sediment with large steel staples; clam seed is
then planted within the strips, at a density of 750 ind.
m−2 (70 ind. ft−2). Fouling occurs mainly through
attachment and growth of green algae (e.g. Ulva sp.)
on the predator nets, boosted by the available sub-
strate and by the supply of dissolved nutrients.

The animals are supplied by certified high health
hatcheries and harvested during the third year after
seeding. Marketable size is reached after 2 yr, but

since the clams are marketed by the pound, the extra
weight gained by allowing a third year of growth
warrants the additional growing season. The shellfish
are cultivated as separate year classes in different
sections of the farm, allowing for an annual harvest.
As a consequence, approximately one third of the to-
tal area is harvested every year, and subsequently re-
seeded (Fig. 4). The reported harvest ranges from 30
to 45 t yr−1 (70 000 to 100 000 lb yr−1).

Water quality data, morphometry, culture practice
and appropriate economic indicators required to run
and validate the local-scale models were obtained
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A) Manual B) Mechanical

Fig. 2. (A) Manual versus (B) mechanical intertidal bottom culture of Manila clams in Samish Bay (Photo courtesy B. Dewey)

A) Fouling B) Sweeping

Fig. 3. (A) Predator nets strips of Manila clam bottom culture fouled by algae are swept mechanically and (B) removed algae 
are left in the corridors between the net strips (Photo courtesy B. Dewey)
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through monitoring programmes for the farm and
surrounding area.

Water temperature was recorded continuously dur-
ing 2011 and 2012, using an Onset temperature data
logger placed at the northern end of the farm. Water
quality parameters were recorded by 2 YSI 6600 data
sondes measuring temperature, pH, dissolved oxygen
(DO), salinity, fluorescence calibrated to chlorophyll a
(chl a) concentration and depth. One YSI data sonde
was positioned at the centre of the farm and the other
sonde just outside the farm’s SE corner to monitor wa-
ter flowing over the farm (SE to NW on the ebb and
NW to SE on the flood). These units were deployed at
3 separate occasions in 2011 for 2 to 4 wk periods at
both spring and neap tides in transition from spring to
neap, to monitor spring and summer conditions.

Current velocity was measured with a SonTek Ar -
go naut ADV (Acoustic Doppler Velocimeter) probe
placed at the centre of the farm, recording water
movement just above the sediment during ebb tides.
This sonde was deployed in the summers of 2011 and
2013 for 1 to 2 wk at a time. Additionally, quadrupli-
cate water samples were collected monthly just out-
side the farm at the NW and SE corners, and at the
centre of the farm during spring, summer and fall of
2011 and 2012. These were analyzed for nutrients,
chl a, particulate organic carbon/particulate nitrogen
(POC/PN) and total particulate matter (TPM).
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Type                        Descriptors

Farm location         Location: 48.5° N, 122.5° W, 2.4 ha 
and extension       (70% cultivated) on strips for 3

different year classes (annual rota -
tion); intertidal, 3 m water depth.
Length: 300 m; width: 75 m 

Culture practice     Bottom culture under nets; seeding
day: 200; culture cycle: 1180 d;
mortality: 50%; seed weight: 0.2 g
(3.2−3.5 mm); seed density: ~750 m−2;
minimum harvest weight: 18 g total
fresh weight (TFW)

Environment           Semi-diurnal tidal cycle, current
speeds generated by peak spring and
peak neap speeds (0.2 and 0.1 m s−1

respectively). Tidal range, spring and
neap: 3 and 2 m respectively

Water quality          Monitoring salinity, temperature,
chlorophyll, detritus, total particulate
matter

Economics              Seed cost: US $4 per 1000; sale 
value to farm at harvest: $2.33 per lb; 
annual yield: 32 to 45.5 t TFW

Seaweed fouling    Macroalgal biomass set initially in
model at 10 g dry weight m−2; sweep-
ing assumed to take place mid-year
every year

