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ABSTRACT: We developed a demographic and management model for the Manila clam Tapes
philippinarum (one of the most important commercial mollusc species in Europe) from data collected
in the Sacca di Goro lagoon, Italy. Herein, we describe growth and survival processes by 2 submod-
els incorporating temperature-driven fluctuations in vital parameters, density-dependent effects on
survival, and sediment type as an indicator of the hydrodynamic regime. Nonlinear fitting and non-
parametric statistics are used to calibrate the body growth and survival models from the available
data and to associate a probability distribution to parameter estimates. The 2 models are stochastic in
their formulation to account for environmental variability. We assess the suitability of our model to
reproduce the life cycle of T. philippinarum at other sites by applying our model to data from the
Bassin d'Arcachon (France) and the Eo estuary (Spain). We use Monte-Carlo simulations to forecast
the expected biomass yield corresponding to different seeding and harvesting times along with its
confidence intervals. The maximum obtainable yield is about 6 kg m~2 and can be obtained by seed-
ing in spring and harvesting in late fall of the following year. We show, however, that there is a trade-

off between maximizing the average yield and minimizing yield variance.
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INTRODUCTION

The Manila clam Tapes philippinarum Adams &
Reeve is one of the mollusc species that, mainly driven
by the shellfish market industry, has successfully
spread throughout the world, far beyond the limits of
its original habitat. This bivalve was first introduced to
Italy in 1983, because of its higher productivity and
resistance to anoxic conditions compared to the native
species T. decussatus. In the last decade, Italy has
become the leading European producer of clams, and
one of the 3 major European producers of molluscs
(25.7% of the European mollusc production in 1995),
together with France (34.3 %) and Spain (17.1 %).

However, after the first expansion phase, a decreas-
ing trend in Tapes philippinarum production was ob-
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served during recent years (Rossi 1996, Solidoro et al.
2000). The major cause of this decline has long been
identified as recurrent, extensive algal blooms of the
seaweed Ulva rigida. However, the alteration in nutri-
ent cycles caused by intensive mollusc farming also has
an important impact on ecosystem productivity (Bartoli
et al. 2001, Melia et al. 2003). A primary task in pre-
serving lagoon ecosystems is to provide guidelines for a
sustainable management of clam aquaculture. Under-
standing clam demography under different environ-
mental conditions is an important step in this direction.

Herein, we present a demographic model for the
Manila clam which provides a stochastic description of
both growth in individual size and the survival dynam-
ics of Tapes philippinarum, and quantifies the effect of
the most important environmental variables on vital
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rates. It is calibrated with extensive data collected over
several years in a eutrophic lagoon, Sacca di Goro
(northern Italy), which is one of the major aquaculture
areas in Italy (about 15% of the total Italian yield).
However, the model structure is well suited to describ-
ing clam demography in other eutrophic lagoons.

Although previous studies have described body size
growth of Tapes philippinarum under different envi-
ronmental conditions (Mann 1979, Menesguen et al.
1984, Goulletquer & Bacher 1988, Bacher & Goullet-
quer 1989, Robert et al. 1993, Solidoro et al. 2000), sur-
vivorship has long been neglected. This is a major
shortcoming, because mortality processes have a cru-
cial importance in determining the overall biomass
dynamics, and represent one of the most important fac-
tors affecting fishermens' harvests and profits (Cigar-
ria & Ferndndez 2000). Moreover, the majority of mod-
els proposed so far to describe clam growth have
necessitated estimation of a large number of parame-
ters (e.g. the bioenergetic model proposed by Solidoro
et al. 2000 and applied to T. philippinarum manage-
ment in Pastres et al. 2001). Overparameterization will
lead to large variances in the estimates, which can be
overcome only by setting some parameters to literature
values or by making a priori assumptions. Although
this approach is reasonable if one wants to make pre-
liminary explorations regarding the demography of a
species, it becomes questionable when the purpose is
to derive specific management policies for a given mol-
lusc population. For this reason, we propose a purely
phenomenological description of clam demography
rather than a detailed interpretation of metabolic pro-
cesses, considerably diminishing the model's complex-
ity. As the resulting model has a reasonably small
number of parameters, it can be calibrated on the basis
of field data alone. Also, environmental variability can
be estimated and a stochastic model of clam demogra-
phy developed. This is fundamental to determining
reliable management policies (Walters 1986), which
are of paramount importance to the sustainability of
clam farming.

MATERIALS AND METHODS

Field experiments and data analysis. Sacca di Goro
(Fig. 1) is a shallow lagoon in the Po River Delta, with a
mean depth of 1.5 m and an overall area of 26 km? It is
characterized by strong anthropogenic eutrophication
due to high nutrient inflow from the Po River, and is
subject, especially in summer, to extensive seaweed
blooms which lead to dystrophic events and high mor-
tality rates of the benthic fauna (Viaroli et al. 1993).

