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A stochastic bioeconomic model for the management
of clam farming
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Abstract

The Manila clamTapes philippinarumis one of the most important commercial mollusc species in Europe. Intensive clam
farming takes place in several coastal lagoons of the Northern Adriatic Sea, supporting local economy but raising the problem of
the environmental sustainability of this activity. In this work, we propose a bioeconomic model that provides guidelines for an
efficient management of intensive clam farming. Clam demography is described by a stochastic model of growth and survival,
accounting for the effect of water temperature, seeding substratum and density dependence of vital rates. The model is calibrated
on and applied to the case of Sacca di Goro, a lagoon located in the Po River Delta (Northern Italy). We consider two distinct
management criteria: the optimisation of the marketable yield and the optimisation of monetary benefits, respectively. The use of
a stochastic formulation allows us to reveal the existing trade-off between maximizing the median yield or profit and minimizing
its variance. A Pareto analysis shows that seeding in spring or fall on sandy substrata and harvesting 18 months later provides
the best compromise between these two contrasting objectives, maximizing profits while minimizing the associated uncertainty
level. Finally, we show that seeding clams at high densities (more than 750 clams m−2 on muddy substrata and more than 1500
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lsewhere) can have not only a potentially negative impact on the ecological sustainability of clam farming, but also a
conomic effect.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Effective management of mollusc farming is of cru-
ial importance for both socioeconomic and ecological
easons. Intensive mollusc farming is indeed the basis
f local economy in many coastal areas of Europe such
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as, for example, the lagoons of the Northern Adri
Sea in Italy. Since its introduction in the early 1980s
Manila clamTapes philippinarumhas become one
the most important commercial species in Italy toge
with the musselMytilus galloprovincialis.Today, Italy
is the major European producer of clams, and the
mollusc producer after Spain and France (FAOSTAT,
2004). Recent work, however, has shown that h
densities of filter-feeding bivalves can have impor
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impacts on the trophic status of coastal ecosystems
affecting oxygen and nutrient dynamics, altering the
structure of the phytoplankton community and stimu-
lating macroalgal growth (Prins et al., 1998; Sorokin et
al., 1999; Smaal et al., 2001; Bartoli et al., 2001). The
production of Manila clams in the Sacca di Goro lagoon
(Po River Delta, Northern Adriatic Sea), one of the ma-
jor areas of intensive clam rearing in Italy, grew up to
16,000 t at the beginning of the 1990s, but a decline in
productivity did occur in recent years and the current
production is about 10,000 t (Rossi and Paesanti, 1992;
Rossi, 1996; Solidoro et al., 2000). This phenomenon
has been mainly ascribed to dystrophic events caused
by extensive macroalgal blooms. High clam densities,
however, like those observed in some areas of Sacca di
Goro (in some cases exceeding 2000 individuals m−2),
have been shown to have a detrimental effect on oxygen
availability in the water column (Bartoli et al., 2001;
Melià et al., 2003). In areas where clam fishing is not
regulated, like the lagoon of Venice, further problems
are caused by sediment resuspension due to extensive
trawling, use of illegal fishing tools, and overfishing,
while consumers’ health is at risk because fishing may
be performed in polluted zones (Pastres et al., 2001;
Solidoro et al., 2003). Building reliable management
models is fundamental to developing efficient and sus-
tainable exploitation strategies for coastal ecosystems.
Pastres et al. (2001)combined data about water pol-
lution, bathymetry and trophism to build a suitability
index for clam rearing in the lagoon of Venice. They
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by Gatto and Rinaldi, 1976; May et al., 1978 ; Aanes
et al., 2002). In this paper, we perform a bioeconomic
analysis of clam farming based on a stochastic demo-
graphic model. We describe growth and survival of
Manila clams using the model proposed byMelià et al.
(2004)and consider two distinct management criteria:
the optimisation of the marketable yield and the opti-
misation of monetary benefits, respectively. The use of
a stochastic formulation allows us to associate a risk
level with the estimates of the objective functions and
to point out the existing trade-off between maximizing
yield or profit in the average and minimizing its vari-
ability. We finally carry out a Pareto analysis to identify
the seeding and harvesting policies that provide the best
compromise between these two contrasting objectives.