Table 1. Culture practice for Chuckanut Shellfish farm

Fig. 4. Typical production cycle of Manila clam at Chuckanut farm using mechanized devices. Maintenance occurs all year 
long for seaweed sweeping and net positioning



Aquacult Environ Interact 5: 255–270, 2014

Average Manila clam densities, size ranges and
macroalgal biomass were assessed monthly during
the spring, summer and early fall of 2011 and 2012,
and once during the winter of 2012 to 2013. Random
0.25 m2 quadrats were taken on transects that ran
from the SW to the NE corners of the farm, collecting
at least 10 samples during each sampling period.
Stocking density, weight (total fresh weight and tis-
sue dry weight) and length of clams and macroalgal
dry weight were determined.

Seven benthic cores were sampled just before har-
vest, and 1 to 2 d after harvest, on 3 different plots at
the centre and northern edges of the farm, on differ-
ent dates (July and August 2011, May 2012). Hand
harvest impact, benthic community composition and
macrofauna were compared to mechanical harvest.

Model development, implementation and
 validation

Manila clam individual growth model

Experimental growth data (2009 to 2011) from the
Samish Island site were used to calibrate and vali-
date a Manila clam model based on the generic
AquaShell™ framework for bivalves (e.g. Silva et al.
2011, Ferreira et al. 2012). Functions for key physio-
logical processes specific to Manila clam follow
Defossez & Daguzan (1995), Flye Sainte Marie et al.
(2007), and Walne (1972); formulations for morpho-
metric relationships were obtained in this work.

The model simulates changes in individual weight,
expressed as tissue dry weight and scaled to total
fresh weight (with shell) and in shell weight scaled
to shell length. The model is driven by relevant
physical and biogeochemical components, i.e. allo -
metry, total particulate matter, temperature and
salinity, together with phytoplankton and detritus

(Table 2); Clearance rate is a function of allometry
(CRm), TPM (CRTPM) and water temperature (CRt)
(Eq. 1−3); the model additionally provides environ-
mental feedbacks for particulate organic waste
(faeces and pseudofaeces) and excretion of dissolved
substances.

The effects of allometry of Manila clam dry weight
and environmental conditions were modelled as
below:

(1)

where (modified from Flye Sainte Marie et al. 2007)
CRm is the clearance rate as a function of individual
dry weight (DW) (l h−1), a is the allometric function
parameter = 20.049 (no unit), b is the allometric func-
tion parameter = 0.257 ml min−1 g−1, W is the dry
weight of the animal in grams and h is the conversion
factor = 6 × 10−4.

Clearance rate as a function of individual weight
was used to model the effect of TPM (Eq. 2):

(2)
where (modified from Defossez & Daguzan 1995)
CRTPM is the clearance rate as a function of TPM
(l ind.−1 d−1), TPM is the total particulate matter (mg
l−1), TPMo is the TPM optimum (mg l−1), TPMt is the
TPM threshold = 100 mg l−1, TPMm is the TPM maxi-
mum = 175 mg l−1 and c is the constant = 0.8. The
effect of temperature (T) on CRTPM was modelled as
a Gaussian curve when CR is above or below the
optimal temperature (To) of 15°C:

(3)
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Day                Temperature          Salinity            Chlorophyll a               POM                  TPM                 DOb                 DINb

                              (°C)                    (psu)                    (μg l−1)                  (mg l−1)              (mg l−1)            (mg l−1)           (μmol l−1)

165                          11                       35                         4.2                         2.6                    8.1                   6.0                     2
210                          12                       35                         4.9                         2.8                    7.5                   7.5                     4
240                          13                       35                         2.5                         1.7                    4.3                   6.0                     7
270                          12                       35                         3.9                         2.7                    14.7                   6.5                     5
330                          7                       35                         1.5                          1.3                    4.1                   8.0                     10

aValues in italics were not measured on site but either calculated indirectly or taken from literature
bThe last 2 columns (DO and DIN) are used only in the FARM model