Intensive farming of clams Tapes philippinarum and
mussels Mytilus galloprovincialis has been the basis of

a local economy since the mid 1980s. The production of
T. philippinarum reached 16 000 tin 1991 (Rossi & Pae-
santi 1992), but a decline in productivity has become
apparent in recent years, possibly due to extensive
seaweed blooms.

The present work is based on data collected by the
Dipartimento di Biologia Evolutiva, University of Fer-
rara (Rossi 1996) over 3 yr (1993 to 1995). The aim of
the study was to measure clam growth and survival
under different environmental and ecological condi-
tions. Experimental sites, characterized by different
sediment type and hydrodynamic regime, were seeded
with clams of different sizes, at different densities and
in different seasons; water temperature and salinity
were recorded at seeding. In each experiment, chloro-
phyll a concentration, dissolved oxygen concentration
and temperature of the water column were monitored.
At the end of each experiment (the duration of which
was usually 1 mo, but in some cases up to 1 yr), aver-
age length increment and percent mortality were esti-
mated. The results of the 99 experiments conducted
are summarized in Table 1.

To obtain preliminary information on the depen-
dence of growth and mortality rates upon environmen-
tal and demographic variables, we carried out an
extensive statistical analysis of the available data. The
key variables regulating growth and survival pro-
cesses were identified by means of multilinear step-
wise regression. A summary of the results is shown in
Table 2. Clam growth (expressed as average length
increment d?) is significantly dependent upon initial
clam size, mean water temperature and sediment type.
Mortality (expressed as average instantaneous mortal-
ity rate) is significantly correlated to clam density and
water temperature at seeding. The most important
dependencies are summarized in Fig. 2.

Sacca di Goro

Fig. 1. Sacca di Goro lagoon (44°47'-44°50' N, 12°15'-12° 20" E)
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Table 1. Summary of data for Sacca di Goro experiments on Tapes philippinarum and used in preliminary statistical analysis and
model calibration (after Rossi 1996). Subscript 0 identifies quantities measured at beginning of experiment, bar above symbol in-
dicates average over whole duration of experiment. Sediment type and current speed were available only as categorized data.
For sediment, categories were 1: muddy (sand content < 25 %); 2: intermediate (25 % < sand content < 75 %); 3: sandy (sand con-

tent > 75%). Current speed was categorized as 1: slow (current speed < 5 cm s™!); 2: intermediate (5 cm s™! < current
speed < 15 cm s71); 3: fast (current speed >15 cm s7%)
Variable Symbol Units Range Mean + SD
Seeding time to d Dec 1993-Dec 1995 -
Experiment duration At d 25-351 67 + 60
Temperature at seeding Ty °C 4.5-28.2 16.5+7.1
Salinity at seeding So %o 18-35 303
Sediment type sed - 1-3 -
Hydrodynamic regime idr - 1-3 -
Clam size at seeding L, mm 1.47-44.42 22.70 £ 11.21
Avg. O, saturation o) Y% 70.9-135.5 101.6 + 16.9
Avg. chl a conc. C ng It 0.57-8.64 3.87 £ 2.10
Avg. daily temperature T °C 4.9-26.9 17.0£6.5
Seeding density (n) Ny individuals m™2 83-1982 662 + 440
Seeding density (wt) Wo gm™? 2-7452 1793 + 1557
Mortality m Y% 1-65 17 + 14
Length increment AL mm 0.19-18.45 3.40 + 3.00
Model formulation. On the basis of our preliminary where L. is the asymptotic mean size and k is the so-
data analysis, we developed a demographic model called 'Brody growth constant’. Under the hypothesis
consisting of 2 submodels describing body size growth that temperature influences only growth rate and not
and survival, respectively, and accounting for all the the maximum size an individual can reach, we con-
dependencies listed in the preceding subsection. sider the Brody growth constant as a linear function of
Temperature is the key environmental variable reg- water temperature, T:
ulbatlng both growth and survival of Tapes philip- K(t) = ko+ kr-T(8) 3)
pinarum (Mann 1979, Bernard 1983, Goulletquer et al.
1989). Menesguen et al. (1984) described seasonal where ky and kr are parameters to be estimated and T
fluctuations in T. philippinarum growth by modulating is given by Eq. (1). A linear relationship provides a sim-
the growth constant of von Bertalanffy's (1938) model plified, yet effective, representation of clam growth, at
with a sine function. least within the annual temperature range of North
We simulated seasonal temperature variations using Adriatic lagoons (between 5 and 25°C, Solidoro et al.

the simple sinusoidal formulation pro-
posed by Melia et al. (2003) for the o ) ) )
Sacca di Goro lagoon. Temperature T Table 2. Tapes ph1]1pp1narum. Results of mult.lple regression of average instan-
o . . taneous mortality rate p and the average daily length increment AL/At versus
(°C) at time £ (in days, Where t : 0 cor- environmental and demographic variables (see Table 1). Average instantaneous
responds to 1 January) is then given by: mortality rate was calculated as p = (1/At) - In (1-m) where m is observed percent
om mortality throughout whole experiment. Only significant dependencies are
T(t) = f-sin (7 (t+ e)) +g (1) shown. Regression performed with backward stepwise multiple regression
365 routine of Statistica 5.1 (StatSoft). Rzadj: adjusted coefficient of determination

where e = -114.74 (phase), f = 9.76
(maximum temperature variation), and
g = 16.35 (mean annual temperature).