2. Model formulation

2.1. Demographic model

The demographic model used in this work to de-
scribe growth and survival ofT. philippinarumwas
presented in detail elsewhere (Melià et al., 2004). Wa-
ter temperature and clam density were identified as the
main drivers of the demographic rates. Here, we de-
scribe only the major features of the model which en-
compasses body growth and natural mortality.

Body growth is described by a modifiedvon Berta-
lanffy (1938)model accounting for seasonal fluctua-
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lso used a bioenergetic model (Solidoro et al., 2000)
o estimate the productive potential of the different
as. However, their study was chiefly focused on

dentification of the most suitable areas for rearing
id not analyse the bioeconomic aspects of the p

em. Solidoro et al. (2003)developed a demograph
odel for the Manila clam and used it to evaluate
conomic income associated with different fishing
earing strategies. The deterministic formulation of
odel, though, allowed the authors to provide only
stimate of the average performance of a given

cy without information regarding the uncertainty
he forecasted benefits. When planning an effectiv
loitation of biological resources, this latter aspec

ndeed of paramount importance. There is, in fac
ypical trade-off between maximizing the average p
uctivity and minimizing its variability (see, e.g. t
eminal work byRicker, 1958, and the subsequent wo
ions of the Brody growth constant driven by wa
emperature. The mean instantaneous variation in
engthL is described as

dL

dt
= kT T (t)(L∞ − L(t)) (1)

hereL∞ is the asymptotic mean size,T(t) is the aver
ge temperature of the water column at timet, andkT is
proportionality coefficient between the Brody gro
onstant and temperature. Temperature fluctuation
imulated using the sinusoidal curve proposed byMelià
t al. (2003)for the Sacca di Goro lagoon:

(t) = f sin

(
2π

365
(t + e)

)
+ g (2)

here timet is measured in days, witht= 0 correspond
ng to the first of January, and temperature is meas
n ◦C, withe=−114.74 (phase),f= 9.76◦C (maximum
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temperature variation), andg= 16.35◦C (mean annual
temperature).

To account for spatial and environmental stochas-
ticity, a random factor is then introduced in the integral
over time of Eq.(1) as multiplicative noise. More pre-
cisely, the length increment in the time period (t0, t) is
given by

∆L(t0, t) = ∆L̂(t0, t, L0) exp(εL(t0, t)) (3)

where∆L̂(t0, t, L0) is the mean length increment ob-
tained by integrating Eq.(1) over the time interval (t0,
t), starting from an initial lengthL0, andεL(t0, t) is
a Gaussian random variable with mean zero and vari-
ance given by (t − t0)σ2

L. The variance increases with
elapsed time because the logarithms of length incre-
ments in each elementary time unit follow a Brownian
motion process. Three different parameter sets were es-
timated to describe clam growth on different substrata
(sandy, intermediate and muddy).

The survival process is described by a model in
which natural mortality is determined by the sum of
a baseline mortality rate and a linear function of both
clam density and water temperature, namely

dN

dt
= −[µ0 + µT T (t) + µNN(t)]N(t) (4)

whereN(t) is the average clam density at timet, µ0 the
baseline mortality,T(t) the average temperature of the
water column at timet, andµT andµN are proportion-
a ed
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density at timet is given by

N(t) = N̂(t0, t, N0) exp(εN (t0, t)) (5)

whereN(t0, t,N0) is the mean clam density obtained by
integrating Eq.(4) over the time interval (t0, t), starting
from an initial densityN0, andεN(t0, t) is a Gaussian
random variable with mean zero and time-increasing
variance (t − t0)σ2

N . Natural recruitment and dispersal
are considered to be negligible compared to seeding
and displacement operated by fishermen.

The model was calibrated on the basis of an ex-
tensive data set collected in the Sacca di Goro lagoon
during 1993–1995 (Rossi, 1996). Parameter estimates
for the growth and survival models, including noise
variances, are reported inTable 1.