Table 2. Data used to run the Manila clam AquaShell individual modela, and the FARM modelb for simulation of farm-scale pro-
duction and environmental effects (starting total fresh weight [TFW] 0.65 g, starting date mid-July, cultivation period 1180 d).
POM: particulate organic matter, TPM: total particulate matter; DO: dissolved oxygen; DIN: dissolved inorganic nitrogen
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where (modified from Walne 1972, Sobral & Wid-
dows 1997) CRt is the clearance rate as a function of
temperature (l ind.−1 d−1), To is optimal water temper-
ature = 15 °C and T is the water temperature (°C).
Water temperature used for the model varied be -
tween a minimum of 7.2°C in winter and 13.3°C in
summer (Table 2). Table 2 shows the environmental
drivers obtained through field measurements, both in
this study and other work; these were used for indi-
vidual model runs, and subsequently for simulations
at the farm scale.

Seaweed growth model

A macroalgal individual growth model was imple-
mented to simulate fouling of predator nets by sea-
weeds. The model is adapted from Nobre et al.
(2005), and uses a cell quota formulation (Droop 1970,
Eq. 4). This approach was chosen since single-step
kinetics are not a good model for seaweed growth
(e.g. Solidoro et al. 1997) because they fail to account,
for example, for the fact that production occurs even
when dissolved nutrients are depleted. The left term
(before the multiplication sign) is the standard
Michaelis-Menten formulation, which is often used
for primary production modelling of phytoplankton,
i.e. the nutrient (S) uptake regulates the rate μ, where
μmax is the potential (i.e. light-dependent production).

Droop’s equation, and subsequent adaptations e.g.
by Solidoro et al. (1997), make that uptake rate regu-
late the quota of nutrients in the cell (in this case in
the seaweeds), which is the whole first term, and the
second term uses that quota, Q, to reduce the poten-
tial (light-limited) production, here represented as
Pmax:

(4)

where Q is the cell quota (mgN g DW−1), μmax is the
maximum dissolved inorganic nitrogen (DIN) uptake
rate from the water column (mgN gDW−1 d−1), S is the
DIN concentration (μmol l−1), ks is the half-saturation
constant for DIN (μmol l−1), qmax is the maximum DIN
cell quota (mgN gDW−1), qmin is the minimum DIN
cell quota (mgN gDW−1), Pmax is the maximum pro-
duction rate (d−1) and kc is the nitrogen cell quota for
growth (mgN gDW−1).

Once the nets are swept of seaweed, N uptake
from macroalgae is excluded from the FARM model
since only local processes are considered; i.e. sea-
weeds that are lost from the model domain are by
definition not explicitly factored in subsequent calcu-

lations, except insofar as the nutrient drivers of the
model reflect macroalgal decomposition and miner-
alization.

The individual growth model in Eq. (4) is used in
Eq. (5) to calculate gross primary production (GPP)
by scaling to the existing biomass, and net primary
production (NPP) is determined according to Eq. (6):

(5)

where P is the production d−1 and:

(6)

where Rl is the light respiration coefficient = 0.3 mgC
gDW−1 h−1, E is the exudation coefficient = 0.02 (no
units), B is the macroalgal biomass (g DW) and Rd is
the maintenance respiration coefficient = 0.01 d−1.
The individual growth model is forced by photosyn-
thetically available radiation (PAR, μmol photons m−2

s−1) and DIN. The farm-scale model (see below) cal-
culates the depth of the clam farm at every time step,
and determines PAR attenuation in the water column
due to suspended particulate matter when the farm is
immersed.