Dependent variable Coefficient SE p-level Rzadj
Independent variable estimate

Body growth model: The von Berta- p(d 49.6%
lanffy (1938) model provides a simple, (Intercept) 3.57x 107° 0.63x 107* «<0.001
yet effective, description of the growth No 4.70 x 10__64 0.52 x 10:?1 «<0.001
process of an organism. It can be writ- To ) ~1.75x10 0.32x10 <<0.001

— 0,

ten, in terms of the length L of the AL/At(mm d7) ) ) 83.8%
. . (Intercept) -3.36 x 10~ 0.89 x 10~ <<0.001
organism, as: Ly 258x10%  0.18x10°%  «<0.001
dL T 3.19x10°° 0.31x107°  «0.001
= k-(L.-1L) (2) sed 1.66 x 1072 0.24 x 1072 «<0.001

dt




156 Mar Ecol Prog Ser 272: 153-164, 2004

0.25
— T a
5 A emperature
£ 020} 2+— T<10°C
S A a-- 10°C<T<20°C
£ - .. T>20°C
g 015¢
o
o
£
£ 010F
(@]
C
K%
C
8 o005¢
=
0.00 . . .
0 10 20 30 40 50
Size at seeding (mm)
0.25
= Sediment type b
€ 020} 4— Sandy
£ ° a- - Intermediate
P " ... Muddy
€ 015}
[0) A
IS o
o
(&) ~
£ 010},
£
(@]
C
<2
- 005}
[
(]
=
0.00 : - - S,
0 10 20 30 40 50
Size at seeding (mm)
0.020
- C
) Temperature
*g 0.016} »— T<10°C °
- |- - 10°C<T<20°C
-§ ... T>20°C
S 0.012} .
IS °
3 " SIS
2 0.008}
8
C
K o
2 o004} _.® -
(9]
g
o L .
3: 0.000 I . .
0 500 1000 1500 2000

Seeding density (individuals m)

Fig. 2. Tapes philippinarum. Influence of temperature and
sediment type on body growth and survival. Each symbol cor-
responds to 1 experiment; different symbols identify different
classes of temperature or sediment type. Data for each class
fitted by straight lines. (a) Mean length increment versus
mean initial clam length (temperature categories); (b) mean
length increment versus mean initial clam length (sediment
type categories); (c) average instantaneous mortality rate
versus initial clam density (temperature categories)

2000). The mean length increment of a clam popula-
tion in a given time period (f;, ;) can be calculated by
integrating Eq. (2) with k given by Eq. (3). We obtain:

AL(t1ty) = (L.- L(ty) - (1-w(&)/v(t)) (4)

where y(t) is defined as:

y(it) = exp[% krf- Cos(%(t + e)) — (ko + krg)- t:|
()

and e, f and g are the parameters of the temperature
model (Eq. 1). Eq. (4) can be interpreted as a modified,
temperature-dependent form of Fabens' (1965) model,
which is a reformulation of the von Bertalanffy model
generally used when tag-recapture data are available
for species that cannot be easily aged (Francis 1988).

In principle, the hydrodynamic regime has also a
chief role in regulating the growth process of filter-
feeders organisms, mainly by determining the avail-
ability of food and oxygen. Reliable flow data, how-
ever, are often difficult or expensive to collect. Coastal
systems are indeed subject to frequent and rapid vari-
ations in the water regime, causing hydrological data
to become obsolete after a very short time. The granu-
lometry of the sediment is conditioned by the average
hydrodynamic regime, and measuring the size distrib-
ution of sediment particles is much easier than deter-
mining flow profiles. For this reason, sediment type
can provide a robust indicator of the suitability of a
substratum for clam growth. The significance of the
coupled effect of hydrodynamic regime and sediment
roughness on filter-feeders’ growth was stressed by
Wildish & Kristmanson (1979), and the effectiveness of
sediment type as an indicator of growth speed is con-
firmed by the results of our statistical analysis (see
Table 2).

Sediment data provided by Rossi's (1996) study were
only available as categorized data, classified according
to 3 substratum categories (sandy, intermediate, and
muddy: see Table 1). Therefore, we contemplated the
use of 3 different parameter sets to describe clam
growth on different substrata.