A Monte Carlo approach has then been used to de-
rive probability distributions of clam length and density
at various times following the seeding month. After
generating random realizations of the stochastic pro-
cessesεL andεN, the growth and survival models have
been integrated numerically using theode45function
of Matlab (The MathWorks Inc.), which is based on
an explicit Runge–Kutta (4,5) formula (Dormand and
Prince, 1980). The models have been run over a 3-
years horizon, recording length and density at monthly
intervals. By performing a sufficient number of simu-
lations (in this work, we have used 100 iterations, the
number being limited by computational constraints),
we have obtained histograms approximating the prob-
a m
w effi-
c
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lity coefficients. A multiplicative noise is introduc
n the integral over time of Eq.(4) to account for th
ffect of environmental stochasticity. Therefore, c

able 1
arameters of the demographic model

T 0.89× 10−4 ◦C−1 d−1 (mud)
1.40× 10−4 ◦C−1 d−1 (intermediate)
1.45× 10−4 ◦C−1 d−1 (mud)

∞ 50.60 mm (mud)
46.94 mm (intermediate)
54.64 mm (sand)

L 4.59× 10−2 d−0.5 (mud)
4.84× 10−2 d−0.5 (intermediate)
2.76× 10−2 d−0.5 (sand)

0 3.55× 10−3 d−1

N 6.29× 10−6 ind.−1 d−1

T −2.17× 10−4 ◦C−1 d−1

N 1.58× 10−2 d−0.5
bility distributions of clam length and density, fro
hich relevant statistics (percentiles, variance, co
ient of variation) can be easily derived.

Temperature coefficient of the growth model

Asymptotic mean length

Standard deviation of the noise term for the growth mo

Baseline mortality rate
Density coefficient of the survival model
Temperature coefficient of the survival model
Standard deviation of the noise term for the survival m
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2.2. Marketable yield

The yield associated with a given seeding policy
can be simply forecasted by combining the growth and
survival models. The standing biomass available at time
t, after seedingN0 clams of lengthL0 at time t0, is a
random variable given by

B(t0, t, L0, N0) = N(t0, t, N0) w(L(t0, t, L0)) (6)

whereN is the clam density at the end of the period (t,
t0) andw the weight of a clam.w has been estimated
from the shell length by using the length–weight al-
lometric relationshipw(L) = 2.6 × 10−4L3 (Solidoro
et al., 2000), wherew is expressed in gram andL in
millimeter. If harvesting is concentrated in time and
removes all the biomass of a certain area at the end of
a rearing cycle, the standing biomass coincides with
the harvest. However, the benefits are spread over the
time elapsed between seeding and harvesting. Also, the
actual marketable yield depends upon the probability
that clams have reached the minimum commercial size
(25 mm in the Sacca di Goro lagoon). Assuming that
all market-sized clams are harvested at the end of the
period, the marketable yield per unit time is defined as

Y (t0, t, L0, N0)

=
{

0 if L(t0, t, L0) < 25
N(t0,t,N0)w(L(t0,t,L0))

(t−t0) if L(t0, t, L0) ≥ 25
(7)

A cting
s bil-
i s
o ite
c s of
Y
a and
c

2

dif-
f ent
i tor
o tter
e t as-
s

The revenue a fisherman can obtain by selling his
harvest is easily calculated by multiplying the yield by
the market price of clams. In principle, the selling price
of clams is an increasing function of clam size. Hence,
we can write revenuesRas

R(t0, t, L0, N0) = p(L(t0, t, L0)) Y (t0, t, L0, N0) (8)

wherep(L) is the market price of 1 kg of clams of length
L.