Farm-scale model

The model simulates processes at the farm-scale by
integrating a set of different sub-models: (1) hydrody-
namic and particle settling (for suspension culture),
(2) biogeochemical, (3) shellfish and finfish growth
models and (4) ASSETS eutrophication screening
model (Bricker et al. 2003). Three different types of
outputs may be obtained with FARM, focusing on
people (production), planet (environmental externali-
ties) and profit. The FARM outputs are production,
average physical product (a proxy for return on in-
vestment), income, expenditure, gross profit, biode-
position, nutrient emission and eutrophication assess-
ment. A marginal analysis of optimal stocking density
(Ferreira et al. 2011) is obtained by increasing seeding
density (see details in Fig. 11) with the known values
for input (Pi = 40 USD for 1 kg of seed in this study)
and output (Po = 4 USD for 1 kg of harvested clam)
costs, and simulating the corresponding potential har-
vest. The Value of Marginal Product (VMP) is then
used to calculate the Marginal Physical Product
(MPP) which corresponds to the first derivative of the
production (Total Physical Product, TPP) curve, and
yields the point at which profit maximization occurs
(Jolly & Clonts 1993, Ferreira et al. 2007).

1
max

minP P
q
Q

= ⋅ −

if GPP NPP GPP

if GPP NPP GPP
l> → = − +

= → = − −
0 1

0 1

( )

( )

R E

E B ××
⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪Rd

d
d

max max

max min
max

min

max

Q
t

S
k S

q Q
q q

P
Q q
q k

Q
s c

= μ
+

⋅ −
−

− ⋅ −
−

⋅



Aquacult Environ Interact 5: 255–270, 2014262

The individual Manila clam model was incorpo-
rated into the FARM model, and locally measured
environmental drivers, together with culture practice
established both through the farm owner and in situ
work (Table 1 & 2), were used to assess actual and
potential production, economic performance and
environmental externalities.

The FARM model was modified to simulate macro-
algal production on the predator nets using a popula-
tion, size-based, dynamics model (Nobre et al. 2005),
driven by the individual growth model described
above and by seaweed mortality. Additionally, the
seaweed simulation accounts for the sweeping of
predator nets at regular intervals (Fig. 3), which is
normal operating procedure on the farm — an exces-
sive build-up of seaweed biomass may lead to high
clam mortality due to sediment hypoxia.

The macroalgal model was initialized with a stand-
ing stock of 5 g DW, based on measured data, and
validated against peak biomass measured as part of
the field data collection, using the 90th percentile of
47.4 g DW as a reference point.

RESULTS AND DISCUSSION

The results from the clam individual growth model
together with the mass balance over a growth cycle
are briefly reviewed and are followed by the FARM
model results. Finally, a scaling exercise of the serv-
ices provided by Manila clam for the whole of Puget
Sound is presented.

Individual clam growth model

The simulated growth of an individual Manila clam
is shown in Fig. 5, using 3 key indicators: shell length,
total fresh weight and tissue dry weight. The individ-
ual model reproduced the weight increase in the
growing season, and the negative scope for growth in
winter due to both low temperature and food concen-
trations. The model predicted a final shell length of
46.5 mm, a total fresh weight of 27 g and a tissue
dry weight of 1.27 g at Day 1020. This is in good
agreement with the field data for the same period, i.e.
46.7 mm, 26.6 g and 1.44 g respectively.

Validation curves for measured versus simulated
shell length are also presented in Fig. 5. The nor-
malised root mean square deviation (NRMSD) was
equal to 12.7%. The slope of the linear regression of
the simulated versus measured shell length was close
to the line of identity (Fig. 6); only 2 points were

responsible for the slight shift between the line of
identity and the linear regression, and are outside
the standard deviation of the average difference be -
tween simulated and observed data.

The individual model was tested in WinShell, a
workbench that handles model pre- and post-pro-
cessing, and generates a mass balance output for the
whole culture cycle, taking into account both produc-
tion and environmental effects (Fig. 7).

WinShell is not useful for analysing the cultivation
of large numbers of clams, but provides a user-
friendly platform to handle input and output from
AquaShell, and allows the farmer to look at the
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growth and environmental performance of an animal
for a particular set of environmental drivers. A single
(modelled) clam clears almost 29 m3 (7700 US gal-
lons) of water over the culture cycle, and removes
over 1 g of nitrogen, more than 4% of the live weight
produced.