To further account for spatial and environmental
variability of body growth, we adopted a stochastic for-
mulation of the model. The uncertainty affecting popu-
lation growth is described by introducing a multiplica-
tive noise term into Eq. (4):

AL(t,t) = (L. - L(t))- (1-w(t)/y(t)) -exp(ec(ti, ) (6)

& (t,t) is assumed to be a Gaussian random factor,
with mean zero and variance GZEL' (t, — t1), proportional
to the elapsed time between 2 measures; GZSL has to be
estimated from data. This formulation assumes body
size increments to be affected by a multiplicative log-
normal noise process, with variance increasing with
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time (i.e. logarithms of length increments in each ele-
mentary time unit follow a Brownian motion process).
This choice avoids length increments from taking neg-
ative values.

Survival model: Let us consider a cohort of individu-
als being seeded in a unit area of a farming site. The
number (N) of individuals of the cohort decreases
through time, driven by mortality. Its variation can be
described by the simple differential equation:

dN
— = u)-N(t (7)
i u(t) - N(t)

where L(f) is the instantaneous mortality rate of the
population. We consider (t) to be a linear function of
both clam density and temperature, i.e.

W) = o+ pr-T() + un-N() (8)

where Uy, U and py are parameters to be estimated,
T(t) is water temperature, given by Eq. (2), and N(¢) is
population density. While the formulation of density-
dependence is standard (a logistic term), the hypothe-
sis of linearity between mortality and temperature can
be quite strong. It provides, however, a good approxi-
mation of the phenomenon, at least within the temper-
ature range of the Sacca di Goro, as confirmed by the
statistical analysis (Table 2). Note that clam density is
expressed as number of individuals (not as weight) per
unit area for 2 reasons: (1) mortality shows a clearer
correlation with the number of individuals than with
their total biomass; (2) in this way we obtain 2 uncou-
pled equations for the description of body size growth
and survivorship, considerably diminishing the com-
plexity of the problem. Integrating Eq. (7) with u given
by Eq. (8) we obtain:

Nty = HA- T ©

i - No - [ @@)dE +gty)

to

where N, is the population size at time f, ¢(t) is defined
as:

o) = eXp(%HTf'COS(%(t+e))—(MO +urg)~t)

(10)

and e, f and g are the parameters of the temperature
model (Eq. 2).

A multiplicative noise term can be introduced to

account for the effect of environmental stochasticity,
namely we assume:

A
N(t) = N(tty,No) - exp(en(tort)) (11)
N
N (t,t,Ny) is the right-hand-side term of Eq. (9) and
en(to,t) is assumed to be a Gaussian random factor, with
mean zero and variance increasing with time, namely

6%, (t—tp), where 6%, has to be estimated from data.
A lognormal noise term affecting the survivorship pro-
cess is considered a standard assumption when testing
for density-dependence (see Royama 1992, Dennis &
Taper 1994).

Although Tapes philippinarum has actively repro-
duced in Northern Adriatic lagoons since its introduc-
tion, the effect of spontaneous settlement in farming
areas is negligible compared to that of artificial seed-
ing (Rossi 1996). In fact, the settlement of naturally
recruited juveniles generally takes place near the sand
spit delimiting the lagoon on its SW side, in localized
areas some distance from most farming areas. If nat-
ural recruitment is indeed negligible and dispersal of
adult clams is small compared to displacements imple-
mented by operators (moving clams from overcrowded
areas to areas where clams have already been har-
vested is common practice), and if we hypothesize that
no residual clams are present before seeding (i.e. the
harvest is almost complete), the dynamics of clams in
each farming site can be simply described by the
dynamics of a single cohort given by Eq. (11), with Ny
being the initial seeded density.

Model calibration. The parameter estimates were
obtained by fitting the models of body growth and sur-
vivorship to the data collected from 1993 to 1995. We
minimized the following cost functions with reference
to body size growth (Egs. 4 & 5), and survivorship (Eqgs.
9 & 10), respectively:

Jolkokp L) = 2},ﬁ[ln(ALi,obs)—1n<AL1-,est>f (12)

1
Js(Uo, i UN) = ZI_ E[ln(Nf,j,obs) - ln(Nfi,est)]Z (13)

where AL;and Ny,; are mean length increment and pop-
ulation size at the end of the ith experiment, the sub-
script obs identifies directly measured quantities, the
subscript est denotes the corresponding estimates ob-
tained by model simulation, and At is the length (in days)
of the ith experiment. Each cost function is the sum of
squared residuals for the relevant model. The parameter
values that minimize J; and Js were found by using the
Nelder-Mead simplex algorithm (Nelder & Mead 1965).