Rearing costs are the sum of fixed costs (e.g. seeding
and harvesting costs) plus variable costs multiplied by
the span of the rearing cycle:

C(t0, t, L0, N0) =
∑

i
cf,i + (t − t0)

∑
j
cv,j (9)

wherecf, i is the ith fixed cost andcv,j the jth vari-
able cost. Profits at timet, as deriving from seedingN0
clams of lengthL0 at timet0, are calculated simply as
the difference between revenues and costs. As we did
for yield, we must spread profit over the length of the
rearing cycle. Therefore, we have finally calculated the
profit per unit time as

Π(t0, t, L0, N0)

= [R(t0, t, L0, N0) − C(t0, t, L0, N0)]

(t − t0)
(10)

The histograms ofΠ are thus derived by randomly ex-
tractingL andN at any montht from the results of the
Monte Carlo simulations, determining the correspond-
i quent
p
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ssuming independence of the random noises affe
urvival and body growth, one can derive the proba
ty distribution ofY from the probability distribution
f NandL. We do not write it down, because it is qu
umbersome. In practice, we derive the histogram
in any montht by randomly extracting a value ofL

ndN from those obtained by stochastic simulation
alculating the corresponding yield.

.3. Economic return

Estimating the marketable yield associated with
erent rearing policies can provide useful managem
nformation. However, yield is a rather poor indica
f socioeconomic sustainability, which can be be
valuated by calculating the net economic benefi
ociated to a given seeding and harvesting policy.
ng revenues and costs, and calculating the conse
rofits.

.4. Economic data

Information on local market prices were provided
doardo Turolla, a researcher of Centro Ricerche
olluschi (CRIM), a centre funded by the fisherm

onsortium of the Sacca di Goro (CoPeGo).
The selling price of marketable clams is curren

bout 3.5D kg−1, although it has varied recently b
ween 3 and 5D kg−1. These figures are rather hi
ith respect to what reported bySolidoro et al. (2003,
ut are representative of the market prices of the
years (in fact, prices have nearly doubled s

he introduction of the Euro currency). The minim
arketable size is 25 mm, but clams are usually

ested when they are about 35 mm long (equivale
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100–120 pcs kg−1). To account for the higher market
value of bigger clams, we describe the selling price (in
D kg−1) as a piecewise linear function of clam size,
namely

p(L) =



0 forL < 25
0.1L for 25 ≤ L < 35
3.5 forL ≥ 35

(11)

Commercial hatchery spat is rarely used in Italy, where
small clams are usually collected in natural nurseries
due to the abundance of natural recruitment (Turolla,
1999). This does not mean, however, that the seed has
no cost for fishermen. In fact, only a few fishermen
participate in seed collection, and their work is then
paid for by the other members of the cooperative to
which they belong. Seed price is a function of seed size
and the currently available amount of seed. Average
prices range between 10 and 20D kg−1 for 8–10 mm
long clams (4000–7000 pcs kg−1) and between 2 and 3
D kg−1 for 20–25 mm clams (250–500 pcs kg−1).

The cost of a motor boat is about 10,000–15,000
D . In principle, this should be considered as a fixed
cost. However, it can be amortised in about 10–15 years
(the average life span of a boat) and can therefore be
considered as a variable cost. Maintenance costs are
about 10% of the total value of the boat, i.e. range
around 1000–1500D year−1. Each boat is used by two
to three fishermen. The cost of fishing devices is about
300–600D year−1 per fisherman. The concession fee
f
g
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this reason, in all our simulations we have set the initial
size atL0 = 10 mm. As for the length of the rearing cy-
cle (difference between harvesting and seeding times),
it would be impractical to consider cycles of any dura-
tion, as this would imply different seeding months in
different years. Thus, we have considered only multi-
ples of 6 months (namely 6, 12, 18 and 24). Since the
demographic rates vary with the season, for 12 and 24-
month-long cycles we have calculated the associated
yield/profit over one cycle, while the yield/profit has
been calculated over two cycles for 6 and 18-month
durations. In fact, in this latter case, there is a 6-month
difference in seeding time between even and odd cy-
cles. An important factor in determining the values of
the performance indices is sediment type, which, how-
ever, is not a decision variable, as it depends on the lo-
cation of the rearing field allocated to each fisherman.
Because of its major influence on clam growth and,
hence, on productivity, we have run the model with the
three parameter sets corresponding to the three sedi-
ment types considered, in order to evidence the differ-
ent performances that can be obtained from different
substrata.