Farm-scale production, culture practice and
 seaweed growth

Table 3 shows the FARM model outputs for a full
culture cycle of Manila clam in the standard simula-

tion. The overall outcome of the farm activity
is represented in Fig. 8 as an annualized mass
balance based on the 1180 d culture cycle.

The annual harvest of the simulated farm,
with a standard seeding density of 750 ind.
m−2, is about 48 t yr−1 (106 000 lb), a reason-
able match to the reported harvest of 30 to
45 t yr−1 (70 000 to 100 000 lb yr−1). Since this
work was developed in close cooperation
with the farm, there is a much greater confi-
dence in comparisons of predicted and ob -
served harvest than normally occurs when
model results are matched against declared
landings.

Certain types of mechanised harvesters
appear to be no more disruptive to the ben-
thos than manual harvesting (Stirling 2011).
Other types, however, might have long-term
effects on the environment, such as changes
to benthic engineers, and indirectly birds, or
via the re-suspension of anoxic sediment and
modification of sediment composition (Coen

1995, Kaiser et al. 1996, Spencer et al. 1997, Pranovi
et al. 2003, Badino et al. 2004, Toupoint et al. 2008,
Godet et al. 2009). The modified tulip harvester used
at Chuckanut Shellfish farm was not found to have
negative effects on benthos or sediment quality,
based on the data collected at the same time as this
study. The density (log transformed data) and rich-
ness of taxa present in the reference site were supe-
rior to both hand- and mechanically-harvested sites
(p < 0.001), but there was no significant difference at
both the hand and mechanised cultivated sites.

Taxa richness for the hand-harvested site was
superior prior to harvest (p = 0.028). The density was
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Faeces 
8.6 g DW 

Pseudofaeces
27.2 g DW 

Phytoplankton filtration 
93.0 mg chl a m-3 

 

Detritus filtration 
49.5 g POM m-3 

Cultivation  1180 days 
Clearance 28.8 m3 
Live weight 29.6 g FW 
Shell length  4.8 cm 
Nitrogen removal 1.24 g N 
N / production 4.26% 

Excretion 
0.3 g NH4 

Energy assimilated 
6.7 kcal 

Anabolism: 63.4 kcal 
Catabolism: 56.7 kcal 

Inorganic losses 
0.3 g NH4 

Organic losses 
35.8 g DW 

Summary Individual 

Respiration 
16.9 g O2 

Digestion 

Fig. 7. WinShell mass balance results for an individual Manila clam
over a full growth cycle at Chuckanut Shellfish farm. DW (FW): dry 

(fresh) weight; POM: particulate organic matter
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more variable depending on the date: July: pre- to
post-harvest p < 0.001; August: pre- to post-harvest
p = 0.030, while in May there was no significant dif-
ference (p = 0.254).

On the other hand, there were no significant dif -
ferences between the pre-mechanical versus post-
mechanical harvest for both density (p = 0.824) and
taxa richness (p = 0.073).

At Chuckanut, predator nets are deployed and
kept on site during the whole culture period; they are
then recycled for use in the next period. Several
authors have shown that similarly de ployed nets may

in crease concentrations of or -
ganic matter to a limited extent
(Munroe & McKinley 2007, Ben-
dell et al. 2010), and could imply
shifts in community structure
(Ben dell et al. 2010), but in an -
other experiment where preda-
tor nets were placed above net
bags for hard clams, they also
acted as artificial reefs and in -
crease biodiversity and provide
nursery grounds through macro-
algal colonisation (Powers et al.
2007).

The FARM model results sug-
gest that there is a minimal in -
crease in ammonia concentra-
tion in the surrounding water
(Table 3), and the simulated ex -
cre tion of NH4

+ by the clams
becomes a nutrient source for
the seaweeds (Figs. 9 & 10). The
model provides an adequate
simulation of the measured bio-
mass (Fig. 9) of macroalgae (Ulva
and other genera) with a 90th
percentile of 47.4 g DW.