To evaluate the uncertainty of parameter estimates,
we used the most classical nonparametric method, the
bootstrap (Efron 1979), which aims at mimicking the
sampling process by random resampling (with replace-
ment) of the original data set. Resampling is repeated a
number of times (depending upon the desired accu-
racy) and each sample is used to calibrate the model
again, obtaining a new parameter set. This provides a
probability distribution for each parameter, from which
the statistics of interest (mean, variance, estimate bias,
confidence intervals) can be calculated. In this work
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Table 3. Tapes philippinarum. Results of model calibration by bias-corrected bootstrapping. For each parameter we show the
expected value of the estimate, the standard deviation and the percentiles. Parameters of the growth and survival submodels as
from Egs. (2), (3) & (8), respectively. 6,; and o, standard deviations of residuals as from Eqs. (15) & (16)

Submodel Unit Exp. value SD Percentiles SD of

Parameter 5th 95th residuals
Growth (mud)

kr 1074 ! 0.89 0.14 0.66 1.10

L. mm 50.60 2.63 47.75 55.80

o, 1072 405 4.59
Growth (intermediate)

kr 1074 Cc gt 1.40 0.17 1.10 1.66

L. mm 46.94 3.09 44.55 53.86

o, 1072 405 4.84
Growth (sand)

kr 1074 C gt 1.45 0.16 1.19 1.71

L. mm 54.64 3.37 50.69 61.29

o, 1072 d-%% 2.76
Mortality

o 103 d! 3.55 0.83 2.72 5.63

18N} 107%ind. "t 4! 6.29 1.34 4.80 9.06

ur 1074 Ctdt -2.17 -0.69 -4.30 -1.74

Oey, 102 d05 1.58

the original data set of 99 experiments was resampled RESULTS

1000 times. The bootstrapped parameter estimates
were then calculated as:

n

2.6

1
0p = —
nig

(14)
where 0% is the value of the generic parameter 0 esti-
mated from the jth bootstrap replicate (j = 1...n, with
n = 1000). A bias-corrected estimate for the parameter
0 was then calculated as 6g 1, = 2 - 8y — 65 (Efron 1982),
where 0, is the value of the parameter obtained using
the original data set. Confidence intervals for parame-
ter estimates were calculated by using the bias-cor-
rected percentile method (Efron 1982).

As for the noise terms of the stochastic models, if the
error follows the assumption of the models given by
Eqgs. (6) & (11), the following quantities should be
expected to have a Gaussian distribution with zero
mean and variance equal to GZEL and GZEN, respectively:

i

1

e, = At [In(ALjgps) —In(ALjes)] (19
1

en, = ﬁ'[ln(Nf,i,obs)—ln(Nfi,est)] (16)

The estimate of the parameters 6°; and ¢%, were
therefore obtained as:

ng]_ = var(eyr)
2 7
Gy = var(ep)

where var indicates sample variance.

The results of the model calibration are given in
Table 3. Note that, as the estimate of the growth
parameter k, (Eq. 3) was not significantly different
from zero, we re-calibrated the model eliminating k.
Also, the parameter set obtained for the survival
model could generate slightly non-monotone sur-
vivorship curves, because the parameter ur is nega-
tive. Therefore, the model was re-calibrated by
imposing u(f) (Eq. 8) to be zero or positive at any
instant ¢.

Fig. 3 compares observed versus predicted lengths
and predicted versus observed densities respectively,
supporting the good predictive performances of both
submodels (body growth and survival).

There are 3 distinct growth models for the 3 classes
of sediment type. We obtained increasing values of kr
for increasing proportions of sand in the substratum,
indicating that clam growth is more rapid in sand than
in mud. The values of L., did not follow a clear trend,
although sand was the most suitable substratum with
respect to the asymptotic mean size L... The scatter plot
in Fig. 4 (where the results of the bootstrap replicates
are plotted in the kr— L., plane) illustrates the clustered
configuration of the parameter distributions for the 3
substrata.

The significance of using 3 distinct growth models
instead of 1 unique model was tested by means of a
nested model comparison. Residuals obtained with the
model based on the 3 parameter sets were compared to
those provided by a model with a single parameter
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pair, which was calibrated using the whole original
data set with no distinction as to type of substratum. An
F-test confirmed the significance of the difference
between residual variances (F = 18.87, p << 0.01).

The normality of estimated residuals (Eqgs. 15 & 16)
was examined by means of a Kolmogorov-Smirnov
test. It was confirmed for the growth models (muddy
substratum: d = 0.15, p > 0.2; intermediate substratum:
d =0.10, p > 0.2; sandy substratum: d = 0.14, p > 0.2),
while we obtained a borderline result for the survival
model (d = 0.12, 0.1 < p < 0.15). The parameters
0%, and o%, were then estimated using Egs. (17) &
(18); their values are reported in Table 3.

By running the 2 stochastic models Egs. (6) & (11)
an adequate number of times over an adequate time
horizon, we can generate not only the mean growth

and survival curves, but also the probability distribu-
tion of estimated clam size, density and biomass for a
given set of initial conditions (initial length and den-
sity, seeding period and substratum). Fig. 5 shows the
results of seeding 10 mm juveniles (10 mm is a com-
mon size for seed collected in natural nurseries) at a
density of 1000 individuals m™2 on 1 May on a sandy
substratum. The graphs highlight the effect of vital-
rate fluctuations driven by temperature changes
throughout the year. To calculate clam biomass from
length, we used the allometric relationship reported
by Solidoro et al. (2000) for Tapes philippinarum in
Northern Adriatic lagoons:

W = 0.00026 L3 (19)

where W is the wet weight (in g) of a clam, and L its
length (in mm). The total biomass B at a given time tis
then calculated by multiplying W by the estimated
clam density, i.e.