A first, significant, difference between rearing on
different substrata is the fraction of marketable yield.
Fig. 1 shows the percent of clams attaining the mini-
mum marketable size (25 mm), as obtained by simu-
lating clam growth on different sediment types. When

F size
( atum.
C ze at
s

or the rearing field is about 250D ha−1 year−1, whilst
uardianship costs can be evaluated around 550D ha−1

ear−1. Costs for maintenance of the fields are alm
egligible. Finally, packaging costs are around 8D t−1.

. Results and discussion

By running the bioeconomic model under diff
nt initial conditions, we are able to estimate yie
nd profits associated with different rearing polic

n principle, the decision variables would be four: s
ize, clam density at seeding, and seeding and ha
ng time. In fact, however, seed size is not a true d
ion variable, as it depends upon the current size o
pat collected by fishermen. The most common siz
uveniles collected in natural nurseries (which is ind
lso a usual size for hatchery spat) is about 10 mm
ig. 1. Fraction of clams attaining the minimum marketable
25 mm) as a function of time to harvesting and seeding substr
urves obtained by Monte Carlo simulation (100 iterations). Si
eeding: 10 mm; seeding month: January.
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seeded on sand, most clams (93–100%) reach the mar-
ketable size within 1 year, and almost all (98–100%)
attain it within 2 years. On intermediate sediments, the
fraction is appreciably lower (depending upon the seed-
ing month it ranges between 68–86% after 1 year and
83–94% after 2), and on mud it is even lower (52–69%
after 1 year, 82–93% after 2).

As yield and profit are random variables obtained
by Monte Carlo simulation, different statistics can be
used to assess a given rearing policy. As an indicator
of average performance we have chosen the median
instead of the mean, because it is less influenced by
extreme values and the stochastic model converges to
the median trajectory as the number of simulations in-
creases, whilst we have used the coefficient of varia-
tion (ratio of the standard deviation to the mean) to get
a measure of the uncertainty of the yield/profit result-
ing from a certain policy.Figs. 2 and 3illustrate the
effect of changing seeding density and time on produc-
tivity and profitability, at a fixed length of the rearing
cycle. Fig. 2 shows the performances of a 12-month
rearing cycle on sand. InFig. 3, the same results are
shown for an 18-month rearing cycle. Yields increase
(though less than linearly) for increasing seeding den-
sities (Figs. 2a and 3a), whilst profits are highest for
an initial density of about 750–1000 clams m−2 and
decrease at higher densities (Figs. 2b and 3b). Interme-
diate densities appear to provide best results also with
regard to profit variability as measured by the coeffi-
cient of variation (Figs. 2c and 3c).

so-
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a
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p nd
f h de-
p ring
c

Fig. 2. Productivity and profitability of 12 month-long rearing cycles
as a function of seeding month and density (substratum: sand). Con-
tour lines of: (a) median yield (t ha−1 month−1); (b) median profit
(103 D ha−1 month−1); (c) coefficient of variation of the profit.
Table 2compares the maximum productivities as
iated with different substrata and different length
he rearing cycle. Seeding on sandy fields provide
est performances both in terms of median yield (
uctivity is almost double on sand than on mud)
ield variability (the coefficient of variation for sand
0–70% lower than for mud). A length of the rear
ycle of 12–18 months seems to be the most appr
te regardless of the substratum. If the aim is to m

mise yield, it is convenient to keep seeding den
s high as possible (2000–2500 clams m−2). Notice

hat we did not contemplate seeding densities hi
han 2500 clams m−2, as their impact on the lago
ould certainly be unsustainable from the ecolog
oint of view. As for the seeding period, spring a

all are the most suitable seasons, the best mont
ending upon sediment type and length of the rea
ycle.
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Table 2
Productivity of rearing cycles of different length, by sediment type

Substratum Cycle length (months) Seeding density (clams m−2) Seeding month Median yield (t ha−1 month−1) CV

Sand 6 2500 April/October 3.87 0.66
12 2500 September 4.24 0.77
18 2500 March/September 3.67 0.66
24 2000 November 2.89 2.16

Intermediate 6 2500 June/December 2.72 1.07
12 2500 November 3.19 1.88
18 2000 May/November 3.32 1.83
24 2500 November 2.68 2.60

Mud 6 – – 0 –
12 2500 November 2.28 2.70
18 2000 March/September 2.29 1.70
24 2500 September 1.60 4.26

Seeding month and density are those maximising the median yield. CV: coefficient of variation.