The FARM model simulates
sweeping at regular intervals,
and the subsequent new growth
of macroalgae on the nets. Cur-
rently, the swept seaweeds float
away or decompose in the areas
between clam rows, but Chuck-
anut Shellfish is working on
alternatives for potential re-use
of swept macroalgae. The sec-
ond and third year clams are
larger and excrete more ammo-
nia, and the model adequately
reflects this with higher seaweed

biomass peaks. This fouling pattern with increasing
clam size has been verified in loco (Dewey et al.
2013).

Fig. 10 shows the difference in fouling with and
without clams, and illustrates the fact that some
macroalgal colonisation would occur be cause of the
available substrate (pre dator nets), even if clams
were not cultivated. The in creased fouling in farm
sections with larger clams (higher year classes) is
also shown, and reflects a greater emission of ammo-
nia from the clam beds due to excretion by larger
 animals.
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Variable                                                                                           Model results

Model inputs                                                                                               
Seeding (kg total fresh weight [TFW]) per production cycle            3375

Model outputs                                                                                            
Production                                                                                                   
Total physical product (kg TFW) per production cycle                   157 554
Average physical product (APP, Output/Input)                                   47

Environmental externalities                                                                      
Change in 90th percentile NH4

+ concentration (μmol l−1)     8.92 (in)−9.04 (out)
Change in 90th percentile chlorophyll a (mg chl a m−3)       4.49 (in)−3.98 (out)
Change in 10th percentile O2 concentration (mg l−1)            6.17 (in)−6.10 (out)
ASSETS eutrophication model score                                    No change (in to out)

Profit and loss                                                                                             
Total income (i.e. Manila clam sales, US $ per cycle)                     630 210
Total marginal expenditure (i.e. seeds, US $ per cycle)                  135 000
Farm profit (i.e. income–expenditure, US $ per cycle)                   495 210

Table 3. Simulated production and environmental effects of Manila clam farming in 
North Puget Sound (per 1180 d cycle)

Phytoplankton removal
12305 kg C yr–1

Detritus removal
53852 kg C yr–1

Population equivalents (PEQ)
1037 PEQ yr–1

Algae –1914
Detritus –8377
Excretion 787
Faeces 6001
Mortality 79

Mass balance –3423

N removal (kg yr–1)

Shellfish
filtration

Assets

Chl a

O2

Score

Shellfish farming income: 194 k$ yr–1

Nutrient treatment:  41.5 k$ yr–1

Density: 750 ind.

Cultivation period: 1180 d

Total income: 236.4 k$ yr–1

Income Parameters

Fig. 8. FARM model annualized mass balance for Manila clam culture at Chuckanut 
Shellfish farm (the seaweed fouling component is not included)
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The results in Table 3 additionally highlight that
the effects of clam culture on DO are minimal
(−0.07 mg l−1), and that there is a significant draw-
down of chl a, 0.5 μg l−1, or 20% of the ambient
 concentration. This is an important positive ex -
ternality of clam culture at Chucka nut Shellfish,
since it contri butes to a reduction of primary symp-
toms of eutrophication , and therefore short-circuits
the potential development of secondary symptoms
associated with organic decomposition (e.g. Bricker
et al. 2003).

This raises the possibility of integrating farms such
as Chuckanut Shellfish into a broader, catchment-
scale nutrient management plan. For instance, nutri-
ent credit trading is one approach used for the pro-
posed Chesapeake Clean Water and Ecosystem
Restoration Act of 2009 (H.R. 3852/S. 1816; Jones et
al. 2010), aimed at creating revenue opportunities
and reducing the cost associated with excess nutrient

at the bay scale, and promoting the reduction of
nutrient loads.