B(f) = 0.00026 L(t)® - N() (20)

Suitability of model for other lagoons

The question arises as to whether the model pre-
sented here can be effectively used to reproduce the
demography of Tapes philippinarum at other sites. In
fact, the model relies on some strong hypotheses, such
as the linear dependence of vital rates upon tempera-
ture and the absence of food limitation. However, it
should be noted that, at least in Europe, Manila clams
have been intentionally introduced for commercial

80
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Fig. 4. Tapes philippinarum. Distribution of bootstrap repli-
cates of L. (asymptotic mean size) and kr (proportionality
coefficient between Brody growth constant and temperature,
see Eq. (3)) for the 3 growth models, corresponding to
3 different sediment types (sandy, intermediate and muddy)



160 Mar Ecol Prog Ser 272: 153-164, 2004

0.20 a
80 | ?0.15 i
Sotof WM 0 ..
= g 1 M 0 T
€ & 0.05
E 60} 400 ]
£ 0 50 100 150 .
= Clam length (mm) .=~ _ ___-- -
5 . -
IS
©
(@]
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
MJJASONDJFMAMJJASONDJFMAM
1250 (—-—m-——— - —————
0.20 b
1000 g 01 ]
€ 3 0.10
) g
[ = 0.05
_'g 750 0.00 1
5 0 250 500
k=3 Clam density (ind. m?)
2 500 |
[2]
C
@ | TN Tt e
©
§2or el T
O
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
MJJASONDJFMAMJJASONDJFMAM
0.15 ! C
>
20 f20.10 i
— )
) o
c Lo.0s
15} o000 1
@ 01 1 10 100 1000
o Harvestable biomass (kg m?)
IS
o 10t 1
]
(o)
F o5l

MJJASONDJFMAMJJASONDJFMAM
Month

Fig. 5. Tapes philippinarum. Simulated body growth, survival
and total biomass dynamics obtained by 1000 Monte-Carlo
simulations of 2 yr duration with same initial conditions. —:
median value; — — —: mean value; -..... : 90 % confidence inter-
vals. Histograms in insets show empirical probability distribu-
tions for the 3 variables at end of simulations. (a) Body growth
curve (seeding date 1 May, initial length 10 mm, sandy sub-
stratum); (b) survivorship curve (seeding date 1 May, seeding
density 1000 individuals m™2); (c) total clam biomass per unit
area of rearing site (histogram in log-scale; initial conditions
same as in a and b)

exploitation. As a consequence, the most suitable areas
have been chosen for rearing, i.e. those characterized
by relatively small temperature ranges and sufficient
food supply. So, it is conceivable that our model can
also perform efficiently for areas other than the Sacca
di Goro lagoon. To assess the generality of the model
we tested its performances against data from other
European sites.

To validate the growth model, we used the experi-
mental data of Robert et al. (1993) for 2 sites in the
Bassin d'Arcachon (West France, Atlantic coast), Le
Ferret and Les Jacquets. The Bassin d'Arcachon is a
mesotidal system, characterized by the presence of
large seagrass meadows and considerably lower
eutrophication than Sacca di Goro. At both stations,
hatchery spat of 10 mm length were seeded and their
growth monitored over a 2 yr (1989 to 1990) period.
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Fig. 6. Tapes philippinarum. Comparison between observed
(®,0,A,4) and simulated (—, «, —-—+, — — =) body growth at
2 sites in Bassin d'Arcachon (from Robert et al. 1993).
(a) Growth of clams reared at Le Ferret and Les Jacquets;
(b) growth of 4 commercial batches sown at different initial
lengths and in different seasons at Les Jacquets
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Additionally, at Les Jacquets, 4 commercial batches of
clams, seeded in different seasons and at different
sizes, were surveyed during the same period. A 2 yr
temperature series was also recorded. No information
was provided on sediment type at the 2 experimental
sites. However, Le Ferret is strongly influenced by the
Atlantic Ocean and its bottom can be expected to have
a high sand content. Les Jacquets, in contrast, is likely
to have a mixed (sand + clay) sediment composition, as
have many sites in the bay interior.

We ran our model after setting the initial conditions
(size at seeding and seeding period) to those reported
for the different experiments by Robert et al. (1993).
Clam growth in Le Ferret was simulated by choosing
the parameter-set for sand, whereas for Les Jacquets
we used the set calibrated with intermediate sedi-
ments (see Table 3). We calibrated 2 distinct tempera-
ture models with Robert et al.'s (1993) data. For Le Fer-
ret we obtained e =-64.07, f = 5.47, and g=15.43 (see
Eq. 1). For Les Jacquets we used data from Gorp, an
inner station near Les Jacquets, obtaining e = -55.06,
f=8.08, and g=15.85.