Results in terms of profitability are reported in
Table 3. Again, seeding on sand provides the best per-
formances, with maximum profits being more than
double on sand (up to more than 8000D ha−1

month−1) than on mud (less than 4000D ha−1

month−1). Sand also guarantees considerably lower
uncertainty of the achievable profit. A length of the
rearing cycle of 12–18 months seems again to be
the most suitable, the best performances being pro-
vided by 18-month-long cycles (both higher profit
and lower uncertainty). Spring (March–June) and fall
(November–December) are, again, the best seeding pe-
riods. It is when identifying the best seeding densi-
ties that results become significantly different depend-
ing on the performance indicator that is chosen. High

clam densities at seeding, in fact, provide good per-
formances in terms of yield, but do not in terms of
profit. The most suitable density, if the aim is to max-
imise profits, is indeed around 500–750 clams m−2.
Fig. 4compares the performances (in terms of expected
profit and associated variability) of seeding on differ-
ent sediment types and in different periods at a fixed
seeding density (750 clams m−2 on sandy and inter-
mediate sediments, 500 clams m−2 on mud). It is ap-
parent from the boxplot that the seeding season has
indeed a minor influence on profitability if compared
with substratum type. The maximisation of the me-
dian yield or profit alone, however, cannot be the only
objective when planning a sound management policy.
In fact, the uncertainty of the likely harvests or eco-

Table 3
Profitability of rearing cycles of different length, by sediment type

Substratum Cycle length (months) Seeding density (clams m−2) Seeding month Median profit (103 D ha−1 month−1) CV

Sand 6 500 May/November 2.15 1.63
12 750 November 7.12 1.41
18 750 May/November 8.56 1.08
24 750 November 5.97 2.85

Intermediate 6 250 June/December 0.26 3.72
12 750 November 4.60 2.95
18 750 June/December 6.96 2.62
24 750 November 5.49 3.36

Mud 6 – – <0 –
12 500 November 1.38 3.50
18 500 May/November 3.58 2.83

S profit. C
24 500

eeding month and density are those maximising the median
March 2.36 3.02

V: coefficient of variation.
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Fig. 3. Productivity and profitability of 18 month-long rearing cy-
cles as a function of seeding month and density (substratum: sand).
Contour lines of (a) median yield (t ha−1 month−1); (b) median profit
(103 D ha− month−1); (c) coefficient of variation of the profit.

Fig. 4. Comparison between profitability of 18 month-long rearing
cycles corresponding to different substrata and different seeding pe-
riods. Boxes identify quartiles and median, whilst whiskers extend
to the most extreme data values within the 1.5× interquartile range
of the box. Seeding density is set to profit maximising levels for each
substratum: 750 clams m−2 for sandy (white boxes) and intermediate
sediment type (light gray), 500 clams m−2 for mud (dark gray).