FARM not only makes it possible to simulate the
total mass balance of phytoplankton and organic
detritus removed, but also the monetary equivalent
for nutrient removal, which in this case corresponds
to over $40 000 per year (1 kg N is valued at 12.4 USD
by Meybeck et al. 1989; Fig. 8). The macroalgal
sweeping component is not included in this figure,
and should be amended once a harvesting system
is developed. Over 20% of additional income may
be de  rived from nutrient credit trading when such
a management plan is implemented in the area
(Fig. 8). This figure should be seen as a minimum,
since the cost of nutrient removal is largely depend-
ent on both the sources and the methods used.
Stephenson et al. (2010) estimate that a low-end cost
of 73 USD kg−1 (33 USD lb−1) for low cost septic re -
tirement escalates to 843−1337 USD kg−1 (383−653
USD lb−1) for wet ponds, and can reach a peak of
4873 USD kg−1 (2215 USD lb−1) for high cost sand
 filters.

A marginal analysis of optimal stocking density
(Fig. 11) showed that from a food resource perspec-
tive there is scope for increasing cultivation seeding
density up to 9 t of seeds over a culture cycle, since
the present value of 3.4 t is still in the first stage of the
production curve. However, high mortalities, princi-
pally due to heavy predation by Dungeness crabs
Metacarcinus magister are already a significant risk
factor, so changes should be effected in a precaution-
ary manner. Moreover, lower densities also con-
tribute to the ecological carrying capacity, through a
more balanced partitioning of available food, and
therefore help maintain other filter-feeding species
in the farm area (only about 20% of the total area is
actually farmed).

Potential services provided by Manila clam in
the Puget Sound

The overall ASSETS score (Bricker et al. 2003,
2008) was in the high status category (Fig. 8), both
for water entering the farm and after processing
through the clam culture. Since ASSETS focuses on
water column indicators (chl a and DO only at the
local scale), a shellfish farm will typically provide an
ecosystem service with respect to chl a drawdown,
provided oxygen consumption within the farm does
not lead to a marked reduction in DO concentration.
Our chl a simulations showed that the Chuckanut
Shellfish farm does exercise top-down control of
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phytoplankton, but since the inflowing water is al -
ready at a high status, the ASSETS score remained
unchanged.

However, the ASSETS score for Puget Sound indi-
cates that Hood Canal and South Puget Sound have
high eutrophication symptoms, whereas other re -
gions of the sound have an overall score of moderate,
with blooms of nuisance algae that lead to shellfish-
ery closures (Bricker et al. 1999, 2008, Trainer et al.
2007). Bricker et al. (1999) reported that eutrophica-
tion in Puget Sound was likely to worsen due to
increasing human population pressure in the coastal
areas.

The overall role of Manila clam culture for top-
down control of eutrophication symptoms in Puget
Sound was estimated through a simple budget
(Fig. 12). It assumed that existing farms have the
same general conditions as Chuckanut Shellfish, and
the results are, therefore, indicative of conditions
typically observed in Puget Sound.

However, potential interactions among farms can-
not be resolved with this type of local-scale ap -
proach, and require a system-scale model, such as
EcoWin.NET (e.g. Ferreira et al. 2013), that can ac -
count for food de pletion effects as more shellfish
farms are licensed. Moreover, an individual farm’s
production and environmental effects will vary as a
function of the flushing rate at its location (Dumbauld
et al. 2009).

The general background level of bivalve density in
the culture plots is near zero with the exception of a

few small taxa and there is no natu-
ral re cruitment of Manila clams in
Samish Bay. Despite the previously
reported caveats, and given that
overall there is a low density of
farms in the area which allows us to
neglect farm–farm interactions, it is
instructive to upscale the results
from Chuckanut to the whole of
Puget Sound — a comparison with
declared production shows reason-
able agreement, with a difference
of 16%. This suggests Manila clam
culture in Puget Sound may provide
an annual ecosystem service for eu -
trophication control corresponding
to 90 000 PEQ (1 PEQ = 3.3 kg N
yr−1; Lindahl et al. 2005), for a pro-
duction of approximately 4500 t yr−1

(Fig. 12).