Fig. 6 shows very good agreement between the
observed data and the simulations. For the 2 simula-
tions in Fig. 6a the determination coefficient R? was
0.89 (Le Ferret) and 0.95 (Les Jacquets), while for the
simulations of Fig. 6b it ranged between 0.83 and 0.98.

For the survival model, we could find no data set as
complete as that used for the growth model. Cigarria &
Ferndndez (2000) do indeed show some mortality
curves for Tapes philippinarum beds in the Eo estuary
(NW Spain), but give only vague information about the
seeding period, seeding densities and water tempera-
ture. In Fig. 7 we show 3 data sets from Cigarria & Fer-
nandez' (2000) experiments, together with 2 simula-
tions obtained by running our model at 2 seeding
densities (100 and 300 clams m™2). We considered
water temperature to follow the same pattern as at Le
Ferret station (both sites are located in the Bay of Bis-
cay).

Although a direct comparison cannot be made, the
pattern followed by the experimental data and the sim-
ulations are quite similar, especially at the higher seed-
ing density (300 clams m™2), except for the first few
months. In fact, Cigarria & Ferndndez (2000) separate
the life history of the clams into 2 phases: a first phase
characterized by high mortality (about 100 d), and a
second phase of low mortality. Our data showed no
evidence of this phenomenon, possibly due to the
acclimation of hatchery clams (purchased from differ-
ent countries) to the natural environment.

We can thus conclude that our model provides a
fairly realistic description of Tapes philippinarum’s
body growth and survival, despite uncertainty charac-
terizing juvenile mortality.

Management implications

Combined, the growth and survival submodels can
be used to forecast the yield associated with a given
seeding policy. If the standing clam biomass of a given
site is entirely harvested at the end of a rearing cycle,
the curve in Fig. 5c can be interpreted as the har-
vestable biomass after a certain time has elapsed
between seeding and harvesting. The biomass curve is
characterized by annual peaks in the late fall, before
the growth process slows down due to lower winter
temperatures. This feature of biomass dynamics is gen-
erally valid, as it is essentially independent of a partic-
ular set of initial conditions (clam size and density at
seeding and seeding season).

The biomass model provides a powerful tool for fore-
casting the total harvestable biomass of a farming site
and for estimating the potential productivity of a farm-
ing area under given environmental and management
conditions. A thorough bioeconomic analysis of clam-
farming in a specific lagoon would require a descrip-
tion of its morphology, data on labor and fixed costs
and on clam market prices, and a detailed description
of seeding and harvesting activities. This would pro-
vide a realistic decision-support system for farming
management, as the integration of economic and bio-
logical information would allow the optimization of
seeding and harvesting cycles. This is beyond the
scope of the present article. Nevertheless, useful infor-
mation can be obtained by simply running model
Eq. (20) to determine the production resulting from the
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Fig. 7. Tapes philippinarum. Survival curves in the Eo estuary

(from Cigarria & Fernandez 2000). Observed data (----0--)

compared with simulations at 2 seeding densities (100 and

300 clams m?, ). Note that original data represent

predator-protected clam beds, while our model does not
account for effects of predation
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implementation of different seeding conditions and
different harvesting times.

Fig. 8a shows the median standing biomass (equal
to the total harvestable biomass) resulting from
Monte-Carlo simulations as a function of seeding and
harvesting times. The best results in terms of yield
can be obtained by seeding in spring (February to
April) and harvesting in late fall (20 mo later). This is
in agreement with fishermen's experience and previ-
ous work based on data for both Sacca di Goro and
other lagoons (Menesguen et al. 1984, Rossi 1996,
Solidoro et al. 2000). Actually, a first biomass peak,
about 4.5 kg m~?, is reached after 8 to 9 mo (i.e. in the
late fall of the same year), while the maximum har-
vestable yield (about 6 kg m2, a figure that is consis-
tent with Rossi's [1996] estimates) is reached after
20 mo. However, the choice of a sound rearing policy
cannot rely on the maximization of the total yield
alone. In fact, more biomass could be harvested at
the second than at the first peak (with an increase of
33 %), but this would require a 120 to 150% increase
in the time between seeding and harvesting. A more
effective indicator of productivity can therefore be
obtained by dividing the harvestable biomass by the
time to harvesting. On the other hand, the actually
marketable yield depends upon the probability that
clams have reached the minimum commercial size
(25 mm in the Sacca di Goro lagoon). Computing the
marketable yield is indeed possible thanks to the
Monte-Carlo approach, which provides not only the
average size of clams, but also their length distribu-
tion. Fig. 8b shows the marketable yield per unit
time. The maximum marketable yield per unit time
(about 0.49 kg m™2 mo!) can be obtained by seeding
in spring (between April and May) and harvesting
6 mo later (between October and November). There-
fore, from this point of view, a rapid turnover of seed-
ing and harvesting cycles would be more convenient.