nomic benefits is also an important performance index.
To guarantee the socioeconomic sustainability of the
rearing activity, slightly lower, though less variable,
incomes could be preferred to higher median profits,
achievable at the cost of a higher level of variabil-
ity. To find out the rearing policies providing the best
compromise between the two contrasting objectives of
maximizing median yield/profits and minimizing the
associated coefficient of variation, we have performed
a Pareto analysis (Keeney and Raiffa, 1993). We have,
thus, excluded all those policies that are Pareto domi-
nated, i.e. such that there exists another feasible policy
that is associated with both a higher productivity in-
dicator (median yield/profit) and a lower uncertainty
indicator (coefficient of variation of yield/profit). The
non-dominated policies make up the so-called Pareto
set, which is the set of optimal policies with respect
to the two objectives. We have run two distinct anal-
yses for each of the three sediment types, first using
yield and then considering profit as an indicator of per-
formance. Results of the Pareto analysis are shown in
Tables 4 and 5, and are summarised inFig. 5. Table 4
andFig. 5a report the optimal policies (seeding month
and density, cycle length, yield and coefficient of vari-
ation) obtained by optimising yield, whileTable 5and
Fig. 5b show the Pareto sets obtained by optimising
profit. The shape of Pareto boundaries indicates a clear
trade-off between maximising median productivity
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Table 4
Optimal rearing policies (Pareto sets) with respect to the two objectives of maximising median yield and minimising yield variability (coefficient
of variation, CV), by sediment type

Substratum Seeding month Cycle length (months) Seeding density (clams m−2) Median yield (t ha−1 month−1) CV

Sand August 12 150 1.05 0.52
February/August 18 150 1.10 0.53
August 12 750 2.86 0.54
August 12 2500 3.34 0.54
February/August 18 1500 3.35 0.55
February/August 18 2000 3.36 0.58
March 12 2000 3.40 0.60
March/September 18 2000 3.45 0.63
May/November 6 2500 3.76 0.66
April/October 6 2500 3.87 0.66
September 12 2000 4.06 0.70
September 12 2500 4.24 0.77

Intermediate June/December 6 750 1.82 1.05
June/December 6 1500 2.22 1.06
June/December 6 2500 2.72 1.07
June/December 18 1000 2.78 1.23
June/December 18 2500 3.18 1.29
June/December 18 2500 3.18 1.29
June/December 18 1500 3.20 1.31
June/December 18 2000 3.30 1.37
May/November 18 2000 3.32 1.83

Mud March 12 1000 1.30 1.25
March 12 1500 1.40 1.38
March 12 2000 1.49 1.42
June 12 2500 1.66 1.46
September 12 2000 1.85 1.54
March/September 18 2000 2.29 1.70

Table 5
Optimal rearing policies (Pareto sets) with respect to the two objectives of maximising median profit and minimising profit variability (coefficient
of variation, CV), by sediment type

Substratum Seeding month Cycle length (months) Seeding density (clams m−2) Median profit (103 D ha−1 month−1) CV

Sand February/August 18 150 3.13 0.64
February/August 18 250 4.56 0.73
February/August 18 750 6.76 0.74
March/September 18 750 7.02 0.78
February/August 18 1500 7.35 0.85
May/November 18 750 8.56 1.08

Intermediate June/December 18 150 3.22 1.29
June/December 18 250 4.38 1.45
June/December 18 1000 6.51 1.45
June/December 18 1500 6.74 1.62
May/November 18 750 6.96 2.62

Mud March/September 18 150 1.84 1.74
March/September 18 500 3.33 1.81
May/November 18 750 3.44 2.66
May/November 18 500 3.58 2.83
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Fig. 5. Results of Pareto analysis with respect to: (a) maximising
median yield vs. minimising yield variability; and (b) maximising
median profit vs. minimising profit variability, differentiated by sed-
iment type. Pareto sets are shown by points connected by solid lines,
whilst small symbols identify non-optimal alternatives, differenti-
ated by substratum (triangles: sand; crosses: intermediate; circles:
mud).

and minimizing production variability. Which alterna-
tive should be finally chosen depends upon the rel-
ative weights that decision makers decide to assign
to the two objectives. However, if there is an elbow
of the Pareto boundary, alternatives on the elbow are
usually considered to be best compromises, as they
would be optimal under wide variations of the relative
weights.