CONCLUSIONS

Chuckanut farm production is well represented by
the model. Harvest yield is very sensitive to mortal-
ity, and profitability is very sensitive to seed costs.
Mortality is mainly due to Dungeness crab Meta -
carcinus magister, white winged sea duck Melanitta
fusca and surf Scoter Melanitta perspicillata preda-
tion, which can result in up to 100% crop loss when
the farm is without net protection, while seed cost
varies with seed size and survival (Stirling 2011).

Chuckanut Shellfish uses mechanised technologies
to minimise the impact of Manila clam culture. This
work showed that there were no significant before-
versus-after effects of mechanical harvest on total
invertebrate densities or any individual taxa tested.
The differences in effects of hand harvest on total
invertebrate density were inconclusive — lower after
harvest on one date, higher on another and none on
the third — and the species richness was significantly
lower after hand harvest.

As has been shown elsewhere (Stirling 2011), this
form of mechanised harvesting appears to have a
small and transient impact on the seabed. Moreover,
clams are seeded as a single cohort line, with har-
vesting occurring only at the end of the culture cycle
(~3 yr). This time-limited substrate disturbance dur-
ing harvest, together with reduced predator net
maintenance for fouling control, minimises impacts
on the sediment. Mechanised culture practice has
been recently adopted by 2 other shellfish companies
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in Samish Bay and mechanisation technology is
responsible for an increase of almost 40% in total
harvest of Manila clam in recent years, which pro-
vides both increased profits and job creation.

The results presented in this work provide valuable
information for both the shellfish aquaculture indus-
try and future management of sustainable aquacul-
ture on the West Coast of the USA and elsewhere.
These simulations fit well with the Ecosystem Ap -
proach to Aquaculture (EAA; Soto et al. 2008), and
with the National and Washington Shellfish Initiative
strategies (NSI and WSI 2011) blueprint for action to
restore and protect Puget Sound, with a goal of a net
increase of 44 km2 (10 800 acres) of harvestable shell-
fish by 2020.

In Puget Sound, similar eutrophication concerns to
those in Chesapeake Bay (Boesch et al. 2001) have
been raised for the past decade, with increasing peri-
ods of localised anoxic conditions and an increase in
harmful algal blooms (Anderson et al. 2008), both of

which have repercussions on shellfish harvest. The
increase in nutrient loading from the watershed to
the bay (Krembs 2013) together with the particular
upwelling conditions along the US West Coast are
amplifying both eutrophication and ocean acidifica-
tion phenomena (Khangaonkar et al. 2012).

It is well established that shellfish aquaculture serv-
ices regarding eutrophication symptoms are of interest
for ecosystem restoration initiatives to ‘protect and en-
hance a resource that is important for jobs, industry,
citizens and tribes’. Clam culture provides the 4 eco-
system services as described by the Millennium Eco-
system Assessment (Millennium Ecosystem Assess-
ment 2005, Maltby 2013): (1) food provisioning
service, (2) regulating service for water clarity by re-
ducing eutrophication symptoms, (3) supporting serv-
ice for nutrient cycling and creating artificial reefs
and (4) cultural service via tourism and recreational
activities and from cultural heritage. The increase of
farms using the Chuckanut approach, along with the
creation of new jobs, holds promise both for industry
development and eutrophication abatement.

However, the EAA includes not only production
and ecological carrying capacity (Thrush et al. 2012,
Ross et al. 2013), but also social and governance com-
ponents (Inglis et al. 2000, McKindsey et al. 2006,
Costa-Pierce 2008, Soto et al. 2008). Social ac -
ceptance for non-fed aquaculture has improved, for
instance through eco-certification (Jonell et al. 2013),
and together with the development of new culture
technologies for sustainable aquaculture (Costa
Pierce 2010), more initiatives for developing further
shellfish aquaculture are emerging in developed
countries where constraints are greater than in other
parts of the world.

We hope that the analysis presented herein, based
on a real farm with a genuine commitment to envi-
ronmental stewardship, might help competitive users
of waterfront resources, government agencies and
stakeholders in general to better appreciate the role
that sustainable shellfish culture plays in the provi-
sion of ecosystem goods and services.
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