These results refer to the average yield, but an
important component of decision-making is variance
in the yield. Fig. 8c shows the uncertainty level associ-
ated with biomass estimates (measured as coefficient
of variation, ratio of standard deviation to mean):
firstly, second biomass peak is associated with a much
higher degree of uncertainty; secondly, there is an
apparent trade-off between the maximizing total har-
vestable biomass and minimizing yield variability.

DISCUSSION

We have provided a novel and robust approach to
describing growth and survival of Tapes philip-
pinarum in eutrophic lagoons. The results of our study
in Sacca di Goro demonstrate the existence of density-
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dependent effects and the influence of temperature
fluctuations on the vital rates of this species, 2 aspects
of crucial importance for management purposes.

Density-dependent survival has a fundamental role
in determining the major features of the dynamics of
many aquatic populations, and sets the upper limits of
productivity for farmed species. Despite this, the
description of survival has usually been neglected; this
is a weak point, because the negative consequences of
‘overseeding’ become apparent only when considering
the negative correlation of survival with density. In
fact, fishermen often seed great quantities of juveniles,
a practice which can have a severe impact on the envi-
ronment, having noxious effects on the benthic fauna,
altering the structure of the biocoenosis, and resulting
in high mortality rates and low productivity of clam
beds (Sorokin et al. 1999, Bartoli et al. 2001, Melia et
al. 2003).

By describing the dependence of growth and mortal-
ity rates upon seasonal temperature fluctuations, we
have revealed the importance of temperature as a key
variable in vital processes and underlined the alterna-
tion of favorable and unfavorable periods for seeding
and harvesting. Spring is confirmed to be the most
suitable seeding season if fishermen aim at maximiz-
ing the harvestable biomass, whereas late fall appears
to be the optimal harvesting period.

The calibration of different growth models for differ-
ent sediment types allows us to account for another
important environmental factor. Our results show, in
agreement with the literature (see e.g. Rossi 1996), that
rearing sites with high sand content are preferable in
terms of both growth speed and maximum attainable
size. In fact, sandy bottoms indicate good water circu-
lation and higher oxygen availability.

Our data give no evidence for size- or age-depen-
dence of the mortality rate, although size-dependent
mortality processes are common features in many
aquatic species and have been reported also for mol-
luscs (see e.g. Barbeau & Caswell 1999). Note, how-
ever, that predator losses, which are typically size-
dependent (Cigarria & Fernandez 2000), are almost
negligible in the Sacca di Goro lagoon population.

Also, no significant dependence of growth and mor-
tality rates upon chlorophyll a concentration (an indi-
cator of phytoplankton density) was found. Food sup-
ply may not represent a limiting factor for clams in the
study area (Rossi 1996), because the Sacca di Goro
lagoon is a eutrophic water body. Although food sup-
ply could have a significant effect in oligotrophic sys-
tems, our model seems to work very well also when
applied to sites with lower levels of eutrophication (e.g.
the Bassin d'Arcachon).

The absence of density-dependent effects on body-
size growth, which can have a significant impact on

the dynamics of bivalve populations in other environ-
mental conditions (see e.g. Weinberg 1998), suggests
that intraspecific competition does not chronically
affect this bivalve community. Competition might
indeed occur only during brief periods, possibly
related to dystrophic events, therefore affecting sur-
vival rather than body growth. Quite likely, in this
eutrophic environment oxygen rather than food avail-
ability is the limiting resource. The impact of hypoxic
conditions on clam survival is still poorly known and
deserves further investigation.

Compared to existing models for Tapes philip-
pinarum, ours offers the advantage of relative simplic-
ity combined with a good predictive power for a
specific location; as the number of parameters is rea-
sonably small, calibration can be carried out on the
basis of field data that are easily available, and statisti-
cal significance of the model can be established. The
application of a nonparametric calibration technique,
such as the bootstrap, allows us to measure the uncer-
tainty associated with parameter estimates.

The stochastic formulation accounts for inter-indi-
vidual variability in vital rates and provides useful
information about the uncertainty of production fore-
casts. This information can be quite valuable for man-
agement purposes, as it permits the association of a
risk level with yield estimates. Deterministic models,
such as those proposed previously to describe
Tapes philippinarum life history (e.g. Meneguen et al.
1984, Solidoro et al. 2000), can indeed provide only an
approximation of the average yield when applied to
the management of clam farming. With a stochastic
model we can not only evaluate the expected perfor-
mance of a given management policy, but also the
uncertainty of the forecasts. This approach can there-
fore be effective for the development of risk-averse
management policies, a choice that can be attractive
when planning the exploitation of biological resources
(Walters 1986) whose dynamics are intrinsically
affected by a high level of uncertainty. For these
reasons, we believe that the demographic model pre-
sented here, properly integrated with bio- and socio-
economic information, can be a powerful tool in the
management of clam-farming. It could provide useful
guidelines for an efficient and sustainable exploitation
of T. philippinarum in the future.
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