If we first consider the goal of optimising yield,
we can notice that the set of Pareto options is quite
wide. When clams are reared on sandy bottoms, there

is no clear elbow in the Pareto boundary; in most cases
the best length of the rearing cycle is about 12–18
months and the optimal seeding density is between
1500 and 2500 clams m−2. The best seasons for seed-
ing and harvesting are spring (February–May) and fall
(August–November). Median yields vary from 1 to 4
t ha−1 month−1, whilst coefficients of variation range
between 50 and 80%. On intermediate substrata me-
dian yields are only slightly lower, but uncertainty is
significantly higher. There is an elbow in the Pareto set
and the corresponding alternatives are characterised by
an 18-month-long cycle and June–December as seed-
ing months. The most suitable seeding densities range
between 1500 and 2500 clams m−2. Seeding on mud
is confirmed to be a poor option, as yields are scarce
and affected by a high degree of uncertainty.

Instead, if the goal of optimising the net monetary
return is considered, the set of optimal alternatives
becomes appreciably narrower. Under any case, the
optimal duration of the rearing cycle is 18 months.
When clams are seeded on sand, the best seeding
periods are February–March and August–September.
Optimal seeding densities are quite variable ranging
between 150 and 1500 clams m−2, with lower densities
generally, though not always, associated with lower
uncertainty of profits. If rearing fields are located on
intermediate to muddy substrata it would be better to
delay seeding to May–June or November–December.
There is a clear elbow in both Pareto sets. Therefore,
for intermediate substrata, the two solutions on the el-
b ams
m lds,
s o-
m
o e
c and
1 d.

4

ith
s d a
r ces
o ed-
i the
M o-
g t of
ow which correspond to seeding 1000 or 1500 cl
−2 represent the best compromise; for muddy fie

eeding 750 clams m−2 is apparently the best compr
ise. Profits vary from 2000–3500D ha−1 month−1

n mud to 3000–8000D ha−1 month−1 on sand. Th
oefficient of variation is comprised between 60
10% on sand, whilst it is more than double on mu

. Conclusions

By coupling a stochastic demographic model w
ocioeconomic information, we have develope
ealistic framework to evaluate the performan
f different rearing policies (as defined by se

ng time, cycle length and seeding density) for
anila clam. The stochastic formulation of the dem
raphic model allowed us to account for the effec
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environmental variability on the uncertainty of pro-
duction and economic return. This information, not
provided by deterministic models, can indeed be
very valuable to formulate risk-averse management
policies. The results of our study confirm that sandy
sediments are the most suitable substratum for clam
rearing. We have shown that seeding on sand provides
not only the best performances in terms of yield and
profit, but also that the uncertainty level is apprecia-
bly lower than that predicted for seeding on muddy
substrata.

Density at seeding is an important decision variable.
Shifting the attention from sheer biomass yield to profit
as a performance indicator, we demonstrate that seed-
ing large quantities of juveniles (more than 750 clams
m−2 in muddy fields and more than 1500 clams m−2

elsewhere) can be disadvantageous not only because it
has a detrimental effect on water quality and the ecosys-
tem health, but also because it can be counterproductive
from the economic viewpoint. In fact, it is most likely
that density-dependent survival sets the upper limits of
productivity in intensive bivalve farming (Melià et al.,
2004).

The most suitable seeding periods are spring and
fall, with slight variations depending upon the substra-
tum and the seeding density. It is to be noticed, however,
that the period comprised between summer and the be-
ginning of fall is often subjected, in Northern Adriatic
lagoons, to dystrophic crises characterised by low oxy-
gen concentration. Evaluating the risk of hypoxia and
i t see
M w-
e s in
t ore
p al
o f the
s

tify
t ise
b ing
m ted
u ries
s ing
a be
c thus
s ring
p le,
f

In conclusion, we believe that the bioeconomic
model presented here provides useful guidelines for the
development of effective rearing strategies of Manila
clams in Mediterranean lagoons. Furthermore, if suit-
ably coupled with an ecosystem-level model of nutrient
circulation and algal growth, it could provide crucial
information about the sustainability of intensive clam
rearing.
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elià, P., De Leo, G.A., Gatto, M., 2004. Density and tempera
dependence of vital rates in the Manila clamTapes philip
pinarum:a stochastic demographic model. Mar. Ecol. Prog.
272, 153–164.

http://faostat.fao.org/faostat/collections?subset=fisheries
http://faostat.fao.org/faostat/collections?subset=fisheries
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